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Metallo-organic Geochemistry. 1. 

The Molecular Characterization and Profile Identifications 

of Vanadyl Compounds Present in Various Heavy Crude Petroleums 

Richard H. Fish* and John J. Komlenic 

Lawrence Berkeley Laboratory 

University of California 

Berkeley CA 94720 

ABSTRACT 

Four heavy crude petroleums, Boscan, Cerro Negro, Wilmington and 

Prudhoe Bay, have been examined by high performance liquid chromatogra

phy in combination with graphite furnace atomic absorption detection 

(HPLC-GFAA) to provide both a vanadium fingerprint and a molecular 

weight categorization of the vanadyl porphyrin and non-porphyrin com

pounds present. We have also attempted to speciate the vanadyl porphy

rin and non-porphyrin compounds in these heavy crude oils by comparison 

of their size exclusion and polar amino-cyano separated vanadium histo

grams to authentic compounds. 
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INTRODUCTION 

One of the most interesting areas of petroleum research has been 

studies directed towards the isolation and identification of vanadyl 

compounds in heavy crude petroleums. In the majority of these stu-

dies, the la-f focus has been on the vanadyl porphyrin compounds and 

relatively little as yet is known about the vanadyl non-porphyrin 

compounds, even though they comprise from 50% to 80% of the total 

2a-f vanadium present. 

The problems involved in attempting to identify or speciate 

metallo-organic complexes 2+ of vanadyl ion (VO ) in crude petroleums 

are multidimensional. These complex matrices lend themselves to 

severe separation problems and the large number of vanadyl complexes 

make identification of single components almost impossible. The more 

realistic approach is to hopefully characterize classes of vanadyl 

complexes using model vanadyl complexes in conjunction with element 

selective detection. 

The interest in determining the vanadyl compound content in 

heavy crude oils, aside from the obvious geochemical interest, 

resides in the fact that novel removal methods of . vanadium for 

1 
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process and environment reasons will ultimately rely on knowing the 

vanadyl compound composition of these complex petroleum matrices. 

We have recently been using high performance liquid chromatogra-

phy (HPLC) to separate inorganic arsenic and organoarsenic compounds 

found in oil shale precursors and products; namely, the oil shale 

kerogens and bitume~ shale oils 
3a-c 

and retort waters. In these 

latter studies, the key to the speciation of the arsenic compounds 

was element-specific detection using a graphite furnace atomic 

absorption spectrometer in combination with HPLC analysis (HPLC-

GFAA). 

In the present study, we have used the HPLC-GFAA combination to 

separate and detect various vanadyl porphyrin and non-porphyrin com-

pounds, by molecular weight (Size Exclusion 
4 Chromatography), found 

in four heavy crude oils; namely, Boscan, Cerro Negro, Wilmington, 

and Prudhoe Bay. In addition to·fingerprinting the vanadyl compounds 

by molecular weight in these heavy crude oils, we have also used the 

technique of solvent selective extraction 1a to preferentially remove 

many vanadyl porphyrin and non-porphyrin compounds from other com-

ponents in these complex matrices and speciate these extracts by 

HPLC-GFAA analysis using polar HPLC columns. In the majority of 

cases previously reported, demetallation of the vanadyl ion (V=0
2+) 

in heavy crude petroleums was followed by profile identifications of 

the demetallated porphyrin compounds, with no mention of the demetal-

2e 5 lated non-porphyrin ligands. ' Although fingerprints of several 

heavy crude petroleums that have not been demetall~tedwere reported 

.. 
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using a combination of HPLC and UV-VIS detectors, we believe this to 

be the first study on the use of element-selective histograms for the 

characterization of vanadyl compounds found in heavy crude petrole-

ums • 



RESULTS 

The four heavy crude petroleums of varying geography, vanadium 

concentration, sulfur content, and age studied, are described in 

Table 1. 

We were able to compare the vanadyl profiles or fingerprints for 

the four heavy crude petroleums mentioned, by SEC-HPLC-GFAA analysis 

with the 50/100/1000 R column combination. Chart I shows the vanadyl 

porphyrin and non-porphyrin compounds we used as standards to ascer

tain HPLC retention times of the various classes of compounds thought 

to be present in these heavy crude petroleums. 

Figure 1 shows the vanadyl fingerprints for the heavy crude oils 

with the element-specific detector at 318.4 nm, the visible detector 

at 408 nm and the standards of vanadyl compounds and of the polys

tyrenes of molecular weights 3,100, 9,500, 34,000 and 102,000. Table 

2 demonstrates the wide distribution of vanadyl compounds by molecu

lar weight using a calibration curve (Figure 2) and categorizing the 

vanadyl compounds as greater than 9,000 daltons; 9,000 - 2,000 dal

tons; 2,000 - 900 daltons; 900 - 400 daltons; and less than 400 dal-

tons. 

4 
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This combination, 50/100/1000 R, excludes compounds of molecular 

weight 34,000 daltons. It is interesting to note that only 3-7% of 

the total vanadium in each heavy crude petroleum has a molecular 

weight greater than 9,000 daltons. The important result of these 

unique profiles is that from 30-50% of the vanadyl compounds present 

have a molecular weight of less than 900 daltons. 

In order to learn more about these vanadyl compounds (less than 

900 daltons), and to determine whether small molecular weight vanadyl 

compounds were complexed or intercalated into the high molecular 

weight asphaltene component of these oils, 1c we decided to utilize 

the solvent selective extraction technique. 1a 

Since we were interested in the profiles and the speciation of 

classes of both vanadyl porphyrin and non-porphyrin compounds of 

molecular weight less than 900 daltons, we reverted to the 50/100 R 
SEC column combination for the analysis of the oils, extracted oils 

and extracts. This 50/100 R SEC column combination is able to easily 

resolve vanadyl compounds of molecular weights of less than 900 dal

tons, thus we used this combination exclusively for subsequent ana

lyses. 

Figure 3 shows the SEC calibration plot for the 50/100 R column 

combination, which gives a linear working range from 100 to 3000 dal

tons. Vanadyl porphyrin and non-porphyrin compounds have again been 

used as calibration standards, to minimize error when assigning 

molecular weights to components in the petroleum samples. Polys

tyrene standards of 3100 and 9500 daltons have been used to calibrate 
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the high molecular weights ranges, since no vanadyl compounds at 

these molecular weight ranges were available. 

Figures 4-7 reveal again the unique fingerprints for the heavy 

crude petroleums, the oil after it was extracted with pyridiNe/water 

(4:1 v/v), as well as the pyridine extract (the pyridine was removed 

before analysis, see the experimental section). These figures, 4-7, 

show vanadyl compounds being removed from the entire molecular weight 

range of the heavy crude oils. However, only vanadyl compounds with 

retention times greater than 28 minutes and centered at 32 minutes, 

corresponding to an average molecular weight of 350 daltons, exist in 

the extract. Thus, although vanadyl compounds have been extracted 

from molecular weights greater than 900 daltons, in the extract, only 

low molecular weight vanadyl non-porphyrin compounds and vanadyl por-

phyrin compounds are present. Based on the accuracy of the calibra-

tion data from Figure 3, a large percentage of the vanadyl compounds 

present in the extracts appear to be vanadyl non-porphyrin compounds. 

Although vanadyl porphyrin compounds are not normally associated 

with molecular weights greater than 900 daltons, complexation to the 

asphaltene fraction of the oil could drastically increase the 

apparent molecular weight of these vanadyl compounds. This complexa-

tion or intercalation could possibly alter the physical and chemical 

properties of these compounds. Likewise, low molecular weight vana-

dyl non-porphyrin compounds could be incorporated into the asphaltene 

lc 2d 7 fraction of the oil by'7?-i?interaction or hydrogen-bonding. ' ' 

.. 
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Table 3 compiles the vanadyl compound distributions in Figures 

4-7 from greater than 2000 daltons to less than 400 daltons for the 

oils, extracted oils and the extracts. The results in Table 3 

dramatically show that between 40-80% of the vanadium compounds of 

molecular weight greater than 2000 daltons 3l-e removed, as stated 

above, and ha~~molecular weights in the 900 daltons to less than 400 

dalton range. To our knowledge, this is the first unequivocal 
. 8a-f 

Of 1c 2d 7 on a quantitative bas~s. demonstration this phenomena, ' ' 

In order to attempt to speciate, or molecularly characterize, 

the various classes of vanadyl compounds extracted with 

pyridine/water, we analyzed these fractions by using gradient elution 

chromatography with a polar amino-cyano column. 

Figures 8 and 9 demonstrate the separations we obtained with a 

polar amino-cy~no column and a gradient of solvents from hexane 

(100%) to methylene chloride-tetrahydrofuran (1: 1 v/v) with the visi-

ble detector at 408 nm and the element-specific detector for vanadium 

at 318.4 nm. The vanadyl porphyrin and non-porphyrin standards are 

necessary to establish clusters of various vanadyl compounds in the 

extracts and to determine compositional differences between the four 

heavy crude oils. The vanadyl porphyrin complexes shown in Figures 8 

and 9 were monitored at 400 nm, while the vanadyl non-porphyrin com-

plexes were monitored at 320 nm. The earliest eluting peak evident 

in all of the chromatograms represents the solvent, .methylene 

chloride. 
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In order to establish other classes of vanadyl porphyrin com-

pounds known to 1£ 2d be present in heavy crude petroleums, ' but not 

available to us as standards, we varied the wavelength of our visible 

detector to observe the location of both VORhodo and VODPEP at 590 

and 572 nm respectively, as designated by Branthaver et 9 al. Like-

wise, we used the data 2d of Spencer for the VOEtio III retention 

time. Figure 10 (Boscan) demonstrates the change in visible spectrum 

upon the change of wavelength from 408 to 572 and to 590 nm and indi-

cates the plausible retention times for these classes of vanadyl per-

phyrins in both Boscan and Cerro Negro crude oils (Figures 8 and 9). 

The vanadyl non-porphyrin standard compounds, VOBZEN, VOTADA, 

and VOBenzosalen (Chart I), could conceivably be present in Boscan 

and Cerro Negro crude oil extracts, since they elute in the vicinity 

of VORhodo porphyrin. All of the vanadyl porphyrin standards elute 

before the majority of the VOEtio and VODPEP porphyrins contained in 

the extract, suggesting that the model vanadyl porphyrins are less 

polar than the vanadyl Rhode, Etio and DPEP porphyrin compounds known 

to be present in the extracts.!£ The broad peak shapes observed in 

the extracts are due to the presence of various peripherally substi-

tuted functionalities attached to the porphyrin ring structure. 

These also account for the increased polarity of the vanadyl porphy

rin compounds present in the extracts.!£ 

Figure 9(b) indicates that the Prudhoe Bay extract does not con-

tain VODPEP, VOEtio, and VORhodo porphyrins to any detectable extent. 

However, it does contain early eluting vanadyl compounds, which 

" 
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account for all of the vanadium present in the extract. Unfor-

tunately, we have not been able as yet to find suitable vanadyl stan-

dards for these early eluting compounds. Figure 9(c) shows similar 

peaks for Wilmington crude oil extract, which registers an early 

eluting vanadyl compound peak as well. This extract also shows the 

presence of·VOEtio and VODPEP porphyrins; however, due to the lack of 

vanadium histograms near 35 minutes, VORhodo porphyrins do not appear 

to be present. 

The recent introduction of a rapid scan, ultraviolet-visible 

detector 10 (See experimental section) for an HPLC chromatograph 

increased, dramatically, our ability to differentiate between a vana-

dyl porphyrin, i.e., Soret at 408 nm and other characteristic absor-

bances at 535 nm and 572 nm, and vanadyl non-porphyrins, i.e., absor-

bances from 300 nm to approximately 390 nm. 

Using the technique of HPLC and rapid-scan ultraviolet-visible 

analyses (HPLC-RS-UV-Vis), we examined the three bands or clusters of 

vanadyl compounds evident in Figures 8 and 98 HPLC-RS-UV-Vis analysis 

of the first band of vanadyl compounds to elute (Figures 8 and 9) 

indicates that the maximum absorbance occurs at 300 nm, confirming 

the presence of a cluster of vanadyl non-porphyrin compounds in Cerro 

Negro, Wilmington, and Prudhoe Bay crude oil extracts (Figure lla). 
) 

This band was not evident in the Boscan heavy crude oil. 

Similar analysis of the vanadyl porphyrin peaks eluting from 10 

to 30 minutes, shown in Figure ll(b), reveals only characteristic 

vanadyl porphyrin spectra, and no other UV absorbing vanadyl non-
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porphyrin compounds. Additionally, analysis (Figure 11c) of the peak 

occurring near 35 minutes shows that this peak consists of a mixture 

of both vanadyl porphyrin (maximum absorbance 410 nm) and vanadyl 

non-porphyrin (maximum absorbance 265 nm) compounds. This latter 

class of vanadyl non-porphyrin compounds conceivably have ligands 

corresponding to (VO)N2o
2 

or (VO)N
4 

as evidenced by the retention 

times of our model compounds. 

It was felt that a comparison of the vanadium and nickel SEC

HPLC-GFAA profiles might provide important biogeochemical and process 

orientated information concerning the types of porphyrin and non

porphyrin ligand associated with each metal. Figures 11 and 12 com

pare the nickel and vanadyl histogrammic profiles for the four heavy 

crude petroleums obtained using the 50/100 ~ column combination. 

Figures 11 and 12 show vanadyl compounds eluting over a much broader 

time period, favoring the higher molecular weights, while the nickel 

compounds show a smaller range of eluting times, centered at lower 

average molecular weights. 

With the exception of Boscan crude oil, all of the oils contain 

greater percentages of vanadyl compounds at molecular weights above 

900 daltons and proportionally more nickel compounds at molecular 

weights less than 900 daltons. Prudhoe Bay crude oil shows the 

greatest separation between nickel and vanadyl compounds, with over 

70 percent of the nickel occurring at molecular weights less than 900 

daltons, and nearly 60 percent of the vanadyl compounds at molecular 

weights above 900 daltons. This latter result clearly shows the use-
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fulness of these .histogrammic fingerprints for defining vanadium and 

nickel porphyrin and non-porphyrin ratios at molecular weights of 

less than 900 daltons • 



DISCUSSION 

Previous studies of heavy crude petroleums for vanadium compound 

content have been primarily limited to the Venezuelen heavy crude 

petroleums, such as Boscan and Cerro Negro, because of their 

extremely high le 2d 6 9 vanadium concentrations. ' ' ' Alternatively, the 

comparisons of heavy crude petroleums of different geochemical origin 

2f and geography have not been extensively studied. 

More importantly, these studies 2e have been usually concerned 

with demetallating the heavy crudes and determining the profiles of 

5 remaining ligands by HPLC. The studies on the non-demetalled heavy 

crudes used visible detectors to profile or fingerprint the 

petroleums. 2d, 6 As stated, the element-selective histograms of HPLC 

separated vanadium compounds from heavy crude oils or their extracts 

have not been reported. Figures 4-7 clearly indicate the unique 

fingerprints these four heavy crude petroleums have and provides evi-

dence for their utility for the possible exploration and identifica-

tion of future heavy crude petroleum deposits. 

These vanadium SEC profiles also allowed a categorization of 

various molecular forms of vanadyl compounds. One striking result 

from these profiles is that although the vanadium concentrations vary 

12 
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considerably in the four crudes, the vanadyl compound distributions 

in the various molecular weight categories (Table 3) are somewhat 

similar. It is also interesting to note that less than ten percent 

of the vanadyl compounds occur at molecular weights of greater than 

9,000 daltons in each crude (Table 2). 

Table 2 also indicates that between 2,000 and 9,000 daltons the 

vanadium content for the various oils is quite large (28-48%) and a 

considerable percentage (13-31%) is found at the less than 400 dal-

tons molecular weight range. Importantly, the vanadyl compounds 

associated with the large molecular weight asphaltenes can be 

extracted with aqueous pyridine and these compounds with apparent 

molecular weights at greater than 2,000 daltons actually have molecu-

lar weights of less than 400 daltons (Table 3). This strongly 

implies that a considerable percentage of vanadyl non-porphyrin com-

pounds are complexed to the large molecular weight asphaltenic com-

ponent of heavy crude petroleums and can be removed by solvent 

selective extraction techniques. We believe this to be the first 

direct observation of this complexation phenomena to be reported, 

1c 11 even though this has been investigated by others. ' 

The solvent selective extraction technique provided fractions 

that had vanadyl porphyrin and non-porphyrin compounds of which VOE-

tio, VORhodo, VODPEP represent the former and VOTADA, VOSalen, VOBen-

zosalen and VOBzen represent the latter classes of vanadyl compounds 

(Chart I). 12 , 13 The dramatic find of nearly sixty to eighty percent 

of the compounds extracted from the four heavy crudes having molecu-
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lar weights less than 400 dalton implies vanadyl non-porphyrins 

(Chart 1 and Table 3) as major components of these extracts. 

In addition, the analysis of these extracts using a polar 

column, i.e., polar amino-cyano, with gradient elution provided three 

major bands or clusters of vanadyl compounds (Figures 8 and 9) in the 

four crude petroleums. These extracts were also shown by RSS-PAC-

HPLC analysis to contain vanadyl non-porphyrin compounds (Figure 11) 

in at least two of the three clusters. 

It should be noted that significant differences between the 

extracts exists as in Figures 8 and 9. This may be related to geo-

chemical origin and maturation. The oldest crude, Prudhoe Bay (Table 

1), does not contain vanadyl porphyrins as denoted by the second peak 

in Figure 1lb, while Boscan, of intermediate age, does not contain 

the cluster of vanadyl non-porphyrin designated as peak one, Figure 

1la. Cerro Negro and Wilmington, both of similar age and origin, 

contain all three clusters (Figure 11a,b,c). 

It should be pointed out that highly polar vanadyl compounds, 

such as those in the third peak in Figure 1lc, may possibly bind 

irreversibly to the PAC column as evidenced by the retention time of 
• 

VOSalens, which occurred at 60 minutes, far later, than other vanadyl 

non-porphyrin compounds. Other studies have shown losses of vanadyl 

compounds of up to twenty percent using gradient elution chromatogra-

26 29 phy with polar solvents. , This latter phenomena may explain the 

differences between the PAC and SEC results for Boscan crude oil 

extracts. The SEC results basically indicate more vanadyl non-
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porphyrin compounds than is observed with the PAC column. This last 

effect can be minimized by using an array of model compounds to be 

checked on both size exclusion and polar columns as we have attempted 

to do. 

Other factors that relate vanadyl non-porphyrins to various 

crude oils is the sulfur content. 14 Radchenko compared vanadyl por-

phyrin and non-porphyrin compounds with crude oils that had high and 

low sulfur content and found that those with low sulfur content con-

tained a greater proportion of vanadyl non-porphyrins, while the 

reverse situation, i.e., high sulfur content contain· proportionally 

more vanadyl porphyrins. Our results also support this trend with 

Boscan (5.5% sulfur) and Prudhoe Bay (1.06~ sulfur) containing 

mostly vanadyl porphyrin or non-porphyrin respectively. This trend 

can also be related to asphaltene concentration and graphically can 

be linearly related to the sulfur content (Figure 14). 

We obviously need to have many more model vanadyl non-porphyrin 

compounds to clearly identify the various ligands associated with 

these compounds. We are presently examining the extracts of the four 

heavy crudes, with particular emphasis on Boscan and Prudhoe Bay 

oils, to further speciate the vanadyl non-porphyrins by preparative 

HPLC isolation followed by standard mass spectrometry and electron-

spin resonance techniques. In this manner, we hope to be able to 

understand the role of these important compounds as conduits for 

vanadyl ion (V02+) and their role in poisoning hydroprocessing 

catalysts. 
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In conclusion, we want to reiterate what we feel is the applica

bility of HPLC-GFAA fingerprints for the petroleum industry. This 

type of analysis could be extremely beneficial for exploration stu

dies, catalyst poisoning studies, biogeochemical studies as well as 

an identifier in oil spills. 

• 
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EXPERIMENTAL 

Materials 

The Cerro Negro, Wilmington, and Prudhoe Bay crude oils were 

provided by Dexter Sutterfield of Bartlesville Energy Technology 

Center. The Boscan heavy crude oil was provided by Dr. J. Lubkowitz 

of INTEVEP, Caracus Venezuela. 

HPLC grade methylene chloride (CH2cl
2
), tetrahydrofuran (THF), 

and n-hexane were purchased from Burdick and Jackson (Muskegon, MI). 

All solvents were filtered and degassed before use in the HPLC sys-

tem. 

Vanadyl tetra(3-methylphenyl)porphyrin (VOT3MePP), tetra(4-

carbomethoxy)phenylporphyrin (T4CMPP), vanadyl etioporphyrin I (VOE

tiol), and nickel etioporphyrin I (NiEtiol) were purchased from Mid

century (Posen, IL). Vanadyl tetraphenylporphyrin (VOTPP) was pur-

chased fro~ Strem Chemicals (Newburyport, MA). Vanadyl sal en 

(VOSalen) and vanadyl benzosalen (VOBenzosalen) were prepared from 

free base ligands according to the method of Bielig et a1. 15 VOBZEN, 

16 was synthesized according to the method of Dilli and Patsalides, 

while the VOTADA was prepared from the free base ligand according to 

the procedure of Burchill and Honeybourne. 17 The 3100 and 9500 

17 
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molecular weight polystyrene standards were purchased from Altex 

(Berkeley, CA). 

Reference solutions of all standards were made by dissolving 

each standard in HPLC grade methylene chloride, filtering using 0.45 

JJ m millipore filters (Bedford, MA) (used for all of the filtering in 

this study), and stored away from light in order to minimize decompo

sition. Ultraviolet-visible spectra of the extracts and standards 

were recorded using a Cary 219 UV-VIS spectrophotometer with an Apple 

II computer for data acquisition. The solvent selective extractions 

were performed using reagent grade pyridine and p-xylene (Mallinck

rodt; Paris, Kentucky) and quartz-distilled water. 

HPLC-GFAA Instrumentation 

A 250~1 sample_of the heavy crude petroleum to be analyzed was 

injected onto the column via a gradient-programmed solvent stream 

provided by two solvent delivery pumps (Altex 100 A) and a gradient 

programmer (Altex 420). Separations were accomplished using a series 

combination of 50/100/1000 R or 50/100 R spherogel columns (Altex, 

8.0mm I.D. * 300mm length) with swelled divinylbenzene as the packing 

for the SEC runs, or a polar amino-cyano (PAC) column (Altex, 4.6mm 

I.D. * 250mm length) with a self-packed guard column (Waters, 3.2 mm 

I.D. * 40mm length) for the gradient elution runs. 

After separation, the sample absorbance at a selected UV-Vis 

wavelength (nm) was read using a variable wavelength detector (Altex 

155-40). The sample was then carried into a flowthrough Teflon 

• 
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receiving cup from which the HPLC effluent was automatically and con-

tinuously sampled for introduction into the GFAA (Perkin-Elmer 4000) 

at approximately 40 second intervals. 3c Instrument parameters for the 

----
GFAA were: band width 0.2 -nm; -dry time 15 s; atomization time 7 s; 

detector wavelength 318.4 nm (vanadium), 232.0 nm (nickel); dry tem-

perature 90°C; atomization temperature 0 2700 C; and cooling gas 

argon. 

A dual-pen strip chart recorder (Kipp and Zonen) was used to 

record the single wavelength UV-Vis absorbances. The GFAA histo-

grammic data was recorded using both the strip chart recorder and a 

digital integrator (Altex C-RIA). 

Rapid scan spectroscopy (RSS) analysis was accomplished using a 

variable wavelength detector (Altex/Beckman 165). RSS was used to 

provide both UV-Vis (300 to 600 nm) spectra and UV maxima (250 to 350 

nm) for the PAC-HPLC separated pyridine extracts. The spectra from 

the Altex/Beckman 165 detector were stored on five inch floppy discs 

(Apple II computer) and printed on an Apple silent printer. 

Procedures for Sample Preparation 

Extraction 

Five grams of each of the heavy crude oils was extracted five 

consecutive times with a mixture of pyridine (40 ml), water (10 ml), 

and p-xylene (10 ml). Phase separations occurred after approximately 

fifteen minutes, with separation time increasing slightly as the 

number of extractions increased. The extract phase was collected, 
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filtered, and rotary-evaporated to remove any residual solvents. The 

extracts were then redissolved in HPLC-grade methylene chloride and 

stored in the dark until needed. 

The four oils, after extraction, were also rotary-evaporated and 

submitted, along with the whole crude oils (before extraction) to x

ray fluorescence analysis. The crude oils, before and after extrac

tion, were then diluted in HPLC-grade methylene chloride, filtered, 

and stored in the dark until needed. X-ray fluorescence analyses for 

vanadium were performed by Robert Giauque of Lawrence Berkeley 

Laboratory. The atomic absorption analyses for vanadium was per

formed by the Microchemical Laboratory of the College of Chemistry, 

University of California, Berkeley. 

Chromatography Procedures 

The heavy crude oils, the extracted oils, and the extracts were 

all analyzed using the 50/100 i SEC column. The 50/100/1000 i combi

nation was also used with the four heavy crude petroleums. All SEC 

runs were performed with THF as the mobile phase at a flow rate of 

0.5 ml/min. Further, the four pyridine/water extracts were also 

analyzed using gradient elution chromatography with the polar-amino 

cyano (PAC) column. The PAC separations were obtained with a solvent 

gradient consisting of an initial linear ramp from 100 percent n

hexane to 25 percent methylene chloride - THF (1:1 v/v) from 0-3 min 

and a second linear ramp from 25 percent to 100 percent methylene 

chloride-THF (1:1 v/v) from 27-30 minutes at a flow rate of 2.0 

ml/min. Recalibration of the PAC column after each run was 

•.. 
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accomplished by ramping to 100 percent n-hexane over 3 minutes, and 

holding until a minimum of 10 column volumes of n-hexane had eluted. 
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TABLE CAPTIONS 

(1) Biogeochemically Important Parameters Involving Heavy Crude 

Petroleum Diagenesis and Maturation. 

(2) Molecular Weight Distributions of Vanadyl Compounds Present In 

the Four Heavy Crude Petroleum as Determined by 50/100/1000 i· 

SEC-HPLC-GFAA Analysis. 

( 3) Molecular Weight Distributions of Vanadyl Compounds Present in 

Heavy Crude Oils, Oils After Extraction, and the Extracts as 

Determined by 50/100 i SEC-HPLC-GFAA Analysis. 

27 



•. 

Table 1 

Biogeochemically Important Parameters 

Involving Heavy Crude Petroleum Diagenesis and Maturation 

Vanadium Asphaltene Sulfur Date of 
Oil Concentration Content Content Geological Origin Depth 

(ppm) ( % )a (%) Ageb (x10 6 years) (m)b 

Boscan c 1100 25.0 5.50 Ogliocene/ 26-54 840 
Eocene 

Cerro Negro c 550 20.0 3.85 Miocene/ 2. 5-26 1800 
Pliocene 

Wilmington d 49 6.2 1.55 Miocene/ 2.5-26 900 
Pliocene 

Prudhoe Bay e 19 2.9 1.06 Paleogene/ 65-136 900 
Cretaceous 

(a) Unpublished results of B. Wines, UCB-LBL. 

(b) Reference 13 

(c) Venezuelan 

(d) Californian 

(e) Alaskan 
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Table 2 

Molecular Weight Distributions of Vanadyl Compounds Present 

In Heavy Crude Petroleum as Determined by 

50/100/1000 R SEC-HPLC-GFAA Analysisa 

MWb Boscan Cerro Negro Wilmington Prudhoe Bay 

>9000 3.5 4.2 

>9000, <2000 28.0 38.3 

>2000, <900 17o2 19.5 

>900, <400 20.5 18.0 

<400 30.8 20.0 

(a) Percentage of total vanadium. 

(b) do. !feNS 

4.9 7.2 

37.2 47.8 

15.5 17.4 

16.6 14.3 

25.8 13.3 
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Table 3 

Molecular Weight Distributions of Vanadyl Compounds 

Present in Heavy Crude Oils, Oils After Extraction, and the 

Extracts as Determined by 50/100/1000 R SEC-HPLC-GFAA Analysis 

Boscan· Cerro Negro Wilmington 

Molecular <2000 <900 <2000 <900 <2000 <900 
Weight >2000 >900 >400 <400 >2000 >900 >400 <400 >2000 >900 400 

Heavy V (ppm) 307. : 229. 257. 315. 175. 123. 114. 148. 13.8 11.1 9.3 
crude oil v (%) 27.9 20.0 23.4 28.7 31.3 21.9 20.4 26.4 28.5 22.9 19. 1 

Oil after V (ppm) 176. 128. 127. 109. 106. 93.0 55.7 25.2 2.6 •• 8 1.1 
extraction v (%) 32.6 23.7 23.6 20.1 37.9 33.2 19.9 9.0 40.2 28.3 16.8 

Removed V (ppm) 131. 92. no. 206. 69.0 30.0 58.3 123. u. 2 9.3 8.2 
v (%) 42.3 41.8 50.7 65.4 39.4 24.4 51. 1 83.0 81.1 83.8 88.2 

Extract V (ppm) -- 6.0 136. 418. - -- 74.0 206. 0.3 0.8 7.5 
v (%) -- 1. 1 24.3 74.6 -- -- 26.4 73.6 0.8 1. 9 17.8 

(a) Concentration of metal present at molecular weights greater than 2000 daltons. 

(b) Percentage of total metal present at molclar weights greater than 2000 dalton&. 

.. 

Prudhoe Bay 

<2000 
<400 >2000 >900 

14.3 5.8 5.3 
29.5 31.1 28.6 

0.9 3.2 2.8 
14.7 34.6 30.6 

13.4 2.6 2.5 
93.7 44.8 47.2 

33.5 0.5 0.5 
79.5 5.0 5.0 

.. 

<900 
>400 

4.3 
22.9 

2. 1 
22.9 

2.2 
51.1 

3.1 
32.9 

<400 

3.3 
17.4 

1. 1 
u. 9 

2.2 
66.7 

5.4 
57. 1 

w 
0 



31 

.. 

.. 
CHART CAPTIONS 

(1) Model Vanadyl Porphyrin and Non-Porphyrin Compounds 

• 



32 
CHART 1 
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FIGURE CAPTIONS 

(1) 50/100/1000 R Data for Four Crude Oils 

(2) SEC Calibration Curve: 50/100/1000 R Column in Series 

(3) Plot of Log Molecular Weight Versus Retention Time for the 50/100 R 

Column Combination. 

(4) 50/100 R SEC-HPLC-GFAA Data for a) Standards, b) Boscan Crude Oil 

After Extraction, and d) Crude Oil Extract. 

(5) 50/100 R SEC-HPLC-GFAA Data for a) Standards, b) Cerro Negro Crude 

Oil, c) Crude Oil After Extraction, and d) Crude Oil Extract. 

(6) 50/100 R SEC-HPLC-GFAA Data for a) Standards, b) Wilmington Crude 

Oil, c) Crude Oil After Extraction, and d) Crude Oil Extract. 

(7) 50/100 R SEC-HPLC-GFAA Data for a) Standards, b) Prudhoe Bay Crude 

Oil, c) Crude Oil After Extraction, and d) Crude Oil Extract. 

(8) PAC-HPLC-GFAA Data for a) Standards, b) Cerro Negro Crude Oil 

Extract, and c) Boscan Crude Oil Extract. 

(9) PAC-HPLC-GFAA Data for a) Standards, b) Prudhoe Bay Crude Oil 

_Extrac~, and c) Wilmington Crude Oil Extract. 

(10) PAC-HPLC-GFAA Data for a) Standards, b) Boscan Crude Oil Extract 

Monitored at 408 nm, c) at 572 nm, and d) at 590 nm. 
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(11) Representative PAC-HPLC-R9UV-Vis Data Obtained for the Separated 

Pyridine Extracts. 

(12) 50/100 R SEC-HPLC-GFAA Data Comparing Vanadium and Nickel Distribu

tions for a) Standards, b) Boscan Crude Oil, and c) Cerro Negro 

Crude Oil. 

(13) 50/100 R SEC-HPLC-GFAA Data Comparing Vanadium and Nickel Distribu

tions for a) Standards, b) Wilmington Crude Oil, and c) Prudhoe Bay 

Crude Oil. 

(14) Plot of Sulfur Content Versus Asphaltene Content for Boscan, Cerro 

Negro, Wilmington, and Prudhoe Bay Crude Oils. 
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FIGURE 1 
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FIGURE 6 
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FIGURE 7 
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FIGURE 13 
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