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A new, rapid method for determining the concentration of vanadyl porphyrins
(VO "-P) associated with the kerogen of bituminous sedimentary rocks, using electron
spin resonance (ESR) is described. The methud is simple, straightforward and inexpen-
sive. Several concentrations of a V'mddyl (VO ") standard dissolved in glycerol/lignite
mixture were prepared. The VO*' concentrations ranged from 100-1000 ppm. The
anisotropic ESR spectra of both the standards and kerogen samples were recorded at
room temperature and the integrated arcas of the pre-selected ESR line (attributed to
nuclear spin my = —=5/2) were computed. The concentrations of VO®' found in the
kerogen samples were calculated using the relative ratio of the integrated areas for the
standards and the kerogen samples. The VO*-P concentrations of the kerogen materials
were then calculated using 450 as the mean molecular weight of these species. The
quantitative determination of VO*'-Pin the kerogen fractions in the range 800 ppm and
8000 ppm and higher is feasible by the method ICpOl'ICd The method of analysis was
also extended to ac;pha]lenc samples (enriched with vo?* -P) and a coal sample contain-
ing non-porphyrin VO?" associated with its organic fraction.
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The occurrence of alkyl vanadyl (VO?*) porphyrins (P) in geological bitumen
samples was first demonstrated by the work of Treibs! and now they are known to
be present in a wide range of sedimentary rocks and petroleums. VO2*-P, first
biomarkers identified in sedimentary bitumens, are molecular fossils of tetrapyrrolic
pigments such as chlorophylls/bacteriochlorophylls.? Today, over 50 vears after
Treibs® discovery, there is considerable interest in sedimentary alkyl VO**-P as
biomarkers of depositional environments,? thermal history* and ori ginal organic
input into the sedimentary milieu.” Sedimentary VO>*-P can be arbitrarily divided
according to their physiochemical properties into the following two groups: (a)
extractable (alkyl) VO**-P with relatively low moleuclar weight and (b) VO2*-P
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associated with high molecular weight geopolymers: extractable asphaltene and
insoluble kerogen.?

Many analytical methods have been developed for the determination of the total
alkyl VO**-P in sedimentary bitumens, but no method has been reported for the
determination of VO**-P associated with the kerogen fraction. This paper presents an
analytical procedure than has been developed to quantify VO2*-P in the kerogens. The
method has been tested with kerogen samples from various sedimentary rocks of marine
origin with relatively high VO2*-P concentrations (=800 ppm). The results should aid
the interpretation of the process of VO*-P genesis and contribute to our understanding
of the importance of redox processes in VO?*-P genesis.

Present methods for the determination of the concentration of alkyl VO2*-P
in sedimentary bitumens utilize spectrophotometric techniques.® Spectrophotomet-
ric methods allow the determination of alkyl VO?**-P of sedimentary bitumen by
measuring the absorbance at the absorption maximum of alkyl VO2*-P, and are
therefore, not applicable to a kerogen system with VO2*-P. Recently, Holden et al.”
developed method for the estimation of the porphyrin concentration in the kerogen
fraction of sedimentary rocks using high-resolution reflectance spectroscopy. This
method is, however, not applicable to kerogen systems enriched with VO?*-P when
other metalloporphyrins (such as nickel(Il) porphyrins) are present.

ESR has now become a popular and useful tool in the hands of geochemists and
geologically oriented scientists. A large number of investigators working on paramag-
netic ions in geological materials have utilized this method in probing into the structural
and dynamic aspects of these ions. Furthermore, ESR is especially advantageous in
sensitivity to the paramagnetic ions besides being powerful in the resolution and
reproducibility of the signals. For instance, the discovery by O’Reilly® of the ESR
signals of VO**-P in petroleums and asphaltenes prompted researchers to apply the
technique for the detection and approximate quantification of low concentrations of
alkyl VOZX*-P in various carbonaceous geological materials without recourse to extrac-
tion.” Hocking and Premovi¢!? used for the first time this technique to study VO*-p
in the coal/coal-like inclusions of the Athabasca tar sand. In addition, Premovic et al.!!
applied ESR to estimate the distribution of VO?*-P in the kerogen fraction of ancient
sedimentary rocks of marine origin: the La Luna limestone (Venezuela) and Serpiano
marl (Switzerland). Finally, Nissenbaum et a/. ' detected by ESR VO**-Pin the asphalt
float from the Dead Sca Basin (Israel),

In view of the high ESR sensitivity, this investigation was undertaken with a
specific objective in mind: to evaluate a possible rapid and accurate quantitative
method for the determination of VO2*-P in sedimentary kerogen without chemical
pretreatment. This communication describes this new method which, in principle,
is quite similar to the sample interchange method of Premovi¢!3 and Premovic e
al.'""'% The method has been tested with samples of sedimentary kerogens and
asphaltenes, Table I. These materials were selected because their relatively high V
content, ranging from 600 ppm up to 3000 ppm. The direct determination of VO**-P
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was cxtended to both the asphaltenes of the floating asphalts from the Dead Sea
Basin and the organic fraction of a Kentucky coal sample.

EXPERIMENTAL

Samples

In order to demonstrate the applicability of this method, ESR was used to determine the vO*'-p
contents of two kerogen samples (11-6x Corman and 35-1 Duncan) of the Denver: Powder River
Formation (USA); six kerogen samples (AK 74, 76, 120; 11 D, IV D2, and DG 70) of the Akkuyi
Formation (Turkey); two asphaltene samples (A1, 2) of the Dead Sea floating asphalt and a Kentucky
coal sample (Providence mine, Kentucky, USA).

Electron spin resonance (ESR) analysis

The ESR measurements were performed on finely-ground powders of kerogen/asphaltenc
samples that were transferred to an ESR quartz tube. The spectra were recorded on a Bruker ER-200
series ESR spectrometer with a Bruker ER-044 X-band bridge using standard 100 kHz field modula-
tion. X-band measurements were made at 9.3 GHz utilizing a rectangular TE cavity.

Emissions spectrometry

A PGS-2 plane grating spectrograph (Carl Zeiss, Jena) was used with an attachment for
photoelectric detection, an arc plasma excitation source, and a Bausch and Lomb diffraction grating
as the monochromator.’
Isolation of kerogen/asphaltene

The procedure for the isolation of various organic fractions of bituminous rocks, asphalts and
coals, as well as their analysis has been presented in previous publications. ™ i

RESULTS AND DISCUSSION

Within the method employed, the VO?*-P concentration, [K], is given by the
following equation

(K] = C Ax/Ag pr/pst [ST]

where the subscripts k and st indicate the kerogen sample and the standard,
respectively, A is either the intensity (the ESR line height) or the integrated arca
under the first derivative of the corresponding ESR line, p is the density and [ST]
the concentration of the standard. C is mainly an instrumental constant. The areas
and concentrations were evaluated by means of a Daewoo computer system that
performed the integrations with baseline corrections, and computed the YO
concentrations from the above expression,

A glycerol solution was prepared by first dissolving a known amount of
VOSO4 x 5H20 in a solution containing 1.5 mL of concentrated H2SO4 + 0.5 mL
of deionized HO and then diluting it with glycerol to the desired VO?* concentra-
tion (8000 ppm) with thorough agitation. Changes in the efficiency (Q) of the ESR
cavity can result with samples that have different dielectric properties of surfaces.
The above glycerol VO?* solution has a high dielectric constant (56 D) and so cannot
be used as a reliable comparison of the relative VO concentration in kerogen. For
this reason, standards were prepared by mixing/diluting the glycerol VO?* solution
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with lignite (or, of course, any kerogen-like material containing no VOZ'-P) to the
desired VO*" concentration. The preparation of this (hereinafter called glycerol/lignite)
mixture has the effect of maintaining the dielectric medium of the standards close to
that of the kerogen samples, thus keeping Q similar. The standards prepared by mixing
the glycerol VO*" solution and lignite (using a vibrating mill: Perkin-Elmer) covered
the VO?* concentration range from 100 ppm to 1000 ppm of VO**. The lignite used
in these standards was Kostolac coal (Serbia) which contains no VO,

The VO**-P have characteristic anisotropic ESR spectra. The anisotropic ESR
spectra of VO2*-Pin the kerogen fractions of the studied sedimentary rock were similar
to that of La Luna kerogen (Fig. 1a). In general, these spectra gave a 16-line anisotropic
pattern, due to the interaction of the >!'V nucleus with its unpaired electron, and

Fig. 1. First derivative, room tem-

perature, anisotropic ESR spectrum

of: (a) the La Luna kerogen en-

a riched with VOZTLP; (b) a standard

(the glycerol/lignite mixture) con-

taining 1000 ppm of VO, (c) the

—eT initial glycerol solution containing

40 T : 8000 ppm of VO*'; and (d) the

insoluble organic fraction of the

Kentucky coal containing VO*'-
non-P.
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Fig. 2. Saturation behavior of the —5/2 IVO®" resonance line of: (st) a standard containing 1000
ppm of VO*' and (k) the Duncan kerogen.

displayed parallel and perpendicular features characteristic of polycrystalline
(amorphous) samples. A sharp intense peak near g = 2.003 is assigned to polyaromatic
paramagnetic species, which are always present in the kerogen materials.!”

At least three sources of error affect the precision of the estimation: (1) the
erTor in recordlng the spectrum thh depends upon the instrument used; (2) the
error in mixing the glycerol VO?2* solution with hgmte and (3) the error in
measuring the area under the appropriate line of the VO?2" ESR spectrum.

Figure 1 also illustrates the anisotropic ESR spectrum of: (b) a standard
containing 1000 ppm of VO?* and (c) a solution of VOSO4 x 5H>0 dissolved in
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Fig. 3. The repeatability of the integrated area of the — 5/2 IIVO2 resonance line using a standard
containing 1000 ppm vo*
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Fig. 4. Effect of time on the -5/2 IVO*" resonance line of a standard (with 1000 ppm of vor
stored in air.

the H2SO4/H20 system which was used for the preparation of the glycerol solution.
The anisotropic spectrum is typical of those previously reported for VO?* in powder
(polycrystalline) solids (b) or extremely high-viscous liquids (c). I8 It must be
understood here that the relative intensity (the ESR line height) in this case is not
proportional to the VO?* concentration and one cannot make use of the ESR line
intensity for a reliable comparison of the relative VO?2* concentrations in both the
standards and kerogen samples. Such a comparison requires the integrated areas.
Thus, the technique employed to measure the VO?* concentration in the kerogen
samples was a comparison of the integrated arca of an ESR line for kerogen to that
of a standard sample. Since only one line of the VOZ2* anisotropic hyperfine pattern
is necessary for obtaining the integrated area, just a narrow part of the vort
spectrum needs to be recorded. For this purpose, we selected the first derivative Sy
hyperfine line marked with m|=—5/2 li(hereinafter —5/2) in the spectra of the kerogen
samples (Fig. 1a) and standards (Fig. 1b). This line was chosen in order to keep the
linewidth and lineshape similar and to minimize the interference from both neigh-
bouring VO?* lines and the lines of other ESR active species present. In addition,
from our continuing study of VOt in various kerogen materials (for PIP 20 years),
we have found that the anisotropy of the ESR parameters of VOZ* in various
kerogens has little or no effect on linewidth and lineshape of the —5/2 line.

In order to obtain maximum sensitivity, it is necessary to record a spectrum
at a high power level. However, saturation is possible at high power. For this reason,
we plotted the integrated area of the —5/2 line against the square root of the
microwave power (P'2) for both the standard (with 1000 ppm VO?2*) and the La
Luna kerogen samples (Fig. 2). The linear relationship shows that it is safe to
perform quantitative work at the 10 mW power employed for these measurements.
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Fig. 5. The =5/2 IVO?®* resonance
line of the Kostolac glycerol/lignite
mixture for the following concen-
trations of VO?*: (a) 100 ppm; (b)
250 ppm; (c) 500 ppm; (d) 750
ppm; and (e) 1000 ppm.

Figure 3 shows a plot of the integrated area of the —5/2 line (vs. days) for five
standard samples containing 1000 ppm of VO?** derived from five different glycerol
solutions with 8000 ppm of VO?* prepared on five different days. A scatter of points
was obtained averaging to a straight line (parallel to the day axis in Fig. 3) with a
deviation of <5%. This figure indicates that the repeatability of these results is <30
ppm of VO at the 1000 ppm level.

Although the kerogen samples were not collected from freshly exposed
outcrop faces, repeated ESR analyses over the course of several months showed no
change in their VO?* contents. Similar experiments on VOZ* standards showed that
after several wecks no oxidation had occured. Typical results (standard with 1000
ppm of VO?*) are shown in Fig. 4. The ESR analysis at zero time corresponds to a
fresh sample stored under Nz. After six weeks of exposure to air, the VOt
concentration was virtually unchanged from the initial value of 1000 ppm. A part
of the sample was stored in a cloth bag to allow complete exposure to air.

Finally, the packing densities of the kerogen samples did not vary by more
than 5% but the standards had densities anywhere between 0.50-0.90 g cm™ "and
appropriate corrections were made.
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Figure 5 shows a series of —5/2 ESR lines at room temperature for five
concentrations of standards. If the integrated area of the —5/2 line of the standards
is simply plotted against the VO?* concentration a good calibration curve in itself
is possible. Figure 6 shows the linear plot obtained where the concentration range
100 to 1000 ppm is covered. The VOZ* spectra of a number of kerogen samples
were recorded and the —5/2 line areas were measured in the manner described. From
these arcas the concentration of VOZ* in the kerogen samples was obtained using
the calibration curve in Fig. 6.
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Fig. 6. The glycerol/lignite mixture as a standard for VO?®' in the concentration range from 100
ppm up to 1000 ppm.

Table I lists a number of kerogen samples for which the VOZ*-P concentration
was determined. The calibration curve shown in Fig. 6 was used in obtaining these
results. The use of the glycerol/lignite mixture as a standard is suitable, especially
for routine analysis when many samples with relatively low concentrations of
VOZ*-P (<8000 ppm) need to be handled, as it is often the case with most kerogen
samples. All the concentration results were confirmed by two or more experiments
on different days using more than onc kerogen sample in each case. Figure 7
indicates that the repeatibility of these results is <30 ppm of VOZ2*_P at the 5400
ppm level (the Duncan kerogen).

In fact, there are implicit assumptions in our approach that should be consid-
ered. The VO?"-P are assumed to be the only species VOZ2* present in each sample.
While these are the dominant species in sedimentary bitumens,” very little is known
about those VO™ species incorporated into the kerogen framework.* Occasionally,
the ESR spectrum of VOZ* non-porphyrins (VO?**-non-P) are noted in the kerogen
spectra. 16.19 The presence of these VO**-non-P, however, can not affect in anyway
the determination of VO2*-P in a particular kerogen sample.
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It is also assumed that the VO**-P in each kerogen sample consists of
equivalent alkyl VOZ*-P species with similar ESR spectral properties and molecular
weights (ca. 450).'" To obtain almost identical ESR spectra for extractable alkyl
VO?*-P and VO**-P incorporated into the kerogen matrix,* a high degree of
similarity between these VO**-P structures must exist. If there are kerogen voit.p
which are grossly different in structures than the (exractable) alkyl VOZ*.p (sa?/,
polyaromatic VOZ*-P structures) then their ESR spectra should be quite different. 1
A discussion of this point is, however, beyond the scope of this report.

The use of the glycerol/lignite mixture as a standard is not suitable, especially
for routine analysis when samples with relatively high concentrations of voitp
(>8000 ppm) need to be handled. For this reason, some kerogens (exceptionally
enriched with VO2*-P) were diluted with Kostolac lignite to lic in the range of 800
to 8000 ppm VOZ2*-P. Table I also lists a number of sedimentary kerogens having a
VOZ2*_P content higher than 8000 ppm. The calibration curve shown in Fig. 6 was,
also, used in obtaining these results.

Figure 8 depicts a plot of the content of V (as VO?2*-P) of the kerogen samples
against the total content of V, as obtained spectrochemically, Table 1. These results
support the view that most of the V (>80%) exist as kerogen VOZ2*-P recognized by
ESR.!!

TABLE 1. The V [ppm], vo? [ppm] and VOZ*-P [ppm] contents of the organic fractions of selected
bituminous rocks, asphalts and Kentucky coal

2—
Lithology/Sample vo* vo'P'  VasVO¥-P TotalV" [V/a; f\t/ gﬂl '\f :
Black shale:
11-16x Corman 3000 24000" 2300 2900 80
35-1 Duncan 675 5400" 500 600 83
AK 74 1625 13000" 1200 1400 86
AK 76 2125 17000 1600 1900 R4
AK 120 1125 9000* 900 1000 90
D 1625 13000 1200 1400 86
IV D2 1000 8000° 800 1000 80
DG 70 3000 24000" 2300 2800 ]2
Floating asphalt:
Al 925 7400° 700 850 82
A2 1250 10000° 950 1100 86
The Kentucky coal 850 = 650" 675 95°

"Determined by ESR. ""Determined by emission spectrometry. “In kerogen. ®In asphaltene. “V as
vO?': %V as VO*' [% of total V].

Essentially, a similar procedure was applied to the asphaltene samples of the
floating asphalts from the Dead Sea Basin. From our set of VOZX*-P standards, we
estimate that the VO?*-P concentrations of the floating asphalts to be about 1000
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Fig. 7. The repeatability of the integrated area of the —5/2 IVO®* resonance line of the Duncan kero-
gen sample.

ppm, while the VO?*-P contents of their asphaltene fractions are considerably
higher, Table 1.

Finally, our method of analysis was extended to VO2*-non-P species associ-
ated with the organic insoluble fraction of a Kentucky coal sample containing a
relatively high concnetration of V (675 ppm), Table 1. The complete ESR spectrum
of this fraction is shown in Fig. 1d. The VO2* concentration in the Kentucky coal
sample was found to be 850 ppm, i.e., in this coal fraction 95% of total V appeared

4000 -

Ty typical
- errar

3000 -

2000

1000 -

Total kerogen V [ppm]

0 " 1000 | 2000 | 3000 4000
V as the kerogen VO?*-P [ppm]

Fig. 8. V as kerogen VO?*'-P ys. the total kerogen V of the kerogen samples studied.
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to be as VO2*, Table I. Thus, the proposed method for the determination of vOZt.p
in various organic fractions of various bituminous rocks is suitable of providing
good analytical data for non-porphyrin VO?* in organic, as well as inorganic
components of these geological materials. In addition our recent work indicates that
the quantitative analysis of other ESR-active transition metal ions (e.g., copper (II))
could also be facilitated by this method.

Our analyses of bituminous rocks indicate that the present method will be
useful in basic studies of the VO?* content and type in their various organic fractions.
In additon, studies of this type should allow the determination of the concentration
and, thus, the ratio of VO?* incorporated into the inorganic (predominantly clay)
fraction!? to that associated with the organic fraction of sedimentary rock, thereby
enhancing investigations of palcoenvironmental preferential enrichment of both
VO?* and VO?*-P.16 These measurements should allow the determination of the
general paleo-environment during the formation of bituminous sedimentary rocks
(e.g., marine vs. terrestrial). 19

CONCLUSION

The direct method of determination of the kerogen/asphaltene VO?*-P (using
a mixture of glycerol VO?* solution and lignite coal) is a simple and rapid procedure
and exhibits good precision for kerogen/asphaltene samples with relatively low
VOZ2*-P content (=800 ppm). This method is, also, applicable to similar materials
but with relatively high concentrations of VO2*-P (>8000 ppm).
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M3BO

BAHAIWJI MOP®PUPUHH ¥ CEAMMEHTHHUM KEPOCEHUMA/
ACOANTEHUMA: MPOUEHA KOHUEHTPALIMIE

[ABJIE W. MPEMOBHT. THIERRY ALLARD., HHKOIIA [I. HUKO/HT,' MBAHA P. TOHCA' 1 MUPJAHA
C.ABJIOBUT?

Tabopaiiopuja aa teoxemujy u kocmoxemujy, Guroaodexu daxyaitieids, Yunoepauiiei y Huuy, i.ip. 91, 18000 Huuw,
2 Laboratoire de Mineralogie-Cristallographie, Universités de Paris VI et VI, Place Jussieu — 75252 Paris Cedex 5, France u
 HncitiwiTiyiii aa nyxaeapue nayxe Bunua, it. iip. 522, 11001 Beozpad

Onucany cMO HOBY, Op3y METOAY 3a OfipebHBalbe KOHLEHTPALIHj€ BaHa[[HI NOPpHPHHA
(VO**-P) ynpyXeHuX ca KepOreHOM GMTYMHHO3HHX CCJIAMEHTHHX CTEHa yNMoTpeGOM enek-
TpoHocnuHcke pesoHanumje (ECP). Meropa je npocra, qupekTHa u jedpruna. [Tpunpemmeno
j& HEKOJIMKO CTaH/|ap/iHUX KOHIIEHTpAllja BaHauIa (V02+) Yy TJIMLEPOJ/IMTHATHO] CMETITH.
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Koxuenrpauuje vo* cy ce kperase ojt 100-1000 ppm. Anmszorponuu ECP cnektpu u crani-

ap/IHHX M KEPOICHCKHUX Y30PKa Cy 3aMiCaHH Ha COGHOj TEMIIEPATYPH H HHTETPHCAHE I0BPILIMHE ?
npenxonHo opadpane ECP nuHuje (npunucane HyKneapHOM CIHHY m; = —5/2) cy u3pauyHare
KOpHIThCHEM penaTHBHOT OIIHOC& MHTCIPUCAHMX MOBPIIMHA 33 CTAHAAPJHE M KEPOTEHCKE )

ysopke. Kounenrpanuje VO**-P KEPOTEHCKUX MaTepHjaia Cy OHJa U3pauyHaTe KopuinhermeM
450 kao cpeame Monexyncxe TexKHHE oBe Bpcre. OBOM METONOM MOTYhe je KBAHTHTATHBHO
onpebuBame VO**.p y KeporeHckuM chpakijama y oncery o 800 nmm o 8000 11 u Behnx
Metona ananuse je npommpeHa Takobe M Ha dCdDaJ’ITGHCKE y3opke (oborahene vo** -P) u
Y30pKa yIiba Koju cajipske He-nopgupuncke VO KOjH CY Y/IPY>KEHU Ca HErOBOM OPraHCKOM
dpakuujom.

(Mpumsmeno 2. nopemGpa 1998)
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