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Spectral Fingerprints of Weathered Crude Oils
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ABSTRACT, A newly patented method for spectral characienization of
pelroleumn oils has been applied in fingerprinting erude oils under differcnt
wcathering conditions. The method is bascd on measuring the time-resolved
fluorescence (TRF) spectra al narrow temporal gate-widths within the time span
of the excitation laser pulsc. The fingcrprints are constructed in terms of eontour
diagrams relating the intensities of the immeasured TRF spectra of cach crude oil to
the fluorcscence emission wavelength and the position of the narrow time-gate at
whieh the spectra werc measurcd, simultancously. The five markeled crude oils
ol Saudi Arabia; namely, Super Light, Extra Light, Light, Medium, and Heavy,
were used in the study. For each cil grade, five fingerprints were construeled
whieh corresponded 1o five different moderaic weathering eonditions: 1) neat, 2)
wealhering due 10 seawaler, 3) weathering due lo wind wvaponzation, 4)
weathering due to wind vaporization and sunlight, and 5) weathering due to
seawaler, wind vaporization and sunlight combined. The fingerprints show the
presence of a paltern which changes syslematically with the oil grade even in Lhe
case of the weathered oils. This systematic ehange provides a powerlul ool in
identifying the weathered spilled crude oils and, consequently, connecting them
to the original non-wcathered oil shipment, The paper descrthes the procedure
used 1o mcasnre the TRF speeira and shows the unique fingerprint of cach oil
case. It also presents a quantitative inethod that relates the arca-under-the-curves
of the TRF specira to the grade of the weathered oils,

Introduction

O1!l identification using fluorescence methods is an approved technique by the American
Society of Testing and Materials; method D3650-78 (ASTM, 197¥), and by the U.S. Coast
Guard (USCG, 1977). The main advantages of the fluorescence mcthods are their high
sensitivity to the aromatic eomponents of petroleum, their eapability to be applied
remolely, and the fact that they do not require elaborate sample preparation. All such
properties enable them to be utilized in identifying oil spills in water directly.

There are several fluorescence methods that have been used in oil identification., the
most ecommon of which are (a)} Excitation and Emission Spectroscopy (without time
gating) (Parker, 1968; Eastwood ¢f al., 1978; Bentz, 1976), (b) Synchronous and Variable
Synchronous Spectroscopy (Lloyd, 1971, 1974; Shen 1984), (c) Difference and Derivative
Speetroseopy (Poro & Terhark 1976; Cook et al., 1977), (d) Contour { Total Luminescence)
Spectroscopy (Warner et af, 1977, Giering & Horing 1977). and (e) Lifctime
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Mcasuremcnt and other remote methods. The latier technique is of special interest because
it can be used in remote sensing.

As carly as 1971, (Fantasia ef af. 1971, 1974) suggestcd that lifelime measurements
might add another tool for crude oil characterization. This was takcn a step further hy
{(Mcasures ef al. 1974, 1975), who conducted experiments to study the variation of the
fluorcscence decay time as a function of wavelength across the cmission profile for a
variety of materials. They concluded that, in the case of a complex mixture of molecules,
this variation could he used to discrimninatc hetween very similar substances, i.e., it could
he used as a tool for true fingerprinting. The samc mcthod was also applicd remotely by
(Camagni er af. 1988, 1991), who employed a pulsed laser of 4-ns pulse width as an
exciting sourcc. Because direct deconvolution of the time response was not practical in
their case, instead, they used a power-regression scheme and fitted their data to simple
decay curves, which werc then analyzed for scveral commercial crude oils. In another
investigation, (Quinn et af. 1994) used a sophisticated detection system, including a streak
camera, 10 obtain sclected spectral and temporal characteristics of the fluorescence spectra
of 400 crude oils. They subjected their data to linear discriminant analysis to obtain a
scheme by which oils can be identified remotely,

In the present paper, we employed the temporal behavior of the fluorescence spectra
as a tool 1o characterize crude oil also, cxcept that we uscd a slightly different approach
(Hegazi ef al., 2001, 2003). We used a finitc lascr pulse also, but instcad of mcasuring
lifetimes at particular wavclengths, we monitored the variation in the spectral profile of the
emitted fluorcscence bands as a function of time. Because crude oils constitute different
complex mixiurcs of molecules with a medley of lifctime decay curves, the wavelength-
resolved speetrum of each crude oil 1s expected to vary when measured at different times,
just as the lifetime decay curves vary when mcasured at different wavelengths. This
variation in the wavelength-resolved spectra is different for different crude oils, and
therefore could be thought of as another possible tool for oil discrimnination if an adequate
and standard time sampling procedure is employed. We concentrated on determining the
fingerprints of weathered crude oils of the five grades of crude oil that Saudi Arabia
markets, nainely, Super Light, Extra Light, Light, Mediuin, and Heavy werc used. We
subjected each one of these grades to five different weathering conditions and produced
their fingerprints for each case. We also measured certain areas under the TRF spectra and
related them to the oil grade in cach weathering case. The five weathering conditions were
1) neat, 2) weathering duc to seawater. 3) weathering due to wind vaporization, 4)
weathering duc to wind vaporization and sunlight, 5) weathering due to scawater, wind
vaporization, and sunlight.

Materials and Methods

The technique uscd in this work relics on measuring the fluorescence spectra of the
oils at consccutive narrow timc gates within the time span of the laser pulsc. Figure 1
shows the temporal profiles of the laser pulse at 280nm and the resulting crude oil
fluorescence signal at 420nm. The time gates (TG) were mainly of 5-ns widths and were
choscn in a specific manner such that the maximum of the laser intensity profile
represented a reference by which the locations of the time gates are identified. The TGs are
marked here as TG -5, TG 0, TG 5, TG 10, and TG 15 so that the left edge of each TG
could be casily rccognized. For cxample, TG 0 i1s a time gate of 5-ns width beginning
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exactly at the peak of the laser pulsc. TG 5 is a time gate of 5-ns width beginning 5 ns after
the peak of the lascr pulse, and so on. The whole concept behind measuring the TRF
spectra at thcse narrow gate widths is to investigate how the nonlincar disturbance,
presented here by the shapc of the laser pulse, affects the collective tcmporal/spectral
fluorescenee emission of the crude oils. The interesting advantage of using the shape of the
lager pulsc as the nonlinear disturbance and measuring the TRF spectra within tts time span
is that the convolution of the resulting TRF spectra with the laser pulse will be dependent
only on the shape of the laser pulse but not on 1its intensity. This is a desircd property
cspeeially if the measurements are to bc madc remotcly where it would not be practically
possible to know the intensity of the lascr radiation that 1s arriving at the location of the
crude oil target.

Laser Temporal Pulse

Fluarescence Temporal Pulse
at 420nm {Super Light crude ol

Pulse Intensity

13 20 25 30 a5 40 a5 50 55 60
Time (ns}

Fig. {1). The temporal profiles of the laser excitation pulse and the Nuorescence signal of Super Light crude
oil at 420nm. The vertical lines represent the begimmings and ends of the selecred time-gates of 5
ns widths.

From the TRF spectra of each erude oil sample a fingerprint is constructed in the
form of a contour diagram in whieh the intensities of the spcetra are plotted as fnnctions of
timc gate and wavelength simultaneously. Beforc doing so, however, thc spectra must be
normalized first in some manner. This is done here by cithcr normalizing the intensities of
the spectra so that they arc all unity at a specific wavelength or by simply normalizing the
areas under the curve to unity. In addition to the fingerprints, areas under the curves were
also measured to provide quantitative rather than qualitative results.

A schematie sketch of the experimental setup (Hegazi e ¢f. 2001, 2003) is shown in
Fig. 2. The crude oil samples were placed in quartz cuvcttes of 4-mm width and were
exeited by 280-nm pulsed laser radiation from a Y AG-pumped dye-laser system (Spectra-
Physics). The resulting fluorescence was dispersed by an /3.4 monochromator (Applied
Photophysics), and detected by a photomultiplicr (Hamamatsu R1564U-07). An EG&E
signal processor (Model 4402) coupled with a gaied-integrator (Model 4422), and a PC
computer were then used to sample and digitize the acquired fluorescence signal according
to specific time sampling points (SP) and timc gatc-widths (GW), and finally 1o analyze
the data numertcally.
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Fig. (2). Schematic sctup of the cxperiment.

Five sets of the five marketed Arabian crude oils, i.e. Super Light (S), Extra Light
{E), Light (L), Medium (M), and Hcavy (H), were used at different weathering conditions.
These five sets correspond 1o the following conditions,

1) Neat (frcsh) condition, i.e. no weathering involved.

2) Exposure to wind aud sunlight condition, in which the originally neat samples
were placed in glass containers and placed on top ol the roof of the building for 4
consecutive days, The average daylight temperature was 38 C while the humidity
ranged between 40-60%,

3) Exposure to seawater, in which 20mL of the originally neat oil samples were
poured on top of 500mL of seawater and were kept for 4 days in a dark and closed
plastic containers. The temperature and humidity of the storage place were kept
stable at 20 "C and humidity of ~15% respectively.

4} Volatilization by wind condition, in which the originally neat crude oil samples
were placed in open glass containers inside a fume-hood. The samples were
removed after 2 days, after which the volume of the Super Light oil sample was
found to be reduced by 50%. The temperature and humidity inside the fume hood
were stabilized at 20 C and ~15%, respectively.

5) Exposure to wind, seawater, and sunlight condition, in which the originally neat
crude oil samples were poured on 10p of seawater in open plastic glass containers
and then placed on top of a building roof for 4 days. The average daylight
temperature was 38 C while the humidity ranged between 40-60%.

Results and Discussion

Figure 3 shows the non-gated fluorescence spectra (time gate-width = 20ns) of the
five grades of the marketed Saudi Arabian crudc oils (in neat condition} when excited by
the 280nm laser wavelength. It can be seen that, with the exception of a prominent
shoulder at 370nm appearing in the case of the Super Light grade, the shapes of all the
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spectra are basically identical, indicating that such spectra cannot serve as useful
information from which crude oils could be distinguished from one another.
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Fig. (3}. Non-gated Fluorescence Spectra of all Fig. (4). Time-resolved Fluorescence Speclra of
neat crudce oils. neal Super Light and Heavy crude oils.

Instead of mcasuring the dc-convolved lifetimes of the fluorescence signal as
functions of emission wavelength, our approach is based on measuring the shapes of the
fluoreseence speetra as functions of time gate when the fluorescence emission spectra are
deteeted at small eonsecutive time gates. Figure 4 shows the TRF speetra of the neat Super
Light and Heavy when measured at TG 0, 5, 10, and 15 as examples to show how the TRF
spectra are different in each ease. The intensities of all of these spectra were normalized to
unity at 450nmn. Contour diagrams eonstrueted from each set of the oils' TRF spectra are
shown in Fig. 5. It can be seen in Fig. 5 that the contour diagrams show an unmistakable
trend with respect to the oil grade, not only in pafttern but also in intensity level. The higher
the crude oil grade the higher the intensity levels appear in the contour diagram toward
later times. For example, the intensity levels above 1.6 appear only in the Super Light
grade and the 1.3 and 1.4 levels recede towards shorter time in a gradual manner as the oil
quality degrades. It should be emphasized here that the intensity levels in all of the contour
diagrams are indeed relative to each other since all of the TRF spectra have been
normalized in the same way.
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Fig. (5). Conlours of equal fluorescence mntensities of the TRT spectra of (he 5 neat crude oils drawn as
functions of wavelength and TG simuliancously. The contour lines of 1.4 intensily level! are
hatched {they eease to appear in the medium and heavy grades).

The fingerprints of the rest of weathered crude oils are shown in Figures 6, 7, 8, and
9, for the "wind and sunlight", seawater, wind, and "wind, seawater, and sunlight”
weathering conditions. respectively. The construction of these fingerprints was done in the
manner the fingerprints of the neat oils was done.
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Fig. (6). Contours of cqual luorescence intensities of the TRF speetra of the 3 crude oils exposed o wind
and sunlight drawn as funetious of wavclength and TG simultancously.
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Fig. (7). Contours of equal Nuorescence intensitics of the TRE specira of the 5 crude oils exposcd to
seawaler drawn as (unctions of wavelength and TG simultancously.

In Figure 6, which shows the contour diagrams of the crude oils that werc exposed to
wind and sunlight, the major factors affecting the fluorescecnce spectra of the crude oils,
and hence their contour diagrams, are the change of the concentration distribution of the
compounds due fo cvaporation of the volaille compounds, oxidation, and photo-
dcgradation. The scope of this study does nol include an investigation on how these
changes in the concentration relate to the changes in the spectral profiles, it only asscsses if
the resulting contour diagrams of the oils could still be distinguishable from each other. It
is interesting to notice that the same trend in thc contour patterns still appears in this
weathered casc as well, but at different intensity Icvels. In fact, when Figurc 6 is compared
with Figure 5 one can immediately see that the patlems of the oils' contour diagrams have
been more or less preserved iu shape relalive to each other, with the exception of the
intensity levels (i.e., colors).

In Fig. 7, which shows the coutour diagrams of the seawater weathering cases, the
major factor affecting the fluorescencc spectra of these weathered crude oils, and their
eontour diagrams, is the change of the concentration distribution of the compounds due to
the dissolving of the water-soluble compounds into water. The trend in the contour patterns
in this seawater weathering case is the same as the neat case also but with less distinctive
differences in the intensity levels between the Extra Light, Light and Mediwm grades. The
feature that helps in distinguishing between these threc grades is aetually the way the
contours below 400nm appcar. They become gradually parallel to the x-axis as the gradc of
the oil becomcs lower.

The weathering due to wind cvaporation also gives risc to the same intensity pattern
but with much less distinctive difference between the Light and Mediwn grades as Figure 8
shows. The contours below 400nm are also the feature to use in distinguishing between, for
example, the Extra Light and the Heavy gradc.
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Finally, in the contour diagrams of the oils under all of the previous weathering
elements, i.c., "wind evaporation, seawater and sunlight”, which arc shown in Figurc 9, the
same pattern still persists with reasonably distinguishable differences. The contour diagram
of the Super Light scems to be quitc different from all of the previous cases of Super Light,
which may suggest some impulsive deviation in the sample handling routine. But in any
case, the intensity level distribution is still stands as the main distinctive feature in the
diagram.
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Fig. (8). Contours of eqnal fluorescence intensitics of the TRF spectra of the 5 crude oils cxposed 1o wind
drawn as fnnctions of wavelength and TG simuliancously.
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Fig. (). Contours of equal fluorescence intensities of the TRF spectra of 1he 5 erude oils exposed 10 wind
drawn as functions of wavelength and TG simnitaneously.
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A qualitative, rather than quantitative, way of analyzing the TRF spectra ean be made
by looking at the areas under certain segments of the spectral curves. It was found that the
areas under two specific segments were the most useful in distinguishing between the
tested crude oils. The first, which is designated as Al, was the area under the wavelength
range between 314.4 and 452.0nm and the second, designated as A2, was the area under
the wavelength range between 314.4 and 391.2nm. Similarly, it was also found that the
TRF spectra of the TG -5 and TG 0 were the ones that gave the most useful distinguishing
information. The calculated areas of thcse curves are all shown in Figures 10 and 11 in the
form of regular bar charts. These har charts help in figuring out at a glance which is the
best area and the best TG to use for a specific wealthering element. For example, for the
fresh (neat) crudc oils the Al area at TG-5 provides the best separation possible between
the bars, indicating that 1t is the optimum arca-undcr-the-curve to foeus on when
distinguishing between the fresh oils quantitatively, while for the crude oils that werc
cxposed to all the weathering elements (wind, seawater, and sunlight) the A2 area at TGO
seams more appropriate. Thc reason for this has to do with the fact that the differcnt
weathering elements will affeet the concentration of different oil compounds within the
crude oils' constituents. This in turn will deform the shapes of the TRF speetra in different
manners depending on the spectral/temporal eharacteristics of the affected compounds.
The exact assignment of these compounds and the exact description of the effect of their
concentration variation on the TRF spectra arc not simple to detcrmine and go beyond the
scope of this work as already mentioned. However, considering the bar charts of Figures
10 and 11 it can be at least figured out whieh areas under the spectral curves and which
time gate producc the most distiuguishable fcaturcs between the different marketed Saudi
Arabian crude oils. Table 1 summarizes the distinguishing ability of the eontour diagrams
{qualitative mcans) and thc areas-under-the-curves (quantitative means) to distinguish
between the crude oils at hand.
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314.4 nm and 452 nin fov all the samples, 8 = Super Light, E = Extra Light, L= light, M =
Medium, and H = [lcavy crude oils.
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Medium, and H = Heavy crudc oils.

Tablc (1). Conclusions regarding the distingwishing abilily using contour diagrams and areas under the curves
for all neat and weathered cases of crude oils.

—
Condition Using Visual Contour Disgrams g;;tfr:]rgﬁr:{};der The TRF 7
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indistinguishablc from cach other. Best
result i1s with A1/TG-5 and A2/TG-5

Only Light and Medium atc

Exposed to wind indistinguishable from each other

Only Medium and Heavy are
indistinguishable from each other. Best
result is with A1/TGO and A2/TGO

Exposcd to wind, Alj oils are distinguishable from each
seawater, and sunlight other

Conclusion

The study shows that the established experimental approach of measuring the time-
resolved fluoreseence spectra of crude oils and exprcssing them in terms of contour
diagrams is successful in distinguishing the oils from each other even when they have been
exposed moderately to environmental weathering effeets. The method used ean be easily
moditied to work in remote sensing since it depends mainly on collecting the fluorescence
signal only from the surface of the oil without any need for sample preparation. This is an
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attractive featurc that major petroleum companies, oil tanker companies and environmental
agencies would find valuable to fight oil spill acts.
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