A multitude of vanadyl porphyrins detected by APPI-FTICR MS, 
but where is the nickel?
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Geoporphyrins are the tetrapyrrole compounds present in sedimentary rocks and crude oils that are derived from various chlorophylls, bacteriochloro-phylls, and heme-type cytochromes.  Diagenesis and thermal alteration form primarily etioporphyrins (Etio) with varying acyclic alkyl substituents on the porphyrin nucleus and deoxophylloerythro-etioporphyrins (DPEP) with 5- to 7-member mono- and bi-cyclic rings at different exocyclic positions. Vanadium and nickel, the two most abundant metals in petroleum, enter into the porphyrin structure during early diagenesis replacing the biochemical complexing species (e.g, Mg, Fe, Cu).  
Using atmospheric pressure photon ionization (APPI) combined with ultra-high resolution Fourier transform ion cyclotron resonance mass spectroscopy (FTICR-MS), we are able to identify vanadylporphyrins in crude oil fractions without deriveativization, demetellation, or further chromato-graphic sepatation [1].  The vanadylporphyrins (CnH2n-zN4VO) identified included not only the Etio (Z=-28), DPEP (Z=-30), Di-DPEP, (Z=-32), Rhodo-Etio (Z=-34) and Rhodo-DPEP (Z=-36), but a complete series of highly unsaturated structures with Z-numbers extending up to -50 and sulfur-species ranging from Z = -38 to -54. The number of alkyl-carbons ranged from 4 to 29. 

This analysis was conducted on Maya crude oil, a high sulfur (3.47 wt%) high nitrogen (0.378 wt%) crude oil containing V and Ni at 299 and 55 ppm, respectively. The metals are concentrated during in the asphaltene fraction (V = 1730 and Ni = 345 ppm).  We have now analyzed several other crude oils and have found similar distributions of vanadyl and sulfur-vanadyl porphyrins in Athabasca heavy oil, and vanadyl prophyrins in heavy crude from onshore California, Alberta, and the Middle East. The abundance of these compounds is approaching our limit of detection in some crudes. Only the more abundant Etio (Z=-28), DPEP (Z=-30), Di-DPEP, (Z=-32) vanadyl species were detected in an oil with  initial concentrations of 48 ppm V and 13 ppm Ni (179 ppm V and 52 ppm Ni in the porphyrin-bearing asphaltene fraction).
Curiously, nickel porphyrins were not detected in any sample. The absence of detectable nickel porphyrins could simply be due to limitations in the analytical method or may be indicative of unrealized geochemical processes. Experiments were made to determine the relative sensitivity of our technique to vanadyl and nickel porphyrins. VO and Ni octadecyl- and tetraphenyl-porphyrins standards were mixed into a heavy oil vacuum residuum and analyzed by APPI-FTICR MS. The response of the VO-porphyrins is ~3 times that of the nickel porphryins (Fig. 1).  The limit of detection of individual vanadyl and nickel porphyrins is ~ 20 ppb and 60 ppb, respectively. In the analyzed heavy oils, the total abundance of V is ~1.5 to 5 times that of Ni. Accounting for the response, Ni-DPEP and Etio porphyrins should be detectable in the most porphyrin-rich oils if the relative abundance of vanadyl and Ni prophryins reflect the V and Ni metal abundance.
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Fig. 1. APPI-FTICR mass spectra showing response of Ni (m/z  590.2919) and VO (599.2955) octadecylporphyrin standards mixed in a vacuum residuum of a heavy oil.
The non-detection by APPI-FTICR MS of Ni substituted C34-36 DPEPs, the most abundant VO-porphyrins, suggests that diagenetic or catagenic alterations favors vanadyl substitution over Ni such that Ni-DPEPs are >30% that expected from total V and Ni abundances. Nickel must be distributed in porphyrins with more complex unsaturated and sulfur-containing groups (Z < -30) where the abundance of any individual Ni-porphyrin is below our limit of detection.  A disproportional distribution of Ni and V into porphyrin and porphyrin-like species has been long suspected [2] but never proven. APPI-FTICR MS provided a means of directly detecting this process.
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