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A STUDY OF THE ATHABASCA BITUMEN FROM THE
ABASAND QUARRY, ALBERTA, CANADA. Part II: The
Initial Chromatographic Separation of the Pentane Extract,
and the Structure and Properties of the Resinous
Components.

by

M. L. Boyd* and D.S. Montgomery**
ABSTRACT

» The pentane-soluble portion,which constitutes 77% of the
Abasand bitumen, was chromatographed on activated fuller's earth
by the elution technique. This procedure resulted in a separation
of the resinous and oil components., The resins were fractionated
into four groups by the use of a succession of increasingly polar
solvents. The following properties are given for each resin
fraction: ash content, emission spectra of the ash, elementary
analysis, molécular weight, density at 20°C, refractive index
at 20°C, infra-red spectrum, ultraviolet spectrum, and visible
spectrum. One resin fraction, CCI4(1)’ was further chromato-
graphed on silica gel, to determine the amount of saturated
material, Quantitative estimates of the number of methyl and
methylene groups, and also the number of aromatic carbon atoms,
have been made from the infra-red spectrum. Each resin fraction
has been characterized by the application of van Krevelen's struc-
tural analysis system, and also by two new methods devised by
the authors. The chemical structure of each fraction has been
expressed in terms of five structural groups, and a quantitative
estimate has been made of the degree of condensation of the
aromatic rings.

* Senior Scientific Officer and ** Senior Scientist, Fuels and
Mining Practice Division, Mines Branch, Department of
Mines and Technical Surveys, Ottawa, Canada.
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ETUDE DU BITUME ATHABASCA EN PROVENANGCE
DE LA CARRIﬁ‘.RE ABASAND, EN ALBERTA, CANADA.

Partie II; Séparation chromatographique initiale
des constituants solubles dans le pentane;
structure et propriétés des composants
résineux, ’

par
M. L. Boyd* et D,S. Montgomery?*:

RESUME

La fraction soluble dans le pentane, qui représente 77%
du bitume de 1'Abasand, a été chromatographiée sur de la terre 2
foulons activée en utilisant les procédés d'élution. Par cette méthode,
on a obtenu une séparation des constituants résineux et huileux, Les
résines furent fractionnées en quatre groupes en employant success-
iverment des solvants de plus en plus polarisés. Pour chaque fraction
de résine on indique les propriétés suivants: teneur en cendres,
spectre d'émission des cendres, analyse élémentaire, poids molécu-
laire, densité a 20°C, indice de réfraction & 20°C, spectre infra-
rouge, spectre ultraviolet, et spectre visible, On a de plus chroma-
tographié sur un gel de silice la fraction de résine CCly(I) afin de
déterminer la quantité de matieres saturées, A partir du spectre
infrarouge, on a estimé quantitativement le nombre de groupes
méthyle et méthyleéne, ainsi que le nombre d'atomes de carbone
aromatique., Chaque fraction de résine a été caractérisée par-l'appli-
cation du procédé d'analyse structurale de Van Krevelen, ainsi que
par deux nouvelles méthodes proposées par les auteurs du présent
rapport. La structure chimique de chaque fraction a été exprimée
en termes de cinq groupes de structure, et 1'on a fait une estimation
quantitative du degré de condensation des anneaux aromatiques.

*Chargée de recherches principale, et **Scientiste principal,
Division des combustibles et des techniques de 1'exploitation
miniére, Direction des mines, ministére des Mines et des Rel-
evés techniques, Ottawa, Canada.
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PART II: THE INITIAL CHROMATOGRAPHIC SEPARATION

OF THE PENTANE EXTRACT, AND THE STRUCTURE AND
PROPERTIES OF THE RESINOUS COMPONENTS

INTRODUCTION

Preliminary experiments, described in Part ’1* of this
series, had shown the desirability of removing the asphaltene
fraction from the Abasand bitumen as an initial step to facilitate
the chromatographic separation of the remaining resin and oil
fractions, The high molecular weight of the asphaltene fraction
interferes with the flow of the solvents and increases the difficulty
of sele-cting the solvents, which must possess a Jow viscosity and
an increasing level of polarity and yet must possess sufficient
solvent power to avoid precipitation.

In the present research report, Part II of the series, a
number of preliminary experiments are described relating to the
selection and the control of the activity of the adsorbent, but the
major work consisted in the chromatographic separation of a
pentane solution containing 495 g of the pentane-soluble fraction
that represented 77% of the Abasand bitumen. The products
obtained from this chromatographic separation were characterized
by a number of structural anafysis schemes, including two new

methods devised by the authors.

At the outset there appeared to be two possible methods of

fractionating the pentane extract: (1) distillation, and (2) chromato-

References are listed at the end of the report in the order in
which they are numbered in the text.




graphic separation. Distillation under reduced pressure had already
been applied to the bituminous sand itself, (2) At a temperature
low enough to minimize cracking, 250°C, it was possible to distill
only 20% of the bitumen at a pressure of 0,1 mm; consequently,
this approach did not appear attractive as a means of fractionating
77% of the bitumen. Another consideration favouring chromato-
graphic separation was that a separation according to chemical
type rather than by molecular weight suited the structural analysis
m_ethods thdat were in the course of developmeht. Extensive work
had already been dohe on the chromatographic separation of low-
molech_léx‘-v)eight petroleum fractions by Mair, (3)  and smit (4)
showed that higher-molecular-weigh‘t petroleum fréctions could be
separated by el‘ution chromatog‘raphy. The extremely mild condi-
tions under which separation took place suggested that this technique
might be employed with a minimum of alteration in the hydrocarbon
structure. Since one of the major objectives of this work, as
emphasized in Part I, was to map the structure of the hydrocarbon
framework of the bitumen fractions in an approximate manner, it
was essential to employ methods that would not alter the hydro-
carbon structure in the course of the separation., These considera-
tions led to the choice of elution chromatography as the most
pPromising separation technique available.

It has been known for many years that fuller's earth is

capable of removing the dark-coloured bodies from bitumen. This




method dates back to the original work of Marcusson{®) who separated

native asphaltic materials into asphaltenes, resins, and oil. Accord-
| ing to this method, the asphaltenes were first precipitated and then
the petroleum ether-soluble portion was adsorbed on fuller's earth,
The oil fraction was eluted with the petroleum ether, and the resins
with chloroform. This method has been extended by many investi-
gators by using alumina or silica gel as adsorbent, and various
solvents have also been employed. Grader(é) studied the composi-
tion of bitumens. He employed alumina as adsorbent and made an
arbitrary separation of the resins by the use of a series of solvents
of increasing desorbing power (carbon tetrachloride, benzene, and
chloroform). Hubbard and Stanfield(7) improved the reproducibility
of the arbitrary separation of the oils from the resins considerably,
by employing alumina of a given particle size, activated in accord-
ance with a definite procedure; in addition, provision was made for
eluting the alumina with pentane at a fixed temperature.
A number of investigators have already applied this separa-

tion to the Alberta bitumen. Krieble and Seyer(S) and Katz(9)

have applied Marcusson's original method, and Pasternack and
Clark(lo) have applied Streiter's(“) modification, using n-pentane
in place of petroleum ether and ethyl ether for extracting the resins.
Gishler{12) used a 9:1 mixture of benzene-methanol for extracting

the resins. The use of such a wide variety of solvents, and the

variations in the nature of the fuller's earth, have resulted in the




resin content of the Athabasca bitumen varying from 15 to 24%. (10)

The establishment of a chromatographic scheme for a
complex mixture of unknown hydrocarbons and hetero-compounds
such as are found in the bitumen differs in some respects from the
procedure followed for the sepé’fation of a mixture of known com-
.pounds. When the compounds are known, a systematic study of the
adsorption behaviours can be made following the technique of Weil-
Malherbe. (13} The relative rates of band movement may also be
followed as was done by Le Rosen. (14)  Under certain circumstances
special-adsorbents may be synthesized, as shown by Pauling and

Dickey, (15)

When very little is known of the chemistrylof the mixture
to be separated, it is desirable to secure the following preliminary
information before undertaking separation on a large scale. It is
important to know the approximate molgcular weight distribution
of the material to be separated. Oils with a molecular weight
below 200 may be chromatographed using the displacement tec.hnique
employed by Mair, (3)  Above this value, it is essential to use
elution chromatography. When the molecular weight reaches
approximately 800, care must be taken to avoid the precipitation of
a portion of the resins by the polar desorbent (methanol). This
can be avoided by the use of an appropriate mixture of a gooci
solvent, such as chloroform, with the desorbent. A graded series
of eluents must also be selected, of increasing polarity, which

have a sufficiently high solvent power to avoid precipitation. This




problem has essentially been solved by Grader, (6) as far as the

bitumens are concerned,
It is most important that an adsorbent be selected which
does not bring about reactions in the substances being separated.

(

W. Trappe 16) has shown that a catalytic transformation of
cholesterin occurred only on acid clays; consequently, a neutral

fuller's earth, Florex, supplied by the Floridin Company* and

stated to have a pH of 7.9 to 8, 2, was selected for this research to

avoid acid or base catalysis of reactions of the compounds present
in the bitumen.
The activity of the adsorbent, i, e. its capacity to adsorb the

bituminous substances, is carefully controlled by drying the adsor-

bent. If the adsorbent is made too active by drying, the resins
cannot be eluted with even the most polar desorbent., It is desir-
able to have almost complete recovery of the sample placed on the
column, and at the same time to have sufficient activity to achieve
a high level of separation. The only means of determining the
correct level of activity in relation to the graded eluents is to dry
different batches of the adsorbent and test them. High losses on
the adsorbent can be minimizéd, to some extent, by pre-wetting
the adsorbent with solvent. This practice has been found to have

considerable merit,

% WFlorex', Florida fuller's earth manufactured by the Floridin
Company, Tallahassee, Florida, U.S.A.




The previous work described in the literature suggested
the suitability of both fuller's earth and alumina as adsorbents for
the chromatographic analysis in question, The experiments of
Ssmit(#) indicated that silica gel might have the advantage that not
only would the resinous bodies be removed but also a sebaration of
the paraffins from the aromatic compounds in the oil fraction would
be achieved. An experiment was therefore performed, using 48/ 200
silica gel (Davison Corporation) in a column 1 ¢m in diameter x 60 cm
high, at a weight ratio of gel to pentane extract (P.E.) of 17/ 1 and
an initial concentration of 2 grams pentane extract in 30 ml
n-pentane, The effluent was dark in colour, indicating a poor
separation of the oil from the resinous constituents. To achieve a
sharp separatic;n would have required a gel of finer particle siz‘e,
and probably a gel/ P.E. ratio of the order of that used by Smit
(100/ 1). Since unactivated Florex XXS (60/ 100 mesh) was capable
of separating the dark-coloured resinous material at an adsorbent-
to-P. E. ratio of 10/ 1, there appeared to be little merit in using
silica gel at this stage of the separa'tion process.

One disadvantage in the use of fuller's earth, as compared
with alumina, is that some of the inorganic constituents are eluted

by the more polar solvents and contaminate the sample as far as the




trace element composition of the ash is concerned. In the pi'esent wortk
this consideration was outweighed by the availability and cheapness

of Florex as compared with alumina.

PREPARATION AND ANALYSIS OF THE RESIN FRACTIONS

Preliminary Experiments to Establish the
Desired Level of Activity of the Adsorbent

The following preliminary experiments on 12-gram samples
of pentane extract, using 120 grams unactivated Florex in a column
1.1 x 182 cm, were made to determine the optimum conditions for
the separation of the resinous bodies. The oil fraction, which was
defined as the material eluted from the Florex with n-pentane,
amount‘ed to 46% of the bitumen, and the benzeneé-elutable
material (resins) amounted to 16%. The molecular weight of
this oil fraction was determined to be 381*, and that of the resin 920™.
The sulphur content of the former was 3.1%, and of the latter, 6. 7%.
The high molecular weight obtained for the resin fraction confirmed !

the view that elution chromatography was one of the few ways to

bring about a separation without causing thermal damage to the

large molecules., The bromine number of the oil fraction was
measured, to compare the value with other animal and vegetable oils
and to obtain an estimate of the number of olefinic double bonds. The

bromine number was found to be 16.2 g Br2 per 100 g oil, which

is low as compared with animal and vegetable oils and indicates a

relatively low number of olefinic double bonds (0. 39 double bond

#* Determined cryoscopically in benzene.
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molecule) or other linkages which react with bromine. However, it
does suggest that precautions should be taken to protect the samples
from photo-oxidation reactions.

The question of the desirable amount of thermal activation
of the Florex prior to use was next considered. To clarify this
problem, 12 grams of pentane extract were added to each of two
columns 1.1 x 182 cm--one filled with 120 g of Florex activated by
heating in an oven at 150°C for 3 hours, and the other filled with
the- same weight of unactivated Florex. Neither column was pre-
wetted with solvent. Summaries of these experiments are given in
Figures 1, 2 and 3. It was evident, from the results shown in these
figures,- that the thermal activation of the fuller's eérth had a pro-
found influence upon the separation of the oil from the resin fraction
and upon the recovery of the bitumen attainable with the graded series
of eluents. Figures 2 and 3 also show that Florex caused a marked
segregation of the sulphur-containing compounds.

In view of the differences that arose on slight heating of
fuller's earth, it was not surprising that different investigators

have found difficulty in securing a reproducible separation of the oil

from the resin fraction. As natural bituminous materials contain a

large number of compounds differing slightly in adsorptive proper-

ties, small variations in the adsorbent cause appreciable differences

"in the quantity of oil and resin obtained.
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Chromatographic separation of pentane
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Pfeiffer(l 7) has stated that, in general, a disadvantage of
the adsorption technique for the separation of bitumen lies in the
difficulty of extracting the bitumen quantitatively from the adsorbent.
If Florex is not activated, or only very slightly activated, an almost
quantitative extraction is possible with the series of solvents shown
in Figure 1. Streiter(l 1)' has also shown that ethyl ether is capable
of extracting 99.4% of the pentane-soluble bitumen from fuller's

earth which was presumably not activated.

Owing to the high purity in which alumina can be prepared,
and the precision with which it may be standardized as shown by
Brockmann, (18) ;t is doubtful that the fuller's earth can be prepared
to yielci as rep‘roducible an arbitrary separation of bifuminous
substances. On the other hand, when it is desired to separate con-
siderable quantities of rough fractions for further study, fuller's
earth has the advantage that it is readily available in large amounts
at low cost.

It was concluded, from the qualitative experiments whose
results are summarized in Figures 1, 2 and 3, that when 60/ 100
mesh Florex is used in the unactivated state, almost complete
recovery of the resin fraction can be secured, whereas considerable
loss is encountered when this grade of Florex is activated for three
hours at 150°C. The unactivated Florex permitted some of the
highly coloured resinous bodies to be eluted with n-pentane, and to

avoid this it was proposed to use a finer grade of Florex (+ 100 mesh).
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One of the difficulties encountered when the adsorbent was not pre-
wetted was that considerable heat of wetting was evolved, accompanied
by the desorption of gases, which resulted in gas evolution that upset
the flow pattern of liquid in the column. In the proposed large-scale
experiment it was therefore planned to pre-wet the column and to
c;)unteract the resultant loss of activity by drying the clay for three
hours at 150°C.

The Chromatographic Analysis
of the Pentane Extract

In order to provide a sufficient amount of the oil fraction
for further chromatographic analysis, 495 grams of the pentane
extract{l9) were separated on 5 kg of Florex in the following
experiment:

A glass column 12 feet in height and 65 mm internal
diameter was filled to a depth of 216 cm with 5 kg of Florex XXF
(100 mesh +) which had been activated by heating for three hours at
150°C. To ensure uniform packing of the column it was filled with
a slurry of .the Florex pre-wetted with 7771 ml of n-pentane. The
pre-wetting of the adsorbent with pentane by this technique reduced
irreversible adsorption and removed occluded air. It has been
pointed out by' Karr(20) that much of the irreversible adsorption is
probably due to decomposition of the adsorbate to a char by thé
heat of adsorption. The adsorbent was activated slightly to com-

pensate for the deactivation caused by pre-wetting, A solution of
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2500 ml n-pentane tontaining 495 g of pentdrde extract was added to
the top of the column., This was eluted with 11.5 litres of h-pentane.
The effluent, containing -what will be referred to as ''the oil fraction
of Athabasca bitumen'", was divided into 258 10-ml cuts followed by
a cut of 3300 ml. The index of refraction of each cut was measured
with an Abbé€ refractometer and plotted as shown in Figure 4.

The solvent was removed from the test tubes by supporting
them in sand inside heated vacuum desiccators and wi.thdrawing the
solyent vapours through the vacuum port in the cover. Following the
removal of the solvent, the quantity of oil in each test tube was
determined by weighing and the index of refraction was measured.
The results are shown in Figuré 5. The oil fraction prepared here
was the subject of further study, which will be reported later in
detail in Part III of this series, The remainder of this report will
deal exclusively with 'the resin fraction; this is the fraction of the
bitumen which is soluble in pentane but which cannot be eluted from
Florex by pentane under the conditions described.

To fractionate the resins, they were eluted from the Florex
by a succession of increasingly polar solvents, The column was first
eluted with 15, 2 litres of carbon tetrachloride. The first 4800 ml of
the effluent were withdrawn in 100-ml fractions, The index of.
refraction was measured and a 10-ml aliquot was removed for the .
determination of the concentration of the resin, The remainder of

the solution was placed in a 5-litre flask and the solvent was distilled
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Pentane extract eluted with n-pentane from
Florex. (The refractive index and the volume
refer to the effluent solution,)
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Figure 5. Pentane extract eluted with n-pentane
from Florex. (The refractive index
and the weight refer to the oil devoid

of solvent,)
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off until a viscous liquid remained. The distillation was fhen con-
tinued at reduced pressure (4mm) for approximately 24 Hburs, to
remove the tremaining solvent. The resin content of the 10-ml
samples was determined by removing the bulk of the solvent in
heated vacuum desiccators until the danger of bumping was reduced.
The test tubes were then transferred to a vacuum oven and heated
for three hours at 110°C, under a pressure of approximately 1 cm.
to remove the residual solvent. The following cuts of 5000 and
5400 ml, respectively, were collected in large flasks prior to
solvent removal at reduced pressure. The column was then eluted
with 10 litres of benzene, 10 litres of chloroform and 7 litres of
methanol, in succession. The weights removed by each solvent,

expressed as percentages of the original bitumen, are shown in the

summary in Figure 6.

In this report, the series of resin fractions eluted by these
solvents will-be referred to by the name of the solvent with which
they were eluted. Thus, C Cly(I) fraction refers to the first
fraction eluted with carbon tetrachloride; C Cl,4(II), the second
fraction eluted with this solvent; C Cl4(III), the third fraction
eluted with this solvent; and the benzene, chloroform and methanol
fractions were eluted with each of these respective solvents. v

When the ash content was determined on the resin fractions,
it was found that the chloroform and methanol fractions showed

abnormally high ash contents (1.4% for the chloroform fraction and




B R T S o i T D Rl R N, A T T e

UL B s

R T

18

BITUMINOUS SAND -625¢

PENTANE EXTRACTION

Bl TUMEN - 100g

| « Y — |
ASPHALTENES PENTANE EXTRACT
2304 77.0g
- |
CHROMATOGRAPHY ON FLOREX
ELUTION WITH N-PENTANE
- P
RESINS OIL FRACTION
: 43.9¢g 33.g

T

3
ELUTION WITH

Figure 6. Summary of chromatographic analysis of

the pentane extract on Flo

rex,




SRR R

43

e

19

11. 9% for the methanol fraction), which were probably due to some
Florex being present as well as inorganic salts extracted from the
Florex by the methanol and the chloroform in the actual fractions.
Conseqdéntly, these samples were further purified by re-dissolving
them and filtering the solutions, Some difficulty was encountered in
removing the last traces‘of chloroform from the chloroform fraction,
even at reduced pressure, The chloroform appeared to be so firmly
bound to the resin that the attempt to remove it was abandoned, and
the fraction was analyzed for chlorine in order to enable a correction
to be made to the properties for this constituent. The determination
of chlorine revealed the presence of 3.44% chloroform in this fraction.

The physical properties of these fraction; é.re given in

Table 1. The ultimate analysis refers to an '"ash-free" basis.

- ey

Iy
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TABLE 1

Physi.cal Proﬁerties of the Resin Fractions

P rt cci (| cct an |ccl
roperty 40 4( ) 4(mt) o] 6H6 CHCI 3 CH,OH
Ash % 0.03 0. 30 0. 06 0.62 1.19° | 2.46
C % 83. 68 81. 60 — 80.18 |[79.17 |77.42
|H % 9. 44 9.17 - 8,42 9.31 9.19
S % 6. 23 6. 90 6. 06 6.87 6.73 6. 96
N % —_ 0.72 — 0. 66 0.95 | 1.02
O %(by diff.)]  — 1. 61 — 3.87 | 3.84 | 5.4l
Molecular
Weight 519 592 577 821 976% 834%
20 %% ,
dy 1. 058 1. 060 1.052 1.116 ] 1.085( 1.085
203k
np _— 1.594 — 1.631] 1.612| 1.609

* These molecular weights were determined Cryoscopically in

phenanthrene;

%% Determined by water displacement,

the remainder, cryoscopically in benzene.

*%%¥Determined by calculation from reflectance measurements
in air and water.

The emission spectra of the ash are given in Table 2.
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TABLE 2 -

Emission Spectra of Resin Ash Samples

Sample Elements - Weight Percent of Ash
Si Mn| Mg| Pb Cr Sn Ni |Fe Al Mo | Ca \'2 Ti Cu Zn
C Cl,() 7.5 0,005 (3.0 0. 001 |
C Cl,(11) ;7.5 0.01 {3.0. 0. 001
C Cl4(111) 7.5 0.005 |6,0 0.001
Benzene 1.0 1.5 1.5 2.5
Chloroform (0.7 |1-2 6.0 0,07 {0,0210,02}0,25 (0.3 |0,25 3.01(2.8 0.025}10,075| 2.2
Methanol 0.056|1-2 9.0 - - - 10.08 10,15{0.005 3.0{0,023 {0.005} 0.05 -

T¢
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The Chromatography of C Cl4(I)

Fraction on Silica Gel

The C Cl,(I) fraction was re-chromatographed on silica gel
to determine the amount of saturated material present in this
fraction, This was considered necessary to give some indication
whether the separation on the Florex was one based upon chemical
type as well as upon molecular weight. The column used in this
separation was 16 mm in'diam.eter and 500 cm in height. This was
fillgd with 500 grams of silica gel (Davidson, through 200 mesh) in
the form of a slurry with 2400 ml n-pentane, 10.2 gof C C14(1) in
50 ml of n-pentane was added to this column, and was eluted with the
following solvents: 1 litre n-pentane, 850 ml methyléyclohexane,

1 litre toll'.xene, 500 ml chloroform, and 600 ml methanol. The
effluent was ;:ollected in 10-ml cuts, whose refractive indices were
determined. These samples were stripped of solvent as described
previously (in the Florex separation) and their refractive indices
again determined, and the quantity of residue in each test tube was
determined by weighing. The results of this experiment are shown
in Figure 7. This graph shows that the C Clg(I) fraction contained
very little saturated material, approximately 3.25%, as indicated
by the small amount of material of low refractive index ShOWH‘ by

the chromatogram.
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Structural Information from the Absorption

Spectra of the Resin Fractions

T A TS e 0T

o

The ultraviolet and infra-red spectra of the resin fractions
were measured in an attempt to determine the aromatic content of
these fractions in particular, and to learn whether they revealed
any additional structural features. The visible spectra were also
determined to learn whether or not porphyrin pigmehts were pre-
sent.

The Ultraviolet Spectra -

The ultraviolet spectra were determined for all six of the
resin fractions (C Clg(I), C Cly(11), C Cly(Ill), and the benzene,
chlorc;forfn and methanol fractions), using n-heptane as solvent
in the range 350-210 millimi.crons and méthylene chloride in the
‘range 350-450 millimicrons. These spectra shown in Figuré 8
were plotted in the form log E versus wavelength'so that th'ey could
be compared with a collection of log E spectra of aromatic com-
pounds. (21) The resin fractions possessed no distinct features when
4compared with the spectra of aromatic compounds. By comparing
the manner in which the log E values declined with increasing wave-
length, there was some evidence to support the fact that the number

of condensed aromatic rings per molecule was approximately five. (22)

However, due to the effects of substitution upon the spectra, and

the influence of carbonyl groups, it was difficult to draw any

reliable conclusions on the aromatic character of the resins from
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their ultraviolet spectra., However, it was felt that the ultraviolet

spectra set a lower limit for the number of condensed-aromatic

rings,

The Visible Spectra

Many bituminous vsubstances are known to contain vanadium
salts of porphyrin aggregates. (23) it has been shown that the most
striking spectral structure in‘'the visible range found in bituminous
substances consists of absorption bands _associated with the
porphyrin pigments, (23,24) The typical vanadium porphyrin
complex spectrum hgs maxima at 570, 531 ;xnd 408 mp. As part
of an extensive survey of porphyrin pigments in bituminous
substances being made in the Mines Branch the abs;)rption spectra
in the \;isible range of the resin fractions Qere determined,

Figure 9 shows the spectra in the visible rax;ge fobr the methanol, .
chloroform.and benzene fractions dissolved in Benzene. These
curves indicate that the porphyrins occur only in the chloroform
and methanol fractions, since the maxima at 410 and_5;75 mp
occur in the spectra for these two fractions and there is little

evidence of any structure in the curves for the benzene fraction.

The Infra-red Spectra

The infra-red spectra of four of the resin fractions

@C14(II), benzene, chloroform, and methanol/ were determined.

The C Cly4(II) fraction was " fluid" enough for its spectrum to be

measured in the liquid state. The spectra of the remaining three
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fractions were measured, using the KBr pellet technique., All

spectra were recorded with a Perkin-Elmer double-beam infra-

red spectrometer and are shown in Figure 10. The absorption

bands in these spectra may be assigned to the following functional-

groups:
Wavelength Functional group
(microns)
2.95 moisture in KBr pellet
3.0 N-H
3.25-3,35 aromatic CH
3.38-3.50 aliphatic CH
5,7-6.0 C=0
6. 25 C=C
6'. 8- 6- 9 CH
7.25-7.30 CH3
11.0-11.6 an isolated unsubstituted H on an aromatic
"11.6-12.5 2 adjacent unsubstituted H on an aromatic
12.35-13.3 3 adjacent unsubstituted H on an aromatic
13.0-13.6 4 adjacent unsubstituted H on an aromatic
13.0-13.7 5 adjacent unsubstituted H on an aromatic
14.08-14.5
13.7-13.9 4 or more linear -CHZ-

ring
ring
ring
ring
ring

Use has been made of the absorption bands at 6. 25, 3.42{,

3.50 and 7,25 microns to provide quantitative information about the -

amounts of the aromatic carbon, methylene and methyl groups

respectively, The spectra also indicated the presence of several

other groups: carbonyl, aromatic CH, ‘and linear CH,, Itwas

not possible to make use of the latter two groups guantitatively.

The main concern here is the hydrocarbon skeletal structure;

hence, non-hydrocarbon linkages will no:t be discussed,
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The results of the quaﬁtitative determinatibﬁ of the methy-
lene and methyl groups are tabulated in Table 3, This determination
was based on the absorption bands at 3,42, 3.50 and 7. 25 microns.
The s‘pectra from which these determinations were made were
measured in carbon tetrachloride solution. The basis of this

method and the details of the calculations will be reported elsewhere.

TABLE 3

Determination of Methyl and Methylene Groups from Infra-red Data

v Number Carbon Atoms per Molecule
Resin Fraction |'CH3(7.28u) | CH3(3. 42u) CH,+CH; (3. 50un)

CC1,4(10) 7.0 _ 13.3 17,2
Benzene 10.0 16.5 21.0
Chloroform 12,2 24,2 32.0
Methanol 10.8 17.3 25.4

As was pointed out in Part I, much use has been made of
the absorption band at 6. 25 microns to determine the aromatic.:ity.
However, it was found that this absorption band is affected both by
the type of substitution on the aromatic ring and by the degree of
condensation. This implies that to achieve high accuracy the
fractionation of the unknown must be extensive and the selecfion of
the model compounds must correspond closely with those being

analyzed. The resin fractions represent fairly broad fractions and

(25

)
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very little is known of their structure, so that the selection of satis-

‘factory model compounds is a difficult problem. Nevertheless, it

was felt desirable to calculate the fraction of arozr;atic c':;rboni (£))
for the resin fractions on the basis of various aromatic hydro-
carbons of different types containing aliphatic and alicyclic groups.
The spectra of thirty-seven aromatic hydrocarbons were ;15ed for
this purpose. These spectra were selected from spectra deter-
mined in the Mines Branch ar'ld for this analysis were divided into
s& classes on the basis of structural differences which ;1ad a
bearing upon the absorbance of the 6.25 p band and that wére
significémt from the structural analysis point of view. The object
of this aromatic c.:arbon calculation was to attempt to exclude
certain hydrocarbon structures rather than to define the types

most likely to be present, The results of these calculations are

summarized in Table 4.
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 TABLE 4

Determination of the Fraction of Aromatic Carbon (fa) on the Basis of
the Absorbance of the 6, 25uBand of Pure Aromatic Hydrocarbons

No. in
Class of Compounds Class Mean Value of f
C C1,(II) | Benzene Chloroform | Methanol

1. Fused aromatics with

side chains where

*CHa ¢ 2.0 4 - 0,38 0.57 0. 77 0.87

Ca

2, Fused aromatics with

side chains where

CHa 5 2.0 2 0,18 0.27 0. 36 0. 41

Ca )
3. Fused aromatics with

no side chains and »

CHa » 2.0 18 0.68 1. 01 1.36 1.54

Ca :
4. Fused aromatics

containing cyclic

CH, groups 8 0.57 0. 84 1.13 1.28
5. Non-fused aromatics 5 0.33 0.49 0.67 0.75
6. Methyl naphthalenes 12 0.17 0.25 0.34 0.38
7. Brandes' method(26) - 0.32 0,47 0. 64 0. 72
*CH, = number of aromatic CH groups or their equivalent/ molecule.

O
i)
1

number of junction carbon atoms between aromatic fused rings/ molecule.
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Test for Lignin-like Structures o L ¥

The supposed vegetable origin of the bitumen suggested that

it be examined for lignin-like compounds,

C. Maule(?‘?) has devised a spot test,using potassium -
permanganate for the detection of ligneous material in membranes,
in which the ligneous material becomes coloured bright reci. This
test was applied to two of the resin fractions (C Cl4(IlI) and the
benzene fraction), This test w.as conveniently carried out on a
micfoscope slide. The substances to be tested were first allowed
to react with a few drops of potassium permanganate solution
(1 gram in 100 ml water) for five minutes, The slide was then
washed with dilute HC1 for 2 or 3 minutes, followed by washing .

with dilute ammonia., No red colouration was observed in either

case, thus indicating the absence of ligneous-type structure,

Application of van Krevelen's Method of
Structural Analysis to the Resin Fractions

Van Krevelen's graphical statistical analysis, (28) which in

Part I was applied to the crude bitumen and the asphaltenes, has

now been extended to the resin fractions, The application of this

method is shown in Figure 11. This graph revealed that the points

i representing the various resin fractions lay close together and were

practically coincident with the point which represented the resins

from the Alberta bitumen prepared by Katz, (9) The H/ C ratios

of the resins varied over the range 1.25-1.41 as compared with a
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Figure 11. Application of van Krevelen's H/ C versus O/ C diagram.

Van Krevelen's data: I, wood; II, cellulose; III, lignin;"
IV, peat; V, brown coaly VI, low rank bituminous coal;
VII, medium rank bituminous coal; VIII, high rank
bituminous coal; IX, semi-anthracite; X, anthracite,

Katz: XI, Alberta bitumen - resins; XII, Alberta
‘bitumen - oily constituents.

Mines Branch: XIII, CCl,(I) resin fraction; XIV, CCl4(II)
resin fraction; XV, benzene resin fraction; XVI,
chloroform resin fraction; XVII, methanol resin
fraction,
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value of 1. 52 which Katz obtained for the oily constituents and with
the value of 1. 20 which was obtained for the asphaltene fraction
in the present investigation (Part I). It is particularly noteworthy
that the points representing the resins on this graph lie well apart
from the transformé.tion path envisagea by van Krevelen for coal
formation from cellulose and lignins, |

Van Krevelen's more recent structural group analysis
methods{29) have been appliea to the resin fractions. This was
don'e principally to determine the degree of aromaticity of these |
fractions, It was recognized that van Krevelen"s methods wére
designed primarily for coals, which were essentially highly con-
densed aromatic systems and thus quite probably different from
bituminous materials. However, it was considered that the results
obtained would prove useful in indicating the comparative differences
between the resin fractions (that is, it would clarify the basis on
which this fractionation took place) and in conjunction with the
Montgomery-3Boyd method(36) woﬁld form a reasonable basis fox-"
defining the chemical structure of these fractions.

The same procedure in this application was used here as
has been described in Part I fox; the asphaltene fraction, This will
be briefly summarized here for convenience. Van Krevelen has

described the structure in terms of the ring condensation index,

2R/ C, which together with the H/ C ratio was related to the fraction

of aromatic carbon (fa). The fraction of aromatic carbon (f,) was

e SRR B R
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calculated by three different vequations for each of the resin fractions,

'These are as follows:
Method I - wvan Krevelen's Densimetric Method.(3o)

(1) 1 = 9.9+3.1H/ C+3. 75 O/C+1. 5N/ C+14S/ C-(9. 1-3. 65H/ C)R/ C
d 12.01+1.008H/ C+16.0 O/ C*+14.008N/ C+32.065/C

(2) £, = 2-H/C-2R/C

Method IT - Method I with the experimental molecular weight

incorporated into equation (1). This permitted the use of a

‘more accurate form of equation (2).

(3) M = 9.9C+3.1 H+3.750+1.5N+ 145 - (9.1 -3,65H/C) R
d
(4) f, = 2-H/C-2(R -1)

C .
Method III - van Krevelen's Graphical Densimetric Method, (31)-
This method was based on the graphical relationship between

Mc and H/ C with fa for pure hydrocarbons, The following
d

two quantities were calculated:-

(5) Mc =1 [12.01-!-1.008 H/ C+16.0 O/ C+14.008 N/ C+ 32,06 S/ C]

d d
(6) | Mc | = Mc - [8.1 Oo/C+6.4N/C+ 12.53/0]
d d _
corr,
fa was then read directly from van Krevelen's graph of Mc

: d
versus H/ C. The results of these calculations are tabulated

in Table 5.

It should be noted that, for cases where naphthenic rings are

present, Method III was recommended only for those cases where

fa was greater than 0, 25. (32)
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TABLE &

Results of the Application to the Resins of van Krevelen's
Densimetric Methods '

Chloroform

Property C C14(II) Benzene Methanol
H/ C 1.34 1.25 1.40 1.41

o/ cC 0.0149 0.0363 | 0.0364 0.011

s/ C 0. 0318 0.0321 | 0.0319 0.034

N/ C 0. 0075 0.00711| 0,0102 0.052

R/ C(I) 0.160 0. 210 0.216 | 0.169
SR 6.45 11.49 | 13.90 9,08
R/S = [R/ cw/ s/ c]| s.05 6.53 6.78 4,97

£, 0. 339 0. 330 0.167 0; 252

R (II) 6.43 11.52 13.88 9.14

£, (1) 0. 390 0. 365 0.199 0.287
Mc/d 13.89 13.42 13.98 14.29
(Mc/ d) corr. 13.32 12.68 13.22 13. 37
R (III) 3.82 6. 58 6.75 5.11

£ am 0.47 0. 51 0.39 0.40
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Method IV
An ddditional set of structural calculations was made on the

basis of another set of equations of van Krevelen. (33) This will be
referred to as Method IV, For the purpose of studying coal the

various hydrocarbon groups were divided into four classes:

C, = CH,/ C, the fraction of CH, groups (paraffinic or
naphthenic) in the molecule;

CZ = CH/ C,‘ the fraction of carbon atoms which are junctions
between fused naphthenic rings;

C3 = CHa/ C, the fraction of aromatic CH groups; and

C, = Ca/ C, the fraction of carbon atoms which are junctions
_ between fused aromatic rings.
Van Krevelen set forth the following relationships between

these four types of linkages, based on the definitions of the symbols

and the mass balance:

(7) C,+C,+C+Cy=1
® 2C,+ C,+ C, =H/C
(9 C,+C, =2R/C

(10) C3+ Cy =1,

The individual values of C CZ’ C3 and C4 could not be calculated

l’
from this set of equations since it did not consist of four independent
equations. In fact, there are three unknowns ( the fourth is known,
since the sum is one) and only two independent properties, density

and H/ C. The right-hand sides of the above set of equations are

not independent but are related to one another by the following
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equation, since by definition f, and R/ C are related to H/C:

(11) f, = 2-H/C-2R/C
An algebraic rearrangement of any group of three of the set
resulted in the fourth equation. Van Krevelen overcame this
difficulty by developing a relationship between C1 and I—f/ C. This
equation resulted from a statistical analysivs of macromolecular
model structures and expressed the probability of the occurrence ,
of a CH2 group as a function o-f the H/ C ratio. Hence, van

Krevelen was able to determine Cj, C3, C3 and C4 from the

following set of equations:

(12) C, = 0.5 (H/ c)3/2 _ 0.29 (1/ )t/ 2 when H/C>0.6
(134 . ' C, ™ 1-f -C |

(14) C;® 1-2R/C-C

(15) C, =~ 1-1—1/c+c1

Tﬁe values of f, and R/ C used in this method were those obtained
from equations (1) and (2) described previously. The results of
this method are tabulated in Table 6.

TABLE 6

Van Krevelen's Structural Group Analysis of the Resin

Fractions
I raction C1 C 2 C3 C4
C Cl4 {11) 0.44 0.22 0. 24 0.10
Benzene 0. 38 0.29 0. 20 0.13
Chloroform 0. 49 0. 35 0. 08 - 0,08
Methanol 0.49 0. 26 0.17 0.08




40

It is pointed out that this method has been applied to bitumens
and asphalts by Varga, Hesp and Haidegger(34) and also by
Padovani, Berti and Prinetti. (35)

Application of the Montgomery-Boyd Structural

Group Analysis Method (Scheme MBI1)
The new method of structural group analysis that has

: i : '
recently been developed by the authors{3®) has been applied also to

these resin fractions as the concluding stage in an effort to elucidate
the _structure‘ of this portion of the bitumen, The method and the
manner of its application here have already been described in

Part I in connection with its use in studying the asphaltene fraction;
for completeness, they will be briefly reviewed here. The total
number of carbon linkages in the molecule was considered to be

divided into the following five types:

1

Cl number per molecule of CH;, CH,, CH and C groups

in linear and branched chains.

CZ = number per molecule of CHZ groups in saturated
rings, including the case where the hydrogen atoms
may be replaced by linear or branched chains.

C3 = number per molecule of CH groups which are junctions

between fused saturated rings, including the case .

where the hydrogen is replaced by linear or

branched chains.




C4 = number per molecule of CH groups in aromatic rings,
" including the case where the hydrogen is replaced:
by linear or branched chains.
C5 = number per molecule —Cl:— groups which are
junctions between fused aromatic rings as well as
I N o
3 junctions between saturated and aromatic rings.
It should be noted that this system of atomic groups does not make
provision for non-fused polycyclic substances,
. Three chemical and two physical properties have been
expressed in terms of these five structural groups in the form of
i the following five empirical equations:(36)
3 (16) C;+Cp+ C3+C,+Cs = EC
(17) 2C; +2C, '+ C;+Cy = ZH
) (18) C, + c, C, 1
(19) M.V. = Cj (16.38+30.61) + C, (13.20+28,48) +
at =C =C
20°C,
1 atm. C3 (10.981+20.679) + C4 (12.406+14, 042 -
pPress. zC zC
1.96C, + 10,13C y+C (5.124 - 5.238)
g L ¥ 5 sC
s zC zC
(20) M.R. = C (4.623 +2.314) + C_(4.468 + 0,868 - 0.245C
at 3C zC iE
20°C, ‘
1 atm., C_(3.693 + 0.3395) +
5 3 =
pPress., %C
C,(4.5445 - 1,021 - 0,396 C,~ 5.701C ) +
4 —=C 1 _2
zC zC
C5 (5. 734 - M)
pN
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The method of group analysis consisted of the simultaneous
solution of these equations by means of a digital computer to yield

numerical values for C,» C,: C3, C, and C;. The five properties
used in this method were the total number of carbon atoms per
molecule ( £C), the total number of hydrogen atoms per molecule
(ZH), the total number of aromatic carbon atoms per molecule
(£C,), the molar volume (M.V.), and the molar refraction (M.R.)
(the Lorentz-L-orenz function), | The first two of these properties,

2C ;.nd 3H, were calculated from the carbon and hydrogen analyses
and the experimentally determined molecular weight, Since t‘his
method of structural analysis is applicable only to hydrocarbons,

it was necessary to make some corrections to the molar volume. .
and the molar refraction to ' convert' them to a ''foreign-atom-free"
basis. The method used here, and considered adequate to a first |
approximation for the present purpose, consisted essentially i.n
removing the fo'réign atoms without affecting the structural contri-
butions to the molar volume and the molar refraction axid also
without making any changes in the number of carbon and hydrogen
atoms, These '""corrected" values of the molar volume and the
molar refraction were calculated by the use of the following
equations, which were modified forms of those used by van

Krevelen:(37)




9.9C+ 3.1 H+3.75 0 +1.5 N+ 1585 - K

2,558 C+1.039 H+1.65Q0 + 2.48 N+ 7.64 S + E

i

(21) M.V,

(22) M.R.

For the calculation of K and E above, which represented the
structural contributions to the molar volume and the molar re-

fraction respectively, the values used for M. V., were derived

f.rom the experimental values of the molecular weight and density
at 20°C, the values used for M. R. were derived from the re-
fractive index (nDZO) and the rr;olar volume (20°C), and the values
for C, H:. N, O and S were determined from the elementary

analyses and the molecular weight, M.V, corr. and M. R, corr.

were tﬁen calculated from the following equations, using values of
K and E thus pobtained:

(23) M.V

it

.COI'I'. 9.9C+3-1H‘K

(24) M.R. 2,558 C+1.,039 H+ E

corr.

The values of K and E obtained for the resin fractions have been

tabulated in Table 7. They were included because they represented
the amounts by which the molar volume and molar refraction
respectively deviated from the values that were obtained by summing
the appropriate atomic increments (using Traube's atomic incre-

ments).
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TABLE 7

Values of K and E for the Resins

' K 100
Fraction K/ Mvexpxloo E E/ MR exp*
C C1, (1) 28.48 5.1 19,17 10.1
Benzene 54,00 7.3 32.93 12.5
Chloroform 57.38 6.4 33.29 10, 6
Methanol 37,93 4.9 29.63 11.1

As has already been stated, the MB1 method required that
the number of aromatic carbon atoms per molecule be experimentally
determined, This property is notreadily determined directly for
bituminous materials. Table 4 revealed the wide variation that
was obtained in calculating the fraction of aromatic carbon atoms
from thel6. 25 micron band of the ihfra-red spectrum, There was
also considérable variation in the values calculated according to
van Krevelen's structural analysis methods. Consequently, as
with the asphaltene fraction, it was felt that the most informative

approach was to determine values of Cy» C Cs, C, and C_ for

2! 4 5

various arbitrarily chosen values of X Cj which covered the entire

range of possible values. It will then be shown how certain structures

could be eliminated on the basis of algebraic and chemical criteria.

The derived properties required for the application of this

method are tabulated in Table 8.
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TABLE 8

Derived Properties of the Resin Fractions Required

for the Montgomery-Boyd Analysis

Property C Cl4 (II) Beize;xsu:n thal:rtolf:::m Methanol
5C 40.2 54,8 64.3 53.8
SH 53. 86 68. 6 90. 1 760

SN 0. 30 0.39 0. 66 0.61

s 1.28 1.76 '.2.05 1.81

s0 0. 60 1.99 2.34 - 2.82
M.V. o 558, 5 735.7 899.5 768. 7
M.R. oxp . 189. 5 262.1 312.7 266.2
M.V. corr.| 536.6 701.2 859. 0 730.0
M.R. __ 178.0 244.4 291.5 246‘.2‘

et

e L R

The computational method of solution used here was the

same as reported in Part I. Since two of the five property equations

were quadratic (the M.V, and M. R. equations), the method of

solution consisted essentially in solving two quadratics simultaneously.

This involved an iterative procedure., In the method as originally

reported for application to pure hydrocarbons, (36) the iterative

procedure was started at C; = C, = 0 (i,e., no prior knowledge :

of the values of C, and CZ) and only one solution was obtained.

This proved satisfactory for pure hydrocarbons, but when the method

o oG ML
e b R
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was applied to the Alberta bitumen fractions certain difficulties

were encountered: firstly, an increasing number of cases occurred

which failed to converge, and, secondly, cases arose where
physically impossible solutions were obtained which failed to check .
with éolutions obtained by gr‘aphical | pldtting of the quadratics.
This led to the modifications of the' ‘originél program for thé IBM 650
computer, The objéctive of the new 'progr‘am was t§ obtain all
mathematically possible solutions between + $C. This was done
by feciucing the set of five equations to two quac-lravtics and then |
determining one solution by the Newton-Raphson iteration méthod,
!startir_lg. the iteration method with C1 = G, = ZC. . It was found
that starting with TC eliminated the‘cases of non-convergenéé,
ensured that the solution obtained ét_this stage was the physically
possible one (i, e. in first quadrant), and, in most cases, required-
a smalle;' number of iterations than the original program, The
remainder of the mathematical solutions were then obtained by
fa.ctoring thé first root out of the co-rresponding quari:ic equatior;
and thus progressing by the standard methods of matrix algebra

through the cubic equation and then the quadratic.  In some cases,

only one solution was obtained, but in othenrs three were obtained.
No case ever arose where .there were two solutions in the first
quadrant (i. e. both physically possible).

In the case of multiple solutions the physically possible one

was read off by inspection, or, where there was no solution in the




first quadrant, the set of values of C1 to C5 having the smallest
_sum of negative structural groups was .taken. - A negative quantity
of a structural group has, of course, no physical significance. A
solution that involves numeri;ally small negative numbers may
be regarded as more plausible than one involving large negative
numbers, |

The results of the application of this method to the resin

fractions obtained in the manner just described are tabulated in

Table 9 and expressed graphically in Figures 12-16,

oot Ay AR DAY e b s St

D
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TABLE 9

Results of the Montgomery-Boyd Analysis of the Resins

Resin :
f zC C C C C C
Fraction a a - R -2 -3 4 5

CCl, () | 0.17° | 6.83 | 19.77 | -0.52 | 14.12 1.28 | 5.55

0.27 10.85 | 17.79 0.68 | 10,87 6.07 | 4.78
0.34% | 13.63 16.59 2.20 7.79 8.55 | 5.08
0.392 | 15.68 | 15,86 3. 64 5,02 9.88 | 5.80
0.479 | 18,77 | 15.00 6.19 .| 0.24 | 11.28 | 7.49
0.55 | 22.10 | 14.30 9.25 | -5.44 | 12.25 | 9.85

Benzene - 0,25€ 13.70 24,62 | -2.55 19,04 | -5.44 8.26

0.362 | 20,01 | 21.00 | -0.03 | 13.82 | 12.84 | 7.17
0.519 | 27.95 | 18.01 7. 00 1.84 | 16.74 |11.21

Chloroform | 0.172 | 10,74 | 35.16 1.15 | 17.25 0.23 |10.51
0.20P | 12.80 | 34.32 1.64 | 15.54 2.64 10,16

0.34€ | 21.09 | 30.55 5.73 6.12 | 11.42 {10,48
0.399 | 25.09 | 29.35 8. 01 1.86 | 13.54 |11.55
0.50 | 32.20 | 26.99 | 14.33 | -9.22 | 16.68 |15.52

Methanol 0. 15 8.07 | 32.52 | -0.60 | 13.81 | -1.65 | 9.72
0.25% | 13.55 | 30.38 | 0.09 | 9.78 | 5.28 | 8.27
0,29 | 15.43 | 29.60 | o0.58 | 8.19 | 7.45 | 7.98
0.38S | 20,40 | 27.65 | 2.86 | 2.89 | 12.09 | 8.31
0.409 | 21,50 | 27.27 | 3.57 | 1.46 | 12.86 | 8.64
0.50 | 26.90 | 25.68 | 7.95 | -6.73 | 15,47 [11.43

a - van Krevelen Method I,
b - wvan Krevelen Method II,
¢ - infra-red, 6,25 p band compared to

methyl naphthalenes (12 compounds).
van Krevelen Method III,
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Figure 12. Results of the Montgomery—Boyd analysis

(Scheme MB 1) of the resins. C1 versus ECa‘L.
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Figure 13. Results of the Montgomery-Boyd analysis (Scheme MB1)
of the resins. C2 versus: zca;. '




30

51

26—

22—

Figure 14.

Results of the Montgomery-Boyd analysis (Scheme MB1)

of the resins, C3 versus ZCa.
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Figure 15. Results of the Montgomery-Boyd analysis (Scheme MB1)
of the resins. C, versus XCj.
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Apélication of the Modified Montgomery-Boyd Structural

Group Analysis Method (Scheme MB2)

The original structural group analysis (Scheme MB1) de-
veloped by the authors has been modified to analyze material in
which Cé was zero, Cz was small, and both fused and non-fused
aromatic rings were present, If there was some '"a priori'" know-
ledge that C, was zero, this then permitted the addition of another
parameter. For the present case, the parameter added was ‘C7,
the number of junction carbon atoms per molecule in non-fused
aromatic rings. Use was made of molar volume and molar re-
fraction equations which had been developed by the authors to
fit non-fused aromatic compounds. (38)  This modified structural
analysis system consisted of the solution of a second set of five
equations, which represented the identical properties as the first
set but which were set up in terms of a second set of parameters,
Cis C,1 C4, Cg and C,.  This method has a further qualification:
Cz must be present only in small quantities, This was required
because, in the development of the molar volume and molar re-
fraction equations(38) to fit hydrocarbons containing both fused
and non-fused aromatic rings, it was found necessary to omit a

C, '"correction term' on C4, which had been used in the

equations of the original system. For convenience this second set

of five egjuations is tabulated below:




25) C1+C2+C4+C5+C7: TC

26 - TH
(26) 2C +2C,+C, = :IH
(27) Cy+Cg+Cy = 3C,
(28) C, (16.38+30.61)+ C, (13.20 + 28.48) +
sC zC
Cq(12.406+14.042 - 1.96 C,) + Cg(5.124-5.238) +
C 5C =C

C,(7.04+ 16.53) = M.V.
zC 20°C,

1 atmos, press,

(29) C,(4.623+2.314)+ C, (4,468 + 0.868 - 0.245 C.) +
: =C zC _1_
zC
C, (4.5445 - 1,021 - 0.396 C)+ Cg(5.734 - 14.333) +
=C 3 zC

C7 (2.872 + 5.405) = M.R.
ZC 20°C,
1 atmos, press,

To obtain an estimate of how the aromatic atoms were

divided between fused and non-fused rings consistent with this choice

of parameters, this second analysis scheme was applied to each of
the resin fractions, The value of ECa used for .each fraction was
that value which corresponded to a zero value of C3 in the results
of the original Montgomery-Boyd method (Scheme MB1). These
values were read directly from the graph shown in Figure 14. The

results of this application are tabulated in Table 10,
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TABLE 10

Application of Modified Montgomery-Boyd Analysis

Resin » C

Fraction zCa\ Cy C2 C4 C;5 C7 5/ C7
C Cl1,4 (11) 19.1 17.5 | 3.8 11.7 | 3,0 4.4 0.68
Benzene 29,0 22,1 | 3.7 17.0 | 6.1 5.9 1.03

Chloroform 26.4 32.2 5.7 14.7 | 7.4 4,7 1.57

Methanol 22,6 28,6 | 2.6 13.6 | 6.5 2.5 2,60

DISCUSSION

The results of the structural group analyses are discussed
from two viewpoints: 1) to learn as much as possible about the
structure of each individual fraction; and 2) to compare the
compositions of the fractions in an attempt to determine the differ -
ences between them and to discover on what basis the chromatographic
separation took place,.

All the methods of structural analysis that have been
applied here have two assumptions in common. First, all involve
the additivity of the molar volume (and the molar refraction) in the
liquid state, and, secondly, all double bonds present are in aromatic
rings., The resin fractions exhibited all the normal properties of
fluids at the temperature at which measurements were taken (20°C’,
so that the properties measured here may be considered to be

equilibrium properties of the fractions being studied. Regarding the
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nature of the unsaturation in the resin fractions, the infra-red
spectra did not reveal the presence of any olefinic-type linkage,
as evidenced by the absence of a 6.1n side band on the 6. 2p
aromgtic absorption band, There are undoubtedly small amounts
of other types of unsaturation present which probably account for the
polymerization in air and the colour. The standard chemical
tests for unsaturation yielded somewhat inconclusive results when
applied to material of this type.

Attention is drawn to the fact that the chromatography of
C Cl4 (I) fraction (Figure 7) on silica gel yielded only a very small
amount of saturated compounds (3.25%). This was considered to be
important from the point of view of applying hydrocarbon structural
analysis sche.mes. If extreme types such as saturates and aromatics
did not exist as a mechanical mixture in the resin fractions, there
would be much less contraction due to the interaction of these
types, and the errors involved in employing the structural analysis
system would be reduced. It follows that the C, and C, groups
found are attached by chemical bonds to the aromatic portion of the
molecule, An additional reason for attempting to eliminate as
much of the saturated ‘material as possible is that the hydrogen

balance equation in the Montgomery-Boyd method is not valid for

normal or branched paraffins. On the basis of the chromatography

of C Cly (I), it was assumed that the remainder of the resin

fractions eluted with more polar solvents were essentially free of
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saturates, These fractions can be considered as approximately
homogeneous as to chemical type, and therefore should be parti-
cularly suitable for the application of these structural analysis
systems. The presence of a mechanical mixture of different
chemical types would tend to obscure the statistical interpretation
of the results.

In van Krevelen's methods of estimating R/ C and fa’ it
was assumed that the density w.as not a function of the state of strain
of the sample but was an equilibrium property of the liquid which
could be expressed in terms of the sum of atomic increments and
structural factors, Method I, which is van Krevelen's densimetric
method, 29 gave f, values of 0. 34 for C C1, (II), 0.33 for the
benzene fraction, 0,17 for the chloroform fraction, and 0.25 for
the methanol fraction. This method regarded all structural contri-
butions to the molar volume as due to rings, and this structural
factor was determined to be a linear function of the H/ C ratio
based on the following model substances: cellulose, polystyren.e,
and graphite. The f, values from Method II were slightly higher
than those from I (the difference ranging from 3% to 5%), although
this did not affect the relative differences between the resin
fractions themselves. These differences were the results of
using the experimental molecular weight in Method II and, as a
result, being able to make use of a more accurate form of the fa -

R/ C - H/ C equation {equation 4 instead of equation 2), Method III,
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van Krevelen!'s Graphical Densimetric method, (31) yielded consid-
erably higher values of fa and also altered the relative position
between the resin fractions. This method gave f, values varying
between 0.39 and 0.51 for these fractions, with the benzene fraction
having the highest value and the chloroform fraction having the

lowest. By this method, the chloroform and methanol fractions

have fa values differing only by 1%, and the C Cly (II) and benzene
fractions have values 8 to 11% higher. It must be borne in mind
that this particular method was based on the relationship between
Mc, H and fa for pure aromatic hydrocarbons., This method will

d C
be discussed in conjunction with the Montgomery-Boyd results,

since both methods are based on pure hydrocarbons. Recent
controversies concerning tﬁe upper and lower ends of the fa
scale(39’40’41) do not affect the present case, since the resin
fractions like the asphaltenes would appear to lie well away from
these areas of the fa scale, Similarly, these fractions would nqt
be affected by the limitations of this me£hod pertaining to the
relative proportions of aromatic and naphthenic carbon atoms
(if naphthenic groups are present, then f; must be greater than
0. 25).

Since, in considering any possible structure, the number
of rings per molecule is of particular importance, it is of some
interest to note the corresponding values of R (the number of

rings per molecule) for the various values of f, obtained by
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van Krevelen!s methods., The densimetric method predicted 6.4
rings/ molecule for C Cly (I§, 11.5 for the benzene fraction, 13.9
for the chloroform fraction, and 9.1 for the methanol fraction,
whereas the graphical densimetric method resulted in somewhat
lower values: 3. 8 for C.C14 (II), 6.6 for the benzene, 6.7 for
the chloroform, and 5,1 for the methanol fractions, The fourth

set of structural information based on van Krevelen!s methods was

(33)

that obtained by the application of his 4-type carbon group analysis,
(Method IV). This method is based on theiprobability of the
occurrence of a CHZ group as a function of H/.C (equation 12) for
a numbef of macromolecular model structures. In equations 13 and
14, the values of fa and R/ C ‘from the densimetric method were
used. The resulting values for Cl (paraffinic and naphthenic CHZ)
varied from 38 to 49%, with the benzene fraction having the lowest
value and the chloroform and methanol fractions both containing 49%.
Values for. Cz (naphthenic fused ring junctions) varied from 22% for
the C C14 (II) fraction to 35% for the chloroform fraction. The
lowest value for C3 (aromatic CH), 8%, belonged to the chloroform

fraction and the highest, 24%, to the C Cl, (II) fraction, The

values for C, (fused aromatic ring junctions) remained fairly

4
constant, varying only 5% for all resins (8-13%).
The results from Method IV cannot be given the same

weight as those from Methods I, II and III, owing to the doubtful basis

of equation 12, which was recognized by van Krevelen, and also
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due to the fact that this method invalved f, and R/ C from Method I.
Values for fa froth Method III are considered more realistic than
the original densimetric method (Methods I and II). Method IV has
been _included herein as a matter of historical interest.

It should be noted that the structural parameters obtained
from van Krevelen's methods, R/ C and fa’ were obtained from
two physical properties only -- the density and the H/ C ratio. In
effect, van Krevelen showed tile type of structural information that
could be.obtained from these two properties. His methods were
designed especially for coal, whos>e structure was considered to
be largely condensed aromatic rings. However, in the case of the
bitumen, more experimentally determined properties were available
than was the -case for coal. Comnsequently, the structural analysis
system developed by the authors was intended to yield the
maximum amount of chemical structural information from the five
properties available. Van Krevelen's parameters did not yield any
information about the saturated carbon i)ortion of the molecule,
knowledge of which was considered desirable for the bitumen resin
fractions. The structural parameters in the Montgomery-Boyd
method were chosen to cover a wider range of possible structures
than the van Krevelen methods. The van Krevelen methods were _

applied to the resin fractions for the specific purpose of obtaining

an estimate of fa, since this property was required to apply the

Montgomery-Boyd method.

et e s nE
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The results of the structural analysis method developed by
the authors(36) will now be considered. This system (MB1)
consisted of five property equations that were capable of simul-
taneous solution. The significance attached to these results should
be regarded in ihe light of the fact that the molar volume and molar
refraction equations, which form a part of the system of five
equations, were designed especially to fit the hydrocarbons of
API project 42, The accuracy with which the method is capable
of analyz‘iﬁg these hydrocarbons (C10 - Cso) has already been
determined. (36) If, as is the case here, the input data fed into
the system refer to mixtures of compounds, the solutions obtained
will be the structgre of the equivalent pure compound; that is to
say, the pure compound which would possess the same density,
refractive index, average molecular weight, number of carbon
atoms, hydrogen atoms and aromatic carbon atoms. As has
already been referred to, this method was applied to each resin
fraction over a considerable range of 2ZC_ values due to the fact that
no reliable method of determining ZCa experimentally existed for
this type of material, The range arbitrarily chosen was intended
to cover all possible values obtained from the infra-red spectra
and also calculated by van Krevelen's methods. The various sets
of results were then criticaily assessed on the basis of certain
algebraic and chemical criteria (for details, see pages 76-84). The net

effect of applying these criteria was to confine the aromaticity to
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certain limits, and hence the various structural groups. These
criteria may be briefly summarized as follows: (1) All physically
impossible answers were eliminated (i.e. negative solutions) and
thus a range of possible ZC, values was established. (2) van
Krevelen!s Ring Balance equation (which in terms of the present
parameters could be written C3+ Cg = 2R-2) was applied to all
sets of results to give a value of R for each case, and, from this,

the number of cyclic carbon groups per ring which was equal to

C,+C3*Cy+ Cy was determined. The values of Cx/ R were
R

cdmpared with those of possible model structures. It is obvious
that for a particular value of Cr /R, a unique solution exists,
(3) An indirect determination of ECa was made from the quanti-
tative estim'ation of mt_athyl and methylene groups from the infra-
red spectra (Table 3). This value permitted another unique
solution, The object of the application of these criteria was to show
that they permitted the structure of each resin fraction to be defined
within a reasonably narrow range.

The additional structural data required for the application
‘of these criteria are tabulated in Table 11 and depicted graphically
in Figures 17-26, Table 12 contains the analysis expressed in
terms of fractions of the total carbon, and is included here as a
convenience because, in comparing the compositions of the various

fractions with one another and also in comparing the various methods

with one another, it is found more convenient to do so on a percentage

basis,
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TABLE 11

Structural Characteristics of the Resins from the
Montgomery-Boyd Analysis

' “2 “4/c R /R |(C
Fraction z Ca / C3 / 5 CR 1 + CZ)
C Cly (1)) 6.83¢ | -0.04 0.23 10.83 | 1.87 | 19.25
10. 85 0.063 | 1.27 8.82 | 2.54 | 18.47
13,632 0.28 1.68 7.44 | 3.17 | 18.79
15. 68P 0.72 1.70 6.41 | 3.80 | 19.50
18.779 | 25.8 1.51 4,86 | 5.18 | 21.19
22.10 -1.70 1.24 3.20 | 8.09 | 23.55
Benzene. 13,70 | -0.13 0. 66 14.65 | 2.06 | 22.07

18,072 | -0.073 | 1.56 12.46 | 2.63 | 20.87
20.012 | -0.002 | 1.79 11.50 | 2.94 | 20.97

27. 959 3.80 - | 1.49 | .7.52 | 4.89 | 25.01
32,90 -=-1,73 1.16 5.05 7.54 29.00
Chloroform 10, 742 0.07 0.02 14. 88 1.96 | 36.31
12. 80P 0.10 0. 26 13.85 | 2.16 | 35.96
21.09¢ 0.94 1.09 9.30 3.63 | 36.28
25,099 | 4.3 1,17 7.70 | 4.54 | 37.36
32,20 -1.55 1.07 4,15 8.99 | 41.32
Methanol 8,07 -0.04 -0.17 12,76 1.67 31.92
13,552 0. 009 0. 64 10. 02 2. 34 30.47
15. 43P 0.071 | 0.93 9.08 | 2.66 | 30,18
20,40¢ 0.99 1.45 6.60 3.96 30. 51
21. 504 2,44 1.49 6.05 | 4.38 | 30.84
26.90 -1.18 1., 35 3. 35 8. 39 33.63
a - van Krevelen Method 1.
b - van Krevelen Method II.
¢ - infra-red, 6.25u band compared to methyl
naphthalenes (12 compounds).
d - van Krevelen Method III,




0.2—

Figure 17.

0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Figure 21.

Results of the Montgomery-Boyd analysis (Scheme MB1)
of the resins, expressed as fractions of the total

carbon. Cg/ £C versus f,,
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Figure 23, Variation of C4/ Cq with fa for the Montgomery-
Boyd analysis of the resins (Scheme MB1).
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Boyd analysis of the resins (Scheme MBI1).
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TABLE 12

Montgomery-Boyd Analysis (MB1) of the Resins Expressed
as Fractions of the Total Carbon

T ——

. <1 C, : C3 Cs C
Fraction £ /zC /sC /sC /sC 5/2(:
C Cl, (1D) 0.17° | 0.492 |-0.0129 .| 0.351 |0.0318 |0.138
0.27 0,442 0.0169 | 0,270 | 0.151 |0.119
0.342 | 0.413 0.0547 0.194 | 0.213 {0.126
0.39% | 0.395 0.0905 | 0.125 | 0.246 |0.144
0.47d | 0.373 0.154 0.006 | 0.281 |0.186
0.55 0. 356 0.230 |-0.135 | 0.305 {0.245
Benzene 0.25C | 0.449 | -0.0465 0.347 | 0.099 [0.151
0.332 | 0.402 | -0.0212 | 0.289 | 0.201 {0.129
0.36P | 0.383 | -0.0005 0.252 | 0.234 |0.131
0.519 | 0.329 0.128 0.034 | 0.305 |0.204
0. 60 0. 305 0.224 -0.130 | 0.323 |0.277
Chloroform 0.172 | 0.546 0.0179 | 0.268 | 0.00357]0.163
0.20P | 0.534 0.0255 | 0.242 | 0.0410 |0.158
0.34¢ | 0,475 0.0891 0.0952{ 0,178 [0.163
0.399 | 0.456 0.124 0.0289 ] 0.211 {0.180
0. 50 0.420 0,223 -0.143 | 0.259 |o0.241
Methanol 0.15 0.604 | -0.0111 0.257 |-0.0307 |{0.181
0.252 | 0.565 0.00167 | 0.182 | 0.0981 |0.154
0.29b | 0,550 0.0108 0.152 | 0.138 {0,148
0.38¢ | 0.514 0.0532 | 0.0537| 0.225 {0.154
0.409 | 0.507 0.0664 | 0.0271] 0.239 [0.160
0. 50 0.477 0.148 -0.125 | 0.288 |0.212
a - van Krevelen Method 1.
b - van Krevelen Method II.
¢ - infra-red, 6.25p band compared to
methyl naphthalenes (12 compounds).
d - van Krevelen Method IIL
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Application of Criterion I

A review of the graphs in Figures 12-16 revealed that a
considerable number of physically impossible solutions existed., It
was found possible to establish, from these graphs, the range of

2C, values in which all five carbon types were positive. These

were obtained by reading off the 2C_, values for each fraction
corresponding to C3 = 0 and C, = 0. Itis only within this
range that all types were positive, Above the upper limit of ZCa,
C3 became negative and below the lower limit C, became negative,
It was noted also that at a very much lower valueof 2C_, C, also
became negative, These limiting values of ZCa, and the carbon-
type composi.tion corresponding to them, are listed below in Table 13

for the four resin fractions,




Limiting Compositions of Resin Fractions by Criterion I

TABLE 13

Fra;tion fa z Ca C1 C2 C3 C4 C5
cci, an [0.47 {19.1 |14.7 | 6.5 | 0.0 | 11.4 | 7.7
o.zzs'. 9.2 18.5 | 0.0 |12.2 4.1 | 4.95
Benzene | 0.53 | 29,0 |17.35| 8.1 | 0.0 | 17.05 |12.05
0.36 | 20,3 | 21.0 | 0.0 |13.4 | 13.0 | 7.3
Chloroform | 0.41 | 26,4 | 28.8 | 8.65| 0.0 | 14.3 [12.15
0.16%] 10.6% | 35,2 | 1.2 |17.3 0.0 |10.5
Methanol | 0.423| 22.6 26,9 | 4.4 | 0.0 | 13.5 9.0
0.245( 13.8 | 30.1 | 0.0 | 9.6 5.9 | 8.2

* This limit corresponds to the value where C, became negative.

For this fraction, C_ did not become negative as in the other

cases,

It was noted that the above uppér limit for fa corresponded

very closely for each fraction to the value calculated by van Krevelen's

2

graphical densimetric analysis. (The latter values were 0 to 2%

lower,)

Application of Criterion II

As has already been stated, this criterion involves a con-

sideration of the possible values of Cr/ R calculated from the Ring

Balance equation,

A unique solution may be obtained by the
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introduction of the following assumptions, It was assumed that, on
the average, the resin fractions are composed of six-membered
rings; that the ring balance equation C3 + C5 = 2R - 2 is valid;
and that, on the average, CR/R = 4, This would then permit a
| unique solution. The signiﬁcance of selecting CR/R = 4 has the
following basis: The limiting value with increasing molecular
weight for pericondensed six-membered rings is three and that for
kata-condensed rings is 4, while the value corresponding to the
lowest member of the kata-condensed series is 5, The value of
CR/R must be between these extremes of 3 and 5 unless a higher

degree of condensation than pericondensation is envisaged.

Attention is drawn to the fact that the Waterman system of structural
analysis for oils used this as sumption .of kata-condensed, six-
membered rings. (42) Consequently, from Figure 24 (CR/R vs f3)
the value of f, was read off corresponding to Cf{/R = 4 for each
fraction. The uniqug set of values of C; to Cg correspondihg to
this value of f, were then read off the éraphs in Figures 12-16 for
each fraction, This procedure gave the set of compositions for the

resin fractions, tabulated in Table 14.




TABLE 14

Composition of Resin Fractions by Criterion II (CR/R = 4)

Fraction fa- ECa Cl Cy | C3 Cy Cs
C Ci, (D) 0.405' 16,3 |15.6 4.2 | 4.1 10,2 6.1
Benzene 0. 446 24,4 19.1 3.5 | 7.4 15.45 9.0
Chloroform | 0.365 | 23.5 [29.8 6.6 [4.0 12.5 }10.95
Methanol 0. 380 20.4 27.6 3.0 | 2.9 12,0 8.3

It is of interest to compare the results from the application

of this criterion with the results in Table 13 from the application of

the first criterion.

In terms of the aromaticity, this second set of

results essentially reduced the range of possible f, values. The

difference between the upper limit set in Table 13 and the values

obtained in Table 14 was 6. 5% forthe C Cly (II) fraction, .8.4% for

the benzene fraction, 4.5% for the chloroform fraction, and 4. 3%

for the methanol fraction, It should be noted that the fa values

obtained by van Krevelen's graphical densimetric technique fell

within this range; in fact, in most cases, the value fell almost at

the midway point of this range.

Application of Criterion III (Indirec¢t Determination

of the Aromaticity from Infra-red Data)

The quantitative estimation of methyl and methylene groups

from infra-red data was tabulated in Table 3.

These data were

used to estimate the aromaticity quantitatively in the following
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manner: It was assumed that, to a first approximation, the sum of

the methyl and methylene groups could be considered equal to

(Cl + CZ) in the present structural analysis system. The data in

Table 3 thus permitted two estimates of (Cl + C,) to be made, one

based on the 7. 28 and 3.42 p bands and the second based on the

3.50 @ band. Figure 26 is a plot of (Cl + C,) vs ECa for

structural group analysis.

the

ZC, values were read off this graph

corresponding to the two values of (C; + C;) from the infra-red

data. These values of ECa thus obtained have been tabulated in

Table 15.

-TABLE 15

Indirect Determination of the Aromaticity from Infra-red Data

Fraction (c1 + Ca) Z C, (Figure 26)
7.28u + 3.42p | 3.50p 7.28p + 3.42p | 3.50u
C Cly {I1) 20.3 17.2 17.3 -
Bepzene 26.5 21.0 30.2 20.2
Chloroform 36.4 32.0 21.8 -
Methanol 28.1 25,4 - -

It should be noted that in Table 15 no value was given for

the methanol fraction from either a.bsorption band, nor for the

C Cl4 (II) and chloroform fractions from the 3.50p band. For

these cases the values of (C1 + CZ) from the infra-red fell below

the minimum value of (Cl + C,) allowable under the structural




analysis system (Figure 26). The values obtained from the absorption
bands at 7.28yu and 3.42p were considered to be more reliable than
those obtained from the band at 3.50x. The absorption band at
3. SOH was not nearly as well defined as those at 7,28y and 3.42u.
For.the purposes of the structural analysis use will be made only
of the ZC_, values derived from the 7. 28 and 3.42y bands.
Another estimate of ZCa was made from this same infra-
red data by the use of a furthex; assumption. This second estimate
of ECa was made because of the failure of the first estimate to
give a value of ZC_ for the methanol fraction. In this second
estimate, the sum of the methyl and methylepe groups obtained

from the 7,28p and 3.42p bands was considered the sum of all

saturated ca.r:bon atoms in the molecule (i.e. C,+C, + Ci). It
was felt that this was justified by the small numerical values of
C3 given in Table 13 (upper limit of ZC_ ), and the fact that the
H ZCa values in Table 14 were only 4 to 8% lower than those in
Table 13. In view of these facts, in this second estimate ZC,
was taken as the difference between the total number of carbon

atoms and the sum of the methyl and methylene groups (from the

o

7.28 + 3.42p bands). These values are tabulated in Table 16.

For convenience in making a comparison, Z C_, values obtained

by Criteria I and II are also tabulated here.
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TABLE 16

Second Indirect Estimate of Aromaticity from Infra-red Data

Fraction CHj3 + CH; ZCa =2ZC - Uppif{limit by zC,
(7.28 + 3.42p) (CH3+ CHjy) Criterion I |Criterion II

C Cly (ID) 20.3 19.9 19.1 16.3

Benzene 26.5 28.3 29.0 24,4

Chloroform 36.4 27.9 26,4 23,5

Methanol 28.1 -25.7 22.6 20.4
Since xC_ values obtained from XC -(CHj + CHj) will tend to

be a high estimate by virtue of the approximations made, the figures

obtained by this method would tend to support the values obtained by

Criterion I (

upper limit).

The fact that the values from Criterion II were

somewhat lower is probably evidence that the value of CR/R for this

type of material is slightly greater than 4.

To give a unique set of solutions of the structural analysis based

on infra-red data, Z Ca values for C C14('II), benzene and chloroform

“fractions were taken from Table 15 (7.28u + 3.42p values), and, for the

methanol fraction, from Table 16.

in Table 17.

This set of compositions is tabulated




TABLE 17

Composition of Resin Fractions by Criterion III

Fraction iC, Cl (‘;2 c3 (34 (35
CCly (I |17.3 15.3 5.0 2.8 10.6 6.6
Benzene 30, 2% 17.4 9.3 -2.0 17. 3 13.0
Chloroform |21.8 30.6 5.6 6.2 11.3 10, 4
Methanol 25, T* 26.1 6.9 -4,5 15.0 10.7

* Thesg values are slightly higher than the upper limit set by the
appearance of negative numbers., These values were hence
considered as supporting evidence for this upper limit.

A summary of the comi:ositions thus obtained is given in

Table 18. This constituted defining the limits of the structure of

these fractions.

By reviewing the compositions which have been given in

Tables 13, 14, and 17, it was possible to define the limits of the

structure of each fraction as determined by the various conditions.

Criterion I set an upber and a lower limit, and these covered a

considerable range. The results of Criteria II and III were very

much closer to the upper limit than the lower from I, and for this
reason the lower limit from Criterion I was eliminated when.
making the final assessment of the possible range of structures.

The final limits assigned to the structure of each fraction are .

given in Table 18, The upper limit in each case corresponded to the

L B gk £ S AN S 5 )
e

T VT G oot £ BT LA DB TR PRI - P Y

P e
o A TR A o dB e O AT

PREvE—




84

“upper limit set by Criterion I. The lower limit for the C Cl, (II), benzene and methanol

fractions was set by Criterion II and for the chloroform fraction by Criterion III.

TABLE 18

Summary of Results by Scheme MB1

Fraction £, zC, 1) C, C3 Cy Ceg
C Cl4 (1I1) 0.47-0.40 [19.1-16.3]14.7-15.6 |6.5-4.2 |0.0-4.1 |[11.4-10.2 | 7.7-6.1
Benzene 0.53-0.45 |29.0-24.4 17.3-19.1 8.1-3,5 |0.0-7.4 {17.0-15.4 {12,0-9.0
Chloroform 0,41-0.34 |26.4-21.8 |28.8-30.6 |8.6-5.6 |0.0-6.2 |14.3-11.3 |12,2-10.4
Methanol 0.42-0,38 |22.6-20.4 |26.9-27.6 |4.4-3.0 }0.0-2.9 |13.5-12.0} 9,0-8.3

It is of interest to note the variation of the secondary structural parameters for the

limiting structures whose compositions are summarized in Table 18.

given in Table 19,

TABLE 19

Structural Characteristics of the Resins for the
Limiting Composition Range

This information is

Fraction f, R CR/R 'C4/C5 Cz/ Cs
C Cl4 (I1) 0,47-0,40}4.8-6,3 |5.2-3,93 }1.40-1,68] ®©- 0,9
Benzene 0,53-0,45(7.0-9.1 |5. 3-4,05 |1,43-1.66 D - 0,6
Chloroform [0.41-0,34|7.0-9.3 |5.05-3,65(1,16-1.08 | @©- 9. 95
Methanol 0,42-0,38]5,4-6.6 |4,94-4.0 [1.48-1.45]{ ©-1,0




One particularly striking fact about the preceding carbon-
type. compositions was the large proportion of the saturated carbon
atoms which were present in linear and branched chains. If one
con;iders the average of the two limiting compositions in each
case, as representative of the average composition, then the
C Cl4(II) fraction contained 36. 6% linear and branched carbon
chains and 18,4% cyclic saturated carbons; or, in other words,
66.5% _of the éaturated atoms are in linear and branched chains.
Similal:ly, the benzene fraction contained 33, 2% linear and
branched carbons and 17. 3% cyclic saturated carbons; that is,

65. 0% of the saturated carbons occurred in. linear and branched
chains. In the chloroform fraction, 46,2% of the carbon atoms
were in linear and byanched form and 157 9% in the saturated
cyclic form; that is, 74.4% of the saturated portion was linear
and branched. For the methanol fraction, 50. 6% of the total
carbon atoms were linear and branched and only 9. 5 were saturated
cyclic; .that is, 84. 2% of the saturated atorﬁs were linear and
branched. In this discussion of the linear and branched portion

of the molecule, it is of interest to take into cons‘ideration the
quantitative estimates of terminal methyl groups which were made
from the infra-red spectra (Ta‘;)le 3). In terms of the number
of CH3 groups per molecﬁle, this quantity amounted to 7.0 for

C Cl4(II), 10. 0 for the benzene fraction, 12.2 for the chloroform

fraction, and 10, 8 for the methanol fraction. It was considered
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that these values for CH3 represented the maximum number of
linear chains possible. Consequently, it was possible to estimate

the average chain length. This was calculated as C;/ CHj. This

quantity was 2.16 for the C Cl, (1) fraction, 1.82 for the
benzene fraction, 2,43 for the chloroform fraction, and 2,52 for
the methanol fraction,

The results of the Montgomery-Boyd analysis (MB1)
have indicated that the proportion of the saturated carbon atoms
present in rings was comparatively small (9 to 19%) and that the
upper limit of fa predicted by this system corresponded to a
carBon-type analysis in which 'C3 was zero., This suggested
that the modified Montgomery-Boyd analysis (MB2) could be
applied in this case (i.e., for the value of £C_ in which C3
is zero), since this system was especially deéigned for materials
where C; was known to be zero and C, smali. The results
of this application were given in Table 10. This second stfuct_ural
analysis scheme was intended to illustrate the effects of changing
the parameters of the system and to give some indication how
the aromatic carbon atoms were distributed between fused and
non-fused rings, The ratio CS/ .C—, which was given in Table 10
may be taken as an indication of the relative proportion of fused“
aromatic rings to non-fused aromatic rings. This ratio was a

convenient basis upon which to compare the fractions., It was




noted that %5_ increased in passing from C Cl, (i), which had
1

a value of 0. 68, to a value of 2,60 for 'the methanol fraction,
This indicated that as one passed from C Cly (II) fraction —
benzene fraction —+~chloroform fraction — methanol fraction, the
proportion of fused aromatic rings was increasing in relation to
the number of non-fused rings. In other words, C Cly (11)
fraction would have the highest relative proportion of non-fused
aromatic rings and the methanol fraction the lowest, The
results of this second analysis would seem to provide a very
logical basis for the chromatographic separation, since itis
entirely reasonable that the higher the degree of condensation the
more tightly the material would adhere to the adsorbent.

It sl.xould be notéd that this second structural analysis
(MB2) scheme did not predict the same distribution between
C, and C, as did the first system (MB1)., The second scheme
predicted a much higher proportion of C,1s, Thié is probably
due to the inherent assumptions in thé second system. At the
present time, there are few data available fulfilling the structural
requirements of the second system on which to test its accuracy.
On the other hand, the accuracy of the MB1 scheme on API42

compounds is known, but it is not known whether the substances

being analyzed are of this type, so that assessment of accuracy

in an absolute sense is a difficult matter,




The results of the second analysis which pertain to the
degree of condensation are further substantiated by the infra-red
spectra, in particular from the fa values calculated from the
6.254 absorption band, The range of f; values given in
Table 18 Were compared with the f, values in Table 4 (calculated
from the 6.25p absorption band). On this basis of compafison,
the C Cly (II) and the benzene fractions resemble the non-fused
aromatic class and the chlorofofm and methanol fractions
correspond to fused aromatics with side chains., In this respect,
therefore, the infra-red results are in essential agreement with
the structural analysis results,

Another interesting structural feature is the ratio RA/S,
the number of aromatic rings per sulphur atom, which gives some
indication of the manner in which the sulphur is associated with fi;.e
aromatic ring structure. This ratio was calculated for the solution
of the MB1 system corresponding to the ZCa value which gave

C3 = 0. These results are given in Table 20.
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Determination of Rpo/S for the'Resin Fractions

A Bt

Fraction zs Ra [MBé SZSS"‘“’] R,/S | §

v 3% A L%

C Cly (IT) 1,28 4,7 3.67 i

Benzene 1.76 7.0 3.98 | l
ki

Chloroform 2,05 | 7.0 3.41 | i
Methanol 1.81 5.5 3.04 | §
!

s e AN

It is rather noteworthy that the ratio changes only very

1 e AR

slightly over the entire range 6f the resin fractions, This would
suggest that the sulphur atom probably occurs associated with

the aromatic rings in some repetitive fashion in the resin '
molecules.

Conclusions Concerning the Structure
of the Resin Fractions .

l. Van Krevelen's densimetric analysis predicted the C Cly4 (II)
fraction to have 39% aromatic carbon atoms and 6.4 rings

per molecule, the benzene fraction to have 36% aromatic

A e

carbon atoms and 11.5 rings per molecule, the chloroform

fraction to have 20% aromatic carbon atoms and 13, 9 rings

per molecule, and the methanol fraction to have 29%

aromatic carbon atoms and 9.1 rings per molecule,
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2. Van Krevelenl!s '"Graphical Densimetric Method" resulted
in the C Cl,4 (II) fraction having 47% aromatic carbon atoms
and 3.8 rings per molecule, the benzene fraction,51% .
aromatic carbon atoms and 6.6 rings per molecule, the
chloroform fraction, 39% aromatic carbon atoms and 6. 8
rings per molecule, and the methanol fraction,40% aromatic
carbon atoms and 5,1 rings per molecule, f

3. The Montgomery-Boyd " five-parameter' structural 1
analysis system MBI1, designed for fused-ring sy'stems in

conjunction with infra-red data and certain assumptions |
pertaining to Cgr/R, has defined the aromaticity and the
carbon-type composition for each of the resin fractions,

within the following limits:

Fraction |[% 2C, % Cy % C, % Cy % Cy % Cg

28,4-25.4 119, 2-15.
31,0-28.1 | 21,9-16.
22,2-17.6 |19.0-16,
25.1-22.3116,7-15.

C C14(II) 47-40 | 36,6-38.8|16,2-10,4
Benzene 53-45 | 31,6-34,8| 14,8~ 6.4
Chloroform | 41-34 |44.8-47.6 | 13.4- 8,7
Methanol 42-38 |50,0-51,3{ 8.2- 5.6

2
4
2
4

1
U'l:Db)O
BN« NS, B V)

4, To illustrate the effect of changing the parameters, a second five-
parameter system was applied to the resin fractions. This gave
an estimate of the number of‘aro_matic fused-ring junctio;x carbon
atoms (Cg) as compared to aromatic non-fused-ring junction

carbon atoms: Cg/ C; was determined to be 0.68 for the

C Cly (II) fraction, 1.03 for the benzene fraction, 1.57 for the




chloroform fraction, and 2. 60 for the methanol fraction. This

system gave the following compositions for each fraction:

Fraction |/ %Cj{ % Cp % C4 % Cs % Cq
C Cly (11) 43.5 9.5 29.1 7.5 10. 9
Benzene 40,3 6.8 31.0 11.1 10.8
Chloroform 50.1 8.9 22.9 11.5 7.3
Methanol 53,1 4,8 25.3 12.1 4.6

5. The average side chain length was estimated to be 2. 16 for the
C Cly (II) fraction, 1.82 for the benzene fraction, 2.43 for the
chlo:oform fraction, and 2.52 for the methanol fraction.

6. The ratio Rp/S was found to be essentially constant for all

the fractions. The average value was 3,5,
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