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CHAPTER 1

Introduction -

The study of tiaée metals in crude petroleums has beeﬁ of

" interest to geochemists for many years. Since the two most abundant

metals, vanadium and nickel, are present in forms which differ
greatly_ from those 'which are beiieved to have been present in the
6:iginal petroleum biomass, it is believed that a better understand-
ing of thg_ distributiod of vanadium and nickel in petroleums will
provide useful information on the diagenesis and maturation of
petroleums. ' 1-3 The study of vanadyl pofphyrins in particular has
led to much spéculation on the mgans_of-'vanadyl incorporation into
the porphyrin ring. Vanadyl porphyrins; the only vanadyl compounds
which have been identified in crude petroleums at the present, were
first reported by Treibs in 1934,4'7 but the mechanism by which the
vanadyl ion was incorporated into the porphyrin system has yet to be
deduced. It 1is believed by some researchers that vénadyl non-
porphyrins acted as intermediates in the transport of the vanadyl
ions to the porphyrin tings,8 but since there haVe been no positive
identifications of vanadyl non—porphy_rins in petroleums, these
theories cannot be tested. Characterization of the vanadyl non-
porphyrins will therefore aid in the understanding of the reactions
which affected trace metal distribution during the maturation of the

petroleums.



The study of vanadyl compounds in crude petroleums is also
important to the petroleum industry. As tﬁe world supply ﬁf conven-
tional light crude petroleums has diminished it has become necessary
to turn to the heavy crude petroleums as refiﬁery feedstocks.9°11 The
use of heavy crude petroleums presents a number of problems to
refinery oper;tion: they are more viscous than the light crude
petroleums; they have large highly aromatic constituents; théy have
high trace metal concentrations; and theyvare richer in heteroatoms;
especially sulfur. These properties can be overcome using modifica-
tions of conventional refinefy techniques, bdt the catalysts involved
in éracking and desulfurization are poisoned by vanadium and nickel
compounds.u’12 Heavy crude petroieums have vanadium concentrations
which range from 10 ppm to over 1000 ppm and nickel concentrations
which range from 1 ppm to about 200 ppm.13 Even tﬁough these métals
are only present in trace quantities, continuous flow of heavy crudes
over a catalyst bed soon leaves large amounts of the metal deposited

in the catalyst pores, thus rapidly deactivating the catalyst.14 :

To efficiently overcome the effect of metals on the catalysts it
is necessary to understand how they are coordinatedlﬁiﬁhin the
petroleuyx-15 This information will aid in the development of
improved techniques for removing metals and in the design of catalyst
pellets which are less susceptible to interactions with the metal
containing compounds. Experiments are already being performed'using
the identified vanadyl and nickel porphyrin compounds to model

catalyst poisoning, but without vanadyl and nickel non-porphyrin com-

¢
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pounds these experiments can not accurately model the ppisoning'

behavior of heavy crude petroleums.14'16'19

Within heavy crude petroleums there is a high molecular weight
fraction known as the asphaltenes. This fraction is especially dif-
ficult to process because it is high in condensed aromatic compounds
and heteroatoms and usually contains at least half of the trace
metals present in the petr:oleum.lg'22 Asphaltenes are of particular
interest in the study of vanadyl_compounds, since it is believed by
some researchers that the vanadyl porphyrins and asphaltenes were
formed in the same period of the petroleum diagenesis-23 A‘pre?ious
study by Komlenic et. al. examined the distribution of wvanadium and
nickel compounds in whole crude petroleums by anglysis with high per-
formance liquid éhromatography coupled with a graphite furmace atomic
absorption spectrophotometer (HPLC—GFAA).24 A siﬁilar examination of
vanadium compounds conﬁained in the asphaltene fraction of fhe
petroleum would be helpful 1in establishing the influence of the

asphaltene environment on the distribution of vanadium compounds, as

well as nickel compounds, in heavy crude petroleums.

1l A. Heavy Crude Petroleums

Heavy crude petroleums differ from conventional 1light crude

petroleums in three major aspects: they are richer in trace metals,

especially vanadium and nickel; they have greater concentrations of

the heteroatoms, nitrogen, oxygen, and sulfur; and they contain a
greater amount of high molecular weight, highly aromatic, asphaltic

compounds.10 In the study of heavy crude petroleums, the petroleum is



usually considered to consist of three fractions; the oils, the
resins and the asphaltenes.25 Asphaltenes are defined as a solubility
class by their precipitation from forty volumes of a light, straight

chain hydrocarbon.26

The amount of asphaltenes present in a crude -
petroleum varies from less than one weight percent to over twenty
weight percent of the whole petroleum, but even thqugh the asphal-
tenes represent less than twenty five percent of the whole petroleun,
they are richer in heteroatoms and trace metals than both the resins
and oils together.2°’27 The predominant structural unit within the
asphaltenes are large aromaticvsheets ﬁith alkyl side chains. These
units interact via 77 - 7 interactions between the aromatic sheets

and via functional groups in the alkyl chains.28

The fraction of thé crude petroleum which is not precipitated
‘with the asphaltenes is known as the maltenes and is composed of the
paraffinic oils and the resins. The maltenes are frﬁctionated i;;o
oils and resinsvby column chromatography or solvent selectiQe extrac-
tion.29 As their name implies, the paraffinic oils are predominantly
composed of saturated hydrocarbons and are of no interest in the
study of trace metals. The resins are intermediate between the
paraffins and asphaltenes in terms of average molecular weight,
aromaticity, heteroatom content, and trace metal content.30 There 1is
evidence of some stacking between resins, as well as strong interac-

28

tions with the aromatic portions of the asphaltenes. In the heavy

crude petroleum the resins solublize the asphaltenes, which are by

25

themselves insoluble in petroleum. Studies performed with the
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are asphaltene precursorse.

separated resins and asphaltenes of several petroleums have demon-

strated that there is a unique relationship between the resin and

- asphaltene of a given crude petroleum; an asphaltene can only be

solublized by its native resin. This relationship between asphaltenes

and their resins has led some researchers to propose that the resinms

29

1l B. Asphaltenes

o 1. Definition

Although there is a history of controversy in thé' literature,
the generally accepted definition of an asphaltene is the fractiom of
a petroleum which is insoluble in 40 volumes of a low molecular
weight, straight chain hydroqarbon.25’26 Pentane,.hexane, and hep~-
tane are the three most commonly used solvents, with pentane being
the most common sqlvent used in the recent research conducted in this
country. In the literature, precipitations using volume of solvent
tovpetroleum.ratios of 6:1, 10:1, and 25:1 have all been reported and
are still appearing in some currentvpublications, but 40:1 is the

most acceptable solvent to petroleum ratio.11’21’22’27’31'33

In the choice of precipitating solvents there has been a ques-
tion as to which solvent precipitated "true asphaltenes". The amount
of asphaltenic material precipitated is related to the carbon number
of the precipitating solvent; pentane producing the.iargest amount of
material and heptane the least.3% It was discovered that asphaltenes

precipitated from pentane, which were subsequently re-precipitated



from heptane, gave higher yields of asphaltenes than were obtained by
heptane precipitation of crude petroleums.n’29 This behavior sug-
gests that some compounds in the maltenes are trapped ;n the asphal-
tenes. as; they are precipitated from pentane. Some of tﬁese trapped
malgenes could be éoluble in heptane; but sferic. réstrictions Vould

prevent.tﬁem frém being extracted from the asphaltene. Since the use.
of heptane results in less entrapment of maltenes than does pentane,
it was thought to produce a "truer" asphaltene. Current practice
recognizes the validity 6f asphalfene pfecipitation from any of the
three common solvents, but acknowledges a distinction between
° pentane-asphaltenes, hexane-asphaitenes, and heptané-

.aSphaltenes.26'34

Further variations in the nature of the‘ptecipitated asphaltenes
result from the conditions under whicﬁ the precipitation is per-
formed. There are several papers in the 1literature in which tﬁe
asphalteneé are heated and/or centrifuged during precipitation. The
cqmplex nature of the asphaltenes makes the composition of the pre-
cipitated material susceptible to either of these conditions.35’36
This is especially true of centrifugation, which has been shown to
lower the vanadium concentration of the asphaltenes by as much as 30

percent.33

1l B. 2. Structure

The difficulty in establishing the proper method of asphaltene
precipitation 1is a result of the complex nature of the asphaltenes.

The first concepts which provided the basis for the current



understanding of the aSphalteﬁe structure were developed by Nellen-
stein in 1923 and Pfeiffer and Saal in 1939.37 Nellenstein was the
first to suggest that the asphaltenes be looked at as colloid sys-
tems. Pfeiffer and Saal expanded on this model by proposiﬁg that the
asphaltenes were large micelles which were peptized by compounds in
the maltenes.3’ The Pfeiffer and Saal model of native asphaltenes
was based on a nucleus of aséociated asphaltene molecules coated with
a layer of resin molecules. A steady gradient of molecular weights
was thought to exist within the micelle, varying from several'
thousand dalton macromolecules at the heart of the micelle, to .small

paraffin like molecules at the outer surface of the resin layer.37’38

The first major advance on the work of Pfeiffer and Saal came in
1967 when Dickie and Yen presented their model for the strucﬁure of
aspﬁaltenes.28 This model, shown in Figure 1, was based on extensive
work with vapor pressure osmometry, x-fay diffraction, ultracentrifu-
gation, gel permeation chromatography, mass spectrometry, and elec-
tron microscopy. As the figure illustrates, the asphaltene is a com-
plex macropolymer. The fundamental building blocks of the asphaltene
are condenéed aromatic sheets with alkyl side chains. The sheets
stack via W -7 1interactions to form the particles, or unit cells,
and the particles interact to form micelles. Depending on the func-
tional groups contained in the alkyl side chains, there are many pos-
sible intra- and inter-micelle interactions which can effect the

21,22 g

apparent 8ize or structure of the asphaltenes. large

aromatic regions make it possible for aromatics in the resins to



Macrostructure of Asphaltics

A. Crystallite . B. Chain Burdle

C. Particle D. Micelle

E. Weak Link F. Gap ond Hole
G. Intraocluster . Intercluster

1. Resin J. Single Layer

K. Petroporphyrin L.. Metal

Figure 1. Schematic of asphaltene macrostructure
from J. P. Dickie and T. F. Yen, "Anal. Chem.",
39(14), 1847, (1967)28'
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interact with the asphaltenes, as well as providing good sites for
porphyrins and other aromatic compounds to bond within the asphaltene
structure. Within this structure trace metals can be coordinated by
ligands which are bound to‘ the asphaltenes or by heteroatoms at
defect sites in the aromatic sheets. Resins associate with the

asphaltenes via T -7 1interactions or hydrogen bonding.25

The central section of the particle, the crystallite, lends

itself to examination by =x-ray diffraction studies. The central

aromatic regions are found to have diameters on the order of 12 & and
consist of between 3 and 6 sheets at a spacing of about 3.5 8.25 13¢
and H nuclear magnetic resonance spectroscopy (NMR) have been com-
bined with infrared spectroscopy (IR) in several algorithms for cal-
culating the extent of_aromaticitj and alkyl substitution of the

asphaltene sheets .3 Because of the complex nature of the asphal-

-tenes, such studies can only give roﬁgh approximations of the distri-

bution of carbon atoms. In general at least 45 percent of the carbon
atoms appear to be involved in aromatic‘systems, and the remaining
carbons are involved in alkyl side chains of about four to eight car-
bon atoms. The aromatic sheets appear to contain betweem 6 and 20

rings.25

1l B. 3. Molecular Weight of Asphaltenes

~The large variety of interactions possible in the Dickie and Yen
model of asphaltenes help to explain why different techniques for
measuring asphaltene molecular weights have given results ranging

from 1000 to 300,000 daltons;38 the ability of a technique to



10

overcome the various interactions among the micelles and side chains
determines the size of the particle which is being studied. One of
the most common means of determining asphaltene molecular weights 1is
vapor pressure osmometry (VPO). Repeated studies have shown that the
molecular weights determined by this techniqué are weak functions of
temperature and strong funcﬁions of the solvent used in the determi-
nation and the concentration of the asphaltene in the solvent:.42 When
data for various concentrations are plotted, it is found that the
molecularvweights of the asphaltenes tend toward a minimum at infin-
ite dilution and wheh data for different solvents are compafed the
solvents with the highest dielectric constants give the lowest molec-
ular weights. At large dilutions in a solvent with a high dielectric
constant, such as nitrobenzene, individual micelle weights can be
, measured. 38 When these results are combined with the X-rayldiffrac-
tion results, unit sheet weights of 800 to 3500 daltons are calcu-

lated.28

Finally it should be noted that when molecular weights of
asphaltenes are measured, it 18 an average molecular weight that is
calculated. Size exclusion chromatography shows that the asphaitenes
actually contain a continuum of molecular weights fanging from less
than 100 daltons to over 10,000 daltons.34 Studies of petroleum
asphalts conducted by Boduszynski have cast doubt on the actual
existence of asphaltene constituents with molecular weights as high
as 10,000 daltons.ao’41 According to Boduszynski, asphaltenes are

composed of highly polar or polarizable compounds with molecular
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wéights' betweenv380 and 1800 daltons and an average molecglar Qeight
of about 1000 daltons. Molecular weights in excess of 1860 daltons
are attributed to strong iﬁteractions between functional groups,
which afe'nOt ovefcomé Hy the'.solvents, used iﬁ mole¢nlar'_wéight
determinatioﬁs by VPoland'gel permeation chfomatogféphy; Duriﬁg pre-
cipitation, agglomeraféS' are formed through interactions between
functional groups. Pyrroles, phenols, émides, carboxylic acids, and
polynuclear aromatics are among the functional groups which have been

identified in the asphaltenes by Boduszynski.40’41

1l B. 4. Asphaltene-Resin Equilibria

VPO analysis of asphaltene molecular weights demonstrated thét
'the degree of association between asphaltene particles is not only a-
function of the asphaltene structure, but also of the environment.
Electron spin resonance spectroscopy (ESR) studies of the free radi-
cals in asphaltenes provide a means of studying the degree of'asphal-
tene association. At least half, if not all, of the free radicals
present are associated with charge transfer equilibria between the
stacked aromatic sheets. Since the ESR signal intensity decreaseé
with increasing dilution, it is concluded that an equilibrium exists
between the forces which cause the solvent to complex with the
asphaltenes anﬁ the forces .which cause the aromatic sheets to
stack.43 Similar interactions are assumed to exist for asphaltenes in
whole petroleums, but since all of the work with asphaltenes is per-
formed using material that has been precipitated from the native

petroleums, it is difficult to study these interactions.
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It has been generally accepted that Pfeiffer and Saal were
correct in stating that asphaltene micelles formed large units which
were peptized in mass by the resins,37 but work by Koots and Speight
indicates that this may not be the actual state iﬁ thevwhole
petroleum.29 Based on work with isolated resins and their interaction

with various precipitated asphaltenes, Koots and Speight have shown

that it is likely that it is the individual micelles which are pep-

tized 1in the whole petroleums and not 1large agglomerations of
micelles. The size of the micelles is governed by the equilibria
between resin - asphaltene interactions and asphaltenme - asphaltene

interactions.29’38

1 B. 5. Heteroatoms

- Nitrogen, oxygen, and sulfur are the most abundant heteroatoms
in asphaltenés. .Although the concentrations of theée elements vary
between petroleums, nitrogen and oxygen are typigally present at con-
centrations on the order of 1 to 2 weight percent.25 Sulfur concen-
trations vary widely from petroleum to petroleum and may be present
at concentrations lower than 1 percent or greater than 5 percent.25
Several researchers héve-noted that there is a roughly linear corre-
lation between sulfur concentration and asphaltene and vanadium con-
centration.25 Nitrogen is believed to be located principally in
heterocycles. Oxygen and sulfur are believed to be involved in func-

tional groups within the alkyl side chains and in heterocycles.zs’44

Sulfur has received more attention than the other heteroatoms

because of 1its role in catalyst poisoning. Various catalytic

-
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cracking experiments indicate that_éulfur is located at important
links in the structure of asphaltenes, since vanadium removal is

always paralleled by sulfur remova1.21’45'47 Based on the catalytic

~experiments and further experiments directed at breaking carbon-

sulfur bonds, some fesearchers have concluded that asphaltenes are
sulfur polymers.48 It 1is the breakdown of the polymer structure
through sulfur removal in catalytic hydrodesulfurization ﬁhich dis-
rupts the asphaltene  structure sﬁfficiently to allow the vanadium
éompounds to.leave the asphaltene structure and interact with the

catalyst.

.Tﬁe three heteroatoms are important in the study of vanadyl and
nickel compounds in heavy crude petroleums, since they are present in>
the ligands which chelate the metal gspecies. The chelating atoms may
be present either as defect centers in the aromatic sheets of asphal-
tenes or as members of distinct 1ligand molecules.l‘g"51 Ihe systém
which has received the most study to date is the porphyrin ring,
which has a chelating site with four nitrogen atoms (see Fig. 2).
Mass spectrometry.(MS) and electron spin resonance spectroscopy (ESR)

data indicate that the trace metals in the crude petroleums may also

be coordinated by the following heteroatom combinations: N03, N202,

N,o, 035, S, S3N, or S,N, ligand systems.l

1l B. 6. Trace Metals

The most abundant trace metals in asphaltenes are vanadium and

- nickel. Vanadium 1s present at concentrations varying from 100 ppm

to over 5000 ppm in asphaltenes.3’13 Nickel is present at
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Figure 2. Classes of porphyrins found in petroleums.61

Figure 3. Axial coordination of basic solvent to

a vanadyl campound in a square planar ligand.50
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concentrations varying from 10 ppm to about 500 ppm.21 Vanadium is

usually in the form of the vanadyl ion (V02+).52

In a tetradentate
vanadyl compound one of the coordination sites perpendicular to the
ligand plane is occupied by the oxygen atom, leaving only one site

vacant to interact with other species.53’54

It is the presence of
this open site which makes it possiblé to ektract vanadyl .coﬁpounds
from asphaltenes with coo:dinaﬁing solvents such as pyridine (see
Fig. 3). When coordinated in tetradentate ligands, nicke; (N12+)
ions satisfy ali bonds in the ligand plane and therefore are less
polér and surface active than vanadyi complexes, although strong

ligénds can axially coordinate to thém.20’55

The differing electromnic
structures of the vanadyl and nickel 1ions results in differing
behavior during catalyst poisoning and is also believed to have had a
sﬁrong effect on the relative distributions of the metals in the

petroleums during the process of diagenesis.46’56

Because of its electronic structure, vanadium can be studied by
ESR. At room temperature the ESR spectrum of asphaltenic vanadium is
characterizedvby a sixteen line anisotropic hyperfine structure, but
at temperatures in excess of 200°C the predominant species is charac-
terized by an 8 line isotropic str_:ucture.z1 The change in the spec-
trum indicates that at elevated temperatures the vanadyl compounds
are free to tumble at rates sufficiently rapid to time-direction
average out the anisotropies. A similar but less dramatic effect is
observed when asphaltenes are dissolved in solvents with high dielec-

tric constants. Since dilution is believed to affect the extent of
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extent of stacking of aromatic sheets, Tynan and Yen suggest that the

vanadyl compounds are- either coordinated to the surface of the

micelles or trapped within the layers of the crystallites.21’57

Baséd on ESR data, an activation energy of 14 kcal/mole has been cal-.

culated for the transfdrmétion ftom bound to free Vaﬁadyl compléxes;
fhis activation energy is too low to account for.a primary chemical
bond but is of the right order ofvmagnitude for a two step process
1nvolving the dissociation of aromatic sheets, followed by either the
diséociation of an aromatic ligand system from an aromatic site
within an asphaltene moleculé or the breaking of a coordination bond
.between a‘hetefoatom and the vacant coordination site of a tetraden-
tate vanadyl compound. Further work by Shibaﬁa et. al. at tempera-
tures ﬁp to 400°Clhas shown that there is avsecond type of dissocia-
tion of vanadyl compounds from asphaltenes at temperatures above

340°¢. 38

1l B. 7. Metallic'Comblexes_gg Porphyrins

Metal compounds in crude petroleuﬁs are characterized as either
porphyrin or non-porphyrin.8 Porphyrins are 16 member aromatic rings
composed of four pyrrole rings joined by methylene bridges. The four
nitrogen atoms are capable of chelating vanadyl ioms (V02+) and
nickel ion (N12+) to forﬁ very stable metallo-organic complexes.
Vanadyl porphyrin concentrations vary from petroleum to petroleum and
in some petroleums they account for over 50 percent of the total

20, 50,59

vanadium present. Detection of porphyrins is facilitated by

their UV-VIS spectra, which is distinguished by an intense absorption

Vo4
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at approximately 408 pm, the Soret band, and secondary absorbances
between 500 and 600 nm.13 Using the secondary absorbances it is pos-

sible to identify the three major classes of porphyrins which occur

- in crude petroleums. The two most abundant classes are the etio por-

phyrins (ETIO) and the deoxophylloerythroetioporphyrins (DPEP).B’60

The third class consists of porphyrins with a benzo-ring fused to omne

of the‘pyrrole groups and is known as the rhodoporphyrins; these rho-

doporphyrins exist with both the etio and DPEP structures (see Fig.
2)-61 Within each class of porpﬁyrins, there is a great variety in
the length of the alkyl side chains.62 Work with etio porphyrins has
confirmed the existence of porphyrins with carbon numbers ranging

from C28 to over c60.61 Most researchers believe that the porphyrins

. present 1in the heavy crude petroleums are all derived from chloro~

phyll pigment, although there is some disagreement on  this

point.13:63,64

1l B. 8. Metallic Complexes of Non-Porphyrins

Metallic complexes of non-porphyrin ligands lack an intense vand
characteristic absorption band like the Soret band at 408 nm and are,
therefore, much more difficult to analyze than metallo-porphyrins.
Even the definition of what constitutes a non-porphyrin complex is
not consistent in the literature. It is agreed that compounds lack-
ing a Soret band (408 nm) are non-porphyrins, but some researchers
also classify porphyrins with extended aromatic systems as mnon-
porphyrins.3 This later condition would make rhodoporphyrin the only

non-porphyrin which has been positively 1identified im crude
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petroleums. In this study, any ligand with the aromatic, four pyrrole
ring structure (see Fig. 2) is considered a porphyrin; regardless of

the nature of the side chains or any extended aromaticity.

In the literature, two general classes of vanadyl complexes of
non-pbrphyrins have been teported.31 The f£first class consists of
non-extractable vanadyl complexes. After metallic porphyrin com—
.plexes have been extracted from an asphalténe, the remaining material
is still rich in vanadium. These vanadyl non~porphyrin compounds have
weak absorptions at about 410 nm over strong background absorptions.
Molecular weight distribution studies show that this material con-
tains large molecular weight compounds, which are probably either
large molecules containing vanadyl ions coordinated_to heteroatoms in
the asphaltene structure §r smaller vanadyl éompounds which have
become entrapped in the asphaltene strqcture. It is likely that vana-
dyl porphyrins are trapped within the structure, with backgrouﬁd
absorbances masking the weaker secondary absorbances. According to
Rogers, most of the compounds in this class of vanadyl non-porphyrins

are associated with systems involving nitrogen‘heterocyclesﬁ5

The other class of vanadyl non-porphyrins consists of compounds
with molecular weights of the same order of magnitude as the porphy-
rins (approximately 300 to 800 daltons). Experimental work indicates
that these compounds may have NO3, N202’ N30, 035, 54, S3N, or SZNZ
ligand environments.1 Several compounds have been suggested as pos-
sible non-porphyrin ligands for trace metals. The systems that have

been proposed include /5- diketones, /3- ketoimines, ;?- dithiones,
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glyoxal bis(o-mercaptoanils), and reduced porphyrinAr;ngs.So In gen-
erél, the proposed non—porpﬁyrin ligands have ring systems that vafy
from 12 to 16 membered rings and are less stable in dilute acid than
the corresponding porphyrins. At present there have been no success-
ful studies on the speciation of vanadyl non-porphyrin compounds in

heavy crude petroleums.

1l C. Previous Analysis of Vanadyl Compouﬁds in Petroleums

1l C. 1. Vanadyl Porphyrins

| Vanadyl porphyrins were first identified in crude petroleums by
~ Treibs in 1934.“-7 Treibs removed porphyrins from petroleums by acid
demetallation with a mixtu;e of acetic acid and HBr and identified
‘the separated porphyrin ligands on thé baéisAof their aistinctive
UV-VIS spectra. By varyiﬁg the extractioﬁ> conditions, Treibs was
#ble to selectively remove several porphyrin classes and made tﬁe
first identification of ETIO and DPEP porphyrins in crude petroleums.
Up until the late 1960°s acid demetallation continued to be the pre-
ferred technique for porphyrin extraction, with improvements to
Treibs method made by Groennings in 1953 and Dunning in 1960.66’67

Methanesulfonic acid, p~toluenesulfonic acid, phosphoric acid, and

sulfuric acid have also been used for demetallation.1

When the acid solution is separated from the petroleum it {is
found that there are not enough porphyrins present to have chelated
all of the vanadium present in solution.27 Also, there is some vana-

dium which resists acid extraction from the petroleum. The vanadium
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in solution.in excess bf that required for association with the
observed ~ porphyrin concentration is believed to have been liberated
f;om non-porphyrin compounds, which may have decomposed in the acid.
It is also possible that some non-porphyriﬁ ligands remain trapped in
the asphaltgnes. The inextractable vanadium-is.likely to be present
in vanadyl porphyrin and non—porphyrin'compouﬁds which are inaccessi-
ble to.the.acid by virtue of the asphaltene structure. A further
possibility is that there are some vanadyl compounds present which
are stable with respect to acid deﬁetallation, since studieé with
aryl substituted porphyrins, such as vanadyl TPP (see Fig. 4), have

shown them to be stable in acid solutions.50'68

Many researchers have used the spectra of demetalled porphyrins
as a means of measuriné porphyrin concentration in the petroleum.z’27
Based on an assumed extinction coefficient for either the Soret band
or one of the characteristic bands.betvéed 500 om and 600 nm, Beef;s
law is used to calculate the concentration of porphyrins present in
solution. This technique introduces several inaccuracies. The vari-
ous porphyrin types, principally ETIO and DPEP, have differing max-
imum absorbance wavelengths and extinction coefficients. To obtain
an accurate value of the porphyrin concentration it is necessary to
know the relative abundance of the various petroporphyrins; informa-
tion which is usually not available without extensive analysis of the
porphyrin solution. Acid demetallation also makes it impossible to

distinguish between nickel and vanadyl porphyrins and may effect the

side chains of porphyrins. Sugihara tried to overcome the effects of
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~demetallation by taking UV-VIS spectra of whole petroleums.in dilute
‘solutions, but this techhique is still affected by the necessity of
arbitrarily averaging extinction coefficients.69 An additiomal com-
plication in Qsiﬁg météllated peﬁroleums is the gged #o'éverage in
the effect of nickelvpo:phyrin absorbaﬁcés. fhe pfedbminéncé‘of ETIb.
and bPEPV po:pﬁytins in crude petroleums probably keeps the error
involved in the various methods of spectroscopically determining

metallo-porphyrin concentrations to within ten percent.

Some researchers have used solvent extraction to remove vanadyl
porphyrins from petroleums prior to demetallation. Typically pyri-
dine is used as the coordinating solvent.for extracting vanadyl com;>
pounds, but some ex;ractions have beeﬁ performed using methanol and

toluene.70’71

The extracted vanadyl porphyrins are often purified by
TLC or LC prior to demetallation with sulfuric or methanesulfonic
acid.b1,72 Relatively little chromatography has been done with the

metallated porphyrins, since the demetallated porphyrins are easier

to separate using conventional chromatographic column pack-

ings.24>71,88

-

Mass spectrometry studies of extracted, demetalled porphyrins
gave the first corroboration of the UV-VIS spectra which had indi-
cated the presence of ETIO and DPEP porphyrins in petroleums.60’73’74
In addition, mass spectrometry studies provided the first evidence
that the porphyrins existed as homologues series varying im carbon

number from C28 to over c60.61’75 Some researchers have found the

moleculai weight distributions within homologous series to be Gaus-
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had occurred in diagenesis,50 but Barwise and Whitehead report that

the distribution is skewed toward higher molecular weights.61

Recently Eglinton et. al. have used demetallated porphyrins to
establish the structure of several naturally oc:t:urr::l.ng,porphyrins.j2
Using HPLC and TLC, single porphyrin péaks were isolated. These por=-
phyrins were oxidized to maleimides using chromium trioxide. GC-MS
analysis of the maleimides was used to determine the alkyl' substitu-
tion pattern on the pyrrole rings; The presence of pthaleimides in
the oxidation products of some porphyrins confirmed the presence -of
rhodoporphyrins in the petroleums. All of the petroporphyrins iden-

tified by Eglinton et. al. appear to be derived from chlorophyll a.

1 C. 2. Vanadyl Non-porphyrins

As mentioned above, acid demetallation experiments prbved that
not all of the vanadium present in crude petroleums was bound in por-
phyrin rings.59 The non-porphyrin vaﬁadium compounds are - divided
into two general classes: non-porphyrinic compounds which can be
extracted in an acid solution, where some of the compounds may decom-
pose, and compounds which resist acid extraction and remain in the
petroleuﬁls.‘?'l These two classes of non-porphyrins have both beenistﬁ-

died to varying degrees.

Spencer and Rogers have examined the 1large macromolecular
metallo-non-porphyrins-76 The vanadyl porphyrins are initially
extracted from asphaltenes via liquid chromatography. The material

remaining behind after the porphyrins are removed has a molecular
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véight distribution similar to that of the original asphaltene and a
UV-VIS spectrum featuring a week absofbance maximum at about 410 mm
and no absorbance peaks in the 500 mm to 600 nm range. Rogers used a
chromatographic technique described by Latter to separate the vanadyl
non-porphyriﬁs into several functional classes. Most of the vanadiuﬁ
was found to elute in a fraction which was rich in nitrogen heterocy-

cles.65

Mass spectrometry provided the first evidence of a ligand system
other than four nitrogens. Some of the peaks observed by Yen can

50 Dickie has also

only be gxplained by N30 or NO3 ligand systems.
used mass spectrometry to locate N202, 03S, S4’ S3N, 82N2 ligand sys;

tems in resins.1

The most powerful tool for locafing ligand systems other than N4
is ESR spectroscopye. The two ESR parameters which are useful for
determining the chelating environment are the isotropic 8o value and
Ao, the hyperfine splitting constant. Of these two parameters g is
especially valuable since it is almost entirely dependent on the
coordinating atoms alone, while Ab shows some variation with solvent
effects and substituent variations.77 Many pure vanadyl compounds
have been analyzed by ESR spectroscopy and rough correlations between
Ab’ go; and the ligand environment have been developed.m-82 Based on
this data, Yen has reported that Boscan asphaltenes have Ao and g,
values intermediate between an N4 and an N202 environment. Dickson.

has measured the A.o and g, values for chromatographically separated

fractions of maltenes and asphaltenes and found that some of the less
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fractions of maltenes and asphaltenes and found that some of the less

polar fractions may have an S, environment, while the polar fractions

and whole maltenes appear to have an N202 environment-77

In general the ESR spectra of asphaltenes are most similar to
those of wvanadyl porphyrins, which were probably preéent to some
extent in all of the fractions studied above. Because of the pres-
ence of N4 ligands in ali of the fractions, the assignment of ligand
types 1is usually not made by exact agreement with the experimental g,

values derived from pure compounds, but on the basis of the direction

and magnitude of deviations from the 8, values for N, ligands.77

The simplest distinction between metallo-porphyrins vand
metallo-non-porphyrins 1is the absence of the Soret band (408 mm). A
fraction of Sdom crude petroleum has been reported that doeé not have
a Soret absdrption and is easily demetallated.50 Unfortunately, no
further work with this vanadyi non-porphyrin fraction has been

reported.

1l C. 3. Column Chromatography and HPLC Analysis of Petroleums

Column chromatography has been used to analyze petroleums in
different ways. Several column chromatography techniques have been
developed to separate petroleums into saturates, neutral aromatics,
and heterocycles and similar HPLC techniques are being

developed.83’84

Rogers has used one of these techniques in determin-
ing the general enviromment of large molecular weight vanadyl non-

porphyrins.65 Gel permeation chromatography has been used to study
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the molecular weight distribution within petroleums and asphaltenes
using both conventional column chromatography and HPLC systems. Typ-
ically spherogel or lichrospher packings are used as the statiomary

phase with THF serving as the mobile phase.32283

These molecular
weight separations are improved by using se&eral éoiumns with varyingv
pore sizes in series.28’86 The eluting compounds are monitored by
UV-V1S absorbance at a fixed wavelength (usually 254 nm) to froduce a
profile of the molecular weight distribution, but éince the wvarious
constituents of petroleums do not have equal absorbances at a given
wavelength'thié technique gives onlj an apﬁroximate indication of the
abundance of material at various molecular weights. Asphaltenes
analyzed by gel permeation chromatography are found to have molecular

weight distributions which are skewed toward molecular weights in the

range of 10,000 daltons, but still have considerable amounts of

material with molecular weighté ranging well below 1000. It has been

suggested by some researchers that molecular weights in excess of
2000 daltons do not actually represent individual molectles, but are
composed of agglomerations of smaller molecules, which. are formed by
strong 1interactions between functional groups.l‘o’41 Even if this
theory 1is correct, gel permeation chromatography profiles can still
be used as fingerprints, since the extent of agglomeration appears to

be unique to each pet:r:oleum.ss’86

Column chromatography using silica gel or alumina is an alter-

nate technique for removing metallo-porphyrins from petroleums.60

Unlike acid extraction, chromatographic extraction does mnot present
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any danger of altering the structure of the petroleum components and
the retention of the metal in the porphyrin makes it pqssible to dis-
tinguish between vanadyl and nickel porphyrins. If the solvent sys-
temiis selected properly it is even possiﬁle'to_separéte nickel por-
phyrins .frbm the moré .polarrvanédyl pofphftins;87. Hajibrahim hgs
_rwofked at optimizing this separation oﬁ the basis 6f the retention
times of model vanadyl and nickel porphyrins.88 Purification of the
isolated porphyrins can be achieved through TLC, further 1liquid
cﬁroﬁatography or HPLC éoupled with visibie detectors.operating at
410 nm.8’89’90._Hajibrahim has.done extensive HPLC work with both
both metallopofphyrins and acid demetallated porphyrins. This work
established the presence'of struéturai isomers in petroporphyrins as
some of the peaks‘which were easily separafed by HPLC gave identical
mass spectrometry data .8 Hajibrahim also noted that the wvisible
absbrptibn data from HPLC runs with porphyrins of different crude
petroleums were unique and suggested that HPLC analysis of porph&rins

would be an effective method of fingerprinting petroleums.71

Barwise énd Whitehead have used HPLC in conjunction with mass
spectrometry to 1dentify five series of porphyrins in Boscan crude
petroleum: DPEP, ETIO, Di-DPEP (having two cycloalkano rings attached
to the porphyrin ring), rhodo-ETIO, and rhodo-DPEP.61 Eglinton et.
al. have used reverse phase HPLC as part of a separation scheme to

identify the petroporphyrins present imn a U.S. bitumen.72

Using
techniques similar to those of Barwise and Whitehead, the structures

of two ETIO and two DPEP porphyrins were determined. Experiments
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were also made in developing HPﬁC fingerprints of petroleums and
source rockse. Two wuseful fingérprints were described: thoée of
total porphyrins (as extracted over silica by column chromatography)
and those of porphyrin fractioné formed by demetallation of the
metallo-porphyrins of a single metal. Both fingerprints are of use
in tracing the migration of crude petroleum pools, But, when samples
are t#ken from varying depths in the pool, the second type 1s. espe-
ciallyv useful in studying the maturation proégsses that produced the

petroporphyrins.72

1 D. High Performance Liquid Chromatography - Graphite Furnace Atomic

Absorption Spectrophotometry (HPLC-GFAA) Analysis

In speciation work with purified metallo-porphyrin fractions,
HPLC with visible absorbance detection has proven to be a powerful
tool; but the present state of metallo-npn-porﬁhyrin analysis does
not present the possibility of working with highly purified frac-
tions. Therefore, it cannot be assumed that all peaks detected dur-
ing HPLC analysis of suspected metallo-non-porphyrins actually
represent metallo-organic compounds and, therefore, on-line metal
detection becomes essential for effective element specific analysis.
Spencer has attempted to use off-line vanadium detection, but the
techﬁique 18 cumbersome and much information is lost between sampling
times.’® The use of an on-line graphite furnmace atomic absorption
spectrophotometer (GFAA) provides element specific detection of
metals at parts per million levels and sacrifices none of the spéed

and efficiency of HPLC analysis. Since samples are taken every 40
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seconds, a continuous histogram of metal concentrétion is generated,
which can be directly correlated with the UV-VIS absorbance spectra

of samples eluting from the HPLC column.

The use of the HPLC-GFAA combination has already proven effec-

tive 1in trace metal analysis of geochemical systems. Brinckman et.

al. have used such a system to study the association of arsenic with
iron in high molecular weight (2000 tob4000 dalton) fractions of
shale oils.?1-93 Fish et. al. have made the fifst successful specia-
tion of organocarsenic and inorganic arsenic compounds occurring in
‘retort waters and process waters generated in shale oil
production.94'96 Most recently, Fish and Komlenic have used HPLC-GFAA

to characterize the vanadyl compounds of heavy crude petroleums.97

1l D. 1. Model Compounds

Analysis using HPLC-GFAA requires model compounds in order to
compare the retentioﬁ times and UV-VIS spectra of known compounds
with those of naturally occurring compounds. Figure 4 shows several
.vanadyl model compounds used in our studies (Rhodo and DPEP porphy-
rins were not actually available to us). Previous workers have esta-
blished the e#istence of naturally occurring ETIO, Rhodo, and DPEP
porphyrins and raised serious doubts as to the existence of VOT3MePP
and VOTPP in crude petroleums.61’72 Althqugh these last two porphy-
rins are not likely to occur naturally , it is probable that other
porphyrins with extended conjugation patterns do exist in the
petroleums. Like the synthetic conjugated porphyrins, the naturally

occurring conjugated porphyrins should have Soret bands shifted to
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slightly higher wavelengths and be stable in strong acids.

The lower two rows of Figure 4 show four of the model wvanadyl
non-porphyrin compounds used in this study. These compounds have not
yet been identified in the petroleums, but they posseés ligand
environments which have been tentatively identified.l The vanédyl
non-porphyrins shown here represent only four of the many possible
non-porphyrin 1ligand systems and much work is needed in the prepara-
tion of model compounds for the speciation of vanadyl non-porphyrins.
In general, vanadyl non-porphyrin compounds absorb mainly in the UV
region, although sufficient conjugation may result in some absorbance
in the visible region. Vanadyl dibenzotetraazacyclotetradecane (TADA)

_complexes have broad absorbance maxima in the same wavelength region
as the vanadyl poréhyrin Sorét band but, as is true for all vanadyl
non-porphyrin compounds, their absorbance intensities are weaker than
those of vanadyl porphyrin compounds by a factor of a t:housand.50 Tﬁe
vanadyl non-porphyrin compounds also tend to be more susceptible to

acid hydrolysis than their porphyrin analogues.

In addition to their use in speciation studies, model compounds
are also wuseful in the development and optimization of HPLC solvent

gradients.

1 D. 2. Fingerprinting

A fingerprint of a petroleum sample 18 an analytical spectrum
which uniquely identifies it. Geochemically, fingerprinting is used

as a means of tracing the migration of petroleums. The developmental
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work with this technique has focussed on metallo-porphyrins and deme~

tallated porphyrins extracted from petroleums and proposed source

rocks.100

The porphyrin extracts are analyzed using HPLC coqplea
with visible abgorbance detection at 410 nm and the resulting chroma-
tograms are cbmpared for common §eaks.' Metallo-porphyrin finger-
prints of samples taken at varying depths in a deposit are also a
means of studying the effects of maturation on the structure of por-

phyrins.72

Fingerprinting by HPLC-GFAA analysis of petroleums also promises
to be useful in the exploration for suitable heavy crude petroleum
feedstocks. The fingerprints of peﬁroleums and polar extracts of
petroleums reflect the metal content of ;he petroleun, the chemical
nature of metallo-organic éompounds.in the petroleum, and the asphal-
tene content of the heavy crude petroleum.24 When more information
is available on the identity of wvanadyl noh—porphyrins and their
individual effects on catalyst poisoning, fingerprinting should be an
effective means of estimating the effect of a given heavy crude

petroleum on catalyst deactivation.

From an environmental standpoint, fingerprints are important as
a means of identifying the sources of petroleum spills. Infrared
spectroscopy and gas chromatography have both been used for spill
identification, but their usefulnesé is restricted by the effects of

weathering.98

Both techniques are greatly influenced by the lighter
v
components of the petroleums and it is these lighter components which

are most susceptible to weathering in the marine environment. After
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nine days at sea it is extremely doubtful that a positive identifica-

99 Trace metals are concen-

tion of a spill source could be made.
trated in the heavy components of crude petroleums, making their dis-
‘tribution much less susceptible to weathering effects. Fingerprint-

ing techniques based onvtrace metal analysis should therefore provide

a much better method for identifying petroleums involved in spills.



CHAPTER 2

Statement of Purpose

Vanadium is present in heavy crude petroleums in two .majot
forms: vanadyl porphyrins and vanadyl non-porphyrins. Of these two
forms, only the vanadyl porphyrins have been successfully identified

61,72 The distribution of vanadium between these two forms

at present.
and the individual structures of the molecules which constitute the
two classes of vanadyl compounds are of interest to the petroleum

"industry and to geochemists.

The betroleum industry is interested in the ways in which vana-
dium 1is complexed in heavy crude petroleums because of its powerful
" catalyst poisoning activity in the hydrodesulfurization and cracking

_steps of refining.lo1

To deal effectively with this problem it is
necessary to understand the forms in which vanadium is COmplexéd in
the crude petroleums. At present modeling studies of.catalyst pois-
éning are performed using only vanadyl porphyrins, wﬁich account for
less than half of the vanadium present 1in heévy crude petrole-
ums.14’16’50’67’102 These modeling expetiﬁents may not be viable

until vanadyl non-porphyrin structures are successfully identified

and then used in catalyst poisoning experiments.

Geochemists are concerned with vanadium because the forms in

which 1t 1s complexed in the petroleum may be a function of the age

1-3

and burial depth of the petroleum deposit. Understanding the

33
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structure of the vanadyl non-porphyrins may also give new insight
~ into the mechanisms by which vanadium was incorporated into the por-

phyrin structures.

Atteﬁpts have been made to analyze vanadyl non-porphyrins in
crude petroleums using column chromatography, mass spectrometry,
. electron spin resonance, and electronic absorbance spectra.50’76'82
.These techniques are sensitive to differences in vanadyl pdtphyrin
and non-porphyrin systeﬁs, but the lack of an effective technique for
separating the vanadyl non-porphyrins from the vanadyl porphyrins.in
the petroleums has prevented the didentification of metallo-non-
porphyrin compounds. The crucial step in identifying the vanadyl.
non-porphyrins 1is ltherefore the development of a technique to
separate vanadyli non-porphyrins from vﬁnadyi porphyrins. High per-
formance liquid chromatography coupled with a graphite furnace atomic
absorption spectrophotometer (HPLC-GFAA) has-alxeady been succesé-
fully used in the identification of arsenic compounds in oil shale,
shale o0il, and shale oil retort waters and is a promising technique
for separating petroleum derived samples.91’97 The variety of HPLC
columns available for use in analysis makes it possible to investi-
gate several different modes of separation and the wuse of element
specific GFAA analysis makes it possible to locate the HPLC effluent
peaks which contain vanadium. In addition, the use of a rapid scan-
ning ultraviolet-visible absorbance spectrometer to monitor the HPLC

column effluent allows peaks to be characterized as vanadyl porphyrin

or non-porphyrin without the use of off-line analysis.
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In a previous study by Komlenic et. al.,24 heavy crude petrole-
ﬁms and their polar extracts were analyzed using HPLC-GFAA analysis.
In the present study this analytical technique has been uged to study
the precipitated asphaltene fraction of four heavy crude petroleums.
Asphaltenes were studied for two reasons: (1) Asphaltenes contain
approximately 50 percent of the vanadium present in crude petroleums,
even though they can represent lessithan 10 percent of the mass of
the petroleuﬁ sample. In addition, several previous researchers have
noted that a lafge percentage of the vanadyl compounds present in the
asphaltenes appear to be non-porphyrins.27 (2) The proposed struc-

28,40,41

tures of resins and asphaltenes, as well as the precipitation

behavior of asphaltenes, indicate that there are differences in the

chemical environments of these two petroleum fractioms. These

differences should be reflected in the distribution of vanadyl com-

pounds between the asphaltenes and the maltenes.

The ;omplexity of the asphaltene systeﬁ makes it extremely dif-
ficult to identify individual vanadyl compounds in the asphaltemes.
Because of this, the emphasis of this study is the molecular charac-
terization of classes of vanadyl compounds; with special emphasis
placed on differentiating the locations of non-porphyrin and porphy-
rin compounds in the HPLC-GFAA analyses of the asphaltenes and their
polar solvent extracts. Steric exclusion chromatography (SEC)
columns are used to determine the molecular weight distributioﬁ of

vanadium in the asphaltenes and extracts. Amino and reverse phase

(C18) HPLC columns were also used in the HPLC-GFAA analysis of the



Table 1. Biogeochemical Parameters of Four Heavy Crude Petroleums and their Asphaltenes

Metal Metal
Concentration Concentration
in Whole in Precipitated
Petrolegn Asphal-tege
(ppm) (ppm)
Petroleum v Ni v Ni
Boscan 1100 103 3700 350
Cerro Negro 560 118 1600 360
Wilmington 49 60 360 430
Prudhoe Bay 10 9 250 96

(a)
(b)
| (c)
()

Determined by x-ray fluorescence spectroscopy.

Date of
Wt. % of Sulfur Origin
Aspha'lteneb Content Geological ) (million 4 Depth 3
in Crude (wt, %) Age years) - (m)
23 5.50 Ogliocene/ 26 - 54 840
Eocene
21 3.85 Mioceney 2.5 - 26 1800
Pliocene
6.9 1.55 Miocene/ 2.5 - 26 900
. Pliocene
3.7 1.06 Paleogene/ 65 - 136 900
Cretaceous

Mass of precipitated asphaltene divided by orginal mass of heavy crude petroleum,

Fram reference 113.

From reference 23.

9¢
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polar solvent extracts of the asphaltenes. Since they are more amen-

able to analysis by the various techniques available for identifying

the structure of molecules (e.g. ESR, MS, UV-VIS spectra), attention

~will be focused on the low molecular weight compounds removed in the

solvent selective extraction. The vanadium fingerprints generated
in the - HPLC~GFAA analysis will also be examined in terms of being

unique with respect to the individual heavy crude petroleums.

Four heavy crude petroleums were selected for study on the basis
of their wide range of vanadium and asphaltene concentrations.

Prudhoe Bay and Wilmington, from Alaské and California respectively,

have low vanadium and asphaltene concentrations. Boscan and Cerro

Negro are Venezuelan crudes with high levels of vanadium aﬁd asphal-
ﬁenes. Important biogeéchemiéal‘information for these petroleums is
given in Table 1. The analysis of four crude petroleums is a depar-
ture from recent practice in the literature, in which it has become
common to focus attentiom on a siﬁgle high vanadium crude petroleum
such as Boscan. ﬁy studying four heavy crude petroleums, we hope to
detect correlations between the vanadium concentration and other phy-

sical properties of the petroleum.



CHAPTER 3

Results

3 A. Precipitation of Asphaltenes from Heavy Crude Petroleums

Although it is now standard practice to precipitate asphaltenes
from petroleums using forty volumes of the precipitating solvent to

26 éeveral other sol- _

one volume (40:1) of the héavy crude petroleum,
vent to petroleum ratios have been commonly used in paét
research.11»21,22,27,31-33 14 check the effect of solvent volume on
precipitation both 40:1 apd 10:1 volume ratios of solvents were used
and the properties of the resulting asphaltenes were compared. Pen-
tane was used as the precipitéting solvent. TablesAé and 3 contain
the resulté of the 10:1 and 40:1 solvent ratio precipitations,
respectively. The data presented in these tables are based ;n
between three and five precipitations bf each petroleum at each sol-
vent fatioe The weight percent of precipitated asphaltenes was
determined from the‘weight of the initial petroleum sample and the
weight of the dried asphaltene. The pentane soluble fraction of the
petroleum, the maltenes, was also dried and weighed. The material
recovery, combined weight of the collected asphaltenes and maltenes,
varied between 90 and 106 percent of the initial petroleum weight.

This amount of material recovery is consistent with that reported by

other researchers.33

Metal contents were determined by  x-ray

fluorescence spectroscopy. Within experimental error, the percentage
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Table 2. Vanadium and Nickel Concentrations in Asphaltenes Precipitated Using a
Ten to One Solvent Ratio

ppm in® ppm in® Wt. 8 of® % of Total® ppm in 40:1

Crude Asphaltene Asphaltene Metal in Asphaltene
Petroleum in Crude Asphaltene ppm in 10:1

Petroleum Asphaltene

v M v N | v oM v oM

Boscan 1100 103 4310 374 _ 25 98 91 0.86 0.94
Cerro Negro 560 118 1680 379 20 60 64 0.95 0.95
Wilmington 49 60 422 473 6.2 53 49 0.85 0.91
Prudhoe Bay 19 9 280 120 . 2.9 43 39 0.87 0.80

(a) Determined by x-ray fluorescence spectroscopy.

(b) Mass of precipitated asphaltene divided by original mass of heavy crude
petroleum

(c) (ppm metal in asphaltene)x(wt. $ of asphaltene in crude petroleum)
(ppm metal in crude petroleum)

(d) From Table 3.

d

6€
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of nickel precipitated in the asphaltene of a given petroleﬁm is the
same as the percentage of.vanadium precipitated in the asphaltene.
This is true for both volume ratios of the precipitating solvent.
The asphaltenes apparently have equai affinities for compounds of the
t&o metals. This result differs from that obtained by Abu-Elgheit
for four Middle Eastern crude petroleums, in which nickel was more

concentrated in the asphaltenes.1°3

As can be seen from comparing the weight percent of asphaltenes
precipitated usiqg the two solvent ratios, varying the amount of the
precipitating solvent has very little eﬁfect on the mass of .asphai-
tenes produced. An increase in the solvent ratio does however affect °
the vanadium concentration in the precipitated asphaltene by as much
as 15 percént. In compérison with fhe experiméntal error involved in
the precipitation of the asphaltenes, a change of this magnitude
would not seem significant, except that the deviation for all four
petroleums is consistently to lower vanadium concentrations in the
asphaltenes of the higher solvent ratio. Since the mass of asphal-
tenes precipitated from the petroleums is fairly independent of the
solvent to petroleum ratio, the vanadium not incoréorated in the 40:1
precibitated asphaltenes must be complexed in low molecular weight
metallo-organic compounds. Further supporf>for this hypothesis ;s
provided by the SEC-HPLC-GFAA anélysis of the 10:1 and 40:1 precipi-
tated asphaltenes. SEC analysis separates the components of the
asphaltenes on the basis of molecular size. When the SEC wvanadium

profiles of the 10:1 and 40:1 precipitated asphaltenes are compared,



Table 3. Vanadium and Nickel Concentrations in Asphaltenes Precipitated Using
a Forty to One Solvent-Ratio

ppem in? ppm in® ppm in? Wt. 3 of® % of Total®
Crude Asphaltene Maltene Asphaltene Metal in

Petroleum v in Crude Asphaltene

Petroleum _

LA 1 v oM v oM v M

Boscan 1100 103 3700 350 - 280 30 23 77 718
Cerro Negro 56 118 1600 360 110 26 21 60 64
Wilmington - 49 60 360 430 17 32 6.9 51 49
Prudhoe Bay 19 9 250 96 10 4 3.7 49 39

(a) Determined by x-ray fluorescence spectroscopy.
(b) Mass of precipitated asphaltene d1v1ded by original mass of crude petroleum.

{c) ﬂ)pm metal in asphaltene)x(Wt 3 asphaltene in crude petroleum)
(ppm metal in crude petroleum)

Ly
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there are no differences between the two which cannot be accounted
for by experimental error. The increase in solvent ratio should have
the greatest effect on lower molecular weightICOmpounds. Since the
40:1 asphaltene is not deficient in low molecular weight vanadium
compounds relative to the 10:1 asphaltene, low molecular weight vana-
dium compounds must be incorporated in higher molecular Veight struc-
tures during the precipitation of the asphaltenmes. The increase in
solvent volume therefore has the effect of uniformly decreasing the
vanadium concentration at all molecular weights within the asphaltene
structure. Since precipitation from forty volumes of solvent is now
standard practice in asphalﬁene research, this procedure was used in

all further experiments.25’26

3 B. Separation of Asphaltene Components by Solvent Selective Extrac-

tion

The gnpﬁasis of this research has been the characterization of
low molecular weight, less than 1000 dalton, vanadyl compounds in the
.asphaltenes. To extract these cémpounds from the asphaltene matrix,
a solvent selective extraction procedure described by Baker was
used.’0 This technique is the same as that used by Fish and Komlenic
in the characterization of vanadyl compounds in heavy crude petrole-
ums.?’ Between 0.5 and 1.5 grams of asphaltene were dissolved in 40
ml of xylenes and then extracted with 50 ml of a four to one mixture
of pyridine and water. After removal of the polar, pyridine-~water,
phase some of the asphaltenes precipitated out of thé xylenes. A

sufficient volume of xylene was added to redissolve the asphaltenes
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and the extraction was repeated using another 50 ml of the pyridine-
water solutioﬁ. The asphalgene was extracted in this manner a total
of ten times. By the tenth extraction, a total volume of about 150
" ml xylene was reqqired fo dissolve all of the asphaltene. The large
volume of xylene required to dissolve less than 1.5 grams of
extracted asphaltene suggests that the low molecular weight asphal-
tene compounds help to solublize the asphaltenes in xylene in a
manner similar to the way in which the resins solublize the asphal-
tenes in the crude petroleum. After the polar phase was removed from
the xylenes, it was filtered and then dried under vacuum. The dried
extract was then redissolved in methylene chloride prior to HPLC
analysis. When the extracts were allowed to staﬁd before removal of
the pyridine- water solvent, two phases formed; a lower, brightly
colored phase and a smaller brown to black phase. On close examina-
tion the wupper phase was found to be of the same color as the lower
phase, but much more concentrated. In this study the lower phase was
collected and analyzed as the extract. HPLC-GFAA analysis of the
upper phase demonstrated that the composition of this phase was simi-
lar to that of the lower phase, but lacked the most polar consti-

tuents of the lower phase.

The extraction procedure removes vanadyl compounds through
interaction between the lone pair electrons of the the pyridine and
the vanadium atom in the vanadyl ion. The vanadyl porphyriﬁs, as
well as the vanadyl non-porphyrins which are thought to exist in

petroleums, are coordinated in square planar environments.al’lol"lo5
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Interaction with pyridine provides axial céordination to .the vanadyl
ion; generating a square pyramidal configuration (see Fig. 3).
Although the technique was developed for the isolation of vanadyl
porphyrins, the extraction mechanism should be equally effective for
the removal of vanadyl non-porphyrins, as well as metallo-organic

¢

nickel compounds.

In solution, both Boscan and Cerro Negro extracts have the wine
red  color associated with vanadyl porphyrins and show strong Soret
bands (408 nm).in their electronic (UV-VIS)» spectra.66'77’1°7 The
Wilmington extract is orange and shows a weaker Soret band against a
strong background absorption which rises at wavelengths below 450 om.
- The Prudhoe Bay extract is_yellow and has a weak Soret band over a
very strong background absorption. Successive extractions of a sam~
ple produced more faintly colored extrécts, which took on the color
of the earlier extracts upon concentration by solvent removal. After
ten extractions of a sample, the extracts of all four asphaltenes
were pale yellow and had low vanadium concentrations. The color and
UV-VIS spectra of the extracts indicates that Wilmington and Prudhoe
Bay asphaltenes have much lower porphyrin concentrations than the two
Venezuelan heavy crude petroleums. Fish and Komlenic reported simi-

lar results for the polar extracts of the heavy crude petroleums.97

Table 4 shows the effects of extraction on the vanadium concen-
tration of the asphaltenes. The extracted asphaltenes have vanadium
concentrations which vary by as little as five percent from the unex-

tracted asphaltenes. This behavior 1is very different from that



Table 4., Solvent Selective Extractions of Asphaltenes.

b

pmV in®  ppmV in®  Estimated®  Mass of s of 4 ppm V in
Asphaltene Extracted ppm V in Asphaltene Asphaltene Extracted
Asphaltene Extract Extracted Mass Asphaltene
(gram) Extracted pPpm V in
Asphaltene
Boscan 3700 3500 8100 1.50 4 0.95
Cerro Negro 1600 1500 4200 1.02 4 ©0.93 -
Wilmington 360 340 470 050 13 0.96
0.66 19 0.82

Prudhoe Bay 250 210 440

(a)
(b)
(c)

(d)

Determined by x-ray fluorescence spectroscopy.
Determined by camparing GFAA cup analysis of asphaltene and extracted asphaltehe.

Calculated fram mass removed by extraction and difference in vanadium concentration
in the asphaltenes and extracted asphaltenes as dtermined in footnotes (a) and (b).

(grams of asphaltene) - (grams of extracted asphaltene)

(grams of asphaltene) x 100

St
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observed by Fish and Komlenic;97'iﬁ their‘ éxperiments five extrac-
tions were sufficient to produce an extrécted petroleuﬁ with a vana-
dium concentration less than half that of the crude petroleum. The
parts per million (ppm) of vanadium in the exﬁracté of the aSphal-
tenes were estimated from the differences in vanadium éoncentratioﬁ
and total mass of the asphaltenes-and.extgacfed,asphaltenes. As 1is
shown in Table 4, the extracts were mﬁch richer in vanadium than the
rasphaltenes. The differenceS'in the amount of starting matgrial for_
the extractions were due to the amount of asphalténes available from
each crude petroleum and the varying initial concentrations may have
effected the equilibrium distribuﬁion of micelles within the xylene
phase. Such concentration effects should have been minimized by the
addition of sufficient xyiene to redissolve all remaining asphaitenes

between successive extractions.

3 C. Separation of Asphaltene Components by Column Chromatography

In addition to the solvent selective extraction of the asphal-
tenes, a column chromatography technique described by Spencer et. al.
was used to separate the asphaltene components of Boscan and Prudhoe

108 g procedure involves absorbing the dissolved

Bay petroleums.
asphaltene on an alumina dry column and eluting the metallo-
porphyrins with dimethylformamide. Most of the the extracted asphal-
tene compounds are then recovered by elution with chloroform, but a
small amount of this material remains irreversibly bound to the

alumina. To compare the two separation procedures a chromatographi-

cally extracted Boscan asphaltene was re-extracted with
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pyridine/water (4:1). The second extraction failed to remove any
colored material from the dissolved asphaltene. Since the solvent
selective extraction is not capable of removing all colored, extract-
able compounds in ten extractions, the chromatographic extraction is
shown to be more effective in removing compounds with absorbances in
the visible region.» SEC analysis of the chromatographically
extracted material established the presence of vanadyl compounds with
molecular weights in excess of 1000 daltons. These experiments show
that the chromatographic separation extracts more compounds, over a
broader range of molecular weights, than‘does the solvent selective

extraction.

The chromatographically separated extracts of Boscan and Prudhoe
Bay asphaltenes have.the same‘colors_as theirrsolvent extracted coun-
terparts, wine red ahdxyellowish-brown, respectively. Figure 5 coh-
pares the spectra of the extract and the extracted asphaltene of Boé-
can asphaltene as'prepared by the chromatographic separation and the
solvent séleccive extraction. The major difference between the spec-
tra of the chromatographic extract and the spectra of the solvent
selective extract is the presence of a peak at 270 nm in addition to
the Soret band at 408 nm. The spectra of the solvent selective
extracted asphaltene and the chromatographically separated asphaltene
have very weak peaks where a Soret band would be expected. The
chromatographically separated asphaltene has a slight shoulder below
300 om, where the extract has a strong peak. Because of the weakness

of the Soret band in the separated asphaltene, Spencer considers this
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Comparison of Solvent Selective Extraction and
Column Chromotography Separation of Boscan Asphaltene

Chromatographic Separation Solvent Selective Extraction

Extroct Extract
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Figure 5. Camparison of Solvent Selective Extraction and Colum
Chramatography Separation of Asphaltenes.
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fraction to be composed of vanadyl non-porphyrins.108

3 D. Rapid Scan UV-VIS Analysis

One of the electronic abéorbance (UvV=-v1s) SpectrometerS'usedv in
monitoring the HPLC effluent was a Beckman 165 variable wavelength
detector. This detector is capable of scanning an eluting peak at a
rate of 20 mm per second and is referred to in this study as the
rapid scan UV-VIS detector. The rapid scanning rate smooths out some
fine detail 1in the electroﬁic spectra, but strong features like the
vanadyl porphyrin Soret band (408 nm) are not greatly affected. The
tépid gscan detector 1is thus an excellent means of differentiating

between vanadyl porphyrins and non-porphyrin compounds in an eluting

- peak. Among the details which are somewhat smoothed out by the rapid -

scanning rate are the secondary peaks between 500 and 600 mm in the
spectra of porphyrins. This region is impo;tant in the‘analysis of
vanadyl porphyrins since it is the location and reiative intensity of
the secondary bands which provide an easy means of differentiating
between non-metallafed porphyrins and the various subclasses within
the vanadyl porphyrins. When the absorbances in this region were
distinct in the rapid scan UV-VIS spectra, vthe peaks were wusually
typical of vanadyl etioporphyrin, with a small peak at approximately
530 nm and a slightly larger peak at approximately 570 mm.8»34,70 1,
some cases a slight shoulder at 590 nm can be observed. Such.an
absorbance indicates the presence of vanadyl rhodoporphyrins.50 A

non-metallated porphyrin would have more than 2 bands in the 500 om

to 600 nm region, with the lower wavelength bands having the more

’
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intense absorbances.

Non-metallated porphyrin absorbances were not detected in this
research. The one possible instance of non-metallated porphyrins
observed in this research is the first peak of the amino column
HPLC-GFAA anaiysis of Boséaﬁ and Cerro Negto asphaltene extfacts (see
Fig. 12 and 13). The electronic absorbance spectrum of this peak'has
a weak Soret band, but the correspoqding vanadium histogram shows
this peak to be free of vanadium. Unfortunately the signal 1is too
weak for secondary Bands in the 500 mm to 600 ﬁm region to be
detected and the poséibility that the weak Soret is éaused by nickel
porphyrins entrained in the solvent peak cannot be ruled out.
Because many researchers have reported that there i1s more vanadium
than porphyrins present 1in the heavy crude petroleums,.it seems
highly unlikely that there actually are any non-metallated porphyrins
present in the heavy crude petroleums analyzed in this study, howevér_
non-metallated porphyrins have been reported in deep-sea sedi-
ments.109 1In this study it is assumed that rapid scan UV-VIS spectra
with definite Soret bands are caused by wvanadyl porphyrins. Since
the rapid scan UV-VIS detector was used to analyze the effluents from
several differeqt HPLC columns, the spectra are reported with the

results of the individual columns.

3 E. SEC-HPLC-GFAA Analysis

Steric exclusion chromatography (SEC) separates samples on the
basis of molecular size; large molecules are excluded from the pores

in the packing and elute earliest, while smaller molecules spend more
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time :in the pore structure.and elute at greater‘reténtion times. By
calibfating the columns with metallo-organic standards, it is possi-
ble to correlate retention time with molecular weight. Since molecu-
‘lar size ié ﬁot always direﬁt;y proportional to moieqular weight, it‘
is important to calibrate the coiuﬁns wifh standardélwﬁich ére chemi-.

cally:simiiar to the compounds being studied.

Asphaltene samples were at first analyzed with the HPLC-GFAA
sysﬁeﬁ equipped with a 50 g and a 100 & SEC column in series. This
combination gave good separations fér mplécular weights below 1000
daltoné,‘ but was ineffedtive for molecular weights above 3000 dal-
tons. Since the asphaltenes contain the . highest molecular vweights
present in the pet:oleums, ;his wﬁs not an acceptable upper limit for
analysis. The a&dition of a 1006 & SEC column imprerd tﬁe separa-
tion of vlower molecular weight compounds slightly and extended the
effective upper r#nge of the system to 10,000 daltons. Figure 6
shows the calibration curve for the three column system. The model
compounds used to calibrate this system "lie on a fairlf straight
line, with the exception of VOTPP, which has a longer retention time
than similar molecular weightbcompounds. This may be due to the
extended aromaticity of VOTPP, since the possibility of interactions
between aromatic systems and some SEC column packings has been con-
sidered in the literature.llo-llz Polystyrene standards were used for
molecular weights in excess of 1000 daltons, since there are no model
metallo-organic standards available at these molecular weights. The

polystyrene standards are accurate within ten percent.
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SEC Calibration Curve: 50 &, 100 &,
and 1000 A Columns in Series

100,000 |- PS 102,000 ! i | | T
PS 34,000
10,000 | PS 9,500 -
PS 3,100
1,000 + - -
' 4CMTPP 849
e VO TPP 680
VO OCTAETHYL 600 VO ETIO I 544
VO BENZOSALEN 381 -
BENZOSALEN 316
100 |- ' -
. . : ) CH 2C|2 85
| l ! 1 L | ]

30 35 40 45 50 55 60 65

Retention - Time (min)
XBL 8210-3111

Figure 6. Plot of Log Molecular Weight Versus Retention Time for
the SEC Column Cambination.
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Figures 7 - 1l show the results of the SEC-HPLC-GFAA analysis of
the maltenes, asphaltenes, polar extracts and extracted asphaltenes.
To facilitate'comparison with the results obtained by Komlenic et.

24 the molecu-

al. for the heavy crude petroleums and their extracts,
lar weight distribution of vanadyl compounds has been broken down
into four regions: molecular weights less than 400 daitons; molecu=-
lﬁr weights between 400 and 900 daltons; molecular weights betweeﬁ
900 and 2000 daltons; and molecular weights greater than 2000 dal-
tons. The region below 400 daltons was believed to be entirely com-
posed of vanadyl non-porphyrins, since none of the known vanadyl por-
phyrins in heavy crude petroleums have molecular weights below 400
daltons (a vanadyl porphyrin without alkyl substitution on the pyr-
role rings would haQe a molecular weight of 380 daltoms). The ﬁolec—
ular weight region between 400 and 900 daltons corresponds to the
‘molecular weights of known vanadyl porphyrins as .well as several of
the proposed vanadyl non-porphyrins. The two higher molecular weight
reglons, which are too large to be attributéd to individual vanadyl
porphyrins, represent either small vanadyl metallo-organic compounds
entrapped in high molecular weight asphaltene complexes or very large
non-porphyrin compounds within the asphaltene micelles. Above 2000

daltons complete particles may be eluting;sl

Figure 7 shows the molecular weight distribution of vanadyl com-
pounds in Boscan asphaltene, maltene, and polar extract. The data
for the extracted asphaltene is in Figure ll. The continuous spectra

are the visible absorbances at 408 nm, the wavelength corresponding
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Figure 7. SEC-HPLC-GFAA Data for a) Boscan Asphaltene,
b) Boscan Maltene, and c) Extract of Asphaltene.
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to the Soret band of the most abundant'vaﬁadyl porphyrins in heavy
crude petroleums.8’6o Absorbance at 408 nm cannot be_taken as proof
of the presence of vanadyl porphyrins since other organic ligands and
vanadyl vnon-porphyrin compounds 1ﬂ, the petroleums have vefy broad
absorbance shoulders thatvexténd well past 408 nm. The presénce 6f
vanadyl porphyrins can only be assumed when the absorbance at 408 nm
.1s significantly more intense than the .absorbancg at other
wavelengths.m8 Even fractions of petroleums which other researchers
have labelled as vanadyl non-porphyrin have weak absorbance peaks at
about 408 nm, over a strong background absorbance.76’108 The histo-
grams represent the broad category of vanadium compounds present in
’the sample as detected by GFAA analysis. Each vertical line in the
histogram reptésents a single vanadium analysis on the GFAA. The
distance between the lines, or peaks, represents the 40 second inter-
val at which fhe HPLC effluent was automatically sampled. The most
intensely absorbing point in the 408 onm absofbance spectrum is
referred to as the maximum of the visible absorbance profile. Other
points in the spectrum which represent local maximums are referred ﬁo
as secondary maxima. Similarly, the highest peak in the histogram is
the maximum of the vanadium profile and local maximum peak heights
are referred to as secondary maxima. For all of the samples studied
with the SEC columns the visible absorbance (408 nm) and histogrammic

vanadium profile have parallel shapes.

The Boscan asphaltene has fairly uniform visible absorbance and

vanadium profiles over the range from 8000 daltons to 380 daltoms,
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with the maximum absorbance for both spectra occurring at 380 daltons
and a secondary maximum at 8000 daltons. As can be seen from Figures
8, 9, and 10 this behavior is unique to Boscan asphaltenes. It should
also be noted that in all four asphaltenes very little vanadium is
present at molecular weights greater than 10,000 daltons. The wvanadyl
compounds which eluﬁe with molecular weights greater than 2000 dal-
tons probably do not represent single molecules, but associations of
various vanadyl compounds with asphaltene micelles. Such‘a view of
the high molecular weight constituents of asphaltenes 18 consistent
with both the Dickie and Yen and the Boduszynski theories of asphal-
teﬁe structute.28'40’41 We_expected from the.structural differences,
~ which are bélieved to exist between the maltene and asphaltene fraé-
tions, that thé maltenevabsorbances would be skewed toward lower
molecular veighté than the asphaltenes. The Boscan maltene meets this
expectation with maximum absorbances at 2000 daltons and a secondaiy
peak maximum at about 380 daltona.. These lower molecular weights in
the maltenes can either be explained in terms of smaller molecules in
the resins, as-is predicted from the Dickie and Yen model of asphal-

28

tenes and resins, or weaker associations between resin molecules

than between asphaltene molecules, as is expected from the Boduszyn-

40,41 The extract .of the asphaltene

skl description of asphaltenes.
has a single peak maximum at about 380 daltonms. Since 380 is too low
a molecular weight to represent vanadyl porphyrins with alkyl substi-

tuents, the extracts were selected for study as a possible source of

vanadyl non-porphyrins.
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The results of the SEC-HPLC—GFAA analysis of Cerro Negfo asphal-
tene, maltene, and extract are given in Figure 8. For the asphaltene
the maximum absorbances for both the visible and the vanadyl profiles
afe at 8000 daltons. Both absorbances then decrease in intensity at
the lower molécular weight regions. Faint peaks can be observéd at
2000 and 900 daltons and a stronger peak is present at 370 daltons.
Features of the visible spectrum are more distinct than those of the
Boscan asphaltene, since the Cerro Negro sample requires less dilu-
tion to keep the vanadium signal on scale. The maltene sample shows
a strong maximum at 2000 daltons and a significantly weaker peak at
about 370 daltons. The spectra of the extract are similar to those
of the Boscan extract, with maximum vanadium»peak heights aﬁd visible

absorbances at 380 daltons.

Figure_9 shows the experimental results for the visible absor-
bance and vanadium profiles in the Wilmington samples. Since the-
vanadium levels in Wilmington are significantly lower than for the
Boscan and Cerro Negro petroleums, it was not possible to find a
dilutioﬁ which gave both an on scale visible absorbance and aﬁ on
' scale vanadium histogram. Samples were run at two dilutions and the
resulting chromatograms were combinéd to facilitate study of thé
vanadium distribution. Like the Cerro Negro asphaltene, the Wilming-
ton asphaltene has a maximum absorbance at 8000 daltons, but the
visible absorbance and vanadium concentration both drop off more
rapidly with decreasing molecular weights than they do in the Cerro

Negro asphéltene. The maltene visible absorbance has a maximum at
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about 2000 daltons (truncated in the figure) and dfops rapidly with
lower molecular weights. The vanadium histogram for the maltene is
almost identical to the histogram of the asphaltene at molecular
weights below 3006. The visible absorbance spectra of the extract
has peak maxima at 1000 and 380 daltons. Maxima in the vanadium his-
tograms of the extract and maltene have relative magnitudes which are
the opposite of thg relative magnitudeé of.the corresponding visible
absorbance maxima. This 1is especially noticeable with the extract;
the most intense visible absorption is at a molecular weight of 1000,
while the vanadium histogram at this point has only a broad shoulder.
The maximum peak height in the histogram is at 380 daltons and coin-
cides with.the secondary maximum in the visible spectrum. The pres-
ence of vanédium in the e?tract at molecular weights greater than

2000 daltons is unique to the extract of Wilmington asphaltene.

The molecular weight distribution of .vanadium in Prudhoe i;y
crude petroleum fractions is give in Figure 10. In the asphaltene
the maximum visible absorbance and maximum vanadium peak height are
at 7000 daltons. Visible absorbance decreases at lower molecular
weights without exhibitting any secondary maxima. The vanadium pro-
file has a dramatic drop in intensity at molecular weights below 7000
daltons and a small peak at 380 dalﬁons. With its maximum absorbance
at 2000 daltoms, the visible spectrum of the Prudhoe Bay maltene is
very similar to that of the Cerro Negro maltene. The maximum height
of the vanadium profile lies at 6000 daltons and does not correspond

to a visible absorption maxima. With a single maximum at 380 daltons
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for both the visible absorbance and vanadium profiles, the Prudhoe

Bay extract is similar to the extracts of the Venezuelan petroleums.

Figure 11 shows the visible absorbance and vaﬁadium profiles of
the extracted asphaltenes. The most intense absorbances are still at
molecular weights of about 8000 daltons, but the visible absorbance
and- vanadium profiles have more prohounced decreases invintensity at
lower molecular weights than do the whole asphaltenes. Polar extrac-
tion clearly has the greatest effect on the lower moleéular weight

vanadyl compounds.

Table 5 is a numerical summary of the preceding 5 figures. The
vanadium distribution 1s given as the percentage of the total vana-
dium present in a fraction that is found in a given molecular weight
range. These percentages are calculated from the output of the digi-
tal integrator which processes the signal from the GFAA. The peak
heights in a given molecular weight regién were sumhed aﬁd then
divided by the total peak height of the histogram, as calculated by
the digital integrator. The values in Table 5 are based on between
thrée and five SEC-HPLC-GFAA analyses per fraction. Several trends,
which appear to be correlated with the asphaltene content of the
heavy crude petroleum, can be observed in the various fractions of
the petroleums. Boscan asphaltene has the most uniform distribution
of vanadyl compoﬁnds aQer the four molecular weight regions and is
also the most asphaltenic petroleum. As the petroleums become less
asphaltenic their respective asphaltenes have vanadium distributions

which 1increasingly favor the higher molecular weight region. 1In
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Prudhoe Bay asphaltene, which oniy accounts for‘3.7 percent of the
mass of the whole crude petroleum, 56 percent of the vanadium is
present at molecular weights greater than 2000 daltons. This com-
pares with only 33 percent in the same region for Boscan asphaltene.
For the malteﬁes the trend is toward greater vanadium concentration
in the two middle molecular weight regions for the less asphaltenic
petroléumé. A likely explangtion for this is that there are certain
compounds in the petroleums which will always be precipitated by
forty volumes of pentane. These large compounds may be considered
the backbone of the asphaltene. In addition to these compounds there
are compounds which interact either chemically or stericlf with the
preéipitating ~compounds. These 1latter compounds will come out of
solution with the backbone compounds; Since tﬁis action is basically
an entrapment of molecules in the precipitating asphaltenes it should
have the greatest effect on small;-lov molecular weight compoundé.
In Prudhoe Bay crude petroleum the distribution of vanadium retained
in the maltenes reflects this behavior; vanadium has principally
been removed from the very high and very low molecular weight
regions. In the highly asphaltenic petroleums, such as Boscan, there
is a greater supply of the backbone asphaltene compounds, making it
possible to entrain vanadyl compounds from the entire range of molec-
ular wéights. This is shown by the uniform intensity of the vanédium
profile of the asphaltene (see Fig. 7) over the range from 8000 to

400 daltons.



Table 5. The Percent Valmadiun in Each Molecular Weight Category of Vanadyl Compounds
In the Four Heavy Crude Petroleuns and their Asphaltenes, Maltenes,
Polar Extracts, and Extracted Asphaltencs by 50/100/1000 { SEC-HPLC-GFAA Analysis?

BOSCAN CERRO NEGR) WILMINGTON PRUDHOE BAY

b <2000 <900 <2000 <900 <2000 <900 <2000 <900

Molecular Weight 22000 >300 2400 <400  >2000 »>900 »400 <400  >2000 »900 »400 <400 »2000 >9300 »400 <400
wWhole Crude Oil 28 20 22 29 N 22 20 26 31 29 23 17 28 23 19 30
Asphaltene 3319 19 29 34 16 16 34 _37 16 1.7 30 56 15 12 17
Maltenes 29 4 27 2 33 26 25 16 18 32 32 17 23 34 30 13
Polar Extract 0 4 31 65 0 5 26 69 9 14 25 52 () 0o 13 87
Extracted » .

Asphaltene 58 16 15 1" 59 15 12 14 80 10 8 2 85 8 - 4 4

(a) Percentage oOf total vanadium determined by method of summing peak heights digitized with an integrator
for the molecular weight region designated. The molecular weight regions were determined by the
calibration curve in Fiqure 3..

{b) Daltons

<9
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Further support for the ihclusion of lower molecular weight mal-
tene compounds in the aéphaltene matrix is provided by the visible
absorbance and vanadium histogram maxima of the aséhaltenes and mal-
" tenes 1in Figures 7 - 10. The peak maxima below 400 daltons is
preseﬁt in both the maltenes and the asphaltenes of all four petrole-
ums . In addition, several of the petroleums show corresponding max-
ima in the chromatographs of the asphaltenes and maltenes at moiecu—
lar weights of wup to 2000 daltons. These corresponding maxima are
attribntedbto the presence of the same group of vanadyl compounds in

both the asphaltenes and maltenes.

In all four of the asphaltene extracts the majority of the vana-
~ dium eluted at less than 400 daltons and very little material.gluted
at greater than 900 daltons. The one‘exception to this is Wiimingtbn
extract, in which there was a small percentage of vanadium at molecu-
lar weights of over 2000 daltons. But even in Wilmington over haif
of the vanadium in the extract eluted in the lowest molecular weight
region. Fish and Komlen1c97 showed that low molecular weight vana-
d;um compounds  cou1d be extracted from all molecular weights in a
heavy crude petfoleum. As can be seen from Table 5 this is also true

of the asphaltenes.

The last line of Table 5 shows the vanadium distribution in the
extracted asphaltenes. Extraction removes vanadyl compounds princi-
pally from the three lower molecular weigﬁt regions. Comparing the
percentage of vanadium at molecular weights of over 2000 daltyns in

the asphaltenes with that in the extracted asphaltenes shows that the



Table 6. Vanadium Present in Each Molecular Weight Category of Vanadyl Compounds
In Asphaltenes and Extracted Asphaltencs by 50/100/1000 g SEC-HPIC-GFAA Analysis

BOSCAN _ CERRO NEGRO ’ WILMINGTON PRUDHOE BAY
grams V x 103 grams V x 10'1 grams V x 105 grarstiOs

<2000 <900 <2000 <900 <2000 <900 <2000 4900

a
Holecular Weight™ 22000 2900 »400 <400 22000 2900 v400 <400 22000 >900 >400 <400 »2000 900 >400 <400

Asphaltene

b

(weight 1)

Extracted 9
Asphaltene

(weight $)C

(a)

(c)

(@

Daltons

1.83 1.05 1.05 1,61 5.54 2.61 2.61 5.54 6.70 2.90 3.10 5.40 8.40 2.25 1.80
(33) (19) (19) (29) (34) (16) (16) (34) (37) (16) (17) (30) (56) (15) (12)

2,92 0.86 0.76 0.55 8.67 2.21 1.76 2.06 11.8 1,48 1.18 0.30 8.60 0.82 0.41
(58) (16) (15) (1) (59) (15) (12) (14) (80) (10) (B) (2) (B5) (8) (4)

(b) Grams of vanadium calculated fram the mass of the asphaltene sample, the ppm vanadium in the sample as

determined by x-ray fluorescence spectroscopy, and the weight percent of the total vanadium present in
the sample as determined in footnote (c). )

Percentage of total vanadium determined by method of suming peak heights digitized with an integrator
for the molecular weight region designated. The molecular weight regions were determined using the )
calitration curve in Fiqure 2,

Grams of vanadium calculated from the mass of the extracted asphaltene sample, the ppm vanadium in the
sample as determined by camparative GFAA cup analysis of the asphaltenes and extracted asphaltenes, and
the weight percent of the total vanadium present in the molecular weight category as determined in
footnote (c).

2.55
(17

0.41
4)

L9
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percentage of vanadium in this region increases by 20 to 30 percent
for all four extracted asphaltenes. Considering the small percentage
of the asphaltenic vanadium which is removed in the extraction, this
is a very large increase. Table 6 shows a mass balance of the. vana-
dium present in the asphaltenes and the extracted asphaltenes. The
numbers in parentheses are taken from Table 5. The grams of vanadium
present in the asphalteﬁe are calculated from the ppm vanadium in the
Asphaltene as measured by x-ray fluorescence spectroscopy, the per-
centages given in Table 5, and the masé of the asphaltene sample.
The grams of vanadium in the extracted asphalteme were calculated in
the  same  way as for the whole asphaltene, except that the ppm vana-
dium was determined by comparing the GFAA cup analysis peak heights
of the asphaltené andﬁextracted asphaitene. In the moiecular weight
region over 2000 daltons there 1is actually more vanadium present in
the extracted asphaltene than in the vhp;e asphaltene, while in the
three lower molecular weight region there is substantially lesé vana-
dium 1n the extracted asphaltene. Evidently the extraction process
concentrates vanadyl compounds.in the higher molecular weight region
és well as removing them from the asphaltene matrix. Some of this
transfer of vanadium from low to high molecular weights can be attri-
buted to effects associated with dissolving the precipitated asphal-
tenes 15 xylenes. To examine the extent of this effect a Boscan
asphaltene sample was dissolved in xylenes, agitated, and then
recovered by distilling off the xylenes. When this sample was
analyzed on the SEC-HPLC-GFAA system, the vanadium concentration in

the greater than 2000 dalton region was found to have increased from
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33 percent of the total vanadium present in the sample to 43 percent
of the total vanadiuﬁ, while the coﬁcentration in the less than 400
dalton region dropped by the same amount. However, even when no
vanadium is extracted, this shift to higher molecular weights is only
sufficient to account fér a little overvhaif of the increase in vana-
dium concentration at molécular weights of over 2000 daltons in the

extracted asphaltenes.

It appears that during the pyridine-water extraction there.is a
competition for low_molecular weight vanadyl compounds between pyri-
dine and the large'asphaltene molecules. Some of the vanadyl com-
pounds which are initially coordinated by pyridine are éubsequently
entrapped by high molecular weight asphal;ene molecules. Based on
the results of Fish ahd K.omlenic,97 which proVed that low.molecular
welight vanadyl compounds were extracted from even the highest molecu-
lar weight region, it seems likely that some low molecular weiéht
vanadyl compounds are actually extracted from high molecuiar weight
complexes. The ’extraction of these compounds is concealed by the
large amount of re-entrapment of loy molecular weight compounds
extracted from the three lower molecular weight regions. In the
heavy crude petroleums, a noticeable amount of re-entrapment of the
extracted low molecular weight vanadyl compounds is prevented by the
dispersion of the high molecular weight asphaltene micelles in the

maltenes.
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3 F. Amino Column (Normal Phase) Analysis of Polar Extracts by HPLC-

(2]

As mentioned in the presentation of the SEC analysis results,
the polar extracts of the asphaltenes were studied beﬁause thé SEC
| analysis 1ndicéted that they contained a large percentage of low
molecular weight  vanadyl non—poréhyrins. These extracts ' were
analyzed using a bonded phase, amino column with the HPLC~GFAA sys-
tem. This 'columﬁ separates samples on the basis of polérity; low
polarity compoundskpass quickly through the column, while the more
pblat compounds 1interact with_ the amino groups on the packing and
elute later. One disadvantage of using a polar column is the possi-
bility that highly polar compounds may iqteract with the amino
.groués strongly enough to become ifrevefsibly bbund td 'the.’packing.
In this analysis a solvent gradient from hexane to methylene chloride

was used to enhance separation.

Figures 12 through 15 show the results of HPLC-GFAA analysis of
the polar extracts using the amino column. The forma£ of the figures
18 the same as that for the SEC results; the upper, continuous 1line
is the visible absorbance spectra and the lower, histogrammic output
is the metal concentration as detected by the GFAA. At the top of
each Figure is a calibration spectra, which is a composite of several
calibration runs using metallo-organic standards. Visible absorbance
was set to maximize the absorption of the model compounds; vanadyl
porphyrihs were detected at_408 nm and the vanadyl non-porphyrin

standards were run at 300 nm. As can be seen on the calibration
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spectrum, vanadyl octaethy}porphyrin and vanadyl etioporphyrin have
identical fetention times on the amino column. At 408 nm two large
_peaks are observed in the visible spectrum of the polar extracts.
When UV-VIS 'deteciién is set at 320 nm another peak is visible just
beyond the solvent front. These three peaks have retention times §f
2 to 14 minutes, l4 to 22 minutes, and 22 to 28 minutes. For con=-
venience they are referred to as peaks one, two, and three respec-

tively. Only peaks two and three are associated with vanadium.

Polar extracts were dissolved in pyridine before injection into
the HPLC system. Pyridine was selected because it was one of the
solvents used in the extraction and it easily dissolved the _dried
extracts. Tests with the model vanadyl compounds demonstrated that,
despite its strbng affinity for metallo-organic vanadyl compounds,
dissolution in pyridine .produced no change in retention time when
compared with standards dissolved in methylene chloride or methanoi.
When nickel standards were dissolved in pyridine it was found that
some of the injected standard eluted with the solvent peak. Because

of this the amino column was not run with the GFAA equipped for

nickel detection.

Figure 12 shows the results of amino column analysis of Boscan
and Cerro Negro extracts. In Boscan extract the second peak has the
most intemnse visible absorption and vanadium histogram. The third
peak 1is split into doublets with maxima at approximately 24 and 25
minutes. Rapid scan UV-VIS spectra were taken of all three peaks and

are shown in the left column of Figure 13. Peak one (t = 7 min.) has
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only a very slight peakfaﬁ 408 nm, which is too weak to be assigned
to a vana&yl porphyrin, and features a strong background absorbance
at lower wavelengths. Peak two (t = 18 min.) has a typical wvanadyl
porphyrin spectra with an intense Soret bana'at_408 nm and secondary
absorptions at 530 and 570 mm. The retention tiég of_”tbis peak
corresponds well with. the model vanadyl porphyrin compounds. Peak
three has a UV-VIS spectrum featuring bﬁth porphyrinié and non-
porphyrinic absorptions. The retention time of this péﬁk is close to

the retention time of the vanadyl non-porphyrin'standards.

?he lower half of Figure 12 shows the results frém the Cerro.
Negro extract. Peak two is shorter: than peak three,'which.ié almost
entirely compésed of the first peak of the doublet. The right colump
of figure 13 shows the rapid scan UV-VIS spectra of the thfée»peéks
of the Cerro Negro extract. Peaks one and two are similar to the
corresponding peaks in Boscan. In peak three, UV-VIS spectra were
taken of both parts of the double;. ‘The first half of the doublet (t
= 23.5 min.) has a porphyrin absorption profile which is almost
identical to peak two, but twice as intense, while the second half of
the doublet appears to be predominantly non-porphyrin. None of the
moéel vanadyl porphyrins available in this study have retention times
matching the vanadyl porphyrins detected in peak three. Close exami-
nation of the spectra of this vanadyl porphyrin at 570 mm reveals
that the absorption is broadened to include wavelengths over 590 nm.
This indicates that vanadyl rhodoporphyrins may be present among the

unidentified vanadyl porphyrins.so
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Results for the extracts of Wilmington and Prudhoe Bay asphal-
tenes are shown in Figure 14. Even at 408 nm, both of these extracts
show some absorption at peak one (retention time of 6 to 10 minutes).
In both of these extracts the second peak is less intense relative to
the third peak than it was for the two Venezuelan petroleums. This
tendency for peak three to dominate the visible spectra 1is especially
pronounced with Prudhoe Bay. Peak three is also a doublet in these
two extracts; in Wilmington the two halfs have almost equal inten-

'sity, but in Prudhoe Bay the second half dominates. All of the rapid
scan spectra for these two extracts (see Fig. 15) feature strong
background absorbances at ioder wavelengths. Several of the spectra
have peaks near 408 nm, but there is no evidence of secondary absorp-
tions at 530 nm or 570 nm. Prudhoe Bay'extraét shows almost no evi-

dence for the presence of vanadyl porphyrins.

In summary, there are a few general tendencies which can -Bev
observed in the spectra as the asphaltene content of the parent
petroleum decreases. Going from Boscan to Prudhoe Bay, the porphy-
rinic, second peak decreases in' size, while peaks one and three
increase. .Within peak three, lower asphaltene content is associated
with an increase in the relative intensity of the second half of the
doublet. Also, the purity of the vanadyl porphyrins in peak two
declines and the vanadyl non-porphyrin character of the third peak
increases with decreasing asphaltene content. Vanadyl compounds are
divided 1into three classes by the amino column: peak two contains

vanadyl porphyrins with elution times corresponding to the vanadyl



Table 7.

Boscan
Cerro Negro

Wilmington
Prudhoe Bay

(a) Percentage of total vanadium determined by method
of summing of peak hcights digitized with an
integrator for thc elution peak designated. -

Peak Two
(t = 14 to 22 min.)

59
58
49
33

The Percent Vanadium in Each Vanadium Containing
Peak Eluting from the Amino Colum?®

Peak Three
{t = 22 to 28 min.)

41

42

51
67

8L
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porphyrin standards; peak three coﬁtains Vanédyl non-porphyrins and
vanadyl compounds with porphyrinic spectra which do not coinqide with
the retention times of any of the model vanadyl porphyrins available
in this studf; The distribution of vanadium between peaks two énd
three 1is givén in Table 7. The ﬁercentages given in Table 7 reflect
the correlation between low asphaltene content and high vanadyl non-

porphyrin concentration.

Reverse phase analysis of the polar extracts was performed on an
octadecylsilane column (C,q), using a solvent gradient from a mixture
of.méthylvalcohol and water (3:1 v/v) to 100 percent THF. On this
coluﬁn the nonpolar compounds interact most with the packing and the
most polar compounds elute first near the solvent peak. Because of
the weak interactions between the reverse phase column and the sample
there is little dangef of sampie loss on the column and compounds
that may have been trapped on the amino column are easily eluted.
Figures 16 through 21 show the results of the reverse phase HPLC~GFAA
analysis. At the top of each figure is a composite chromatogram of
the metallo-organic standards. Since the most polar compounds elute
first on thié column, the polar, vanadyl non-porphyrin standards
elute near the solvent peak and the vanadyl porphyrin standards are
the lést to be eluted. Preliminary tests with vanadyl and nickel
model compounds demonstrated that the retention times of both groups -

~of standards were unaffected by the use of pyridine as the injection

solvent. Metal analysis was therefore made using the GFAA for both
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vanadium (318.4 mm and nickel (232.0 nm) detection.

Figure 16 shows the UV-VIS absorption and vanadium and nickel
histogram profiles of the Boscan extract. In the top third of the
figure is the composite chromatogram of the metallo-organic stan-
dards. The middle third of Figure 16 shows the visible absorption at
408 nm and the vanadiqm bisfogram. ‘The lower third shows the UV
absorption at 320 nm and the nickel histogram. As was true of the
SEC results, the 408 nm absorbance closely pérallels the vanadium
concentration. The profilés are easiest to understand in terms of
three peak areas: the first, or solvent peak, extends from about two
to four minutes retention time; the second peak extends from about
four to 22 minutes; and the third peak extends fromvabout 22 to 30
minutes. The sol?ent peak 1is associated with the vanadyi non;-
porphyrin standards and in Boscan extract only four percent of the
vanadium is associated witﬁ it. Unfortunately this peak was too na;—
row to analyzed with the rapid scanning UV-VIS detector. The second
peak represents 60 percent of the vanadium and has several small
peaks within {it, which possibly represent the members of a homologous
series. Figure 18 sghows a rapid scan UV-VIS spectrum taken at the
center of this peak; it is clearly vanadyl porphyrinic, but does not
coincide with the retention times of any of the model vanadyl porphy-
rings. The 320 nm spectrum has a maximum near the leading edge of
peak two. This peak 1s found in the spectra of all four of the
extracts and is not associated with vanadium or nickel. Peak three

contains 30 percent of the vanadium and corresponds with the reten-
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ﬁion times of the model vanadyl and niékel porphyrins; it has strong
 absorbances at both 408 mm and 320 nm. The rapid scan of ﬁeak three
(see Figure 18) shows both vanadyl porphyrinic and vanadyl non-
porphyrinic behavior. Nickel is concentrated almost entirely near the
solvent peak, butv8 percenﬁ of the nickel elutes with peak three at a
retention time comparable with that of nickel etioporphyrin. The
nickel hiétogfam near the solvent peak has been truncated in the fig-
ure because the histogram was far offscale at this peak. This was
also done with the nickel histograms of ﬁhe three other asphaltene

extracts .

) Figute 17 shows the chromatogramsbof the Cerro Negro extract.
The electronic absorbance and vanadium and nickel profiles are simi-
iar to the Boscan results, but.differ in the rélative magnitudé of
the peaks. Absorbance at 320 nm in the leading edge éf peak two 1is
.larger relétive to the third peak and at 408 nm the smaller peaks
within the second majotkpeak are less distinct. The percentages of
vanadium in peaks one, two, and thrée‘ate 17, 68, and 15 percent,
respectively. Nickel 18 concentrated almost entirely in peak one,
with one percent of the nickel eluting in each of the remaining
peaks. Rapid scan data for the Cerro Negro extract shows that it is

similar to the Boscan extract, but less porphyrinic (see Figure 18).

The results for Wilmington extract are given in Figure 19. At
408 nm the second peak is much weaker than the third peak and in peak
three the UV absorbance at 320 nm is more intense than the absorbance

at 408 nm. Rapid scan analysis (see figure 21) shows only a slightly
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vanadyl porphyrinic ‘character. Wilmington has both the highest
nickel concentration and the most unique nickel profile of the four
asphaltenes; although 67 percent of the nickel is still eluted near
the solvent peak, 33 percent elutes with peak three at a retention

time that is consistent with the model nickel porphyrin.

The results for the Prudhoe Bay extract are given in Figure 20.
The 408 nm and 320 nm absorbance spectra and vanadium histogram are
similar to the Wilmington results, but the .diminishing of the second
peak at 408 nom and the 1nc£eased intensity of the 320 nm spectrum
relative to the 408 nm spectrum are more pronounced. The rapid scan
results in Figure 21 show that there is very little vanadyl porphyrin

character in peak two and no porphyrinic character in peak three.

In general, the reverse phase column appears to separate vana-
dium into four classés.> Peak one contains a small amount of vanadyl
non-porphyrins. Peak two contains vanadyl porphyrins which are not
among the standards available in this study. Peak three contains two
classes of compounds; vanadyl porphyrins with retention times similar
to the model vanadyl porphyrins and vanadyl non-porphyrins with
absorbances in the ultraviolet region. Nickel compounds are predog—
inantly non-porphyrin, with the exception of about a third of the
nickel in the Wilmington extract. As was true of the amino column
results, there are general features of the profiles which change with
the asphaltene concentration of the parent petroleum. High aspha;-
tene petroleums have Qtrong visible absorbance and high vanadium con-

tent in peak two. Rapid scan UV-VIS spectra of these petroleums show
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strong Soret bands. The extracts of petroleums wifh lowerraééhaltene
contents ha#e strong absorbances at both 320 nm and 408 _ﬁm in the
third peak. The rapid scans of these extracts have little vanadyl
porphyrinic character. Metal distribution among the three peéks: of
the chromatoérams is given in Table 8. The percenﬁage of vanadium
eluting in peak two with the unknown vanaayl porphyfin compounds is
" not as strongly 1;fluenced by_the’asphaltene content of thg.parent
petroleum as the known vanadyl porphyrins in the second peak of the
amino column analysis were. Peak three, which coincides with the
retention time of the vanadyl and nickle porphyrin standards as well
as showing vanadyl non-porphyrin behavior, does not have as con-
sistent a reiationship between the percentage of vanadium present and’
the aéphaltene' content of. the source petroleum. This behavior is
probably the result of the dual nature of the compounds eluting . in.
this peak; the concentrationiof vanadyl porphyrins decreases with
decreasing asphaltene content while the concentration of vanadyl

non-porphyrins increases.

3 H. Extraction of Prudhoe Bay Maltene by Column Chromatography

.Since asphaltenes were found to be richer in vanadyl porphyrins
than the whole crude petroleums, a Prudhoe Bay maltene was extracted
by column chromatography in an attempt to 1isolate a ‘vanadyl non-
porphyrin fraction. Figure 22 shows the.UV-VIS spectrum of this mal-
tene extract. The maximum absorbance is at 270 nm and there are no
weak Soret bands present. Analysis with the GFAA confirmed the pres-

ence of vanadium in this vanadyl non-porphyrin extract. When the
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Table 8. The Percent Vanadium and Nickel in Each Peak Eluting from

the Reverse Phase Coli a,b

T™wO : Peak Three

Peak One Peak
(t=2tod4min.) (t=4to22mn,) (t=22to 30 min.)
v N vV N : vV N
Boscan 4 92 66 0 30 8
Cerro Negro 17 98 68 1 | 15 1
Wilmington 9 67 66 0 | 25 33

Prudhoe Bay 18 99 58 0 24 1

(a)

(b)

Percentage of total vanadium determined by method of suming peak
heights digitized with an integrator for the elution peak designated.

Percentage of total nickel determined by method of summing peak
heights digitized with an integrator for the elution peak designated.

06
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extract was run on the reverse phase column, it eluted with thé third
peak at a retention time correspondiﬁg to the unknbvn vanadyl non-
porphyrins observed during reverse phase analysis of the sqlvent
gelective extracts. ESR ﬁnalysis show3‘that: the vanadium in ‘this
fraction 1is coordinated by four sulfur atoms.w6 fhe absorbance peak
at 270 nm resembles the absorbance of the Boscan chromatographic
extract at that wavelength. " Since there are vanadyl éorphyrin com-
pounds which are common to a11 four crude petroleums, it is reason-
able to expect that there are classes of vanadyl non-porphyrins which
are also present in all four crude petroleums. The UV-VIS spectra of
the Boscan and Prudhoe Bay asphaltene chrom;tographic-extracts are

consistent with this hypothesis.

3 I. Rapid Scan UV-VIS - SEC-HPLC-GFAA Analysis

Figure 23 shows a series of rapid scan UV-VIS specﬁra of a Bos-
can asphaltene during SEC-HPLC-GFAA analysis. This represents the
first time that such an analysis of an asphaltene has been made. The
" molecular weights given for the various retention times are taken
from Figurev6, The 50 2 - 100 g - 1000 8 SEC column calibration
curve. At high molecular weights there is only a slight peak at 408
nme. As the molecular weight of the compounds surrounding the vanadyl
ion decrease, the'background absorbances decrease and the peak at 408
nm becomes much more clearly defined. This change occurs 'gradually
with increasing retention time until finally, at 55 minutes, the
spectrum is definitely metallo-porphyrinic. The peak at 408 nm 1is

clearly a Soret band and weak side bands appear between 500 and 600
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Figure 22, Electronic Spectrum of Vanadyl Non~Porphyrin Extract
of Prudhoe Bay Maltene.
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nm. This gradual increase in the clarity of the Soret band shows
that it ‘is indeed a Sorét band which 1is bareiy observable over the
strong background absorbances of the 2000 dalton asphaltene
molecules. When. the asﬁhaltene molecules surrounding the vanadyl
porphyrin are smaller, they have less intense visible absorbances and
the Soret band appears to be felaﬁively more intense. This result
shows that vanadyl porphyrins account for a greater perceﬁtage of the
vanadyl compounds present in petroleum than has been previously
reported. The entrapment of some vanadyl porphyrins im lgrge asphal-
tene molecules has prevented them from being detected by standard

acid de-metallation or solvent selective extraction techniques.

The most intensely porphyrinic spectra in Figure 23 occurs'at a
retention time which should correspond to a molecular weight of only
270 daltons. This is physically impossible. It 1is evident that,
even though the calibration curve was derived from model vanadyl poi-
phyrins, it does not accurately represent the retention times of
vanadyl porphyrins injected with the complete asphaltene matrix. This
means that the extracts are not as highly non-porphyrinic as was ori-~
ginally assumed from the SEC results, although the normal and reverse
phase analyses do establish the presence of vanadyl and nickel non-
porphyrins in the extracts. Further evidence of the extraction of
vanadyl non-porphyrins is provided by the percentages of vanadium
extracted from each aséhaltene; the least porphyrinic asphaltenes

show the greatest percentages of vanadium removal during extraction.
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This analysis also casts doubt on the accuracy of many molecular
weighﬁ studies in the literature, in which it has been common to use
polystyrgne standards or model compounds to calibrate analytical

COlumnS .28’32’85’86

Despite ghe inaccuracy of the calibrétion curve, the relative
distribution of vanadyl compounds beﬁween the four molecular Veight
regionslis still Qalid, since, even though the true value of the
ﬁolecular weights selected as the boundaries between the regions was
uncertain, the size of the regions was cbnstant and the order of mag-
nitude of ﬁhe molecular weights was correct. The SEC-HPLC~GFAA
analysis is still an accurate means of making comﬁarisons between.

asphaltenes and their components.



CHAPTER 4

Discussion

4 A. Asphaltene Structure

One of the major difficulties 1in asphaltene research 1is the
vafiation among definitions of what is being studied. Although it is
generally accepted that asphaltenes are the material which is precip-
itated from d'petroleum by forty volumes of pentane, hexane, or hep-
tane, there is a great variety in the methods of performingvthe pre-

cipitation.26

Variations in the reported precipitations involve:
degree or absence of heating of the solution; time allowed for» pre-
'cipitation, amounﬁ or absence of centrifugation, and the uée of
further re-precipitatibns of the asphaltene. All of these variations
in the precipitating procedﬁre can effect the nature of the aséh;i-
tenes that are removed from the petroleum. Some of the differences
in the asphaltenes are easily noticed. The choice of the precipitat-
ing solvent has a noticeable effect on the mass and aromaticity of -

34 If centrifugation i1is wused to

the asphaltenes precipitated.
gseparate the precipitated material, the speed an& duration of the
centrifugation affects the ppm of vanadium in the collected asphal-
tene.33 The temperature at which the precipitation is performed has
subtler effects on the asphaltenes produced; the total weight may

remain relatively unaffected, but slight variations in the carbon to

hydrogen ratio suggest that the composition of the precipitated

96
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asphaltene may have Qaried.36 In éddition, some researchers re-
precipitate their asphaltenes to remove any maltenes which may have
become entrapped in the asphaltenes.27'57 Since asphaltenes are
defined as a solubility class, such a secondary precipitation may
remove more material and produce an asphaltene with a higher average
ﬁolecular. weight, but whether the remaining material is therefore
inherentlyvmore asphaltenic dependg more on how the researcher

defines an asphaltene, than on any inherent physical basis.

Iﬁ this study the precipitating conditions were kept gentle to
_miﬁimize secondary effects. Thé petroleums were added to forty
volumes of pentane at " room temperature and gently agitated . for
twenty-fou; hours. After agitation, the asphaltenes were separated
by filtration énd washed until the‘rinée solvent was clear. The one
variation in precipitating conditions Vhich we investigated was the
ratio of the. volume of precipitating solvent to the vblume of
petroleum. As mentioned in the results of the precipitatioms, both
ten to one and forty to one volumes of pentane to petroleum were
used. Within.experimental error, the amount of material precipitated
remained constant with the variation in solvent volume, but the vana-
dium concentration of the precipitated material was noticeably lower
in the asphaltenés from the forty to one volume precipitation. The
distribution of vanadium in the SEC-HPLC-GFAA analysis was relatively
unaffected by the volume of penténe used in the precipitation. These
results lead to two conclusions about the nature of the vanadyl com-

pounds which are not incorporated in the forty to one precipitated
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asphaltenes. ' Since a four-fold increase in solvent volume increased
their solubility in éentane and because their absence did not greatly

affect the mass of collected asphaltenes, these_céﬁpounds are rela-
tively low (less than 1000 daltoms) holécular weight metallo-organic
- vanadyl compounds. Also, since the SEC vanadium profile was viitﬁ-
ally unaffected by the reduction in vanadium concentration, the Ilow
molecular .wéight vanadium cémpOunds must be associated with aSphal;
tene éonstituents which cover the entire range of ﬁolecular ‘weights
" present in the asphaltenes. This distribdtion of low molecular
weight vanadyl compounds within high molécular weight asphaltene
structures 1is consistent with the Yen model of asphaltenes (see Fig.
1)28 and the work of Fish and Komlenic,97 which‘.demonstrated that
lower molecular weight vanadyl compounds'could be extrécted from the
entire range of molecular weights present in the whole heavy crude

petroleums. : ) - -

The results of the extraction experiments give further insight
into the complicated nature of the asphaltenes. Vapor pressure
osmometry (VPO) studies of asphaltene molecular weights have demon-
strated that the degree of association between asphaltene molecules
1s strongly influenced by the polarity and functionality of the sol-
vent used in the measurements.38 An_equilibrium apparently exists
between the interactions of asphaltene molecules with each other and
with the solvent. In the whole petroleum the resins form a very com-
plex solvent in which the asphaltenes are dispersed. When asphaltenes

are precipitated the asphaltene-~resin interactions become weakened
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and the asphaltene-asphaltene interactions dominate, forming larger
micelles. This view of the mechanisms OCCurriﬁg during precipitation
is supported by the resultslof -the extraction experiﬁents of the
whole petroleums and thé asphaltehes.. Fish ahd.Komlenic:reportgd the
removal of 50 to 87 percent bf the vanadihm_ pfesent in fhé whdie
petroleum and SEC-HPLC-GfAA anélysis showed that vanadyl compounds

had even been extracted from compounds with molecular weights greater
than 2000 daltons.97 -SECfHPLC-GFAA analysis of precipitated asphal-
tenes and maltenes has established that compounds in thaﬁ high molec-
ular_weight region.are primarily asphaltenic. Extraction of the pfe-
cipitated asphalténes-removed only 5 to 18 percent rof the vanadium
present. Furthermore, SEC-HPLC-GFAA analysis of the extracted
asphalteﬁes faiiéd to show a reduction of iﬁ the_amounﬁ of vanadium
present at molecular weights over 2000 daltons. The existence of
larger micelles in the precipitated asphaltenes accounts for the
differences in behavior. Xylene ;s not sufficiently polar to disrupt
the larger asphaltene micelles formed during precipitation, so in
éffect there 1is 1less "surface area" from which to extract asphal-

tenes.

Although less vanadium is removed from the precipitated asphal-
tenes, the solvent selective extraction of vanadyl compounds does
reveal that not all of the vanadyl compounds are equally attracted by
the asphaltene moleculese. Both the normal phase and the reverse
phase HPLC~GFAA analysis of the asphaltene extracts showed that the

concentration of vanadyl porphyrins was much higher in the asphaltene
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extracts than in the extracts of whole crude petroleums. This affin-
ity of vanadyl porphyrins for the asphaltene micelles probably
results from the aromaticity of the porphyrin ring. Normal and
reverse phase HPLC-GFAA analysis of the four asphaltene extracts
also demonstrated that asphaltene concentration is related to vanadyl
porphyrin concentration; the asphaltene extrécts from the most
asphaltenic¢ petroleums have strongly' porﬁhyrinic_ UV-ViS spectra,
while the low asphaltene content petroleums show very weak porphyrin

character in their spectra.

Prudhoe Bay crude petroleum is the oldest petroleum analyzed in
this study. It also has thé lowest vanadium concentration, the
lowest a#phaltene content, and the lowest metallo-porphyrin concen-
tration §f the fdur petroleums studied. The mechanisms of vanadyl
porphyrin and asphaltene formation proposed by Radchenko offer ome
of this study suggest another explanation for the metallo-porphyrin
level in Prudhoe Bay. Speight has alluded to the possibility of

self-precipitation of asphaltenes from crude petroleums.29

During

the maturation of the heavy crude petroleums, the formation of
asphaltenes creates an ever increasing difference between the highest
molecular weight compounds in the petroleum and the lowest. Eventu-
ally a point may be reached at which the balance of oils, resins, and.
asphaltenes 1s not suitable for maintaining large amounts of asphal-

tenes in solution. At this point, some of the asphaltenes will pre~

cipitate to the bottom of the reservoir.22’43 Since the metallo-
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porphyrins interact stronglvaith the asphaltenes, many of them would
be removed from the petroleum duriﬁg such a self-precipitation.
Migration may also be a cause of low asphaltene and vanadyl porphyrin
concentrations, since micelles are believed to be left behind during

petroleum migrétion.63

4 B. Biogeochemical Information

The mechanisms responsible‘for the formation of nickel porphy-
rins, vanadyl porphyrins, -and asphaltenes are still poorly under-
stood. 'In an extensive review article, Radchenko attributed nickel
porphyrins to nitrogen rings derived from the original petroleum

"biomass and vanadyl porphyrins to pigments derived from the sulfur
bacteria responsible for secondary sulfurization of the.petroleum.23
The formation of asphaltenes was ascribed to the activity of sulfur
bacteria and other unspecified processes Sccutring during oxidative
phases in the diagenesis of the petroieums. Other researchers have
attributed the porphyrin rings of both vanadyl and nickel porphyrins
to pigments present in the original biomass of the petroleum.
According to this theory nickel porphyrins were predominant during
the early stages of maturation and were later converted to vanadyl
porphyrins.1 At present, the only complete structures determined for
both vanadyl and nickel porphyrins are consistent with an origin as
chlorophyll a and therefore support a ~common origin for both

metallo~porphyrin groups.72

The results of the present study are in agreement with a single

source for the porphyrin rings of vanadyl and nickel porphyrins.
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This is demonstrated by the Wilmington and Prudhoe Bay crude petrole-
ums, which .are relatively similar in sulfur and asphaltene content,
but differ greatly in age. Of these two petroleums Wilmington,.which
is the younger, has the higher concentration of nickel porphyrins.
Apparently, the conversion of nickel porphyrins to vanadyl porphyrins

is more complete in Prudhoe Bay petroleum.

Figure 24 shows the logarithm of the vanadium concentrations of
the whole petroleums, maltenes, and asphaltenes as a function of
asphaltene concentration. A siﬁilar figure prepared by Fish and Kom-
lenic for the whole petroleums showed that there was a linear rela-
tion between the logarithm of the vanadium cbncentration and the
asphaltene content of the petroleum.97 Since the correlation was
only based on four petroleums, it cannot be assumed thaf all petrole-
ums will conform to this relationship. It definitely can not be
exteﬁded»to light pettoleums,'since Radchenko’s review of petroleum
data established that there waé a dramatic difference in metallo-
porphyrin distribution between petroleums with less than 0.3 Z sulfur
and petroleums with higher sulfur contents.23  All fouf of thé
petroleums studied by us have sulfur concentrations of over one per-
cent. Since the ppm vanadium in the four petroleums correlated well
with the asphaltene concentration it was thought that the ppm vana-
dium in the asphaltenes would show the same correlation. As can be
seen in Figure 24, there is a definite pattern of increasing vanadiﬁm
concentration in the asphaltenes with increasing asphaltene content

of the the petroleum, although it is not as linear as the relation-
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Figure 24. Plot of Log Vanadium Concentration (ppm) Versus
Asphaltene Content for Boscan, Cerro Negro, Wilmington, and
Prudhoe Bay Asphaltenes, Petroleums, and Maltenes.
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ship for the whole petfoleums.r Vénadium.concentration in the mal-
- tenes also ghows a linear correlation with asphaltene content. ° The
fact that the vanadium concenggifion in botﬁ the maltenes and the
' asphaltenes shows a relationship with the asphaltene'dontent of the
whole petroléumé,‘ suggests'.that it may be incorrect to look at the
métal conéentration as a‘fuﬁction 6f aSphalténe content; rather it
may be more correct to say that metal content and asphaltene contént
are both functions'éf the composition and the aging of the petroleum.
This view is in agreement with research that indicates that the pri-
mary difference between the asphaltenes and the resins may be the
extent of condensation iﬁ thé asphaltenes énd that there are signi-
ficant functional‘similatities between the resins and asphaltenes of

individual petroleums.29»30

Fish and Komlenic also noted that the nickel concentration
réached a maximum at about 100 ppm.97 Work by Erdman and Harju has
also indicated that asphaltenes are saturated with respect to nickel
concentration at a lower concentration than the vanadium concentra-
tion.2’ If Fish and Komlenic had observed a true maximum nickel con-
centration as a function of asphaltene concentration, then this
saturation should also be evident in the precipitated asphaltenes.97
As can be seen from Figure 25, such a saturation behavior does appear
to exist in the four petroleums studied. The only deviations from
the results of Fish and Komlenic are the nickel concentration of

Wilmington asphaltene and maltene, which are higher than the nickel

concentrations of the Venezuelan asphaltenes and maltenes. This
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higher nickel concentration in Wilmington asphaltené is probably a
function of the high concentration of nickel porphyrins in Wilmington
petroleum. -Apparently the nature of the ligénds coordinating to the
nickel ion affects the saturation limit of nickel in petroleum; i.e.,
petroleums appear to be able to solvate higher levels of porphyrinic
nickel. This observation may have bearing on the correlation be;ween
vanadium concentration and asphaltene concentragion.‘ In‘ Boscan
asphaltene, which has the highest vanadyl porphyrin concentrationms,
the total vanadium concentr&tion and the percentage of vanadium
involved in porphyrins i1is higher than would be expected from the
linear relationship between asphaltene content and vanadium content
observed for the other three petroleums. This is also true of the
vanadium concentration of Boscan maltene. Vanadyl porphyriﬁs, there-
fore, appear to be more soluble in heavy crude petroleums than vana-

dyl non-porphyrins.

In the study of vanadyl compounds in petroleums, three classifi-
cations have often been used: extractable vanadyl non-pdrphyrins,
ex;ractable vanadyl. porphyrins, and high molecular weight non-
extractable vanadyl compounds. Rogers considered these latter com-
pounds noh-porphyrins because of their high molecular weights and
their UV-VIS spectra, which show only a slight peak at 408 nm.108
However, ESR analysis of these compounds did show that most of the
vanadium in these compounds had a four nitrogen ligand environ-

ment .18 The rapid scan UV-VIS analysis of a Boscan asphaltene during

SEC-HPLC~GFAA analysis demonstrated that the small peak at 408 nm
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gradually becomes a distinct Soret band as the molecular weight of
the surrounding asphaltene molecules decreases. This. can be
explained by two probable systems within the asphaltenes; either a
large aromatic molecule containing a porphyrin like coordination site
or a vanadyl porphyrin trapped within a large ésphaltene molecule.
At present, it i1is not within the capability of our experimental

equipment to distinguish between these two possibilities.

Normal and reverse phase analysis demonstrated that there are
two broad classes of vanadyl compounds in the polar extract which
have yet to be identified. Reverse phase analyses showed that most
of tﬁe extracted vanadyl non-porphyrins were not comparable to the
model vanadyl non-porphyrins available in this study. Both normal
and teverge phase analysis demonstrated that a significant fraction
of the eluting compounds with vanadyl porphyrin spectra spectra did
not correspond witﬁ the elution times of the model vanadyl porphyrihs
used to calibrate the columns. It is 1likely that these porphyrins
were vanadyl Rhodo and DPEP porphyrins, which were not available for
our study. In future work, it will be necessary to have a greater
array of model compounds. Among the'cdmpounds that should be con-
sidered are the hydrogenated vanadyl porphyrins. In the reducing
énvironment of the crude petroleum reservoir,114’115 it is possible
that the porphyrin rings may become hydrogenated and there has been a
report of non-metallated, hydrogenated porphyrins in shale.116 If the
ring is sufficiently hydrogenated, the stability of the metallo-

porphyrin may be weakened to the point where demetallation and decom-
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position of the porphyrin ring is possible. This ﬁay represent a
mechaniém by which porphyrins have been demetalled in older petroleum
deposits. The elucidation of the vanadyl porphyrin and non-porphyrin
structures will be necessary befo:e mechanisms of metallo-porphyrin

formation and

- 4 C. Isolation of Vanadyl Non-Porphyrins

One of the greatest difficuities in identifying vanadyl non-
porphyrins 1is the presence of vanadyl porphyrins and their strong
visible absorbance (408 nm), which overshadows the spectra of the
vanadyl non-porphyrins. Even with normal and reversé phase HPLC-
GFAA, it is difficult to separate thel vanadyl porphyrins from the
vanadyl nbnfpofphirins.' This is especially trug of - the asphaltengs.
Despite several studies which 1ndicated that the asphaltenes were

27 the relative

richer in vanadyl non-porphyrins than the maltenes,
abundance of vanadyl porphyrins versus .vanadyl non—porphyrins' is
gfgatest in the asphaltenes. The precipitation of asphaltenes,
therefore, accomplishes some of the desired separation by precipitat-
ing vanadyl porphyrins with the asphalﬁenes. Maltenes are left defi-
cient in vanadyl porphyrins and should be excellent sources of vana-
dyl non-porphyrins; This was confirmed for the maltene of Prudhoe
Bay, the least porphyrinic petroleum studied, by extracting it with
the chromatographic extraction procedure.lo8 The extract was found
to contain vanadium and its‘UV-VIS spectra had a single peak at 270

nme. The absence of even a weak Soret band established that this

fraction contains only vanadyl non-porphyrins. When analyzed with



- 109

reverse phase HPLC-CFAA, the vanadyl compounds eluted in the final
peak, at the same retention time as the ' unknown lvanadyl non-
porphyrins present in the solvent selective extracts of the asphal-
teﬁes:of ail four petroleums. The _isolﬁtidh of a 'vanédyi non-
porphyrin fraction repreéeﬁts a'éignifiéan;:éteb toﬁatd the identifie
_caﬁibn of the first vanadyl non—porphyrin{ Off iine analytical tech-
niques 1like electron spin resonance spectroscopy and mass spec-‘
tfometry are now needed to provide more structural information about

these compounds.

The isolatipn of a vanadyl nqn-porphyrin fraction from a crude
petroleum illustrates the 1inadequacy of catalyst poisoning models
which are based solely on vanadyl porphyrins. Rankel has noted that
the differences bétween v;nadium depositidn étudieé of model petrole-
ums composed of vanadyl porphyriné and the actual petroleums 1is not
only a matter of the t;tes of vanadium deposition on the catalyé;,
but also of the differing stability of vanadyl non-porphyrins and
vanadyl porphyrins in the presence of hydrogen and hydrogen sul-
fide.l4 Silbernagel has also found that the chemical form of a metal

compound has an important effect on catalyst po:f.st:ou:l.ug.15

4 D. Nickel Compounds in Asphaltenes

Because nickel is generally present in crude petroleums at lower
concentrations than vanadium, relatively 1little research has been
directed at identifying nickel compounds. In experiments in which
column chromatography has been used to remove vanadyl porphyrins from

the petroleum matrix, a light pink band eluting near the bright red
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.vanadyl poréhyrin band has generally been assumed to contain nickel
porphyrins, but little work has actually been done to identify the
constituents of this band.lo8 Several factors have contributed to the
assumption that the non-vanadyl peak extracted from petroleums is
predominantly made up of nickel porphyrins. Vanadyl and nickel por-
phyrins are both known to exist. in petroleums and shale oil deposits
and the lack of paramagnetism in the electronic structure of nickel
makes it impossible to use AESR to establish the true chelating

environment of nickel compounds in petroleums.64’117

The results of the reverse phase HPLC-GFAA analysis show that
very little of the nickel in the asphaltene extracts is actually
present .as nickel porphyrins. For the Boscan, Cerro Negro, and |
Prudhoe Bay extracts, over 90 percent of the nickel preseﬁt is
clearly non-porphyrin. Wilmingtbn is the exception, with a third of
the nickel eluting at a retention time consistent with nickel porphy-
rinso This difference is probably the result of conditions during the
aging of the Wilmington petroleum. As chlorophylls are transformed
into porphyrins during the diagenesis of the petroleum, pheophytini-
zation (magnesium removal) i1is among the first transformatioms to
occur.116 Studies have found that demetallation of chlorophylls has
begun even in recently buried feedstocks.1 The vacant coordination
site 18 subsequently occupied by nickel and vanadyl 1ons .20 Nickel,
because of its smaller size and greater symmetry, is believed to
coordinate more readily with the porphyrin ring than does vanadyl

fon.99,63 During maturation of the petroleum, the nickel is slowly
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replaced by the vanadyl ion, which forms more stable metallo-

porphyrin complexes.114 Wilmington is not the youngest or the most
shallowly buried petroleum of the four studied, but it does have the
least severe combination of these two factors. The high concentra-
tion of nickel porphyrins is, therefore, a consequence of less severe

aging compared to the other three petroleums.

In addition to the relatively  small amount of résearch with
nickel ﬁompounds in crude petroleums, there 15 another factor which
has prevented previous discovery of the high level of nickel non-
porphyrins. The nickel compounds found in the reverse phase HPLC-
GFAA analysis are highly polar. Most current research with porphy—
rins - in crude petroleums uses column ch?omatography on silica or
alumina packing to isolate'the porphyrins; The highly polar nickel
compounds are probably irreversibly bound to the column packing. The

use of a solvent selective extraction procedure i1is not common in

recent research, but 1t prevents the loss of nickel non-porphyrins

~ through interaction with a fractionating column. The use of reverse

phase HPLC also prevented the loss of polar compounds which might be

irreversibly retained on a normal phase column.

The discovery of large amounts of nickel non-porphyrins has a
direct bearing on current research studying refinery catalyst poison-

ing by trace metals. Since it has generally been accepted that a

substantial fraction of the nickel present in heavy crude petroleums

is8 coordinated in porphyrin rings, studies of the poisoning mechan-

isms have wused nickel porphyrins to model the naturally occurring
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nickel compounds.18’19’118 Since most of the suspected non-porphyrin
chelating syétems are less stable with respect to demetallation than
porphyrins, these studies will fail to adeduately model the quantity
or deposition pattern of nickel on catalysts.63 Before modeling stu-
dies of nickel poisoning cam be impfoved, it will be necessary to

isolate and identify the nickel non-porphyrinse.

The identification of nickel'non-porphyrins should also provide
important bio-geochemical information. Knowing the structures of
these compounds should give insight into their sources in the

petroleum feedstock.

4 E. Comparison of Solvent Selective Extraction and Chromatographic

Separation Techniques - -

Two extraction techniques were used in this study. The solvent
selective extraction described by Baker was used for almost all of
the éxperimental work,70 but a chromatographic separation developed
by Rogers was also used in some of the final experiments.108 The
individual characteristiés of these extraction techniques have
already been discussed in the preéentation of results, but it is use-
ful to compare these two methods of femoving polar compounds from

asphaltenes.

The principal disadvantage of the solvent selective extraction
is the need to dissolve the asphaltenes in a non-polar solvent which
is immiscible in the the pyridine-water extraction solvent. Non-

polar solvents are ineffective in breaking up the large micelles in
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' pfeciﬁitated aaph#ltenes and many vﬁnadyl compounds which are
- entrapped during the precipitation are inaccessible to extraction.
On the positivé side for an investigation directed at characterizing
low molecular weight'vanadyl compounds, solvent selective extraction
produces an extract with a narrow range of molecular weights, cen-

tered about 400 daltoms.

In the column chrométography technique, the asphaltenes are dis-
solved in methylene chloride prior to absorbing them on alumina.
Methylene chloride is a much more effective solvent for breaking up
asphaltene micelles than xylene. This can be seen by comparing the
50 £ - 100 & - 1000 £ SEC-HPLC-GFAA analysis of the whole petroleums
by Komlenic with the similar analysis of the asphaltenes and maltenes

24 Methylene chloride was used as the injec-

reported in this study.
tion solvent for ali of these analyses and a mass balance of the
vanadium present in each molecular weight region shows that the vana-
dium in the maltenes and asphaltenes of a given region sum to the
vanadium present in the same region of the whole crude petroleum.
Cleérly, methylene chloride is sufficiently polar to overcome inter-
micellular forces in the crude petroleum as well #s in the precipi-
tated asphaltenes. The use of methylene chloride in the chromato-
graphic extraction, therefore results in a more complete extraction
of vanadyl compounds from the asﬁhaltene micelles than is possible
with solvent selective extraction. Another result of the more com-

plete breakdown of the micelles is an extract with a fairly uniform

molecular weight distribution extending from less than 400 daltons to
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over 2000 daitons. The solvent selective extract has almost no véna-
dyl compounds at molecular weights over 900 daltons. Besides the
broader molecular weight distribution in the extract, the major draw-
back of the.column chromatography extraction is the loss of some of
the asphaltenic. méterial which is irreversibly bound to the column
packing. This effect does, however, provide some additional informa-
tion about the asphaltenes. The electronic apectfum of a solvent
selective extract rises continually below 450 nm. In the chromato-
graphié extract, the loss of some of the large, background absorbing
compounds reduces the absorb#nce below 300 nm sufficiently to reveal
a shoulder or weak peak at about 270 nm. Analysis of the extracted
Prudhoe Bay maltene has associated this peak with vanadyl non-

‘porphyrins.

4 F. Applications of HPLC—GFAA Fingerprints of Asphaltenes

l. Identification of 0il Spills

Petroleums have typically been characterized and identified by
infrared spectroscopy and gas chromatography; analytical techniques
which are greatly affected by the 1light components 1in the

petroleum.98

In the case of an oil spill, several days at sea are
sufficient for evaporative losses and the dissolution of 1light com-
pounds in water to have altered the infrared spectra and gas chroma-
tograph beyond positive identification.99 Trace metal ahalysis pro-
vides a more durable basis for analysis, since a majority of the

trace metals in petroleums are associated with the heavy components

in the petroleums. Since asphaltenes are virtually unaffected by the
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light components in petroleums, trace metal analysis of precipitated
asphaltenes should provide the most durable means of identif?ing the
weathered petroleums in oil spills. SEC-HPLC-GFAA analysis of the
four asphaltenes used in this study.demonstrated that.eééh asphaltene

was a unique trace-metal fingerprint.

2. Characterization of Heavy Crude Petroleums

In éddition to providing unique fingerprints of the asphaltenes
‘and thelr polar extracts, ﬁPLC-GFAA analysis can provide some basic
structural information about petroleums. SEC-HPLC-GFAA profiles of
the asphaltenes are strongly influenced by the-asphalteﬁe content of
the petroleum; uniform vanadium distribution between 8000 and 400
daltons indicates that the petfoleum is highly asphaltenic. Normal
and reverse phase HPLC-GFAA anélysis of the polar extracts of asphal-
tenes indicates the relative abundance of vanadyl porphyrins and
non-porphyrins in the petroleum. Reverse'phase chromatography with
GFAA nickel analysis i3 a means of determining the abundance of

nickel poi‘phyrins in the petroleum..

Althdugh general traits have been observed which relate the
HPLC-GFAA chromatograms to vanadyl porphyrin, vanadyl non-porphyrin,
and asphaltene contents in the crude petroleum, good empirical corre-
lations between the spectra and composition of asphaltenes cannot
reaily be based on tﬁe results of only four petroleums. Analysis of
a larger variety of petroleums will be necessary to improve the gen-

eral correlations observed in this study.
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Conclusions

The major findings of this study are:

(1) Micelles in the precipitated asphaltenes are larger than the
asphaltene micelles which exist in the heavy crude petroleum and it
1s more difficult to extract vanadyl compounds from precipitated

asphaltenes than from heavy crude petroleums.

(2) Vanadium is present in asphaltenes in molecules of complexes
with molecular weights between 8000 and 100 daltons. Very little
vanadium is complexed in. compounds with molecular weights of over

10,000 daltoms.

(3) The moleculaf weight distribution of vanadyl compounds in the
asphaltenes 1s affected by the asphaltene content of the heavy crude
petroleum. Higher asphaltene content petroleums have more uniform

vanadium distributions in their asphaltenes.

(4) SEC column retention times of vanadyl porphyrins in the
petroleum or asphaltene matrix are greater than the retention times

of model vanadyl porphyrins.

(5) Heavy crude petroleums with high asphaltene contents have higher

concentrations of vanadyl porphyrins.

(6) Low molecular weight vanadyl compounds can be extracted from all

116
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molecular weight regions in the asphaltenes.

(7) Solvent selective extraction produces an extract with a smaller
molecular weight distribution than that resulting from chromato-
graphic extraction techniques and is not as effective 1in removing

molecules from the interior of micelles.

(8) Vanadyl compoﬁnds present in the maltenes can be entrapped in

the asphaltenes during precipitation.

(9) Precipitated asphaltenes have higher vanadyl porphyrin contents

than the whole heavy crude petroleums.

(10) Nickel compounds afe primarily present in heavy crude petroleums

as nickel non-porphyrins.

(11) Although asphaltenes appear to become saturated with nickel at
concentrations 1in excess of 400 ppm, no such upper limit of vanadium

concentration was observed in the asphaltenes.

(12) The higher wvanadyl porpﬁyrin concentration of the asphaltenes
makes 1t difficult to extract pure vanadyl non-porphyrins from that
fraction. Therefore, despite tﬁe large amount of vanadyl non-
porphyrins which are undoubtedly present in the asphaltenes, experi-
mental limitations make the maltenes a better sources of vanadyl

non-porphyrins.

(13) Fingerprints obtained from SEC-HPLC-GFAA analysis of asphaltenes

or normal and reverse phase HPLC-GFAA analysis of polar extracts can
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 provide information on the composition of the asphaltenes.
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CHAPTER 6

Recommendations for Future Work

1) Since vaﬁadyl porphyrins are concentrated in the asphaltenes
durihg preciéitation, the successful identification of vanadyl non-
porphyrins in the polar extracts of asphaltenes is hindered by the
intense electronic absorbance and ESR spectra of the vanadyl porphy-
rins. The maltene fraction §f the petroleums should be a better

source of vanadyl non-porphyrins. With a large percentage of the

7 vanadyl porphyrins leaving the petroleum during the precipitation,

maltenes of low porphyrin petroleums like Wilmington and Prudhoe Bay
should only contain non-porphyrin vanadium. Future attempts to iden-
tify vanadyi non-porphyrins should be directed at the maltenes of

these two petroleums.

2) More model compounds must be synthesized to aid in the character-

ization of effluent peaks in the HPLC-GFAA analysis. Two classes

~ that deserve special attention are oxygen and sulfur ligand systems

and hydrogenated metallo-porphyrin compounds.

3) It may be possible to improve the chromatographic separation of
asphaltene extracts on the HPLC-GFAA system by re-chromatographing
peaks collected from normal phase columns on reverse phase columns
and vice versa. In the presentation of the results of the amino
column HPLC-GFAA analysis it was noted that vanadium was separated

into two peaks; one containing vanadyl porphyrins which corresponded

119
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to the model vanadyl porphyrin compounds and the other containing a
combination of unidentified vanadyl ﬁorphyrin and nén-porphyrin com-
pounds. The reverse phase column eluted the unidentified vanadyl por-
phyrins 1in one peak and eluted the identified:ianadyl porphyrins.and
unidentified vanadyl pon—porphyrinslin,a combined peak. By collect-
ing the effluent peaks of one column it should be possible to take
advantage of the differing separation behavior on the other column to

produce higher purity vanadyl non-porphyrin samples.

4) 1In order to identify the vanadyl non-porphyrins it will be neces-
sary to use off-line techniques such as electron spin resonance spec-

troscopy and mass spectrometrye.



CHAPTER 7

Experimental.

7 A. Reagents

HPLC grade chloroform, dimethylformamide, = (DMF), hexane,
methanol, methylene chloride (C52012); ana pentane were purchased
from Burdick and Jackson (Muskegon, MI). Solvents were filtered and
degassed before use in the HPLé system. Extractions of polar com-
pounds from the petroleums were performed with reagent grade pyridine
and xylenes (Mallinckrodt; Paris, KY) amnd quartz-distilled water. The
activated alumina? 40 - 60 mesh, was obtained from Matheson, Coleman,

and Bell (Los Angeles, CA).

The Cerro Negro, Wilmington, and Prudhoe Bay heavy crude
petroleums were obtained from Dr. Dexter Sutterfield at the Bartles-
ville Energy Technology Center, while Boscan heavy crude petroleum

was provided by Dr. J. Lubkowitz of INTEVEP Caracas, Venezuela.

Polystyrene standards for steric exclusién (SEC) column calibra-
tions were obtained from Altex (Berkeley, CA). Vanadyl tetra (3-
methyl phenyl) porphyrin (VOT3MePP), tetra (4-carbomethoxy) phenyl-
porphyrin (T4CMPP), vanadyl etioporphyrin I (VOEtio), and nickel
etioporphyrin I (NiEtio) were purchased from Midcentury (Posen, IL).
Vanadyl tetraphenylporphyrin (VOTPP), was purchased from Strem Chemi-
cals (Newburyport, MA). Other vanadyl and nickel compounds were

prepared from the free ligands: vanadyl salen (VOSaien) and vanadyl

121
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benzosalen (VOBenzosaleq) according ﬁo'the procedure of Beilig et.
al.;llg VOBZEN according to the procedure of Dilli and Patsalides;120
vanadyl dibenzotetraazacyclotetradecane (VOTADA) according to the
procedure of Bﬁrchill and Honeyboutne;121 and nickel dibenzotetraaza-

cyclotetradecane (NiTADA) according to the procedures of Dilli and

Patsalides and Sakata.l20»122

Standards for calibrating the varioué HPLC columns were prepared
by dissolving the compounds in HPLC grade solvents compatible with
the solvent gradients used in the ‘analysis. Fresh standards were
prepared for each colum, since the solutions tended to decompos;

slightly even when stored away'from light.

A schematic of the HPLC~GFAA system is shown in Figure 26. For
the steric exclusion chromatography wofk, an Altex 420‘gradient pro-
grammer was used with two Altex 100 A solvent delivery pumps. The
samples were 1injected into a 250 ,xL sample loop and then separated
on a series coﬁbination of 50 and 100 ) pore size /uspherogel
columns (Altex, 8.0 mm I.D.'x 300 mm length) or éf 50, 100, and 1000
£ pore size ,Lspherogel columns. After passing through the columns
the sample was monitored at 408 nm for petroleum samples, or 254 nm
for polystyrene standards, using an Altex 155-90 variable wavelength
detector. The sample then flowed through a length of teflon tubing
to a Perkin-Elmer AS-1 autosampler, which had been equipped with a
flow through teflon receiving cup to allow continuous sampling of the

HPLC effluent stream. At 40 s8econd intervals the autosampler
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injected 20 ,;L of sample into a Perkin-Elmer'4000 GFAA. Instrument
parameters for the GFAA were: band width 0.2 nm; drytime 15 seconds;
dry temperature 90°C; atomization time 7 seconds; and atom;zgs?on
temperature 2700°C. The detector wavelength was set at 318.4 nm for

vanadium and 232.0 nm for nickel. Argon was used as the cooling gas.

Visible spectra from the UV-VIS detector and ~the histogramic

output from the GFAA were recorded on a Kipp and Zonen dual-pen strip

chart recorder. In addition, the GFAA data was recorded on an Altex

C-RIA digital recorder.

For the normal phase and reverse phase work the gradient pro-
grammer was a Beckman-Altex 421 controller and the pumps were
Beckman-Altex 112 solvent delivery modulegf ;he normal phase column
was an Altek Ul;rasil-NH2 with 10 micron particles (4.6 mm I.D. x 25
cm length) equipped with a 40 mm long guard column of the same paqg-
ing. The‘ reverse phase column was an Altex Ultrasphere-ODS with 5
micron particles (4.6 mm‘I.D. x 25 cm length) equipped with a 40 mm
long 08 guard column. The single wavelength detector was replaced
with a Beckman-Altex 165 rapid scanning UV-VIS detector. This
instrument 1is capable of taking complete UV-VIS spectra (300 to 600
nm) of eluting peéks. Da;a from the rapid scanning detector was
stored on disk via an Apple II Plus interfaced with the detector.

The GFAA system was similar to that used in the SEC analysis.

. In addition to the HPLC-GFAA system, a Cary 219 UV-VIS spectro-
photometer was interfaced with the Apple II Plus for off line

analysis of standards, extracts, and fractions separated in the HPLC

R
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runs.

1 C. Procedures

e 1o Precipitation of Asphaltenes

I~
o

Asphaltenes were separated from heavy crude petroleums by pre-
cipitation from n-pentane (See Fig. 27).' In the early SEC work, a
ten to one volume ratio of solvenf to petroleum was used. Later this
work was repeated using asphaltenes preciﬁitated with a forty to omne
volume ratio for thé'sake of consistency with the 1literature. All
other ana;yses were performed using the forty to one ratio for the
precipitatidn of asphalteﬁes. After adding the pentanme to the crude
petroleum, the solution was gently agitated at about 300 motions per
minute.fot 24 hours. The asphaltenes were then removed by filtering
over a 0.45 micron nylon 66 millipqre filter, followed by washing
with pentahe untii the wash solvent was colorless. The solid asphai-
tenes were then dried under vacuum and weighed to determine the per-
centage of asphaltenes in the petroleum. After drying, the asphal-
tenes were a coarse, brown to black powder. The pentane solubles, of
maltenes, and thé wash solvent were also collected and dried under
vacuum. After removal of the pentane, the maltenes resembled the
original whole petroleum. Typically about 95 percent of the starting

material was recovered as asphaltenes and maltenes.

1 C. 2. Preparation of Polar Extracts

Polar extracts were prepared using an extraction procedure

described by Baker for the removal of metal porphyrins from crude



Methods and Procedures

Whole Crude Qil

Precipitation:
40 Volumes Pentane
Shaken for 24 hrs.

Asphaltene Maitene
( Precipitate) C ' ' ) Solvent Removed
Rinsed with solvent ' ' Dissolved
ond vacuum dried in CH2Cl
Redissolved Redissolved
in CH2Cl, in xylene
Extraction:

]
50X-1002-100014
SEC Columns

(THF)

Pyridine: Hpa0 (4:1)

Extract Aspholtehe‘ After
Redissolved Extraction
in CHaClp Redissolved
{ in CH,Clyp
' ! } '
00S 50 2-100 8 -10008  Amino 50RX-100&-1000%2 50X-1004 - 10004
Column SEC Columns Column SEC Columns SEC Columns
( Methanol * H50 (THF) (Hexane (THF) (THF)
CH!CIZ)

THF) XBL 8210-3110

Figure 27, Methods and Procedures Outline.

9cl



127

petroleums (See Fig. 27).70 About 0.5 g of asphalténe wﬁs dissolved
in about 40 ml of xylene. This solution was then extracted in a
separatory funnel with a solution of pyridine and water (4:1 v/v);
the pyridine beiné capable of coordinating to &anadyl compounds with
the lone pair electrons on  the nitrogén. After the phases were
separaﬁed and the colored pyridine phase removed, the extraction was
repeated Qsing another 50 ml of the pyridine-water solution and as
much ;&ditional xylene as was neéessary to keep the asphaltenes in
solution. Usually the extraction was repeated five times. The polar
solutions, which varied in color from wine red to yellow, depending -
on the partiéuiar aspﬁaltene being extracted, were combined and then
filtered 'over a 045 micron nylon 66 millipore filter to remove
entrained asphéltenes. After filtering, the solvent was removed from
the extract under vacuum and the remaining solid material was weighed

and stored away from light.

For the final work with the Prudhoe Bay maltenes, a chromato-
graphic extraction developed by Spencer and Rogers was used.108 The
maltene studied (3 grams) was dissolved in 30 ml of methylene
chloride and then added to 30 ml of activated alumina. The alﬁmina-
vmaltene mixture was dried under nitrogen and packed in a 12mm by 30cm
glass column, which had already been packed with 3 cm of activated
alumina. The vanadyl "porphyrin rich" fraction was eluted with 200
ml of DMF and the vanadyl non-porphyrin fraction was eluted with an
equal volume of chloroform. Some material was irreversibly adsorbed

on the alumina. After collection, the solvents were removed from the
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fraétions by vacuum distillatién. This eittactiqn procedurev removed
the - visibly absérbing,compounds-much more efficiently than the pyri-'
dine extractions. An attempt to furﬁher extract the chromatographi-
‘cally derived vanadyl nqn—porphyrin ‘compounds with pyridine-water

~showed that there Qeré no futther'éﬁtracfabléS'presént in that frac-

. tione.

7 C. 3. Metal Analysis

Vanadium and nickél_conéentrations inbthe heavy crude petrole-
'ums, maltenes, 'and asphaltenes were determined with x-ray fluores-
cence analysié‘by Robert Giauque of Laﬁrence Berkeley Laboratory.
The vanédium concentration in the extracted asphaltenes was measured
by GFAA singlglcup analysis. Asphaltene and extracted asphaltene
samples were diluted 1in methylene chloride to give solutions of
approxiﬁately 1 PP vanadium and each sample was analyzed with the
GFAA. The peak heights recorded by the digitizer were averaged over
approximately 10 samplings to find the mean peak height of the ~sam-
ple. These mean peak heights were conside:ed to be directly propor-
tional to the vanadium content of the sample. The ppm vanadium in
the extracted asphaltene was calculated by multiplying the ratio of
the mean peak heights of the extracted asphaltene and the asphaltene
by the ppm vanadium in the asphaltene as detected by x-ray fluores-
cence spectroscopy. The accuracy of this technique was tested with
asphaltene samples of known concentrations and the experimental error

was found to be less than five percent.
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71 C. 4. High Performance Liquid Chromatography .

Asphaltenes, maltenes, extraéts, and extracted asphaltenes were
all analyzed using one or both of‘the two SEC column configurations.
Samples were dissolved in methylenme chloride at concentrations suffi-
cient to give good metal response on the GFAA. The system was run
isocraticly, using a flow rate.of 0.5 ml/min. For the normal phase
runs . the extracts were dissolved in pyridine. The solvent gradient
used was a ramp from 100 Z hexane to 10 % methylene.chloride over the
first 3 minutes, to 25 2 methyleme chloride at 10 minutes, and
finally to 100 Z methylene chloride at 20 minutes. All solvent gra-
dient .changes were made over 3 minutes. For the reverse phase work .
pyridine was also used as the injection solvent. The solvent gra-
dient used was a ramp from 100 Z methaﬁol-quartz distilled water (3:1
v/v) at injection, to 30 Z THF after 1 minute, to 70 ’Z THF at 22
minutes, and finally to 100 X THF at 25 minutes. All solvent gf;—
dient changes were made over 2 minutes. Normal and reverse phaée

analysis were both run at a solvent flow rate of 2 ml/min.
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