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OBJECTIVES OF THE PROJECT

Different technigues have been used traditionally
to determine the hydrocarbon-type content of petroleum
fractions, but often with poor agreement among the
results for a given sample. The most common of these
techniques is the chromatographic method, It is the
objective of this work to appraise three of these
techniques - proton muclear magnetic resonance (PNMR),
Gas liquid Chromatography (GLC) and Fluorescent
Indicator adsorption (FIA) by using them to analyse
for the hydrocarbon - type composition of two
petroleum fractions (Reformate and Aviation Kerosine).
The results obtained are to be compared and inferences
drawn as to the relative advantages and disadvantages
of the techniques based on (a) The cost of the method

(b} Time required for the
analysis.

(c) The amount of sample
required

(@) The tediousness of the
method.

(e) The degree of precision
of the results obtained

- vii -~



(f) The sensitivity of the
technique,

It is considered desirable to determine the hydro-
carbon - type composition of petroleum fractions
because the results can be used as criteria in
quality assessment. It has been observed that the
performance characteristics and other properties
depend on their chemical compositions, The factors
responsible for this quality characterisation are
the content of aromatic, ol £ aic and saturated
hydrocarbons. For example, the amounts of aromatic
and saturated hydrocarbons affect the combustion
properties of fuels while ol¢ £'r8 have a marked
effect on fuel's stability. There is suggestive
evidence to show that a close correlation exists
between the amount of structural branching in a Fuel's
paraffinic hydrocarbons and its octane~-number,
Information obtained from the hydrocarbon-type compo-
sition of petroleum fractions can be used to determine
their octane numbers, It is easier and more economical
to determine hydrocarbon - type than octane number,

Petroleum fractions are subjected to various

refining treatments to meet final product specifications.
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Most often, these treatments lead to a change in the
constitucnt hydrocarbons. A rapid method of deter-
mining the propertions of the hydrocarbons would be
a valueable tool for controlling technological
parameters during productiaon,

It is hoped that useful public health information
can be obtained from the determination of the aromatic
contents of petroleum products. This 1s because, it
has been shown that many aromatic compounds of petro-
leum products are carcinogef c. Benzo (a) pyrene has
been isclated from coal tar and is now recognised as
a powerful agent for the production of malignant
tumors in laboratory animals. By screening for
aromatics an estimate of the total load of potential
carcinogens would be obtained as a prerequisite to
planning an effective reduction to carcinogens
during the handling of petroleum products. It is
known that carcinogenicity is a function mainly of
substituted polynuclear aromatic hydrocarbons whose
methyl substituents show resonance signals in the
2,0 - 3,0 ppm region, Therefore the observation of
signals here an¢ eiladation of their relative intensi-
ties would at least, furnish some estimate of poly=-

nuclear methyl aromatic hydrocarbons.



Attempts will be made to determine Hydrogen/carbon
ratios with a view to providing information on the
average empirical mclecular weights of hydrocarbons
in the petroleum samples and their degrees of unsatura-

tion,



ABSTRACT

Al t hough several nethods exist for the analysis
of petrol eum products for hydrocarbon - type conposi -
tion there is often poor agreenent anong the results.
In this project two of these nethods - Nuclear magnetic
resonance and chronatography (AC & FIA) were used to
anal yse sanple of reformate and avi ati on turbine
kerosene (ATIC) obtained fromthe refinery of the
N geri an National Petroleum Corporation (N.N. P.C),
Kaduna, for their hydrocarbon - type conposites "PONA "
The equations derived for the calculation of "PONA
were extended and used to cal cul ate the hydrogen-
carbon ratio with a viewto estimating the enpirical
nol ecul ar wei ghts of the sanples. Attenpts were al so
made to calcul ate the average nol ecul ar wei ghts of the
sanpl es by adopting the N MR nmethod of Sandor and
Barcza with ethylene glycol as standard. Conparatively
the results obtained fromthe two nethods indicate
that the aromatic contents of reformates is higher
than that of aviation turbine kerosene while the
paraffinc content of aviation turbine kerosene is
much higher than that of reformate. Qefi's are

present to a nuch lesser extent in the two sanpl es



1.21 + 2.46 in reformate and 1.67 - 2.59 in aviation

t urbi ne kerosene. The standard devi ation for the val ues
of olefins are higher than what could be accounted for
by random statistical errors. A correlation of the

set of data obtained fromN MR nethod with those
obt ai ned from chronat ographi ¢ nethod was affected using
the statistical package for social sciences (SPSS) progra-
me of the conputer. MNunerically the correlation coe-
fficients indicate a not-too-good relationship. The
hydr ogen- carbon rati o showed that there are approxi mate-
|y two hydrogen atons to one atom of carbon in the

nol ecule. The results obtained for the actual nolecul ar
wei ghts were inconsistent. The NMR technique is |ess

tedi ous than the chronat ographi c net hods.
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INTRODUCTION

CHAPTER ONE

ORIGIN OF PETROLEUM

The term "peteroleum" literally means rock oil
or mineral oil, but in modern technical usage, it has
a wider meaning which includes natural gas, mineral
wax and bitumen in addition to crude oil[ﬁ}. In
some contexts the terms o0il and petroleum are used
interchar gpaj;f [ 2

There have been many theories on the origin of
petroleum, some emphasizing a vegetable or animal
background and others a close relationship to coal
{?1. Certain of these theories emphasize that any
organic matter of either background can be trans-
fomed into petroleum products. However there seems
to be general agreement that petroleum was formed
from organic matter in near shore marine deposits in
an environment deficient in oxygen, and asociated
with the sediments that later solidified into rocks,
limestones, dolomites, shales and sandstones, This
agreement is based on the general similarities of
the composition and nature of petroleum constituents

to the basic structural elements of compounds



occurring in living organisms. Of the more than 500
identified compounds found in petroleum, most belong

to the paraffin, naphthene, or aromatic groups of
organic compounds, and all could be derived through
living Organisms. Moreover a great number of the

minor constituents of petroleum are compounds with
sulphur, phosphorus, nickel, vanadium and other
elements, The common and ubiguitous occurence of
these elements, even in small quantities, both in
organisms and in the arganic material buried in sediments
and sedimentary rocks is an important reason for
accepting organisms as a2 source of petroleum., Among
the compounds that could contribute these elements

are porphyrins, like those from chlorophylls, and the
hemins of plants and animals. These compounds are easily
destroyed at temperatures higher than 300°°C., Thus, the
survival of these compounds suggests that the making

of petroleum has not been under higher temperature
conditions, The idea has been put forward that the
process of transforming organic matter into petroleum
hydrocarbons must include an array of complex chemical
and biochemical reactions such as fragmentation of

organic polymers, decarboxylation of organic acids;



decarboxylation and deamination of amino acids and
reduction of alcohols, sulfides, ethers, aldehydes and
Ketones. Anaerobic bacteria may play a role in the
transformation of organic material to petroleum, Cata-
lysts in the form of host-sediment minerals such as
hydrated aluminium oxides, hydrated aluminium silicates
and complex hydrated iron compounds may aid in perfor-
ming the chemical changes, As chemical alterations
progress, the fluid components may move slowly through
capillary and larger openings, always toward more stable
temperature and pressure conditions, There exists a
continuous opportunity for selective movement o&f* organic
compounds as well as selective chemical transformations.
The chemical transformations proceed in agreement with
the laws of chemical thermodynamics so that the resulting
Compounds have greater thermodynamic stability,

Crude o0il, as the unrefined petroleum is called,
is a viscous liquid ranging from almost water white
through amber brown-green to black in colour with

specific gravity ranging from about 0.80 to 0.99.



CHEMICAL COMPOSITION OF PETROLEUM

The mechanism by which petroleum was formed has
not been established definitely save the fact that the
presence of moleaules which have structures reminiscent
of those of plant and animal materials suggests forma-
tion from those materials over geologic periods of
time. The local distributions of plants and animal
life are quite varied at the present time and,
presumably were similarly varied in the period in
which the petroleum precusors were formed. Thus, the
composition of the products derived from these precur-
sors is not fixed with respect to either the molecular
structures present or the proportions in which they
occur, and the composition of petroleum may differ
from region to region, pool to pool, and even from
well to well within a pool. Application of separation
and identification techniques available has resulted
in the isolation and characterization of several
hundred individual hydrocarbons which represent about
50 - 95% of the material present in crude oil. The
greater portion of the compounds isolated consists of
lower=boiling hydrocarbon; but progress is reportedly

being made in the identification of the higher-boiling

compenents.,



HYDROCARBONS IN PETROLEUM: It is conventional to

classify hydrocarbons as either saturated hydrocarbons
or unsaturated hydrocarbons.

SATURATED HYDROCARBONS:

Each of the three classes of saturated hydrocarbons
{normal paraffins, branched paraffins and cycloparaffins)
has been found in petroleum. The saturated molecules
are characterized chiefly by their inert nature. It
is this property of inertness which promotes their uge
in solvents, food preservation and other non-fuel
applications.

NORMAL PARAFFINS:

They have been found throughout the boiling
range of petroleum, The number of carbon atoms
contained in normal paraffins varies from one in
methane, the simplest member of the series, to as
many as seventy-eight. The abundance of normal
paraffins in petroleum products varies considerably.
In spite of their inert nature, the normal paraffins
in petroleum have been isolated or identified rather
readily, A combination of favourable properties and

circumstances has been responsible for this,



These factors include the following:

(i) There is only one normal paraffin at each
carbon number,

(ii) The melting (freezing) point of the normal
paraffin of a given carbon number 1is
higher than that of any of the isomeric
branched paraffins,

(iii) Normal paraffins above c, form stable solid
complexes with urea whereas branched
paraffins generally do not.

(iv) The presence of only primary and secondary
carbon atoms with the associated bonds
joining them in the normal paraffin
molecule imparts a high stability to its
molecular ion and, therefore, high
sensitivity of detection by mass spectro-
metry.

BRANCHED CHAIN SATURATES: Comparatively, branched

paraffins are more difficult to isolate or identify
as individual compounds than normal paraffins. The
simplest member of the series is Isobutane, At each
carbon number above four the number of possible

branched isomers increases - two at CS’ four at Cg
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and so on until, at C,,, there are more than 366,000
possible structures. The branched paraffins lack

those properties of mormal paraffins which assist in
their isolation and identification, They do not, in
general, form stable complexes with urea, The
tertiary and guarternary carbon-atoms in the molecules
are Jjoined by bonds which break readily upon ionization
in the mass spectrometer, and the mass spectrum consists
largely of fragment ions which cannot be related
specifically to the original molecules unless they

have been separated beforechand. 1In spite of the
difficulties inherent in the task, a number of branched
paraffins have been separated and identified. The
physical properties of the branched alkane fractions
separated indicate that they are composed largely of
monometh 1, dimethyl, and trimethyl substituted
paraffins.,

CYCLIC SATURATES:

Both the normal paraffins and the branched
paraffins have the molecular formula CnHzn + 2. The
cy@bparaffins, by virtie of the bonds expended in
completing the ring or rings, contain a lower propor-

tion of hydrogen at a given carbon-number, Their
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molecular formul r are CnHzn, CnH,, _ 2 CnH,py o 4 etc,
each additional ring in the molecule being evidenced
by two less hydrogen atoms. The cywloparaffins (naph-
thenes) which have been isolated from petroleum all
contain rings having five, six, or seven carbon atoms.
Blcyclo paraffins such as cis- and trans - decahydrona-
phthalene with six-membered rings, cis-bicycle 3¢3:0
octane with five membered rings, and trans-bicyclo
i§.3.djnonane with one six - and one five-membered ring
have been isolated. Cyclo- Baraffins containing up to
seven rings have been observed in petroleum with the
aid of mass spectrometry. It has also been shown that
in petroleum samples the concentration of polycyclo-
paraffins increases with increasing molecular weight,

UNSATURATED HYDROCARBONS:

There are two principal types of unsaturated
hydrocarbons in petroleum: ol¢fins and aromatics.
The extent of their occurrance in crude oil varies
considerably. Olefine have been reported only in a
few instances. On the other hand, aromatic compounds
of almost every known type have been found in petroleum,
A combination of these hydrocarbon types may be

present in a single molecule. The compounds in the



high boiling range are the most complex and the

presence of molecules containing one or more naph-
thenic and cne or more aromatic rings has been confirmed.
Generally, the paraffinic content becomes less and the
naphthenic and aromatic contents become greater as the
boiling range increases,

NON=-HYDROCABON CCOMPCNENTS:

Crude oils contain appreciable amounts of organic
non-hydrocarbon constituents, mainly sulphur-, nitrogen
and oxygen containing compounds and, in smaller amounts,
organometallic compounds in solution and Inorganic salts
in colloidal suspension (5] . Although their concen-
tration in distillute fractions may be quite small,
their influence is important., In refinery operations
the deposition of inorganic salts suspended in the
crude can cause serious breakdowns, the thermal decom-
position of deposited inorganic chlorides with evolu-
tion of free hydrochloric acid can give rise to serious
corrosion problems in the distillation equipment. The
presence of organic acidic components i.e. mercaptans
and acids, can also promote metallic corrosion. 1In
finished products, the presence of traces of non-hydro-

carbons may impart objectionable characteristics;
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discoloration or lack of stability on storage (forma-
tion of gums) in distillate fuels, caused by the preserce
of nitrogen compounds; the adverse effect on additives

or improvers, as in motor gasolines, where the presence
of traces of sulphur reduces the effectiveness of
organic lead antiknock additives Cﬂ .

SULPHUR COMPOUNDS :

Organic sulphur compounds are present in all known
crude oils, although their concentration can vary
between wide limits. Generally the higher the density
of thecrude o0il the greater is the sulphur content,
The distribution of sulphur in a given crude oil is
not uniform, but increases with increase in the mole-
cular weight of the fractions, concentrating in the
distillation residues. Sulphur-containing compounds
also increase in number and complexity with increase
in the molecular weight of the fraction,

In the low boiling fractions of a crude (below
200°C) the main sulphur bearing compounds present are
the mercaptans or thiols.

C-C-C~C - SH, Butane thiol
They are highly obJjectionable in commercial products

on account of their unpleasant smell, and their
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acidic properties, 0il fractions contain®*ng them arc
said to be "sour®, By the rise of suitable oxidants
they are often converted into non-corrosive disulphid
in
C-C=-8=-8=-C=2C
the so- czlled "Sweetening proccsses",
Alkyl mercaptans with the thiol group attached to a
primary carbon-atom are predominant in the boiling
range up to 100°C (from C, to CS)‘ In the higher
boiling ranges, compounds with the SH group attached
to a secondary carbon atom of an alkyl or iso-alkyl
chain become the most abundant, accompanied by a
progressive decrease in concentration. In the kerosi
range, cyclic mercaptans with cyclopentane or
cyclohexane rings are often present.
SH SH
| ,"\1 .~\
L _icyclopentane thiol i cyclohexane th.n~

.
Thiophen and monomethyl thiophens have been isolated

from gasclines; alkylthiophens and benzothiophens hav-

been iscolated from kerosines.
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Although sulphur compounds concentrate preferentially
in the heavy distillates, residual, 0ils and bitumens,
very little is known of the actual identity of these
compounds,

NITROGEN COMPOUNDS :

The majority of crudes contain only small amounts
of total nitrogen, of the order of 0.1 per cent by wt
or less. In the lighter fractions up to the kerosine
range, nitrogen compounds are present only in traces,
With increasing boiling point the nitrogen content
increases, and reaches a maximum in asphaltic distilla-
tion residues,

Nitrogen compounds, unlike the sulphur derivatives,
are relatively stable to heat and do not decompose in
the normal refinery processes.

A distinction is made between basic and non-basic
compounds, based initially on extraction with diluted
mineral acids, with subsequent regeneration of the

bases with strong alkalis. The majority of nitrogen
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compounds isolated from crude oil fractions belong to
the basic group, and they are more amenable to separa-

tion. The knowledge obtained so far about the components
of the non-basic group is mainly based on the identifi-
cation of chemical classes by mass spectroscopy.

Several basic nitrogen compounds have been isolated,
mainly from gas oils. These are Quincline and pyridine
and their alkyl=-substituted analogues,

/\‘-\,/'N‘Z:_ /N*‘w
! 'H : l :
N2 L/

Quirioline™” Pyridine

The non-basic nitrogen compounds identified consist
mainly of derivatives of indoles, py»roles and car-

bazoles.

H

H
1 |
(dfn“xzfn P A
L 1L JIndole Q /}Pyrrole

Thée fion-basic components consist main]

compounds known as porphyrins. The basic structure,
which consists of four pyrrole rings joined by methyne

groups, forms very stable complexes with metals, mainly
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vanadium and nickel., The porphyrins are assoclated
with highly asphaltic crudes and are active poisons

for the catalysts used in cracking processes. They

are also powerful interfacially active agents promoting
the formation of stable emulsions of petroleum with
water, and as such they play a very important role

in the displacememt of crude o0il from reservoir
surfaces, Their structure is closely connected with
chlorophylls and haemoglobin.

OXYGEN COMPQUNDS :

The total amount of combined oxygen in crude ocils
is relatively low, varying from traces to a maximum of
2 per cent by wt., The oxygen content increases with
the boiling point of the fraction, the greater portion
of oxygen containing constituents being concentrated
in the residual o0ils where oxygen contents as high as
8 per cent have been recorded.

In the low- and medium - boiling range distillate
fractions, oxygen is mainly present in the form of acidie
compounds, such as organic acids, and, to a limited
extent, phenols., For this reason the determination
of total oxygen content is customarily replaced by a

determination of acidity of the fraction.



15

For a given crude, the acidity is usually a
maximum in the kerosine-gas o0il range, while straight-
run gasolines, heavy fractions and residues contain
only traces of acidic compounds.

The main acidic constituents of the lower boiling
fractions are aliphatic carboxylic acids, Straight-
chain acids with from 01 to C20 carbon atoms in the
chain have been isolated and identified. A few branchod-
chain carboxylic acids have also been identified, but
these occur in relatively small amounts, As the caron
number of the acids increases from Cg to 020 the
relative amount of aliphatic carboxylic acids decreases.
Monocyclic and bicyclic carboxylic acids form the bulk
of the acidic compounds in the kerosine and light gas-
0il fractions., They are collectively referred to as
"naphthenic;acids“.

Only a few non-acidic oxygen - containing compounds
have been identified in crude oils, Esters of aliphatic
acids occur in some petroleum fractions, whilst ketones,
from acetone to methyl butyl ketone, have been separated

from gas-well condensates,
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METALS IN PETROLEUM:

Aside from "clean" hydrocarbons and nonhydrocabons
which are heterocyclics containing suifur, nitrogen
and oxygen, petroleum contains the following additional
components \_‘1] .

(a) Minerals such as silica and metals

(b) high molecular weights large asphaltic molecu: .
The concentrations of these contaminants may be minor,
but they are the source of environmental pollutants
and the cause of corrosion of equipment and poisoning
of processing catalysts. The refining process serves
to elimi.ate these contaminants by chemical conversion
and upgrading. Metal compconents are removed by slurry
processes using asphathenes. Asphaltic molecules are
usually converted through depolymerisation by means of
dehydrode sulfurizatio.n, Therefore, to ensure a elean
end fuel from nature petroleum disvl. urization, denitr:
fication and demetallization are necessary. The remova)l
of metals is a more complex problem on account of the
following factors:

(i) Metals are chelated or complexed by ligands
that are completely miscible with petroleum.
thus making separation difficult,
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(ii1) The amounts of metals is very small, usually
ranging from 1 - 10,000 ppm,

(iii) Metals are generally associated with the
aspraltic fraction,

(iv) Metals can exhibit catalytic effects during
conversion,

(v) Refining and upgrading must involve the
use of catalysts, which can be poisoned
by metals EZ—I .
OCCURRENCE

Spectrographic analyses have shown that crude o0il
contain about 28 elements. These metals are, U, Zn,
Zr, V, Sr, Sn, pb, Ni, Nd, Mo, La, Ga, Cu, Cr, Co, Ca,
Ba, B, As, Ag, K, Na, mg, Mn, Tl, fe, Al. The more
abundant metals are V and Ni. It has been revealed that
both increase with the asphaltic content of the crude
oil. The lighter oils contain less metal. The metallic
components in petroleum can be classified into the
following categories,
(a) Metalloporphyrin chelates
(1) Yenadyl and nickel porvhyrins, .
(i1) Chlorophyll a and other hydroporphins
(iii) highly aromatic porphin chelate,
(iv) porphyrin decomposition liqands,
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(b) Transition metal complexes of tatradentate
mixed ligands such as V, Ni, fe, Cu, Co and
Cr.

(i) simple complexes from resin molecules.

(ii) chelates from asphalf®:ne sheets,

(¢) Organometallic compounds derived from Hg, Sb
and As.

(d) Carboxylic and salts of the polar functional
groups of resins, such as Mo and Ge salts.

(e) Colloidal minerals, such as silica and Nacl.

PETROLEUM PRODUCTS

A diverse range of products has been obtained by
fragmenting crude o0il., Approximately 2500 are currently
produced wholly or in part from petroleum, in addition
to 3000 petrochemicals, Many of the petroleum products
of mommerce are blended, compounded, or otherwise
modified materials, not the primary stocks as they
come from petroleum - refining plants, Owing, to the
diverse nature of petroleum products, their classifi-
cation poses problems. However using volatility as
the sole criterion. Petroleum products and related
materials have been grouped into following seven

broad categories Eﬁ}.
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(1) LIGHT PETROLEUM PRODUCTS P.Pt (29.44 - 210°C)

These include degreasing fluids, Gasolines
caviation, marine, motor) and natural gas. Insecticide,
base oils, Naphthas = light and heavy solvents =-
aliphatic and aromatic and tractor fuels,

(2) INTERMEDIATE PETROLEUM PRODUCTS: (B.pt 37.7-287,7°C)

Included in this category are:

(a) Aviation turbine and Jet fuels (type &, A_q
and B)

(b) Diesel fuel (grade 1D and 2D).

(c) Heating oils and gas oils (grades 1 & 2)

(d) Kerosene.

(e) Mineral seal oil,

(3) LUBRICATING OILS {B.pt 210°c - 315.5°C)

The following among others are classified as
lubricating oils;
{({a) Grease
(b) Hydraulic fluids
(¢) Lubricants - Automotive, aviation, industrial,
marine and Railroad.
(d) 0ils:- Electrical insulating and metal

processing.
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(4) CRUDE OIL AND HEAVY (RESIDUAL) PETROLEUM PRODUCTS
This category includes Asphalt; Cokes, Diesel fu.l
(grade 4D) and Heating fuel grades 4, 5 and 6)

(5) PETROLEUM WAXES:

These are mainly microcrystalline waxes, paraffin

waxes, petroleum wax distillate and wax emulsions,

(6) LIQUEFIED PETROLEUM GASES:

These gases are Butadiene, Buatane and Batene
mixtures, Butylene, ethylene, Isobutane, propane and
propylene,

(7) MATERIALS USED IN PROCESSING AND REFINING CRUDE
PETROLEUM AND FRACTIONS:

This sub-=-group includes absorbert catalysts;
(a) Alkylating

(b) Cracking

(c) Polymerising

(@) Reforming chemical treating agents and s~

GASOLINE
In relation to the other petroleum products,
gasoline is most widely marketed and therefore ranked
highest in the scale of utility values and popularity.
Motor gasoline is esmentially a complex mixture of
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hydrocarbons distilling between about 30°C and 210°C
and consisting of compounds generally in the range C,
to C12. It is possible for gasolines produced from
different refineries to vary widely in composition.
This is because of different operational techniques
being used by refineries. It is the prerogative of
each refiner to adopt the processes that will enable
him to meet the required quality and volume of all
of his products at minimum cost. The production of
gasolines can be from any of the fefining techniques -
distillation, polymerisation, Isomerisation, alkyla-
tion, catalytic reforming and cracking, Each provides
excellent blending components. The principal proper’
affecting the performance of a gasoline in an engine
are volatility and combustion chracteristics. These
properties are adjusted to some extent according to
the topography and climate of the country in which the
gasoline is to be used.

There are many ways by which the volatility of
a motor gasoline affect the performance of the engine,
the chief of which are ease of starting, rate of war—l..,
up, vapour lock, carburettor icing. The fuel must be

sufficiently volatile to give easy starting, rapid,
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warm-up and adequate vapourisation for proper
distribution between the oylinders.

Knock or detonation occurs when the unburnt gases
ahead of the flame front spontaneously ignite, giving
rise to an excessive rate of pressure rise., The knock
rating of a gasoline fs expressed as octane number (ON),
this being the percentage by volume of Iso-octane
(octane number 100 by definition) in admixture with
normal heptane (octane number zero by definition) which
has the same knock characteristics as the fuel being
assessed, In order to achieve the required octane levels
in commercial gasolines, anti -~ knock additives are
used, The most common of these are the lead alkyls
such as tetraethyl lead (TEL) and tetramethyl lead
(mL). .

Other additives used in modern motor gasolines
include anti-oxidants and metal deactivators for
inhibiting gum formation, surface-active agents and
freezing point depressants for preventing carburettor
icing. An additional incentive to reduce sulphur in
gasoline stems from the fact that all forms of organic
sulphur compounds seriocusly impair anti-knock affective-

ness of the lead alkyl compounds that are added to
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PETROLEUM REFINERY PROCESSES

The flow diggram below gives a simplified

overview of Petroleum refinery operations.
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motor gasolines., Hydrogen sulphid and mercaptan
sulfur are most undesirable contaminants because,
apart from their eorrosive nature, they possess an

extremely unpleasant odour.
AVIATION KFROSINE

Aviation gasolines for use in alrcraft spari:c-
ignitum piston engines have been in use for more than
50 years, The incentive for more power from less weight
with a low fuel consumption and for considerable
operational flexibility, apuarred on considerably by
two world wars, supported continuous research and
development on aviation gasolines {5} .

The original development of the je¢t engine was
carried out using illuminating kerosine as the fuel.
This was one to reduce the fire hazard in high pressure
fuel systems, and because of the ready availability.
Other gasolines are equally suitable for use in Jjet
engine operations with respect to combination, ignition
characteristics and engine life but the environmental
requirements such as pumpability at low temperatures
and ease of relighting at high altitudes were the
important quality factors that led to the choice of
kerosine type of fuel as the principal  iel for gas

turbine engines.,
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A prime characteristic of a turbo-fuel is that
it shall be stable, clean burning and non-corrosive
to the materials of construction of the aircraft
engine., Turbo-fuels are distillate fractions derived
from crude petroleum, and consist predominatly of
hydrocarbons. The minor non-hydrocarbon components
consist of surphur, nitrogen and oxygen compounds in
the fuel, and traces of particulate matter and water
(moisture) as contaminants. The hydrocarbons may be
split into four types, paraffins, olefins, naphthenes
(cycloparaffins) and aromatics, The distribution of
these hydrocarbon types will vary with the crude
source. An approximate distribution is as foIT ws:

Paraffin 33-61 per cent vol,

Olefins 0.5=5 per cent vol.

Naphthenes  10.45 per cent vol.

Total anomatics 12-25 per cent vol,

It is obvious from the above that paraffins and
naphthenes are the major components in Jet fuels,
their ratio varying with crude source,

Paraffins have a high heat of combustion on a

weight basis, with naphthenes slightly less and
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aromatics the lowest. However, when heat of combustiocn
is considered on a volume basis, the order is changed,
with monocyclic aromatics having higher values than
paraffins which in turn are marginally higher than
naphthenes.

Aromatics are present in turbo-fuels principally
as monocyclic hydrocarbons although polynuclear aromatics,
essentially two- and sometimes three- ring compounds,
do cccur in small quantities. These polynucigar
aromatics contribute to highly luminous flamees, giving
high radiant heat in the combustion chamber. It is
customary in modern refinery processes to remove
polynuclear aromatics by hydrotreating. This is
desirable from the point of view of combustion hecause
aromatics cause smokiness and carbon deposition.

Olcfins are limited, usually to 5 per cent by vol,
on account of their instability (chemical reactivity
and the case with which they will form gums)., They
have good burning qualities and are intermediate bet-
ween paraffins and naphthones in terms of heat of com~

bustion,
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Alcohols are excluded from turbo-fuels for two
reasons: their affinity for water and their low
calorific value,

The non-hydrocarbons present in turbo-fuels are
compounds containing sulphur, nitrogen and oxygen.

The amount of sulphur and nitrogen present in dependent
on the crude source composition and on the method of
processing, The total sulphur content is usually
small, the limit varies with specifications and is
generally 0.2 percent by wt, and never greater than

0.4 percent by wt, Mercaptan sulphur is controlled
specifically for i:cs corrosiveness to copper and
cadmiums, and for the disagreeable odour, Most
specifications restrict the marcaptain sulphur of a
furbo-fuel to less than 0,001 percent by wt. Mercaptan
sulphur and/or other complex crmisive compounds are
alsc limited by a copper strip corrossion test, which
defines the maximum stain that the strip may have after
being heated in the fuel at a specified temperature

for a specified time, Nitrogen compounds occur mainly
in the heavy end of the fuel and are detected in gums

and sediments. The amount of nitrogen present is not
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limited by specifications.

Oxygen, also, is not limited except when present
in naphthenic acids or phenols which are controlled
by an acidity test ;53 é
FUEL ADDITIVES:

Oxidation inhibitors are used in turbo-fuels to
prevent gum formation, Additionally they are added
to retard pPperoxide formation in certain hydrotreated
fuels for peroxides, if present in the fuel, will
attaclk nitrile rubber hoces used on the fuel system of
fome aircraft engines. A metal deactivator is permitted
in Jet fuel specifications., This has the effect of
removing, by chelation, any dissolved copper that may
be present in the fuel as a result of refinery process:
ing., Copper is undesirable in the fuel as it will
catalyse oxidation reactions and so help to form
gums.,

An anti-icing additive is sometimes required to
be added to a fuel and is obligatory in certain
specifications, It purpose is to ensure that dissolved
water in the fuel, which will tend to come out of

solution as the fuel temperature drops, does not freege



in the fuel system. The use of this additive is
necessary if the engine fuel system is not equpped
with fuel heaters.

Anti-smoke additives are avilable to reduce the
amount ~f smoke emitted from Jet engines on take-off,

Fuel-solube biocides may be put into fuels to
inhibit microbial and furgieidal growth in aircraft
fuel systems. There are two approaches to the use of
these additives. If one, shock treatment is used,
that is the system is treated on a periodic basis with
a powerful biocide. In the cther a biocide is added
to the whole fuel,
PHYSICAL PROPERTIES OF TURBO-FUELS

Physical properties are of considerable importance
with regard to engines because they affect storage and
handling facilities and constitute a relatively
simple and effective =—eans of controlling gquality.

(a) Viscesity:

This property is specified to ensure that:
(i) fuel line pressure losses are maintained
at acceptable levels when operating at

low temperature.



(ii) fuel injection nozzles and fuel system
controls will be operating at or nesr
to design specifications.
The vi:go:ity of the fuel can affect the life
of the fuel pump, as it relies on the fuel to lubri-
cate its moving parts, where this lubrication is
hydyo lymanic. However, under certain conditions of
operation boundary layer lubrication eccurs and in this
situation fuel viscasity has little or no effect.
VOLATILITY:

The most important reason for controlling the
volatility of turbo-fuels is the loss of fuel from
unpressurized aircraft fuel tanks due to boiling-off
a¥ high altitudes., For this reason, amongst others,
the low-volatility kerosine type fuel is attractive,

Differences in wolatility have varying effects
on a turbo~-fuel so that the final blend is a compromise
to achieve as many desirable properties as possible,

A high front-end volatility facilitates easy engine

staring and aids re-lighting at high altitude. On the
other hand it promotes fuel losses due to boil-off at
high artitude and causes unsteady flow in fuel system

lines in the high-temperature zones of the engine,
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A low front-end volatility used to cause coid-start
difficuilties but these have now been overvome by the
use of high-energy, low-tension ignition systems.

The problem of fuel boiling-off at high altitude
is at present minimized by the corresponding low
temperatures eneountered at high altitudes and enhance
low fuel temperatures ip the aircraft fuel system.

On a subsonic transatlantic of 1light, for example,
air temperatures down to =-65°C are likely to be
encountered resulting in fuel temperatures of =30 to
-35°C. At these low temperatures there is negligible
fuel boil-off in spite of the low pressure. With the
advort of the supersonic transport, however, the
situation could change for it will fly higher and
much faster and in these conditions alr will heat the
skin of the aircraft and hence the fuel,

WATER SOLUBILITY: Disscolved water is always present

in turbowfuel, the amount varying with the relative
humidity of the atmosphere above it and the temperature.
Water is only slizhtly soluble in turbo-fuels

(42 ppm in the kerosine type at 15°C) but exhibits a
considerable decrease in solubility with decrease in

temperature. With the large volumes of fuel now being
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carried in aircraft, significant amounts of water can
be thrown out of solution in the aircraft fuel tank
as the outside temperature decreases.

STORAGE AND HANDLING PROBLEMS:

Procedures for storage, handling and Into-plane
refuelling of aviation turbo-fuel are handled by pro-
fessionalbodies that lay down the regulations to be
followed, Particulate matter and free water have always
been undesirable contaminants in aviation turbo-fuels.
Although the volume of fuel used by gas turbine engines
is steadily increasing, the total amount of contaminant
in the fuel is steadily decreasing, on a unit volume
basis. A quality requirement for a fuel ex-pefinery
is that it be clear and bright and free from suspended
matter, but on its Jjourney to the alrcraft the fuel may
travel by sea-going tanker . rail-car or pipeline and
is liable to pick up dirt, finely divided rust and/or
free water, To ensure that the fuel is cleaned up at
the time of delivery into aircraft, filter separators
are used in the distribution system. Filter separators
remove solid particulate matter by filtration and

separate out the free water by a coalescing action,
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Most aviation turbo-fuel specifications stipulate the
maximum dirt content allowed into plane and this is
of the order of 1mg/litre of fuel., As a control on
the dirt content of the fuel, samples are taken from
the loading line during refuelling. A bypass system
is set up and a measured portion of the fuel is passed
through a fine cellulose membrane filter which has
beenamewrately weighed. The filter, treated to
remove all liquid fuel, is dried and accurately re=-
weighed to give the dirt content of the fuel on a
weight basis.

The fuel velodties involved in modern transport
systems, large tankers and pipelines, tend to promote
the dislodging of fine scale from the system, and hence
a practice has developed of allowing the fuel to settle
for a given time in product tankage to allow the scale
to settle to the bottom of the tank.

SPECIFIC GRAVITY:

This is a very important parameter in the design
of fuel tanks in aircraft, Fuels varying over a very
considerable specific gravity range can readily satisfy
the essential quality requirements of a turbo-fuel,

However, it is necessary, in order to get a satisfactory



engine control, toc limit the specific gravity of a
particular type of fuel. The particular specific grav. -
limits laid down in ourrent specifications are, in f. -
a compromise betwecen ideal engine design requirement,

product availability and cost (6} .
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SPECIFICATIONS

Specific'gravity at 60/60°F
Flash point, "

Smoke Point, mm

Total Sulphur, % wt
Corrosion Copper strip
Corrosion silver strip
Approximate boiling point
Freeze point, °C
Aromatics, % vol

Olefins, % vol

Existent gum, mg/100ml
Calorific value

Preheater tube deposit
Viscosity at 30°F fest
Interface rating
Separation

Electrical conductivity, ps/m

ADDITIVES;
Anti-oxidant, mg/1
Metal deactivator, mg/1l

Corrosion inhibitor, mg/l

0.775 = 0.845
100 min
20 min
0.2 max
1 max
1 max
288 max
=50 max
20 max
5 max
7 max
18400 min
< 3 max
15 max
Sharp, no emulsion
no precipitate
50 - 300

8.5 = 24%
5.7 max¥#*

112.9 max

* Obligatory only if hydrogen treated

** On request .
Source of Data; Reference Lﬁl

Pages 546 - 547
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REFORMATE

Like aviation turbine kerosine, reformate is one
of the intermediate products obtained during the
‘cracking' of crude petroleum., The term cracking is
applied to the phenomenon of decomposition of
hydrocarbons or of petroleum fractions, by the action
of heat (thermal cracking) or by heat in the presence
of suitable catalysts (catalytic cracking). The products
resulting from the decomposition are of a lower molecular
weight than the feedstocks, and mainly olefinic in
character,

The name reformate is derived from the process
involved in the production of the samples - Reforming.
The process involves hydrotreating the original products
of cracking. In this case Naphtha. is desirable if
only to fulfil the demand for better knock -~ resisting
gasolines. There are two main methods of reforming
petreoleum products. (a) Thermal reforming and
{b) Catalytic reforming,

Thermal reforming is a pyrolytic process, in which
the paraffins and naphthenes present in the virgin gaso-~
line are dehydrogenated, converting them into olefins,
In the mild thermal cracking conditions of the process,

the boiling range of the gasoline is lowered, effecting
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an additional improvement in the octane number, but

the losses due to gases and polymer far formation are
considerable, Advances in catalytic techniques rendered
this obsolete.

The development of catalytic reforming processes
stems from the demand for high purity aromatic hydro-~
carbons and high-octane gasoline. In the case of the
samples under consideration in this project, Virgin
naphthas are treated over molybdena-alumina catalysts
in an atmosphere of hydrogsn, in order to minimize
the formation and deposition of carbon on the catalyst.
Under the conditions of temperature and pressure used,
aromatic hydrocarbons are formed by the dehydrogenation
of cyclohexzanes and by isomerization and dehydrogenation
of cydopentanes and paraffins,

The catalysts that are being used are passivated
by traces of olefins, sulphur and nitrogen compounds;
they are permanently poisoned by small amounts of lead
or arsenic. Because of this, the feedstocks are pre-
treated either by a mild sulphuric acid treatment or
by a mild hydrogenation treatment over more rugged

catalysts.



37

The fundamental reactions occuring in catalytic
reforming are as follows;
(1) Dehydrogenation of six-membered ring naphthencs
by the action of the platinum catalyst.
CH3 CH3
3H,

|

(2) Isomerization of alkylcyclopentanes to
cyclohexanes. The first step of the reaction
is the partial dehydrogenation of cyclopentane
rings by the action of the platimum catalyst,
forming a cyeclic mono-olefin intermediate,
followed by an isomerization step promoted
by the acidic sites on the catalysts, with
the formation of a mono=olezinic six-membered
ring. This is further dehydrogenated to

yield the corresponding benzenic compound,

CH, CH,

(3) Conversion of paraffins intc aromatic hydro-
carbons., Paraffins with six carbon atoms in
the chain, as a minimum configuration, are

isomerized into a cyclopentane ring by the
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action of the acidic catalyst (6. .

Secondary reactions also occur, depending on the
severity of the conditions of operation, consisting
mainly of catalytic cracking, with subsequent hydro=-
genation of the products formed. These secondary
reactions account for the presence of low molecular
weight paraffins in the reacticn products,

In the even of a ban being imposed, by anti-
pollution regulations, on the use of lead alkyls as
octane number improvers, the process may well become
the major source of high-octane components for motor

gasolines,

ANALYTICAL METHODS

The most obvious way of studying the composition
of various products of petroleum is to separate them
by various methods of separation without altering
the constituents, GSome of these methods are distilla-
tion, crystallisatiopn, thermal diffusion and chromato-
graphy. Many of these methods are capable of separating
the hydrocarbons according to their type., The solubility
and adsorbability, for instance, are largely influenced
by the aromaticity of the hydrocarbon. In principle,
bofh extraction and chromatography may be used for more
or less sharp separation of petroleum fractions into

non~-aromatic, mono-aromatic, di-aromatic and Polyaromatic
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fractions, In an analogous way, thermal diffusion
separates, roughly, according to the compactness of
the molecule; application of this method to a saturate
fraction may lead to paraffinic, mono-naphthenic,
di-naphthenic fractions.

By applying a deliberate sequence of methods of
separation one suceeds, in favourable cases, in splitting
up the oil into type concentrates which are fractions
containing essentially molecles of the same type. From
the type of the fractions and their magnitude, adequate
unformation is obtained about the composition of the
sample under investigation. Depending on the ultimate
objective, type separation procedures may vary, from
a simple chromatographic saturate-aromatic separation
to vary elahorate combinations of different methods
of separation 573 .

For the analysis of the heavier fractions, there
is often a need for rapid and simple methods of a routinc
charactcr, which do not give broad information but
supply only limited data on the composition of the oil.
To be more precise, it is often necessary to employ
methods for estimating the chemical composition of
hydrocarbon mixtures without separating them into type
concentrates, and preferably, without any chemical or

pre=treatment.
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NUCLEAR MAGNETIC RESONANCE SHE CTROSCOPY

Nuclear magnetic resonance spectroscopy arises
“rom the interaction between the nuclei of matter and
electromagnetic forces when a sampel is subjected
simultaneously to two magnetic fields, one stationary
and the other varying at some radiofrequency H ,

On the basis of guantum theory, nuclei are
claracterized by a spin quantum number I (which can
have positive values /2, n can be, 0, 1, 2) and
rag-etic moment (y). The spinning nucleus is electri-
cally charged, and generates a magnetic field as it
snins when a nucleus with I = 3, such as a proton is
placed in an applied magnetic field Ho, one orienta-
tion is aligned parallel to the direction of the field
and is considered to be of low energy, and the other
orientation is aligned against the direction of the
fie!.! {anti-parallel) and is considerew. to be of high
energy. Since these orientations correspond to two
elergy states, transitions can be induced between them.
The absorption of energy is governed by the relation~
saip.

hv = LE
Where h is Planck's constant and v and E are the

irequency and the energy, respectively, For nuclear
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absorption, the frequency v which will effect the tran-

sition is given by hv = u%ﬁ or v = 'é%g

Where{?is the gyromagnetic ratio for the nucleus, The
absorption or emissium of the quantum of energy hv
causes the nuclear magnet to turn over or "flip" from
one orientation to the other {5} .

A precessing prcton will only absorb energy from
the radio frequeney source if its precessional frequency
is the same as the frequency of the radiofrequency beam;
when this occurs, the nucleus and the radiofrequency
beam are said to be in resonance, hence the term
nuclear magnetic resonance, The only nuclei that
exhibit the n.m.r. phenomenon are those for which the
spin quantum number I is greater than O; the spin
quantum number I is associated with the mass number

and atomic number of the nuclei as follows:

Mass number Atomic number Spin quantum
odd odd or even 3, 7., 72
even even 0
even odd s 2, 3s

As said earlier on, under the influence of an external
magnetic field, a magnetic nucleus can take up diffe=-
rent orientations with respect to that field; the

number of possible orientations is given by (2I + 1).
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The precessional frequency of all protons in the
same external applied field is not the same and the
precise value for any one proton depends on the chemical
environment, Because the shift in frequency depended on
chemical environment, the relative resonance frequency
is referped to as the chemical shift, This forms the
basis of n.m.r, as a tool in chemical analysis. The
chemical shift is a ratio of the necessary change in
field to the applied field hence is a dimensionless
constant, usually designated by d, and specified in
parts per million (ppm). To measure chemical shift an
arbitrary comparison standard is adopted. For protons
the universally accepted reference is tetramethyl silane,
TMS. TMS is chosen because (i) it gives an intense
sharp signal even at low concentrations, (ii) The signa:
arises on the n.m.,r. spectrum well clear of most common
organic protons.
(iii1) The substance is chemically inert and has a low
boiling point os that it is easily removed from a
recoverable sample of a valuable organic compound;
(iv) It is soluble in most organic solvents, and can
be added to the sample solution (= 1%) as an internal

standard.
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Another unit of chemical shift is Y (tau). it is

defined as 10 ~ §. Some of the factors that affect

the values of chemical shift are (i) Electronegativity -
shielding and deshielding.

(ii) Vander waals deshielding; in a rigid molecule

it is possible for a proton to occupy a sterically h
hindered position, and in consequence the election cloud
of the hindering group will tend to repel, by electro-
static repulsion, the electron cloud surrounding the
porton, The proton will be deshielded and appear at
higher values than would be predicted in the absence
of the effect.

(#ii) Anisotropic effects; This effect is due to the
manner in which w - electrons circulate under the
influence of the applied field. The effect can lead

to downfield shifts known as paramagnetic shifts or
upfield shifts known as diamagnetic shifts,

Another feature that is often observed in NMR spetlr=~
is due to the interacfion of the spin of a proton with
that of another proton. (Vicinal protons). These protons
having different chemical and magnetic environments,
come to resonance at different positions in the n.m.r.

spectrum; they do not give rise to single peaks (singlel.
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but doubletﬁé-lThe separation between the lines of
each doublet is equal; this spacing is called the
couplying constant J. If a non-first-order spectrum
is obtained at 60 mHz, a number of techiques can be
applied to simplify the complexity and enable more
accurate analyses of chemical shift and coupling constant
data to be made, Such techniques include:
( ) Increased field strength; If a compound gives
a complex n.m.r spectrum at 60 MHZ, it will
normally be improved by recording at 100MHZ
or 220MHZ, although the degree of improvement
depends on the particular chemical shift
differences and coupling constants involved.
(ii) Use of chemical-shift reagents.
(iii) Double Resonance [é] ¢

THEORY OF NMR SPECTROMETRY AS APPLIED TO THE ANALYSIS
OF PETROLEUM PRODUCTS

NMR spectrometry as an instrument of chemical
analysis is a relatively new development, the literature
information on the use of the technique in petroleum
analysis is comparatively scanty, However the few
available publications on the use of the technique have

shown how valuable it is in petroleum analysis. It has
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also revealed the subtle deficiencies of the conventional
analytical methods,

The application of nuclear magnetic resonance
spectrometry to hydrocarbon - type determinations in
petroleum products is based on the calculation of the
relative number of carbon atoms classified as aromatic,
olefinic, paraffinic and naphthenic, For example the
6, 7, 8 and 9 carbon atoms of benzene, toluene, xylene
and ethyl benzene respectively are classified as aromatic.
Isopentane, n-heptane and iso-octane have 5, 7 and 8
carbon atoms respectively and are classified as paraffinic
2-methyl 2-butene has five carbon atoms classified as
olefinic, This classification notwithstanding some carbon
atoms can be errcneously counted as belonging to other
categories because their peaks resonate in regions where
other hydrocarbon types normally appear.

To a first order approximation, the hydrocarbon

type composition is given by:

; p Cp x 100 ;
% paraffinic = - PR 1
¥ Ca + Cp + Co (1)

Co x 100
%Olefin -~ T p+ o trssp e (2)

% f\romatic = g: f ‘c'go*. co LU R N (3)
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(Ca, Cp and Co are carbon atoms for aromatic, paraffinic
and olefinic hydrocarbons respectively),
The various corganic functional groups encountered
in NMR spectroscopy of petroleum products, as well as
the spectral regions where these protons resonate, arc

shown in the table below.

SPECTRAL REGION

Integnal
Proton Type (ppm from TMS) DeSignation

PARAFFINS

CHs
_ 1.5 = 2.0 D
H3C ? CH2 CH2 CH2 CH3
H
CH3
HyC ¢ ch, c‘H2 i, CHy 1.0 = 1.5 E
H
CH3 .

H
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OLEFINS
CH} 4 6.0 B
CH3 C= E CH3 .2 = 6,
NAPHTHENES

O 1.65 = 1.90 D

b carbons of the type @ CH, - R are counted as methyl.
This is becausea = methyl are more numerous than

a - methylene groups, the errors introduced are slight.

CHEMICAL SHIFTS OF METHYL GROUPS SUBSTITUTED ON

AROMATIC RINGS

RING SYSTEM
Benzene Methyl substituent ppm Irom
1 2,37
1, 2 2.25
1, 3 2,30
1, & 2.28
1, 3, 5, L
1, 2, 4, 5, 2.15
1 24 3, B, 5, 2.13, 2.18

To 29 355 4, 5, € 2.17
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Spectral Regic

Napthalene Methyl substituent ppm irom ™S
¢ 1 2.65
2 290
6 r 1' 2 2.“’7, 2-57
1, B 2.70
1, 6 2.50, 2.63
2’ 3 2.“0
2, 3; 6 2.38, 2.47
Phenanthrene
9
V 1 2.73
'®) 1
2 2.5
7{ O ’
6 \ 3 2,62
9 estTe

2.55
3.05

9I 10 3-05
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10 1
1 2.95
Clo 2 2,80
& 4 2.87

Ly

Based on the definition of aromatic, paraffinic and
olefinic carbons and the chemical shifts associated
with the protons of these carbons, equations (1) - (3)

can be restructured as follows,

(A + &)
i B
% Oletin (ﬂ+%) + (D+%+%) + B > 100..-0 (5.\

Bf24F/3)
% Paraffin 1D+ —~
(A+C/3) + (D+72+85) + B X 100, (6}

Correctioq_Factors

As stated earlier on, the analysis of petroleum
products using proton NMR techniques has certain
shortcomings, Scme carbon atoms go "uncounted"”
because they are completely substituted and give no

NMR signal. Other carbons are erroneously counted as

»
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belonging to a given hydrocarbon class their protons
resonate in regions of the NMR spectrum where other
hydrocarbon types normally appear, The densities of
light paraffins and aromatics are significantly
different, Thus correction factors for these three
effects will have to be taken into consideration when
calculating the relative percentages of the hydrocarbon
composites in the samples to make the results more

accurate and reliable.

CORRECTIONS FOR DENSITY AND CARBON COUNT CORRECTIONS

AROMATICS
The densities of aromatic hydrocarbons are signifi-
cantly greater than those of light paraffins. Thus
equation 4 gives a high estimate of the volume percent
aromatic content, and the aromatic term (A + %) in
equations 4 through 6 nceds to be multiplied by a
constant to correct for the density difference, The
welghted average density for each hydrocarbon class,

defined as weighted average density.

= p{ol. % (1)} jdensity (1)}

% {Vol, % (i)}
i
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The weighted average density for the aromatics is
0.8732 g/ml and for the paraffins is 0.6612g/ml. The
aromatic term (4 + CB) must therefore be multiplied
by 0,7572 (the ratio of 0.6612/0,8732) to correct for
the density difference,

(B)

Not all of the aromatic carbon atoms are counted
by MMR spectrometry. The ring carbons to which the
methyl groups are attached to toluene and xylene, for
example have no remaining hydrogen atome and give no
NMR signal. The weighted average ratio is defined as

carbons counted.
carbons present

no carbons counted i
- zﬁvol. % (1)} no carbons present

%_{Vol. % (1)}

The weighted ratio for the aromatics is 00,7835, The
aromatic term (A + ¥3) must be multiplied by .7835 =
1.2763 to correct for the uncounted carbon atoms. The
overall constant toc be applied to the aromatic term

(4 + C/3) is, therefore 0.7572 x 1.2763 = 0.97
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Corrections for paraffins

No density corrections are necessary for the
paraffins because the aromatic and olefinlc components
are both normalized to the paraffin density. The
weighted average ratio (carbons counted/carbons present)
is calculated to be 0,9831., Therefore, the paraffinic
term (D + E/o 4 >y in equations 4 through 6 must be
multiplied by 10.9831 = 1.02
Corrections for olefins

The weighted average density for the olefine is
0.{208 g/ml. The weighted ratio (carbons counted/carbons
nresent) is calculated to be 0,2917 for the olefirs ..

Tr.2 overall constant to be applied to the definit term

B is (0.6612/0,6808) x 1/0.2917 = 3.33. from this high
correction factor it becomes very important to determine
the olcfinb integral with high precision because olefir:
comprisc only about 2% to 3% of the total raw integral
for gasolinc samples,

Another factor which would affect the reliability
of the results is cross-resonance. Alkyl parts of olefins
“or example, would rzsonate in the methine/naphthene
region of 1.5 to 2.0 ppm methylene region of 1,0 = 1.5 oo
and methyl region of 0.6 to 0.10 ppm., This will result
in low olefin volume percentage and high paraffiric percent
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The greatest problem would arise in the 1,5 to 2,0
ppm region where methyl and methylene substituents
attached to ¢ = ¢ groups resonate. Myers and colleagues
corrected for this in gasolines by subtracting twice
the integrated intensity of the signal cccuring in
this 1.5 to 2.0 ppm re~ion, This correction was
adopted in this work,

After taking into account all of these correcticn
factors, equations 4 through & become:

(4 + B) 0.97 x 10° (7)
Arcmatics, Vol., % = R

(A+353)0.97 + (D-2B+%/3)1.02 + 3.3

2
Paraffins, Vol. % = (D=2B+®/2+8/3)1,02 x 10” ... (8)

(A+$/3)0,97+(D-2B + 7248301 .0243.7

2
Olefine, Vol. % = 2.322 % 10 ees (9)
(A+93)0.97+(D=-2B+E/2+F/3)1.0243.338

A further source of error arises in the assignmen
of the signal occurring in the 1.5 to 2.0 ppm. Methine
groups of paraffins resonate between 1.5 and 2.00 ppm
and -CH,- group of naphthenes resonate between 1.65 and

1,90 ppm. In assigning, the signal in the 1.5 to 2.0 ppm

three assumptions could be made,
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(1) That all the signals occuring here are due to
methine proton resonance, This would result in a zero
value for the naphthenes and very high values for

the paraffins, This does not seem tc be very reasonable.

(2) That all the signals here are due to proton
resonance of -CHz- of naphthenic Broups. This will
result in twe high values for naphthenes and low

values for paraffins,

(3) That the signal is due to equal contribution by
paraffin -CH- and naphthene ~CH2- protons. This appears
to be a more reasonable assumption than the other two
extremes,

Based on z2ssumption (3) above the % naphthene is
calculated by dividing D by 4 and cxpressing the quotien:
as a percentage of total proton number, thus:

% naphthene = Db x 100 —
(4+C/3)0.97+(P-2B+Efaky1.02 + 3.3

The hydrogen/carbon ratio can be determined using

the equation,

A+B+C+D+E+ F
(4+93)1.28 + (D-23+E/2493)1.02 + 3.42B
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clutter and his colleagues (13} have reviewed varigis
theories which have been applied'to pNMR and

C-13 NMR analysis of petroleum fraccions. Using
integrated intensities of the various proton signals,
the parameters associated with an average molecule
can be calculated, ’
Some of the parameters that can be calculated
from pNMR are listed and defined in the table below.
AVERAGE PARAMETERS THAT CAN BE CALCULATED FOR

PETRCLEUM PRODUCTS

n = average number of carbon atoms per alkyl
substituent,

f = average carbon-hydrogen weight ratio of
akyl group.

% As = Percentage substitution of alkyl groups

on non bridge aromatic ring carbons.
'#¥=CA = average number of aromatic rings per

average molecule,
RA = average number of aromatic rings per
average molecule,

R, = average number of alkyl substituents per

average molecule,
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RN = average number of naphthenic rings per
average molecule,

Fa = molar ratio of aromatic carbon to total
carbon in sample,

BI = branchiness index

MW = Average molecular weight

%CS = fraction of Naphthenic carbon.

r = number of naphthenic rings per substituent.

%C = fraction of non-bridge aromatic ring carbon

The use of proton magnetic resonance spectro=-
metry has, among others, two very important features
in the analysis of petroleum products:
(1) It provides direct and accurate measures of
aromaticity or aromatic carbon as a fraction of the
total carbon atoms.
{(2) It provides a series of parameters or indices

of an average molecule based entirely on the puclear

magnetic resonance spectrum and an excellent characteri=-
zation of complex multicomponent fractions,
One of the most outstanding advantages of the
NMR method 1s that it focuses on the carbon skeletons
of rather complex structures of petroleum products.

Thus, since C"13 is a quantitative measure of the






