
Lawrence Berkeley National Laboratory
Recent Work

Title
MOLECULAR CHARACTERIZATION AND FINGERPRINTING OF VANADYL PORPHYRIN AND 
NON-PORPHYRIN COMPOUNDS IN THE ASPHALTENES OF HEAVY CRUDE PETROLEUMS 
USING HPLC-GFAA ANALYSIS

Permalink
https://escholarship.org/uc/item/3xv724n2

Authors
Wines, B.K.
Vermeulen, T.
Fish, R.H.

Publication Date
1983-08-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3xv724n2
https://escholarship.org
http://www.cdlib.org/


(}e.-f2~ 
LBL-16867 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

APPLI ED SCI ENCE . 
DIVISION 

LAWRENCE 
BERJ<tLEY:.A8np./I-rr)RY 

DEC 131983 

LIBRARY AND 
DOCUMENTS SECTIOr-1 

MOLECULAR CHARACTERIZATION AND FINGERPRINTING OF 
VANADYL PORPHYRIN AND NON~PORPHYRIN COMPOUNDS IN 
THE ASPHALTENES OF HEAVY CRUDE PETROLEUMS USING 
HPLC-GFAA ANALYSIS 

B.K. Wines*, T. Vermeulen, and R.H. Fish 
(*M.S. Thesis) 

. '- :- -, 

~. I 

... , - For Reference. 
August 1983 

, Not to be taken· from this room 
-. " . .. 

APPLIED SCIENCE 
DIVISION 

. ~ . 

Prepared for the U.S. Departm,ent of Energy under Contract DE-AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



MOLECULAR CHARACTERIZATION AND FINGERPRiNTING 
OF VANAD~ PORPHYRIN AND NON-PORPHYRIN COMPOUNDS IN 

THE ASPHALTENES OF REA VY CRUDE PETROLEUMS 

* M. S. Thesis 

This project 
Energy and 
Bartlesville 
Energy under 

US ING HPLC-GFAA ANAL YS IS 

* Brian K. Wines 
Theodore Vermeulen 

and 
Richard H. Fish 

Applied Science Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

and 

Department of Chemical Engineering 
University of California, Berkeley 

August 1983 

was supported by the Assistant Secretary for Fossil 
Division of Oil, Gas, and Shale Technology, and the 

Energy Technology Center of the U. S. Department of 
Contract No. DE-AC03-76SF00098. 



Acknowledgements 

We would like to thank the. following people for their, contri

mtions toward the canpletion of this work: 

John Kanlenic, Raja Tannous, and Rob Fox at Lawrence Berkeley 

LaOOratory, for experimental contrihltions. 

Or. JOM Vollmer, Arm Strong, Angie Ausban, and Maria Ferre at 

Mills College, Oakland' California, for preparation of m::rlel canpounds .. 

Or. Dexter Sutterfield of the Bartlesville Energy Technology 

Center, for encouragement and financial support of this project. 

Or. JOM Reynolds at Chevron Research and Develq::ment, Richrrond 

California, for advice and FSR analysis. 

i 

• 



Table of Contents 

.Acknowledgements . . · · · · · • · · • · · • · · • · · • i 

• 1. Intrcduction 1 ' J · · · .. • .. • · · • • · · • · • · · • 

JJ...~~~J 1 Aoo Heavy Crude Petroleums · · .. .. · · .. · .. · · · · 3 

1 B. Asphaltenes .. · · • · · .. · · · · · • · · 5 

1 B. 1. Definition · • · · .. .. · · · · · .. · · •. · · · 5 

1 B. 2. Structure · · · • · · · · · • · · · · · 6 

1 B. 3. Molecular Weight of Asphaltenes · · · · · · 9 

1 B. 4. Asphaltene-Resin Equilibria. · · • · · · .. · .. · 11 

1 B. 5. Heteroatans • · · .1 • · .. .. · 12 

1 B. 6. Trace Metals .. · .. • · • · · .. · · .. · .. · · 13 

1 B. 7. Metallic CCl'rplexes of Porphyrins · • · · · 16 

1 B. 8. Metallic Canplexes of Non-Porphyrins 17 

1 c. Previous· Analysis of Vanadyl Canpounds in Petroleums 19 

1 C. 1. Vanadyl Porphyrins · • · · .. · · • .. · . 19 

1 c. 2. Vanadyl Non-Porphyrins · • · · · · · · · 22 

1 c. 3. Column Chranatography • · · · · · .. · 24 

1 D. High Perfonnance Liquid Chranatography - Graphite Furnace 
Atonic Absorption Spectrophotanetry (HPIC~AA) Analysis 27 

". Ii: 

1 D. 1. Medel Canpounds · · · · · · · · • · · · · · 28 
I'" 

1 D. 2. Fingerprinting · · · · · · · 30 

2. Statement of Purpose · · • · · · · 33 

3. Results .. . . • · · · ... • · · .. · · · · 38 

3 A. Precipitation of Asphaltenes from Heavy Crude Petroleums 38 

3 B. Separation of Asphaltene Canponents by Solvent Selective 
Extracti01. •..•... . . . . . . . • . • . .. 42 

ii 



4. 

5. 

6. 

7~ 

3 C. Separation of Asphaltene Canponents by Column 
Chranatography ••••• • •• 

. . . 3 D. Rapid Scan UV-VIS Analysis • 

3 E. SEC-HPIC-GFM Analysis •• . . . . . . . . . 
· . . 

3 F. Amino Column (Nannal Phase) . Analysis of Polar Extracts 
~ liPIC-GFM • • • ." • • • • • ." • • • .. .. .. .. .. .. .. ~ .. 

46 

49 

50 

70 

3 G. Reverse Phase Analysis of Polar Extracts ~ HPLC-GFM 79 

3 H. Extraction of Prudhoe Bay Maltene ~ Column 
Chromatography • • • • • • • • • • • • • • .. .. .. .. 

3 I. Rapid Scan UV-VIS - SEC-HPIC-GFM Analysis • .. .. .. .. 
Discussion • • • • ..• . . . .. . .. .. 

4 A. Asphaltene Structure. . .. .. .. .. · . . .. .. .. .. .. .. · . . 
4 B. Biogeochemical Information .. • • .. 0& .. ,. • 

4 C. Isolation of Vanadyl Non-Porphyrins .• . , . 
4 D. Nickel Canpounds in Asphal tenes ' • • • 

4 E. Canparison of Solvent Selective Extraction and 
Chranatographic Separation Teclmiques •••• 

. . 

89 

91 

96 

96 

101 ' 

108 

109 

112 

4 F. Applications of HPIC-GFM Fingerprints of Asphaltenes 114 

conclusions • • • • • • • • • • . . .. .. .. . .. . .. .. . , 

Recarmendatians for Future Work. · . 
Experimental . . . . . .. .. .. .. .. 

. . .. .. . .. . . .. . .. .. . . . .. .. .. .. .. 7 A. Reagents •• 

7 B. Apparatus .. .. .. .. .. .. .. .. .. . .. .. .. . .. .. .. .. .. .. .. 

7 C. Procedures • . . . .. .. .. .. .. .. .. .. .. 

7 C. 1. Precipitation of Asphaltenes · . 
7 C. 2. Preparation of Polar Extracts •• . . . 
7 C. 3. Metal Analysis .. .. .. .. .. .. .. · . . 
7 C. 4. High Performance Liquid Chromatography . . 

116 

119 

121 

121 

122 

125 

125 

125 

128 

129 

References • • • • • • • • • • • • .. . .. .. .. .. .. .. .. .. 130 
iii 



CRAPIER 1 

Introduction 

The study of trace metals in crude petroleums has been 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 believed to have been present in the 

original petroleum biomass, it is believed that a better understand-

ing of the distribution of vanadium and nickel in petroleums will 

provide useful information on the diagenesis and maturation of 

petroleums. 1-3 The study of vanadyl porphyrins in particular has 

led to much speculation on the means 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 is believed by some researchers that vanadyl non-

porphyrins acted as intermediates in the transport of the vanadyl 

ions to the porphyrin rings,S but since there have been no positive 

identifications of vanadyl non-porphyrins 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. 

1 
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The study of vanadyl compounds in crude petroleums is also 

important to the petroleum industry. As the world supply of conven

tional light crude petroleums has diminished it has become necessary 

to turn to the heavy crude petroleums as refinery feedstocks.9-11 The 

use of heavy crude petroleums presents a number of problems to 

refinery operation: they are more viscous than the light crude 

petroleums; they have large highly aromatic constituents; they have 

high trace metal concentrations; and they are richer in heteroatoms; 

especially sulfur. These properties can be overcome using modifica

tions of conventional refinery techniques, but the catalysts involved 

in cracking and desulfurization are poisoned by vanadium and nickel 

compounds. 11 ,12 Heavy crude petroleums have vanadium concentrations 

which range from 10 ppm to over 1000 ppm and nickel concentrations 

which range from 1 ppm to about 200 ppm. I3 Even though these metals 

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 coordinated within the 

petroleum. IS 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 poisoning· 

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 petroleum. 19- 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 Apre~ious 

study by Komlenic et. a1. examined the distribution of vanadium and 

nickel compounds in whole crude petroleums by analysis with high per-

formance liquid chromatography coupled with a graphite furnace atomic 

absorption spectrophotometer (HPLC-GFAA).24 A similar examination of 

vanadium compounds contained in the asphaltene fraction of the 

petroleum would be helpful in establishing the influence of the 

asphaltene environment on the distribution of vanadium compounds, as 

well as nickel compounds, in heavy crude petroleums. 

l A. Heavy Crude Petroleums 

Heavy crude petroleums differ from conventional light crude 

petroleums in three major aspects: they are richer in trace met.als, 

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. IO In the study of heavy crude petroleums, the petroleum is 

. ,'.' 
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usually considered to consist of three fractions; the oils, the 

resins and the aspha1tenes. 25 Aspha1tenes are defined as a solubility 

class by their precipitation from forty volumes of a light, straight 

chain hydrocarbon. 26 The amount of aspha1tenes present in a crude 

petroleum varies from less than one weight percent to over twenty 

weight percent of the whole petroleum, but even though the aspha1-

tenes represent less than twenty fiv~ percent of the whole petroleum, 

they are richer in heteroatoms and trace metals than both the resins 

and oils together. 20 ,27 The predominant structural unit within the 

aspha1tenes are large aromatic sheets with alkyl side chains. These 

units interact via 7( - 'IT interactions between the aromatic sheets 

and via functional groups in the alkyl chains. 28 

The fraction of the crude petroleum which is not precipitated 

with the aspha1tenes is known as the maltenes and is composed of the 

paraffinic oils and the resins. The ma1tenes are fractionated into 

oils and resins by column chromatography or solvent selective 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 aspha1tenes in terms of average molecular weight, 

aromaticity, heteroatom content, and trace metal content. 30 There is 

evidence of some stacking bet~een resins, as well as strong interac

tions with the aromatic portions of the aspha1tenes. 28 In the heavy 

crude petroleum the resins solub1ize the aspha1tenes, which are by 

themselves insoluble in petro1eum. 25 Studies performed with the 

... 

. , .. 
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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 resins. 

are asphaltene precursors. 29 

~~. Asphaltenes 

~~. ~. Definition 

Although there is a history of controversy in the literature, 

the generally accepted definition of an asphaltene is the fraction of 

a petroleum which is inso~uble in 40 volumes of a low molecular 

weight, straight chain hydrocarbon. 25 ,26 Pentane, hexane, and hep

tane are the three most commonly used solvents, with pentane being 

the most common solvent used in the recent research conducted in this 

country. In the literature, precipitations using volume of solvent 

to petroleum ratios of 6:1, 10:1, and 25:1 have all been reported and 

are still appearing in some current publications, but 40:1 is the 

most acceptable solvent to petroleum ratio. ll ,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 largest amount of' 

material and heptane the least. 34 It was discovered that asphaltenes 

precipitated from pentane, which were subsequently re-precipitated 
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from heptane, gave higher yields of asphaltenes than were obtained by 

heptane precipitation of crude petroleums. 11 ,29 This behavior sug

gests that some compounds in the maltenes are trapped in the asphal

tenes as they are precipitated from pentane. Some of these trapped 

maltenes could be soluble in heptane, but steric restrictions would 

prevent them from 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 of asphaltene precipitation from any of the 

three common solvents, but acknowledges a distinction between 

pentane-asphaltenes, 

asphaltenes. 26 ,34 

hexane-asphaltenes, and heptane-

Further variations in the nature of the precipitated asphaltenes 

result from the conditions under which the precipitation is per

formed. There are several papers in the literature in which the 

asphaltenes are heated and/or centrifuged during precipitation. The 

complex 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 

l!.· 1.. Structure 

The difficulty in establishing the proper method of asphaltene 

precipitation is a result of the complex nature of the asphaltenes. 

The first concepts which provided the basis for the current 
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understanding of the asphaltene 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 proposing that the 

asphaltenes were large micelles which were peptized by compounds in 

the maltenes. 37 The Pfeiffer and Saal model of native asphaltenes 

was based on a nucleus of associated 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 arid Yen presented their model for the structure of 

asphaltenes. 28 This model, shown in Figure 1, was based on extensive 

work with vapor pressure osmometry, X-ray 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 condensed aromatic sheets with alkyl side chains. The sheets 

stack via'" -?r interactions 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 

apparent size or structure of the asphaltenes. 21 ,22 The large 

aromatic regions make it possible for aromatics in the resins to 
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Figure 1. Schematic of asphaltene macrostructure 

fran J. P. Dickie and T. F. Yen, "Anal. Chern.", 

39(14), 1847, (1967)28 
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interact with the ~sphaltenes, 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 via1r -17 interactions 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 i and 

consist of between 3 and 6 sheets at a spacing of about 3.5 i. 25 13C 

and 1H nuclear magnetic resonance spectroscopy (NMR) have been com-

bined with infrared spectroscopy (IR) in several algorithms for cal-

culating the extent of aromaticity and alkyl substitution of the 

asphaltene sheets. 39 Because of the complex nature of the asphal-

-tenes, such studies can only give rough 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 between 6 and 20 

rings. 25 

l B. ~. 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 daltonsj38 the ability of a technique to 
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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 is 

vapor pressure osmometry (VPO). Repeated studies have shown that the 

molecular weights determined by this technique are weak functions of 

temperature and strong functions 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 

molecular weights of the asphaltenes tend toward a minimum at infin

ite dilution and when data for different solvents are compared 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-ray diffrac

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 is an average molecular weight that is 

calculated. Size exclusion chromatography shows that the asphaltenes 

actually contain a continuum of molecular weights ranging 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. 40 ,41 According to Boduszynski, asphaltenes are 

composed of highly polar or polarizable compounds with molecular 

• 
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weights between 380 and 1800 daltons and an average molecular weight 

of about 1000 daltons. Molecular weights in excess of 
/ 

1800 daltons 

are attributed to strong interactions between functional groups, 

which are not overcome by the solvents used in molecular weight 

determinations by VPO and gel permeation chromatography. During pre~ 

cipitation, agglomerates are formed through interactions between 

functional groups. Pyrroles, phenols, amides, carboxylic acids, and 

polynuclear aromatics are among the functional groups which have been 

identified in the asphaltenes by Boduszynski. 40 ,41 

l~. ~. Asphaltene-Resin Equilibria 

VPO analysis of asphaltene molecular weights demonstrated that 

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 decreases 

with increasing dilution, it is concluded that an equilibrium exists 

between the forces which cause the solvent to complex with the 

asphaltenes and 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 Keots and Speight 

indicates that this may not be the actual state in the whole 

petroleum. 29 Based on work with isolated resins and their interaction 

with various precipitated asphaltenes, Keots and Speight have shown 

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

tized in the whole petroleums and not large agglomerations of 

micelles. The size of the micelles is governed by the equilibria 

between resin - asphaltene interactions and asphaltene - asphaltene 

interactions. 29 ,38 

~ B. ~. Heteroatoms 

Nitrogen, oxygen, and sulfur are the most abundant heteroatoms 

in asphaltenes. Although the concentrations of these elements vary 

between petroleums, nitrogen and oxygen are typically 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 have 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. 25 ,44 

Sulfur has received more attention than the other heteroatoms 

because of its role in catalyst poisoning. Various catalytic 



13 

cracking experiments indicat.e that sulfur is located at important 

links in the structure of asphaltenes, since vanadium removal is 

always paralleled by sulfur removal. 21 ,4S-47 Based on the catalytic 

experiments and further experiments directed at breaking carbon-

sulfur bonds, some researchers have concluded that asphaltenes are 

sulfur polymers. 48 It is the breakdown of the polymer structure 

through sulfur removal in catalytic hydrodesulfurization which dis-

rupts the asphaltene structure sufficiently to allow the vanadium 

compounds to leave the asphaltene structure and interact with the 

catalyst. 

The 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 species. The chelating atoms may 

be present either as defect centers in the aromatic sheets of asphal

tenes or as members of distinct ligand molecules. 49- S1 The system 

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: N0 3, N202, 

N30, °35, S4' S3N, or S2N2 ligand systems. 1 

lA. i· Trace Metals 

The most abundant trace metals in asphaltenes are vanadium and 

nickel. Vanadium is present at concentrations varying from 100 ppm 

to over 5000 ppm in asphaltenes. 3,13 Nickel is present at 
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21 concentrations varying from 10 ppm to about 500 ppm. Vanadium is 

2+ 52 usually in the form of the vanadyl ion (VO). 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 

53 54 vacant to interact with other species.' It is the presence of 

this open site which makes it possible to extract vanadyl compounds 

from asphaltenes with coordinating solvents such as pyridine (see 

Fig. 3). When coordinated in tetradentate ligands, nickel (Ni 2+) 

ions satisfy all bonds in the ligand plane and therefore are less 

polar and surface active than vanadyl complexes, although strong 

ligands can axially coordinate to them. 20 ,55 The differing electronic 

structures of the vanadyl and nickel ions results in differing 

behavior during catalyst poisoning and is also believed to have had a 

strong 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 

characterized by a sixteen line anisotropic hyperfine structure, but 

at temperatures in excess of 2000 c the predominant species is charac

terized by an 8 line isotropiC structure. 21 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 ,S7 

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

culated for the transformation from bound to free vanadyl complexes. 

This activation energy is too low to account for a primary chemical 

bond but is of the right order of magnitude for a two step process 

involving the dissociation of aromatic sheets, followed by either the 

dissociatiOn of an aromatic ligand system from an aromatic site 

within an asphaltene molecule or the breaking of a coordination bond 

between a heteroatom and the vacant coordination site of a tetraden-

tate vanadyl compound. Further work by Shibata et. ale at tempera-

tures up to 4000 C has shown that there is a second type of dis socia-

tion of vanadyl compounds ftom asphaltenes at temperatures above 

~~. 2. Metallic Complexes of Porphyrins 

Metal compounds in crude petroleums 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 ions (V02+) and 

nickel ion (Ni2+) to form 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 

vanadium present. 20 ,SO,S9 Detection of porphyrins is facilitated by 

their UV-VIS spectra, which is distinguished by an intense absorption 
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at approximately 408 nm, the Soret band, and secondary absorbances 

between 500 and 600 om. 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).8,60 

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

of the pyrrole groups and is known as the rhodoporphyrinsj these rho-

doporphyrins exist with both the etio and DPEP structures (see Fig. 

2).61 Within each class of porphyrins, 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 

f 61 rom C28 to over C60 • Most researchers believe that the porphyrins 

present in the heavy crude petroleums are all derived from chloro-

phyll pigment, although there is some 

point. 13 ,63,64 

~~.~. Metallic Complexes of Non-Porphyrins 

disagreement on this 

Metallic complexes of non-porphyrin ligands lack an intense and 

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 om) are non-porphyrins, but some researchers 

also classify porphyrins with extended aromatic systems as non

porphyrins. 3 This later condition would make rhodoporphyrin the only 

non-porphyrin which has been positively identified in 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-porphyrins have been reported. 31 The first class consists of 

non-extractable vanadyl complexes. After metallic porphyrin com-

plexes have been extracted from an asphaltene, 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 or smaller vanadyl compounds which have 

become entrapped in the asphaltene structure. It is likely that vana-

dyl porphyrins are trapped within the structure, with background 

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 nitrogenheterocycles. 65 

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 N03, N202, N30, 03S, S4' S3N, or S2N2 

ligand environments. 1 Several compounds have been suggested as pos-

sible non-porphyrin ligands for trace metals. The systems that have 

been proposed include /J - dike tones , p - ketoimines, f3 - dithiones, 
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glyoxal bis(o-mercaptoanils), and reduced porphyrin rings. 50 In gen

eral, the proposed non-porphyrin ligands have ring systems that vary 

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. 

~ £. Previous Analysis of Vanadyl Compounds in Petroleums 

1£. ~. Vanadyl Porphyrins 

Vanadyl porphyrins were first identified in crude petroleums by 

Treibs in 1934. 4- 7 Treibs removed porphyrins from petroleums by acid 

demetallation with a mixture of acetic acid and HBr and identified 

the separated porphyrin ligands on the basis of their distinctive 

UV-VIS spectra. By varying the extraction conditions, Treibs was 

able to selectively remove several porphyrin classes and made the 

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 of that required for association with the 

observed porphyrin concentration is believed to have been liberated 

from non-porphyrin compounds, which may have decomposed in the acid. 

It is also possible that some non-porphyrin ligands remain trapped in 

the asphaltenes. Theinextractable vanadium is likely to be present 

in vanadyl porphyrin and non-porphyrin compounds 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 demetallation, since studies 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 measuring porphyrin concentration in the petroleum. 2,27 

Based on an assumed extinction coefficient for either the Soret band 

or one of the characteristic bands between 500 nm and 600 nm, Beer'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 



... ' 

21 

·demetallation by taking UV-VIS spectra of whole petroleums in dilute 

solutions, but this technique is still affected by the necessity of 

arbitrarily averaging extinction coefficients. 69 An additional com-

plication in using metallated petroleums is the need to average in 

the effect of nickel porphyrin absorbances. The predominance of ETIO 

and DPEP porphyrins 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 extractions have been perfo~ed 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. 61 ,72 Relatively little chromatography has been done with the 

metallated porphyrins, since the demetallated porphyrins are easier 

to separate using 

ings. 24 ,71,88 

conventional chromatographic column pack-

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 in carbon 

b f C 61,75 d num er rom 28 to over C60 • Some researchers have foun the 

molecular 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 Eg1inton et. a1. have used demeta11ated porphyrins to 

establish 72 the structure of several naturally occurring porphyrins. 

Using HPLC and TLC, single porphyrin peaks were isolated. These por- ~ 

phyrins were oxidized to maleimides using chromium trioxide. GC-MS 

analysis of the ma1etmides was used to determine the alkyl substitu-

tion pattern on the pyrro1e rings. The presence of ptha1eimides in 

the oxidation products of some porphyrins confirmed the presence of 

rhodoporphyrins in the petroleums. All of the petroporphyrins iden-

tified by Eg1inton et. al. appear to be derived from chlorophyll a • 

.1 f.. 2. Vanady1 Non-porphyrins 

As mentioned above, acid demeta11ation experiments proved that 

not all of the vanadium present in crude petroleums was bound in por-
". 

phyrin rings.59 The non-porphyrin vanadium 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 

petro1eums. 31 These two classes of non-porphyrins have both been stu-

died to varying degrees. 

Spencer and Rogers have examined the large macromolecular 

meta110-non-porphyrins. 76 The vanady1 porphyrins are initially 

extracted from aspha1tenes via liquid chromatography. The material 

remaining behind after the porphyrins are removed has a molecular 
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weight distribution similar to that of the original asphaltene and a 

UV-VIS spectrum featuring a week absorbance maximum at about 410 nm 

and no absorbance peaks in the 500 nm to 600 nm range. Rogers used a 

chromatographic technique described by Latter to separate the vanadyl 

non-porphyrins into several functional classes. Most of the vanadium 

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 

only be ~plained by N30 or N03 ligand systems.50 Dickie has also 

used mass spectrometry to locate N202, 03S, S4' S3N, S2N2 ligand sys-

tems in resins. 1 

The most powerful tool for locating ligand systems other than N4 

is ESR spectroscopy. The two ESR parameters which are useful for 

determining the chelating environment are the isotropic g valu~ and o 

A , o the hyperfine splitting constant. Of these two parameters g is 
. 0 

especially valuable since it is almost entirely dependent on the 

coordinating atoms alone, while A 
o shows some variation with solvent 

effects and substituent variations. 77 Many pure vanadyl compounds 

have been analyzed by ESR spectroscopy and rough correlations between 

78-82 Ao' go' and the ligand environment have been developed. Based on 

this data, Yen has reported that Boscan asphaltenes have Ao and go 

values intermediate between an N4 and an N202 environment. Dickson 

has measured the A and g values for chromatographically separated o 0 

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

polar fractions may have an S4 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 vanadyl porphyrins, which were probably present to some 

extent in all of the fractions studied above. Because of the pres-

ence of N4 ligands in all of the fractions, the assignment of ligand 

types is usually not made by exact agreement with the experimental g o 

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

and magnitude of deviations from the go values for N4 ligands. 77 

The simplest distinction between metallo-porphyrins and 

metallo-non-porphyrins is the absence of the Soret band (408 nm) •. A 

fraction of Sdom crude petroleum has been reported that does not have 

a Soret absorption and is. easily demetallated. 50 Unfortunately, no 

further work with this vanadyl non-porphyrin fraction has been 

reported. 

1. .£ • .1. 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 bas used one of these techniques in determin-

ing the general environment 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 aspha1tenes 

using both conventional column chromatography and HPLC systems. Typ-

ica11y spheroge1 or lichrospher packings are used as the stationary 

phase with THF serving as the mobile phase. 32 ,85 These molecular 

weight separations are improved by using several columns with varying 

pore sizes in series. 28 ,86 The eluting compounds are monitored by 

UV-VIS absorbance at a fixed wavelength (usually 254 nm) to produce a 

profile of the molecular weight distribution, but since the various 

constituents of petroleums do not have equal absorbances at a given 

wavelength this technique gives only an approximate indication of the 

abundance of material at various molecular weights. Aspha1tenes 

analyzed by gel permeation chromatography are found to have molecular 

weight distributions which are skewed toward molecular weights in the 

range of 10,000 da1tons, but still have considerable amounts of 

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

suggested by some researchers that molecular weights in excess of 

2000 da1tons do not actually represent individual molecules, but are 

composed of agglomerations of smaller molecules, which. are formed by 

strong interactions between functional groups.40,41 Even if this 

theory is correct, gel permeation chromatography profiles can still 

be used as fingerprints, since the extent of agglomeration appears to 

be unique to each petroleum. 85 ,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 not 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 possible to dis

tinguish between vanadyl and nickel porphyrins. If the solvent sys

temis selected properly it is even possible to separate nickel por

phyrins from the more polar vanadyl porphyrins. 87 Hajibrahim has 

worked at optimizing this separation on the basis of the retention 

times of model vanadyl and nickel porphyrins. 88 Purification of the 

isolated porphyrins can be achieved through TLC,further liquid 

chromatography or HPLC coupled with visible detectors operating at 

410 nm. 8 ,89,90 Hajibrahim has done extensive HPLC work with both 

both metalloporphyrins and acid demetallated porphyrins. This work 

established the presence of structural isomers in petroporphyrins as 

some of the peaks which were easily separated by HPLC gave identical 

mass spectrometry data. 89 Hajibrahim also noted that the visible 

absorption data from HPLC runs with porphyrins of different crude 

petroleums were unique and suggested that HPLC analysis of porphyrins 

would be an effective method of fingerprinting petroleums. 71 

Barwise and Whitehead have used HPLC in conjunction with mass 

spectrometry to identify 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 in 72 a U.S. bitumen. 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 HPLC fingerprints of petroleums and 

source rocks • Two useful fingerprints were described: those of 

total porphyrins (as extracted over silica by column chromatography) 

and those of porphyrin fractions 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 taken from varying depths in the pool, the second type is. espe

Cially useful in studying the maturation processes 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-non-porphyrin 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 

technique is cumbersome and much information is lost between sampling 

times. 76 The use of an on-line graphite furnace atomic absorption 

spectrophotometer (GFAA) provides element specific detection of 

metals at parts per million levels and sacrifices none of the speed 

and efficiency of HPLC analysis. Since samples are taken every 40 
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seconds, a continuous histogram of metal concentration 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 in trace metal analysis of geochemical systems. Brinckman eta 

ale have used such a system to study the association of arsenic with 

iron in high molecular weight (2000 to 4000 dalton) fractions of 

shale oils. 91- 93 Fish eta ale have made the first successful specia

tion of organoarsenic 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 

l D. l· Model Compounds 

Analysis using HPLC-GFAA requires model compounds in· order to 

compare the retention 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 existence 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 Although 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 vanadyl 

non-porphyrin compounds used in this study. These compounds have not 

yet been identified in the petroleums, but they possess ligand 

environments which have been tentatively identified. l The vanadyl 

non-porphyrins shown here represent only four of the many possible 

non-porphyrin ligand 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 porphyrin Soret 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 thousand. 50 The 

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 useful in the development and optim~zation of HPLC solvent 

gradients. 

~ Q. ~. Fingerprinting 

A fingerprint of a petroleum sample is 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-

ta11ated porphyrins extracted from petroleums and proposed source 

rocks. 100 The porphyrin extracts are analyzed using HPLC coupled 

with visible absorbance detection at 410 nm and the resulting chroma-

tograms are compared for common peaks. 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 petroleums and polar extracts of 

petroleums reflect the metal content of the petroleum, the chemical 

nature of metallo-organic compounds in the petroleum, and the aspha1-

tene content of the heavy crude petro1eum. 24 When more information 

is available on the identity of vanady1 non-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 usefulness is restricted by the effects of 

weathering. 98 Both techniques are greatly influenced by the lighter , 
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-

tion of a spill source could be made. 99 Trace metals are concen-

trated in the heavy components of crude petroleums, making their dis-

tribution much less susceptible to weathering effects. Fingerprint-

ing techniques based on trace 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 major 

forms: vanadyl porphyrins and vanadyl non-porphyrins. Of these two 

forms, only the vanadyl porphyrins have been successfully identified 

at present. 61 ,72 The distribution of vanadium between these two forms 

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 petroleum industry is interested in the ways in which vana

dium is complexed in heavy crude petroleums because of its powerful 

catalyst poisoning activity in the hydrodesulfurization and cracking 

steps of refining. IOI To deal effectively with this problem it is 

necessary to understand the forms in which vanadium is complexed in 

the crude petroleums. At present modeling studies of catalyst pois

oning are performed USing only vanadyl porphyrins, which account for 

less than half of the vanadium present in heavy crude petrole

ums. 14 ,16,50,67,I02 These modeling experiments 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 it is complexed in the petroleum may be a function of the age 

and burial depth of the petroleum deposit.I-3 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 

phyrin structures. 

por-

Attempts 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 porphyrin 

and non-porphyrin systems, but the lack of an effective technique for 

separating the vanadyl non-porphyrins from the vanadyl porphyrins in 

the petroleums has prevented the identification of metallo-non-

porphyrin compounds. The crucial step in identifying the vanadyl 

non-porphyrins is therefore the development of a technique to 

separate vanadyl non-porphyrins from vanadyl porphyrins. High per

formance liquid chromatography coupled with a graphite furnace atomic 

absorption spectrophotometer (HPLC-GFAA) has already been success

fully used in the identification of arsenic compounds in oil shale, 

shale oil, 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 use of element 

specific GFAA analysis makes it possible to locate the HPLC effluent 

peaks which contai~ 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-

ums and their polar extracts were analyzed using HPLC-GFAA analysis. 

In the present study this analytical technique has been used 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 less than 10 percent of the mass of 

the petroleum sample. In addition, several previous researchers have 

noted that a large percentage of the vanadyl compounds present in the 

asphaltenes appear to be non-porphyrins. 27 (2) The proposed struc

tures of resins and asphaltenes,2S,40,41 as well as the precipitation 

behavior of asphaltenes, indicate that there are differences in the 

chemical environments of these two petroleum fractions. These 

differences should be reflected in the distribution of vanadyl com-

pounds between the asphaltenes and the maltenes. 

The complexity of the asphaltene system makes it extremely dif-

ficult to identify individual vanadyl compounds in the asphaltenes. 

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 distribution of 

vanadium in the asphaltenes and extracts. Amino and reverse phase 

(CIS> HPLC columns were also used in the HPLC-GFAA analysis of the 



Table 1. Biogeochenical ParaJOOters of Falr. Heavy Crude Petroleums and their Asphaltenes 

Metal Metal 
C01Centratioo Coocen tration 

in Whole in Precipitated 
Petrole:f' Asphaltege Wt. % of Sulfur 

(wn) (wn) lIsphaltene
b Content Geologicald Petroletun V Ni V Ni in Crude (wt. %)c . _Age 

Boscan 1100 103 3700 350 23 5.50 OgUocene/ 
Eocene 

Cerro Negro 560 118 1600 360 21 3.85 Miocenel 
Pliocene 

Wilmington 49 60 360 430 6.9 1.55 Miocene/ 
Pliocene 

Prudhoe Bay 10 9 250 96 3.7 1.06 Paleogene/ 
Cretaceous 

(a) Determined by x-ray fluorescence spectroscopy. 

(b) fo1ass of precipitated asphaltene divided by orginal mass of heavy crude petrolelD1l. 

(c) From reference 113. 

(d) From reference 23. 

~ 

Date of 
Origin 

(mi 11 iond years) 

26 - 54 

2.5 - 26 

2.5 - 26 

65 - 136 

~ 

Depthd 
..J!!!L 

840 

1800 

900 

900 

II 

w 
m 
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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 Alaska and California respectively, 

have low vanadium and asphaltene concentrations. Boscan and Cerro 

Negro are Venezuelan crudes with high levels of vanadium and asphal

tenes. Important biogeochemical 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 attention on a single high vanadium crude petroleum 

such as Boscan. By 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 

d A. Precipitation of Asphaltenes ~ Heavy Crude Petroleums 

Although it is now standard practice to precipitate asphaltenes 

from petroleums using forty volumes of the precipitating solvent to 

one volume (40:1) of the heavy crude petroleum,26 several other sol-

vent to petroleum ratios have been commonly used in 

research. 11 ,21,22,27,31-33 To check the effect of solvent volume 

past 

on 

precipitation both 40:1 and 10:1 volume ratios of solvents were used 

and the properties of the resulting asphaltenes were compared. Pen-

tane was used as the precipitating solvent. Tables 2 and 3 contain 

the results of the 10:1 and 40:1 solvent ratio precipitations, 

respectively. The data presented in these tables are based on 

between three and five precipitations of each petroleum at each sol

vent ratio. 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 100 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 Concentraticns in Asphaltenes Precipitated Using a 
Ten to One SOlvent Ratio 

wm ina ppn ina Wt. % ofb % of Totalc ppn in 40:1 
crude Asphaltene Asphaltene Metal in Asp,!!al tene 

Petroleum in Crude Asphaltene ppn in 10:1 
Petroleum Asphaltcne 

V Ni V Ni V Ni V Ni 

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 

Wilmingtoo 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) Detennined by x-ray fluorescence s~troscq:>y. 

(b) Mass of precipitat.ed asphaltene divided by original mass of heavy crude 
petroleum 

(c) (fP!! lretal in asphaltene)x(wt. % of asphaltene in crude petroleum) 
(ppn lretal in crude petroleum) 

(d) Fran Table 3. 

d 

W 
\0 
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of nickel precipitated in the asphaltene of a given petroleum 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 equal affinities for compounds of the 

two 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. 103 

As can be seen from comparing the weight percent of asphaltenes 

precipitated using the two solvent ratios, varying the amount of the 

precipitating solvent has very little effect on the mass of asphal

tenes produced. An increase in the solvent ratio does however affect . 

the vanadium concentration in the precipitated asphaltene by as much 

as 15 percent. In comparison with the experimental 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 incorporated in the 40:1 

precipitated asphaltenes must be complexed in low molecular weight 

metallo-organic compounds. Further support for this hypothesis is 

provided by the SEC-HPLC-GFAA analysis 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 vanadium 

profiles of the 10:1 and 40:1 precipitated asphaltenes are compared, 
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Table 3. Vanadium and Nlckel CancentratiCilS in Asphaltenes Precipitaterl Using 
a Forty to"One Solvent-Ratio 

ppn ina ppn ina ppn ina Wt. % ofb % of Totale 

crude Asphaltene Maltene Asphaltene Metal in 
Petroleum in Crude Asphaltene 

Petroleum 

V Ni V Ni V Ni V Ni -
Boacan 1100 103 3700 350 280 30 23 77 78 

Cerro Negro 560 118 1600 360 110 26 21 60 64 

Wilmington 49 60 360 430 17 32 6~9 51 49 

Prudhoe Bay J9 g 250 96 10 4 3.1 49 39. 

(a) Determined by x-ray fluorescence spectroscopy. 

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

(c) (Pfm netal in asphaltene)x(Wt. % asrhaltene in crude petroleum) 
(ppn netal in crude petroleum) 

... 

~ 
-" 
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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 weight compounds. 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 weight struc

tures during the precipitation of the asphaltenes. 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 asphaltene research, this procedure was used in 

all further experiments. 25 ,26 

~A. Separation of Asphaltene Components kl Solvent Selective Extrac-

.!!2!! 

The emphasis of this research has been the characterization of 

low molecular weight, less than 1000 dalton, vanadyl compounds in the 

asphaltenes. To extract these compounds from the asphaltene matrix, 

a solvent selective extraction procedure described by Baker was 

used. 70 This technique is the same as that used by Fish and Komlenic 

in the characterization of vanadyl compounds in heavy crude petrole

ums. 97 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 the 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 solution. The asphalten~ was extracted in this manner a total 

of ten times. By the tenth extraction, a total volume of about 150 

ml xylene was req~ired to 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 ~olecular 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 stand 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 upper 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 porphyrins, as 

well as the vanadyl non-porphyrins which are thought to exist in 

petroleums, are coordinated in square planar environments. 81 ,104,105 
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Interaction with pyridine provides axial coordination 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 ccolor associated with vanadyl porphyrins and show strong Soret 

bands (408 nm) in their electronic (UV-VIS) spectra. 66 ,77,107 The 

Wilmington extract is orange and shows a weaker Soret band against a 

strong background absorption which rises at wavelengths below 450 nm. 

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 extracts, 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 is very different from that 
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Table 4. Solvent Selective Extractions of Asphaltenes. 

ppn V ina ppn V inb c ,.tass of 'of d ppn V in F.stimateci 
Aspllalte~ Extracted ppn V in Asphaltene Asphaltene Extracted 

Asphaltene Extract Extracted }1ass Aspha I tene 
(gram). Extracted 

-----.. - PIE V in 
Asphaltene 

Boscan 3700 3500 8100 1.50 4 

Cerro Negro 1600 1500 4200 1.02 4 

\'lilrninC.Jtal 360 340 470 0.50 13 

Prudhoe Bay 250 210 440 0.66 19 

(a) Determined by x-ray fluorescence spectrosccpy. 

(b) Detennined by CClIparing GFAA cup analysis of asphaltene and extracted asphaltene. 

(c) Calculated fran mass renoved by extractioo and difference in vanadium coocentration 

(d) 

in the asphaltenes and extracted asphaltenes as dterrninedin footnotes (a) and (b). 

(m;ams of asphaltene) - (~ams of extracted asphaltene) 
(grams 0 asphaltene) x 100 

0.95 

0.93 

0.96 

0.82 

,j:>. 
lJ1 



46 

observed by Fish and Komlenicj97 in their experiments five extrac

tions were sufficient to produce an extracted petroleum with a vana-

dium concentration less than half that of the crude petroleum. The 

parts per million (ppm) of vanadium in the extracts of the asphal

tenes were estimated from the differences in vanadium concentration 

and total mass of the asphaltenes and extracted asphaltenes. As is 

shown in Table 4, the extracts were much richer in vanadium than the 

asphaltenes. The differences in the amount of starting material for 

the extractions were due to the amount of asphaltenes available from 

each crude petroleum and the varying initial concentrations may have 

effected the equilibrium distr~bution of micelles within the xylene 

phase. Such concentration effects should have been minimized by the 

addition of sufficient xylene to ~ed1ssolve all remaining asphaltenes 

between successive extractions. 

d £. Separation of Asphaltene Components kl 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 

Bay petroleums. lOa This procedure involves absorbing the dissolved 

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 their solvent extracted coun

terparts, wine red and yellowish-brown, respectively. Figure 5 com

pares the spectra of the extract and the extracted asphaltene of Bos

ean asphaltene as prepared by the chromatographic separation and the 

solvent selective 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 om in addition to 

the Soret band at 408 om. 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 Chromatography Separation of Boscan Asphaitene 

Ch romatographic Separation 

Ex tract 

2S0.0 340.0 430.0 S20.0 610.0 700.0 

Wavelength (nm) 

Separated Asphaltene 

240.0 332.0 424.0 S16.0 608.0 700.0 

Wavelength (nm) 

CD 
U 
c: 
o 
.Q ... 
o 
fit 
.Q 

« 

IJ 
U 
c: 
o 
.Q ... 
o 
fit 
.Q 

« 

Solvent Selective Extraction 

Extract 

240.0 332.0 424.0 516.0 608.0 700.0 

Wavelength (nm) 

Extracted Asphaltene 

240.0 332.0 424.0 516.0 608.0 700.0 

Wavelength (nm) 
XBL 838-10959 

Figure 5. Canparison of Solvent Selective Extraction and Column 
Chromatography Separation of Asphaltenes. 
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fraction to be composed of vanadyl non-porphyrins. l08 

1 D. Rapid ~]Y-VIS Analysis 

One of the electronic absorbance (UV-VIS) spectrometers used 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 nm 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 in the electronic spectra, but strong features like the 

vanadyl porphyrin Soret band (408 nm) are not greatly affected. The 

rapid scan detector is 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 nm in the 

spectra of porphyrins. This region is important in the analysis of 

vanadyl porphyrins since it is the location and relative intensity of 

the secondary bands which provide an easy means of differentiating 

between non-metallated porphyrins and the various subclasses within 

the vanadyl porphyrins. When the absorbances in this region were 

distinct in the rapid scan UV-VIS spectra, the peaks were usually 

typical of vanadyl etioporphyrin, with a small peak at approximately 

530 nm and a slightly larger peak at approximately 570 nm. 8,54,70 In 

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 

RPLC-GFAA analysis of Boscan and Cerro Negro asphaltene extracts (see 

Fig. 12 and 13). The electronic absorbance spectrum of this peak has 

a weak Soret band, but the corresponding vanadium histogram shows 

this peak to be free of vanadium. Unfortunately the signal is too 

weak for secondary bands in the 500 nm to 600 nm region to be 

detected and the possibility that the weak Soret is caused by nickel 

porphyrins entrained in the solvent peak cannot be ruled out. 

Because many researchers have reported that there is more vanadium 

than porphyrins present in 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, however 

~on-metallated porphyrins have been reported in deep-sea sedi

ments. 109 In this study it is assumed that rapid scan UV-VIS spectra 

with definite Soret bands are caused by vanadyl porphyrins. Since 

the rapid scan UV-VIS detector was used to analyze the effluents from 

several different RPLC columns, the spectra are reported with the 

results of the individual columns. 

1. 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 retention times. By 

calibrating the columns with metallo-organic standards, it is possi

ble to correlate retention time with molecular weight. Since molecu

lar size is not always directly proportional to molec;ular weight, it 

is important to calibrate the columns with standards which are chemi

cally similar to the compounds being studied. 

Asphaltene samples were at first analyzed with the HPLC-GFAA 

system equipped with a 50 i and a 100 R SEC column in series. This 

combination gave good separations for molecular weights below 1000 

daltons, but was ineffective for molecular weights above 3000 dal

tons. Since the asphaltenes contain the highest molecular weights 

present in the petroleums, this was not an acceptable upper limit for 

analysis. The addition of a 1000 X SEC column improved the separa

tion of lower molecular weight compounds slightly and extended the 

effective upper range 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 fairly straight 

line, with the exception of VOTPP, which has a longer retention time 

than similar molecular weight compounds. 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. llD-112 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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Figures 7 - 11 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. 

al. for the heavy crude petroleums and their extracts,24 the molecu

lar weight distribution of vanadyl compounds has been broken down 

into four regions: molecular weights less than 400 daltons; molecu

lar weights between 400 and 900 daltons; molecular weights between 

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 have a molecular weight of 380 daltons). The molec

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 

regions, which are too large to be attributed 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. 51 

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 11. The continuous spectra 

are the visible absorbances at 408 om, 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 vanadyl porphyrins in heavy 

crude petroleums. 8,60 Absorbance at 408 om cannot be taken as proof 

of the presence of vanadyl porphyrins since other organic ligands and 

vanadyl non-porphyrin compounds in. the petroleums have very broad 

absorbance shoulders that extend well past 408 om. The presence of 

vanadyl porphyrins can only be assumed when the absorbance at 408 om 

is significantly more intense than the absorbance at other 

wavelengths. 108 Even fractions of petroleums which other researchers 

have labelled as vanadyl non-porphyrin have weak absorbance peaks at 

about 408 om, 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 represents a single vanadium analysis on the GFAA. The 

distance between the lines, or peaks, represents the 40 second inter-

val at which the BPLC effluent was automatically sampled. The most 

intensely absorbing point in the 408 om absorbance spectrum is 

referred to as the maximum of the visible absorbance profile. Other 

points in the spectrum which represent local maximums are referred to 

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 om) 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 daltons, 



Figure 8. SEX::-HPLC-{;FAA Data for a) Cerro Negro Asphal tene, 
b) Cerro Negro Maltene, and c) Extract of Asphaltene. 
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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 vanadyl 

compounds which elute 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 is consistent 

with both the Dickie and Yen and the Boduszynski theories of asphal

tene structure. 28 ,40,41 We expected from the structural differe~ces, 

which are believed to exist between the maltene and asphaltene frac

tions, that the maltene absorbances would be skewed toward lower 

molecular weights than the asphaltenes. The Boscan maltene meets this 

expectation with maximum absorbances at 2000 daltons and a secondary 

peak maximum at about 380 daltons. 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

tenes and resins,28 or weaker associations between resin molecules 

than between asphaltene molecules, as is expected from the Boduszyn

ski description of asphaltenes. 40 ,41 The extract of the asphaltene 

has a single peak maximum at about 380 daltons. 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 Negro asphal

tene, maltene, and extract are given in Figure 8. For the asphaltene 

the maximum absorbances for both the visible and the vanadyl profiles 

are at 8000 daltons. Both absorbances then decrease in intensity at 

the lower molecular weight regions. Faint peaks can be observed 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 and 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 

dilution which gave both an on scale visible absorbance and an on 

scale vanadium histogram. Samples were run at two dilutions and the 

resulting chromatograms were combined to facilitate study of the 

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 asphaltene. The maltene visible absorbance has a maximum at 
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Figure 9. SEX:-HPLC-GFAA Data for a) Wilmington Asphaltene, 
b) Wilmington Maltene, and c) Extract of Asphaltene. 
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about 2000 daltons (truncated in the figure) and drops rapidly with 

lower molecular weights. The vanadium histogram for the maltene is 

almost identical to the histogram of the asphaltene at molecular 

weights below 3000. 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 the relative magnitudes of the corresponding visible 

absorbance maxima. This is 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 vanadium in the extract at molecular weights greater than 

2000 daltons is unique to the extract of Wilmington asphaltene. 

The molecular weight distribution of vanadium in Prudhoe Bay 

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. Thevanadium pro

file has a dramatic drop in intensity at molecular weights below 7000 

daltons and a small peak at 380 daltons. With its maximum absorbance 

at 2000 daltons, 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 vanadium 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 pronounced decreases in intensity at 

lower molecular weights than do the whole asphaltenes. Polar extrac

tion clearly has the greatest effect on the lower molecular weight 

vanadyl compounds. 

Table 5 is a numerical summary of the preceding 5 figures. The 

vanadium distribution is 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 pe~k 

heights in a given molecular weight region were summed and 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 

three and five SEC-BPLC-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 compounds over 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 increasingly favor the higher molecular weight region. In 
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Prudhoe Bay asphaltene, which only 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 maltenes the trend is toward greater vanadium concentration 

in the two middle molecular weight regions for the less asphaltenic 

petroleums. A likely explanation 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 stericly with the 

precipitating compounds. These latter compounds will come out of 

solution with the backbone compounds. Since this action is baSically 

an entrapment of molecules in the precipitating asphaltenes it should 
-

have the greatest effect on small, low molecular weight compounds. 

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 weights. This is shown by the uniform intensity of the vanadium 

profile of the asphaltene (see Fig. 7) over the range from 8000 to 

400 daltons. 
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Further support for the inclusion of lower molecular weight mal

tene compounds in the asphaltene matrix is provided by the visible 

absorbance and vanadium histogram maxima of the asphaltenes and mal-

tenes in Figures 7 10. The peak maxima below 400 daltons is 

present 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 molecu

lar weights of up to 2000 daltons. These corresponding maxima are 

attributed to 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 eluted 

at greater than 900 daltons. The one exception to this is Wilmington 

extract, in which there was a small percentage of vanadium at molecu

lar weights of over 2000 daltons. But even in Wilmington over half 

of the vanadium in the extract eluted in the lowest molecular weight 

region. Fish and Komlenic97 showed that low molecular weight vana

dium compounds could be extracted from all molecular weights in a 

heavy crude petroleum. 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 weight regions. Comparing the 

percentage of vanadium at molecular weights of over 2000 daltons in 

the asphaltenes with that in the extracted asphaltenes shows that the 
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Table 6. Vanadiml Present in Each MOlecular Weight Category of Vanadyl COtp:Junds 

In Asphaltenes and Extracted Asphaltencs by 50/100/1000 ~ SEr-HPLC-cFAA Analysis 
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(weight t) 
c 
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the SCIlPle as determined in footnote (c). 
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cal1tratioo curve in Figure 2. . 
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footnote (c). 
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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 asphaltene are calculated from the ppm vanadium in the 

asphaltene as measured by x-ray fluorescence spectroscQPY, the per

centages given in Table 5, and the mass of the asphaltene sample. 

The grams of vanadium in the extracted asphaltene 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 asphaltene and extracted asphaltene. In the molecular weight 

region over 2000 daltons there is actually more vanadium present in 

the extracted asphaltene than in the whole asphaltene, while in the 

three lower molecular weight region there is substantially less vana

dium in the extracted asphaltene. Evidently the extraction process 

concentrates vanadyl compounds in the higher molecular weight region 

as 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 in 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 vanadium, while the concentration 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 for a little over half of the increase in vana-

dium concentration at molecular 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 subsequently 

entrapped by high molecular weight asphaltene molecules. Based on 

the results of Fish and Komlenic,97 which proved that low molecular 

weight vanadyl compounds were extracted from even the highest molecu

lar weight region, it seems likely that some low molecular weight 

vanadyl compounds are actually extracted from high molecular weight 

cOmplexes. The extraction of these compounds is concealed by the 

large amount of re-entrapment of low 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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2 F. Amino Column (Normal Phase) Analysis of Polar Extractskr ~

GFAA 

As mentioned in the presentation of the SEC analysis results, 

the polar extracts of the asphaltenes were studied because the SEC 

analysis indicated that they contained a large percentage of low 

molecular weight vanadyl non-porphyrins. These extracts were 

analyzed using a bonded phase, amino column with the HPLC-GFAA sys

tem. This column separates samples on the basis of polarity; low 

polarity compounds pass quickly through the column, while the more 

polar compounds interact 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 interact with the amino 

groups strongly enough to become irreversibly bound to . 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 format of the figures 

is the same as that for the SEC results; the upper, continuous line 

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 

porphyrins were detected at 408 am and the vanadyl non-porphyrin 

standards were run at 300 nm. As can be seen on the calibration 
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spectrum, vanady1 octaethy1porphyrin and vanady1 

identical retention times on the amino column. 
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etioporphyrin have 

At 408 nm two large 

peaks are observed in the visible spectrum of the polar extracts. 

When UV-VIS detection is set at 320 nm another peak is visible just 

beyond the solvent front. These three peaks have retention times of 

2 to 14 minutes, 14 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 vanady1 compounds demonstrated that, 

despite its strong affinity for metallo-organic vanady1 compounds, 

dissolution in pyridine produced no change in retention time when 

compared with standards dissolved in methylene chloride or methanol. 

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 intense visible absorption and vanadium histogram. The third 

peak is 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 peak at 408 nm, which is too weak to be assigncac;!, 

to a vanadyl porphyrin, and features a strong background absorbance 

at lower wavelengths. Peak two (t - 18 min.) has a typical vanadyl 

porphyrin spectra with an intense Soret band at 408 nm and secondary' 

absorptions at 530 and 570 nm. The re'tention time of_ . .this peak 

corresponds well with the model vanadyl porphyrin compounds. Peak 

three has a UV-VIS spectrum featuring both porphyrinic and non

porphyrinic absorptions. The retention time Clf'this peak is close to 

the retention time of the vanadyl non-porphyrin standards. 

The lower half of Figure 12 shows the results from the Cerro 

Negro extract. Peak two is shorter' than peak three, which is almost 

entirely composed of the first peak of the doublet. The right column 

of Figure 13 shows the rapid scan UV-VIS spectra of the three peaks 

of the Cerro Negro extract. Peaks one and two are similar to the 

corresponding peaks in Boscau. In peak three, UV~VIS spectra were 

taken of both parts of the doublet. "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 

model 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 om 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. 50 
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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 is 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 lower 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 extract shows almost no evi

dence for the presence of vanadyl porphyrins. 

In summary, there are a few general tendencies which can be 

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 into three classes by the amino column: pe~k two contains 

vanadyl porphyrins with elution times corresponding to the vanadyl 



Table 7. The Percent vanadium in l Each Vanadium Containing 

Peak Eluting fran the }Wino Cohmna 

Peak'J\..o Peak 'nlree 
(t = 14 to 22 min.) (t = 22 to 28 min.) 

Boscan 59 41 

Cerro Negra 58 42 

Wilmingt.al 49 51 

Prudhoe Bay 33 67 

(a) Percentage of total vanadium determined by nethcxl 
of sumning of peak heights digitized with an 
integrator for the elution peak designated. 
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porphyrin standards; peak three contains vanadyl non-porphyrins and 

vanadyl compounds with porphyrinic spectra which do not coincide with 

the retention times of any of the model vanadyl porphyrins available 

in this study. The distribution of vanadium between peaks two and 

three is given in Table 7 • The percentages given in Table 7 reflect 

the correlation between low asphaltene content and high vanadyl non

porphyrin concentration • 

.1 G. Reverse Phase Analysis of Polar Extracts ~ ~-GFAA 

Reverse phase analysis of the polar extracts was performed on an 

octadecylsilane column (C1S)' using a solvent gradient from a mixture 

of methyl alcohol and water (3:-1 v/v) to 100 percent THF. On this 

column 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 danger of sample 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 this column, the polar, vanadyl non-porphyrin standards 

elute near the solvent peak and the vanadyl porphyrin standards are 

the last 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 nm 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 vanadium histogram. 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 parallels the vanadium 

concentration. The profiles 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 from about 22 to 30 

minutes. The solvent peak is associated with the vanadyl non

porphyrin standards and in Boscan extract only four percent of the 

vanadium is associated with it. Unfortunately this peak was too nar

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 shows 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

rins. The 320 nm spectrum has a maximum ~ear the leading edge of 

peak two. This peak is 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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tion times of the model vanadyl and nickel porphyrins; it has strong 

absorbances at both 408 am and 320 am. The rapid scan of peak three 

(see Figure 18) shows both vanadyl porphyrinic and vanadyl non

porphyrinic behavior. Nickel is concentrated almost entirely near the 

solvent peak, but 8 percent of the nickel elutes with peak three at a 

retention time comparable with that of nickel etioporphyrin. The 

nickel histogram near the solvent peak has been truncated in the fig

ure because the histogram was faroffscale at this peak. This was 

also done with the nickel histograms of the three other asphaltene 

extracts. 

Figure 17 shows the chromatograms of the Cerro Negro extract. 

The electronic absorbance and vanadium and nickel profiles are simi

lar to the Boscan results, but differ in the relative magnitude of 

the peaks. Absorbance at 320 am in the leading edge of peak two is 

larger relative to the third peak and at 408 am the smaller peaks 

within the second major peak are less distinct. The percentages of 

vanadium in peaks one, two, and three are 17, 68, and 15 percent, 

respectively. Nickel is 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 am the second peak is much weaker than the third peak and in peak 

three the UV absorbance at 320 am 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 om absorbance spectra and vanadium histogram are 

similar to the Wilmington results, but the.diminishing of the second 

peak at 408 nm and the increased 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 classes. 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 predom

.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 asphal

tene petroleums have strong visible absorbance and high vanadium con

tent in peak two. Rapid scan UV-VIS spectra of these petroleums show 
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Reverse Phase HPLC -Rapid Scan UV-VIS Analysis 
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strong Soret bands. The extracts of petroleums with lower asphaltene 

contents have strong absorbances at both 320 nm and 408 nm in the 

third peak. The rapid scans of these extracts have little vanadyl 

porphyrinic character. Metal distribution among the. three peaks of 

the chromatogram~ is given in Table 8. The percentage of vanadiUm 

eluting in peak two with the unknown vanadyl porphyrin compounds is 

not as strongly influenced by the asphaltene content of the 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 relationship between the percentage of vanadium present and

the asphaltene content of- the source petroleum. This behavior is 

probably the result of the dual nature of the compounds eluting in 

this peak; the concentration of vanadyl porphyrins decreases with 

decreasing asphaltene content while the concentration of vanadyl 

non-porphyrins increases. 

d H. Extraction of Prudhoe Bay Maltene klColumn 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 isolate 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 fran 

ab the Reverse Phase ColUltU1 ' 

Peak One Peak Two Peak Three 
(t = 2 to 4 min.) (t = 4 to 22 min.) (t = 22 to 30 min.) 

·V Ni V Ni V Nt - -
Boscan 4 92 66 0 30 8 

Cerro Neqro 17 98 68 1 15 1 

Wi1m.1ngtal 9 67 66 0 25 33 

Prudhoe· Bay 18 99 58 0 24 1 

(a) Percentage of total vanadium detennined by nettoi of sumning peak 
heights digitized with an integrator for the eluticn peak designated. 

(b) Percentage of total nickel detennined by met:.hOO of SUImLing peak 
heights digitized with an integrator for the elution peak designated. 
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extract was run on the reverse phase column, it eluted with the third 

peak at a retention time corresponding to the unknown vanadyl non

porphyrins observed during reverse phase analysis of the solvent 

selective extracts. ESR analysis shows that· the vanadium in this 

fraction is coordinated by four sulfur atoms. 106 The absorbance peak 

at 270 nm resembles the absorbance of the Boscan chromatographic 

extract at that wavelength. Since there are vanadyl porphyrin com

pounds which are common to all 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 chromatographic extracts are 

consistent with this hypothesis. 

11.. Rapid Scan UV-VIS - SEC-HPLC-GFAA Analysis 

Figure 23 shows a series of rapid scan UV-VIS spectra 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 Figure 6, The 50 i - 100 i 1000 i SEC column calibration 

curve. At high molecular weights there is only a slight peak at 408 

nm. 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 is 

clearly a Soret band and weak side bands appear betwe~n 500 and 600 
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om. This gradual increase in the clarity of the Soret band shows 

that it is indeed a Soret band which is barely observable over the 

strong background absorbances of the 2000 dalton asphaltene 

molecules. When the asphaltene molecules surrounding the vanadyl 

porphyrin are'smaller, they have less intense visible absorbances and 

the Soret band appears to be relatively more intense. This result 

shows that vanadyl porphyrins account for a greater percentage of the 

vanadyl compounds present in petroleum than has been previously 

reported. The entrapment of some vanadyl porphyrins in large 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 is evident that, 
-

even though the calibration curve was derived from model vanadyl por-

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 asphaltene; 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 

weight studies in the literature, in which it has been common to use 

polystyrene standards or model compounds to calibrate analytical 

columns. 28 ,32,85,86 

Despite the inaccuracy of the calibration curve, the ~elative 

distribution of vanadyl compounds between the four molecular weight 

regions is still valid, since, even though the true value of the 

molecular weights selected as the boundaries between the regions was 

uncertain, the size of the regions was constant and the order of mag

nitude of the molecular weights was correct. The SEC-HPLC-GFAA 

analysis is still an accurate means of making comparisons between. 

asphaltenes and their components. 



CHAPTER 4 

Discussion 

~ A. Asphaltene Structure 

One of the major difficulties in asphaltene research is the 

variation among definitions of what is being studied. Although it is 

generally accepted that asphaltenes are the material which is precip

itated from a petroleum by forty volumes of pentane, hexane, or hep

tane, there is a great variety in the methods of performing the pre

cipitation. 26 Variations in the reported precipitations involve: 

degree or absence of heating of the solution; time allowed for pre

cipitation, amount or absence of centrifugation, and the use of 

further re-precipitations of the asphaltene. All of these variations 

in the precipitating procedure can effect the nature of the asphal

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 

the asphaltenes precipitated. 34 If centrifugation is used to 

separate the precipitated material, the speed and 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 varied. 36 In addition, 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 

molecular weight, but whether the remaining material is therefore 

inherently more asphaltenic depends more on how the researcher 

defines an asphaltene, than on any inherent physical basis. 

In this study the precipitating conditions were kept gentle to 

minimize secondary effects. The petroleums were added to forty 

volumes of pentane at room temperature and gently agitated for 

twenty-four hours. After agitation, the asphaltenes were separated 

by filtrat~on and washed until the rinse solvent was clear. The one 

variation in precipitating conditions which we investigated was the 

ratio of the volume of precipitating solvent to the volume of 

petroleum. As mentioned in the results of the precipitations, 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 asphaltenes from the forty to one volume precipitation. The 

distribution of vanadium in the SEC-BPLC-GFAA analysis was relatively 

unaffected by the volume of pentane 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 pentane and because their absence did not greatly 

affect the mass of collected asphaltenes, these compounds are rela

tively low (less than 1000 daltons) molecular weight metallo-organic 

vanadyl compounds. Also, since the SEC vanadium profile was virtu-

ally unaffected by the reduction in vanadium concentration, the low 

molecular weight vanadium compounds must be associated with asphal

tene constituents which cover the entire range of molecular weights 

. present· in the asphaltenes. This distribution of low molecular 

weight vanadyl compounds within high molecular weight asphaltene 

structures is 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 extracted 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 

is 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 occurring during precipitation 

is supported by the results of the extraction experiments of the 

whole petroleums and the asphaltenes. Fish and Komlenicreported the 

removal of 50 to 87 percent of the vanadium present in the whole 

petroleum and SEC-HPLC-GFAA analysis showed that vanadyl compounds 

had even been extracted from compounds with molecular weights greater 

than 2000 daltons. 97 SEC-HPLC-GFAA analysis of precipitated asphal

tenes and maltenes has established that compounds in that high molec

ular weight region are primarily asphaltenic. Extraction of the pre

cipitated asphaltenes·removed only 5 to 18 percent of the vanadium 

present. Furthermore, SEC-HPLC-GFAA analysis of the extracted 

asphaltenes failed to show a reduction of in the amount 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 is not sufficiently polar to disrupt 

the larger asphaltene micelles formed during precipitation, so in 

effect there is less "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 molecules. 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 extracts from the most 

asphaltenic petroleums have strongly porphyrinic 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 the lowest vanadium concentration, the 

lowest asphaltene content, and the lowest metallo-porphyrin concen

tration of the four petroleums studied. The mechanisms of vanadyl 

porphyrin and asphaltene formation proposed by Radchenko offer one 

explanation for the correlation of these factors,23 but the results 

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 is 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 strongly with the asphaltenes, many of them would 

be removed from the petroleum during 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 m1gr~tion.63 

±~. 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 sulfur1zation of the petroleum. 23 

The formation of asphaltenes was ascribed to the activity of sulfur 

bacteria and other unspecified processes occurring during oxidative 

phases in the diagenesis of the petroleums. 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 similar 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 concentration and the 

asphaltene content of the petroleum. 97 Since the correlation was 

only based on four petroleums. it cannot be assumed that all petrole

ums will conform to this relationship. It definitely can not be 

extended to light petroleums. since Radchenko's review of petroleUm 

data established that there was a dramatic difference in metallo

porphyrin distribution between petroleums with less than 0.3 % sulfur 

and petroleums with higher sulfur contents. 23 All four of the 

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 vanadium 

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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ship for the whole petroleums. Vanadium concentration in the mal~ 

tenesalso shows a linear correlation with asphaltene content. The 

fact that the vanadium concentration in both the maltenes and the 

asphaltenes shows a relationship with the asphaltene content of the 

whole petroleums. suggests that it may be incorrect to look at the 

metal concentration as a function of asphaltene content; rather it 

may be more correct to say that metal content and asphaltene content 

are both functions of 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 in the asphaltenes and that there are signi

ficant functional similarities between the resins and asphaltenes of 

individual petroleums. 29 • 30 

Fish and Komlenic also noted that the nickel concentration 

reached a maximum at about 100 ppm. 97 Work by Erdman and Harju bas 

also indicated that asphaltenes are saturated with respect to nickel 

concentration at a lower concentration than the vanadium concentra

tion. 27 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 asphaltene is probably a 

function of the high concentration of nickel porphyrins in Wilmington 

petroleum. Apparently the nature of the ligands 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 between 

vanadium concentration and asphaltene concentration. In Boscan 

asphaltene, which has the highest vanadyl porphyrin concentrations, 

the total vanadium concentration and the percentage of vanadium 

involved in porphyrins is 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 Boscau maltene. Vanadyl porphyrins, 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-porphyrins, 

extractable vanadyl porphyrins, and high molecular weight non

extractable vanadyl compounds. Rogers considered these latter co~ 

pounds non-porphyrins because of their high molecular weights and 

their UV-VIS spectra, which show only a slight peak at 40S nm. IOS 

However, ESR analysis of these compounds did show that most of the 

vanadium in these compounds had a four nitrogen ligand environ

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

SEC-HPLC-GFAA analysis demonstrated that the small peak at 40S 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 asphaltenesj either a 

large aromatic molecule containing a porphyrin like coordination site 

or a vanadyl porphyrin trapped within a large asphaltene molecule. 

At present, it is 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 the extracted vanadyl non-porphyrins were not comparable to the 

model vanadyl non-porphyrins available in this study. Both normal 

and reverse phase analysis demonstrated that a significant fraction 

of the eluting compounds with vanadyl porphyrin spectra spectra did 

not correspond with the elution times of the model vanadyl porphyrins 

used to calibrate the columns. It is likely 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 compounds that should be con

sidered are the hydrogenated vanadyl porphyrins. In the reducing 

environment 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 may represent a 

mechanism by which porphyrins have been demetalled in older petroleum 

deposits. The elucidation of the vanadyl porphyrin and non-porphyrin 

structures will be necessary before mechanisms of metallo-porphyrin 

fprmation and 

~£. Isolation of Vanadyl Non-Porphyrins 

One of the greatest difficulties in identifying vanadyl non

porphyrins is 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 reverse phase HPLC-

GFAA, it is difficult to separate the vanadyl porphyrins from the 

vanadyl non-porphyrins. This is especially true of· the asphaltenes. 

Despite several studies which indicated that the asphaltenes were 

richer in vanadyl non-porphyrins than the maltenes,27 the relative 

abundance of vanadyl porphyrins versus vanadyl non-porphyrins is 

greatest in the asphaltenes. The precipitation of asphaltenes, 

therefore, accomplishes some of the desired separation by precipitat

ing vanadyl porphyrins with the asphaltenes. 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. 108 The extract was found 

to contain vanadium and its UV-VIS spectra had a single peak at 270 

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

fraction contains only vanadyl non-porphyrins. When analyzed with 
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reverse phase HPLC-GFAA, the vanadyl compounds eluted in the final 

peak, at the same retention time as the unknown vanadyl non

porphyrins present in the solvent selective extracts of the asphal-

tenes. of all four petroleums. The isolatibn of a vanadyl non-

porphyrin fraction represents a significant step toward the identifi

cation of the first vanadyl non-porphyrin. Off line analytical tech

niques like electron spin resonance spectroscopy and mass spec

trometry are now needed to provide more structural information about 

these compounds. 

The isolation of a vanadyl non-porphyrin fraction from a crude 

petroleum illustrates the inadequacy of catalyst poisoning models 

which are based solely on vanadyl porphyrins. Rankel has noted that 

the differences between vanadium deposition studies of model petrole

ums composed of vanadyl porphyrins and the actual petroleums is not 

only a matter of the rates of vanadium deposition on the catalyst, 

but also of the differing stability of vanadyl non-porphyrins and 

vanadyl porphyrins in the presence of hydrogen and hydrogen sul

fide. 14 Silbernagel has also found that the chemical form of a metal 

compound has an important effect on catalyst poisoning. 1S 

i D. Nickel Compounds in Asphaltenes 

Because nickel is generally present in crude petroleums at lower 

concentrations than vanadium, relatively little 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 porphyrin band has generally been assumed to contain nickel 

porphyrins, but little work has actually been done to identify the 

constituents of this band. lOa 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 ESa 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 present is 

clearly non-porphyrin. Wilmington is the exception, with a third of 

the nickel eluting at a retention time consistent with nickel porphy

rins. 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) is among the first transformations to 

occur. 116 Studies have found that demetallation of chlorophylls has 

begun even in recently buried feedstocks. l The vacant coordination 

site is subsequently occupied by nickel and vanadyl ions.20 Nickel, 

because of its smaller size and greater symmetry, is believed to 

coordinate more readily with the porphyrin ring than does vanadyl 

ion. 59 ,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 research with 

nickel compounds in crude petroleums, there is 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 chromatography 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 is not common in 

recent research, but it 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 

is coordinated in porphyrin rings, studies of the poisoning mechan

isms have used nickel porphyrins to model the naturally occurring 
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nickel compounds. IB ,19,l1B Since most of the suspected non-porphyrin 

chelating systems are less stable with respect to demetallation than 

porphyrins, these studies will fail to adequately model the quantity 

or deposition pattern of nickel on catalysts. 63 Before modeling stu-

dies of nickel poisoning can be improved, it will be necessary to 

isolate and identify the nickel non-porphyrins. 

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. 

~~. Comparison of Solvent Selective Extraction ~ 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 experimental work,70 but a chromatographic separation developed 

by Rogers was also used in some of the final experiments. IOB The 

individual characteristics of these extraction techniques have 

already been discussed in the presentation of results, but it is use-

ful to compare these two methods of removing 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 



·113 

precipitated asphaltenes and many vanadyl compounds which are 

entrapped during the precipitation are inaccessible to extraction. 

On the positive 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 daltons. 

In the column chromatography 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 2 - 100 1 - 1000 R SEC-BPLC-GFAA analysis of the whole petroleums 

by Komlenic with the similar analysis of the asphaltenes and maltenes 

reported in this stu'dy.24 Methylene chloride was used as the injec-

tion solvent for all of these analyses and amass balance of the 
-

vanadium present ,in each molecular weight region shows that the vana-

dium in the maltenes and asphaltenes ofa given region sum to the 

vanadium present in the same region of the whole crude petroleum. 

Clearly, methylene chloride is sufficiently polar to overcome inter-

micellu1ar forces in the crude petroleum as well as 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 asphaltene 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 da1tons. The solvent selective extract has almost no vana-

dy1 compounds at molecular weights over 900 da1tons. 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 aspha1tenic material which is irreversibly bound to the column 

packing. This effect does, however, provi4e some additional informa-

tion about the aspha1tenes. The electronic spectrum of a solvent 

selective extract rises continually below 450 nm. In the chromato

graphic extract, the loss of some of the large, background absorbing 

compounds reduces the absorbance below 300 nm sufficiently to reveal 

a shoulder or weak peak at about 270 nm. Analysis of the extracted 

Prudhoe Bay ma1tene has associated this peak with vanady1 non

·porphyrins. 

~X. Applications of ~-GFAA Fingerprints of Aspha1tenes 

1. Identification of Oil Spills 

Petroleums have typically been characterized and identified by 

infrared spectroscopy and gas chromatography; analytical techniques 

which are greatly affected by the light components in the 

petroleum. 98 In the case of an oil spill, several days at sea are 

sufficient for evaporative losses and the dissolution of light com

pounds in water to have altered the infrared spectra and gas chroma

tograph beyond positive identification.99 Trace metal analysis 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 aspha1tenes 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 identifying the 

weathered petroleums in oil spills. SEC-HPLC-GFAA analysis of the 

four asphaltenes used in this study demonstrated that each asphaltene 

was a unique trace-metal fingerprint. 

2. Characterization of Heavy Crude Petroleums 

In addition to providing unique fingerprints of the asphaltenes 

and their polar extracts, HPLC-GFAA analysis can provide some basic 

structural information about petroleums. SEC-HPLC-GFAA profiles of 

the asphaltenes are strongly influenced by the asphaltene content of 

the petroleum; uniform vanadium distribution between 8000 and 400 

daltons indicates that the petroleum is highly asphaltenic. Normal 

and reverse phase HPLC-GFAA analysis of the polar extracts of asphal

tenes indicates the relative abundance of vanadyl porphyrins a~d 

non-porphyrins in the petroleum. Reverse phase chromatography with 

GFAA nickel analysis is a means of determining the abundance of 

nickel porphyrins in the petroleum. 

Although 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 

really be based on the 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 

is more difficult to extract vanadyl compounds from precipitated 

asphaltenes than from heavy crude petroleums. 

(2) Vanadium is present in asphaltenes in molecules or complexes 

with molecular weights between' 8000 and 100 daltons. Very little 

vanadium is complexed in compdunds with molecular weights of over 

10,000 daltons. 

(3) The molecular weight distribution of vanadyl compounds in the 

asphaltenes is 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 
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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 in removing 

molecules from the interior of micelles. 

(8) Vanadyl compounds 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 are primarily present in heavy crude petroleums 

as nickel non-porphyrins. 

(11) Although asphaltenes appear to become saturated with nickel at 

concentrations in excess of 400 ppm, no such upper limit of vanadium 

concentration was observed in the asphaltenes. 

(12) The higher vanadyl porphyrin concentration of the asphaltenes 

makes it difficult to extract pure vanadyl non-porphyrins from that 

fraction. Therefore, despite the 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 vanadyl porphyrins are concentrated in the asphaltenes 

during precipitation, 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 of the petroleums should be a better 

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

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 vanadyl 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 BPLC-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 porphyrin and non-porphyrin com

pounds. The reverse phase column eluted the unidentified vanadyl por

phyrins in one peak and eluted the identified vanadyl porphyrins and 

unidentified vanadyl non-porphyrins in 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) In 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 spectrometry. 



.. 

CHAPTER 7 

Experimental 

L A. Reagents 

HPLC grade chloroform, dimethylformamide, (DMF), hexane, 

methanol, methylene chloride (CH2Cl2), 

from Burdick and Jackson (Muskegon, MI). 

degassed before use in the HPLC system. 

and pentane were purchased 

SolYents were filtered and 

Extractions of polar com-

pounds from the petroleums were performed with reagent grade pyridine 

and xylenes (Mallinckrodt; Paris, KY) and 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, wh~le Boscan heavy crude petroleum 

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

Polystyrene standards for steric exclusion (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 (VOSalen) and vanadyl 
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benzosa1en (VOBenzosa1en) according to the procedure of Beilig et. 

a1.;119 VOBZEN according to the procedure of Di11i and Patsa1ides;120 

vanadyl dibenzotetraazacyc1otetradecane (VOTADA) according to the 

procedure of Burchill and Honeybourne;121 and nickel dibenzotetraaza-

cyc10tetradecane (NiTADA) according to the procedures of Di1li and 

Patsa1ides and Sakata. 120,122 

Standards for calibrating the various 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 column, since the solutions tended to decompose 

slightly even when stored away from light. 

LA. Apparatus 

A schematic of the HPLC-GFAA system is shown in Figure 26. For 

the steric exclusion chromatography work, an Altex 420 gradient pro-

grammer was used with two Altex 100 A solvent delivery pumps. The 

samples were injected into a 250 ~L sample loop and then separated 

on a series combination of 50 and 100 i pore size ~spherogel 

columns (Altex, 8.0 mm I.D. x 300 mm length) or of 50, 100, and 1000 

i pore size JLspherogel 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-I autosamp1er, which had been equipped with a 

flow through teflon receiving cup to allow continuous sampling of the 

HPLC effluent stream. At 40 second intervals the autosamp1er 
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injected 20 J'L of sample into a Perkin-Elmer 4000 GFAA. Instrument 

parameters for the GFAA were: band width 0.2 nm; dry time 15 seconds; 

dry temperature 900 C; atomization time 7 seconds; and atomization 

temperature 27000 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-RLA digital recorder. 

For the normal phase and reverse phase work t~e gradient pro

grammer was a Beckman-Altex 421 controller and the pumps were 

Beckman-Altex 112 solvent delivery modules. The normal phase column 

was an Altex Ultrasil-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 pack

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 C8 guard column. The single wavelength detector was replaced 

with a Beckman-Altex 165 rapid scanning UV-VIS detector. This 

instrument is capable of taking complete UV-VIS spectra (300 to 600 

nm) of eluting peaks. Data 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 BPLC-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 

.' 
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runs. 

L£. Procedures 

L£.1. Precipitation of Aspha1tenes 

Aspha1tenes 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 solvent to petroleum was used. Later this 

work was repeated using asphaltenes precipitated with a forty to one 

volume ratio for the sake of consistency with the literature. All 

other analyses were performed using the forty to one ratio for the 

precipitation of aspha1tenes. After adding the pentane to the crude 

petroleum, the solution was gently agitated at about 300 motions per 

minute for 24 hours. The aspha1tenes were then removed by filtering 

over a 0.45 micron nylon 66 mil1ipore filter, followed by washing 

with pentane until the wash solvent was colorless. The solid aspha1-

tenes were then dried under vacuum and weighed to determine the per

centage of aspha1tenes in the petroleum. After drying, the asphal

tenes were a coarse, brown to black powder. The pentane solub1es, or 

maltenes, and the wash solvent were also collected and dried under 

vacuum. After removal 

original whole petroleum. 

of the pentane, the maltenes resembled the 

Typically about 95 percent of the starting 

material was recovered as aspha1tenes and maltenes. 

L £. 1· Preparation & Polar Extracts 

Polar extracts were prepared using an extraction procedure 

described by Baker for the removal of metal porphyrins from crude 
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petroleums (See Fig. 27).70 About 0.5 g of asphaltene was dissolved 

in about 40 m1 of xylene. This solution was then extracted in a 

separatory funnel with a solution of pyridine and water (4:1 v/v); 

the pyridine being capable of coordinating to vanadyl compounds with 

the lone pair electrons on the nitrogen. After the phases were 

separated and the colored pyridine phase removed, the extraction was 

repeated using another 50 m1 of the pyridine-water solution and as 

much additional xylene as was necessary 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 particular asphaltene being extracted, were combined and then 

filtered over a 0.45 micron nylon 66 millipore filter to remove 

entrained asphaltenes. 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. lOB The 

maltene studied (3 grams) was dissolved in 30 m1 of methylene 

chloride and then added to 30 m1 of activated alumina. The alumina

maltene mixture was dried under nitrogen and packed in a 12mm by 30cm 

glass column, which had already been packed with 3 em of activated 

alumina. The vanadyl "porphyrin rich" fraction was eluted with 200 

m1 of DHF 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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fractions by vacuum distillation. This extraction procedure removed 

the visibly absorbing compounds much more efficiently than the pyri

dine extractions. An attempt to further extract the chromatographi

cally derived vanadyl non-porphyrin compounds with pyridine-water 

showed that there were no furtherextractables present in that frac

tion. 

L .£.. 1.. Metal Analysis 

Vanadium and nickel concentrations in the heavy crude. petrole

ums, maltenes, and asphaltenes were determined with x-ray fluores

cence analysis by Robert Giauque of Lawrence Berkeley Laboratory. 

The vanadium concentration in the extracted asphaltenes was measured 

by GFAA single cup analysis. Asphaltene and extracted asphaltene 

samples were diluted in methylene chloride to give solutions of 

approximately 1 ppm 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 considered 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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1£.~. High Performance Liquid ChromatographY 

Asphaltenes, maltenes, extracts, and extracted asphaltenes were 

all analyzed using one or both of the two SEC column configurations. 

Samples were dissolved in methylene 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 % hexane to 10 % methylene chloride over the 

first 3 minutes, to 25 % methylene chloride at 10 minutes, and 

finally to 100 % 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 % methanol-quartz distilled water (3:1 

v/v) at injection, to 30 % THF after 1 minute, to 70 % THF at 22 

minutes, and finally to 100 % THF at "25 minutes. All solvent gra

dient changes were made over 2 minutes. Normal and reverse phase 

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