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Abstract

both petroleum products and the natural substances.

Background: This study analyses the possibility of optical detection of trace amounts of oil in natural waters. Since
petroleum and its derivatives induced by ultraviolet light exhibit a high intensity of fluorescence, this phenomenon
can be used to detect petroleum products penetrating both the surface and subsurface waters. The challenge is to
discriminate the fluorescence signal originating from petroleum substances from the total signal originating from

Results: Issues connected with fluorescence methods of detection of oil substances diffused in aquatic environment
are analysed. Based on fluorescence spectroscopy, fluorometric indices of petroleum products for two forms (dissolved
in n-hexane and dispersed in water) are discussed. The excitationemission spectra (EEMs) were determined in the
range of excitation wavelengths 240-450 nm and 270-600 nm for emission. Selected parameters of oil fingerprinting
are discussed: similarity ratio, intensity ratio and wavelength-independent fluorescence peaks (Exma/EMmay)- The latter
was compared with the typical fluorescing natural marine residues.

Conclusions: The results indicate that Ex;nax/EMmax @and intensity ratio appear to be efficient indices for the
discrimination of oil pollution from autochthonous seawater fluorescent substances.
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Background

When a petroleum substance comes into contact with
the aquatic environment, a surface film begins to form.
Moreover, oil is partially transported into the water col-
umn in the form of oil droplets (spontaneously or as a
result of the use of dispersants) or as dissolved chemical
compounds rinsed out of oil. In a typical case, when an
oil spill occurs on the sea surface as an oil film, SAR
(Synthetic Aperture Radar) satellite radar system or air-
borne radar SLAR (Side-Looking Airborne Radar) [1]
provide the best chance of rapid detection of such oil
pollution (in Europe, for example, it is the CleanSeaNet
system operated by the European Maritime Safety Agency
(EMSA) [2]. Further, when an oil spill is detected, accurate
tracking of its spread is available using standard surveil-
lance equipment. Unfortunately, these methods are un-
helpful for chronic or multi-point pollution, which usually
occurs along maritime traffic routes or in port vicinities.
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Therefore, only if the oil spot is sufficiently large can
its movement be seen by satellite equipment such as
SAR [3] or airborne visual tracking using observance
geometry involving the direction of camera observation
in various planes of light polarization in relation to the
directional distribution of the downward solar light [4].
Moreover, if sampling is possible, measurements can
then be carried out in a laboratory, for example, to deter-
mine the oil chemical composition or possible separation
markers to establish the pollution source [5, 6].

If petroleum products in water are considered, it is
necessary to take into account possible modification of
those substances after their contact with the aquatic
environment. Therefore, the efficiency of estimating the
amount and extension of the presence of oil pollution
has to be considered, including the transformations of
the chemical composition as well as the physical-chemical
features of petroleum substances in the marine environ-
ment. The time-scale of oil pollution evolution in sea-
water and the time in which oil residues are generally
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measurable both depend on the form of the current
oil-water system (surface oil film, suspension of oil
droplets or individual hydrocarbon molecules dissolved
in water or, predominantly, all forms together). More-
over, the environmental conditions (solar light, wind,
surface waves, water and air temperature and even salin-
ity) influence oil pollution evolution in seawater. It is nat-
ural that insightful (yet time-consuming and expensive)
specialized equipment might be supported by innovative,
simple methods to detect oil pollutants. Moreover, the
challenge is to find an efficient method to monitor
oil residuals.

There are a variety of techniques used to study the com-
plex structure of petroleum products (including fluores-
cence) since oils contain fluorophore centres which are
typically positioned in mono- and polycyclic hydrocar-
bons. The light spectrum emitted by fluorophores can
be modified by other processes, mainly light absorp-
tion (by various oil compounds) or even secondary
fluorescence [7].

However, the most important is that oil affects the
fluorescence spectra generated by the natural constitu-
ents of seawater. For low oil concentrations, it is difficult
to separate the fluorescence of the natural seawater
components from the fluorescence of hydrocarbon com-
pounds originating from oil pollution. Taking this into
account, the long-term scale monitoring of the spatial
and seasonal changes in the natural components of sea-
water, such as chlorophyll, dissolved organic matter
(DOM) and so-called coloured-dissolved organic matter,
denoted as CDOM [8, 9], would be useful to interpret
the spectra of both natural and man-made fluorescing
substances.

For a description of the individual constituents of sea-
water, several techniques based on fluorescence spec-
troscopy have been developed to detect and identify the
seawater constituents and monitor long-term changes.
Particular components of natural seawater exhibit both
fluorescence and absorption properties characteristic for
appropriate excitation and emission wavelengths. Coble
et al. described the absorption spectrum as well as the
fluorescence spectra based on excitation-emission spec-
tra (EEMs) [10-12]. The position of specific points, de-
scribed as the typical fluorescence peaks for CDOM of
these peaks, varies for inshore and offshore waters and
rivers as well as coastal estuaries [13, 14]. It is also es-
sential that the fluorescence bands of oils overlap with
bands of light absorption by chlorophyll and CDOM
(which may be a result of deformation of the fluores-
cence spectrum in some cases) [15—19]. Therefore, the
optical properties of both natural seawater constituents
and oil substances should be considered in building an
efficient model for tracking CDOM or marine phyto-
plankton and should enable a quantifiable assessment of
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basic natural and human-induced processes in marine
and other natural waters [20].

This paper presents the excitation-emission spectra for
two selected types of oils, as representatives of lubricant
oils potentially found in the marine environment due to
their use in shipping engines. The EEM spectra of oils
were determined for different oil concentrations, which
also allowed the wavelength-independent fluorescence
peaks to be determined. Comparison of the spectroscopic
features of lubricant oils in the two following different
forms of oil: oils dissolved in n-hexane and an oil-in-water
system (an oil suspension in the water), are discussed in
relation to the natural constituents of seawater which
usually are degradation products of biological organisms.
Moreover, wavelength-independent fluorescence parame-
ters and intensity ratios (considered to be sensitive for oil
quantities) were analysed to identify oil in bulk water,
based on EEM spectra.

Method

Oil samples

Two lubricant oils which are representative of marine ship
engine systems were applied: Marinol 1240 and Cyliten N-
460. Marinol, in comparison with Cyliten, visually exhibits
a brighter shade of brown and is relatively clear and more
transparent, whereas Cyliten is brighter in UV-light (as
Fig. 1 illustrates). N-hexane (for analysis, 96.0 % purity)
was applied as an oil solvent to prepare samples placed in
quartz cuvette. The several individual oil concentrations
for dissolved oil samples were prepared, respectively,
20 ppm, 50 ppm, 230 ppm, 280 ppm. The use of diluted
oil in n-hexane relates to a practical aspect, which is
the use of this solvent to extract oil substances from
water previously sampled from the natural environment
to determine the concentration of oil in the natural
waters [21].

Fig. 1 Samples of studied oils Marinol (M) and Cyliten (C) - view in
VIS (left) and in UV (right)
A\
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Measurement and apparatus

An Aqualog Horiba spectrofluorometer was applied to
measure the three-dimensional excitation-emission spec-
tra (EEMs) of oil samples for both types of oil.

For EEM measurements, the following measurement
parameters were applied: excitation wavelength from
240 nm to 600 nm with a 5 nm sampling interval,
emission wavelength from 212.75 nm to 622.97 nm with
a 1.623 nm sampling interval, 5 nm excitation slit, 5 nm
emission slit.

Raman and Rayleigh scattering to yield a digital matrix
of excitation-emission spectra was automatically removed
using the software package of the spectrofluorometer.

Fluorescent parameters
To improve the analysis of measured results, fluorescence
parameters were defined and calculated, respectively:

— the similarity ratio s,, — defined by formula (1) below:

> Ju-vg

ij ij
Sap=1-——— (1)

S Wi+ z:w?J
ij ij

Wsen

In formula (1) the indexes “ij” refer to relative
columns and rows in tables representing spectra “a”
and “b”, and the quantities ij?, Wikj)
ively, to normalised elements of the EEM matrix of
the reference oil solution “a” and the compared solu-
tion “b”. S, ranges from O (absolutely differ) to 1

(identical).

refer, respect-

— the intensity ratio (/,,,) expressed by formula (2)
below:

J (/1 Em=335 )
I ratio T I ep—0) 2
tio(335/320) |:[ (/lEm:BZO) AEx=2425 ( )

where Ag,,, A, describe respectively, emission wavelength
and excitation wavelength.

Results

Figure 2 presents the shapes of EEMs for two con-
centrations of oils diluted in hexane (20 ppm and
280 ppm). Significant changes in the shape and inten-
sity of the main peak with an increasing concentra-
tion of oil were more distinct for Cyliten than for
Marinol. On the other hand, an increase in accumu-
lated fluorescence (the integral over all wavelengths of
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excitation and emission) for those two concentrations
was greater for Marinol (530 %) than for Cyliten
(160 %). However, the most relevant information was
found in the shape of the EEMs independent of the
fluorescence intensity (normalised to the maximum
value). The normalized excitation-emission matrices
in a two-dimensional plane (2D) are shown in Fig. 3,
where the tendencies to transform the EEM spectra
caused by changes in oil concentration are visible. As
mentioned earlier, the intensity of the maximum
fluorescence increased for both oils when the concen-
tration of oil increased, although the excitation and
emission wavelengths related to maximum fluorescence
(Marinol: excitation 242.5 nm, emission 335 nm; Cyliten:
excitation 242.5 nm, emission 348 nm) remained con-
stant in the range of concentrations studied. In the
lowest concentrations, apart from the main peak, the
lowest peak also appears (Marinol: excitation 275 nm,
emission 315 nm; Cyliten: excitation 265 nm, emission
320 nm).

Discussion

Using the fluorescence technique, oil can be detected
directly in the water (in situ or in the water sample)
or in an extract (i.e. in n-hexane). However, based
on the florescence spectra of seawater, the challenge
is to confirm the presence of oil. To solve this issue,
a key role is played by the specific shape of the
fluorescence spectrum of oil. To compare the above-
presented EEMs for oil which was diluted in the
solvent (n-hexane) with the EEMs of oil which were
emulsified in water, the results of the former mea-
surements already partially discussed by Baszanowska
et al. [22] were used, i.e. EEMs of water contami-
nated with the same oil as described above, but in
the form of a suspension in clear (demineralized)
water.

Normalized (as in Fig. 3) EEMs of oil-in-water suspen-
sions for various concentrations are presented in Fig. 4.
The spectra appear to be clearly different, since for both
kinds of oil two peaks for the lowest concentrations are
visible (in EEMs area: excitation from 240 nm to
280 nm, emission from 380 nm to 400 nm). However,
the EEM spectra extend in an excitation wavelength
from 240 nm to 360 nm and an emission wavelength
from 300 nm to 500 nm.

It is known, however, that based on EEMs data, the
peaks typical for both oils in the two mentioned forms
can be described as the peak position of wavelength-
independent fluorescence maximum, written as Ex.,/
Em,, [10, 11, 23]. We also determined these specific
peaks for both kinds of oil dissolved in n-hexane for various
oil concentrations. The values of wavelength-independent
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Fig. 2 Excitation-emission fluorescence spectra (EEMs) of oil in n-hexane dilutions for Marinol and Cyliten lubricant oils, in two oil concentrations
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fluorescence maximum are presented in Table 1. The
permanent value of this parameter was observed for
different concentrations for both types of oil. However,
in Table 2, small variations of wavelength-independent
maximum fluorescence are observed for oil-in-water
suspensions. Therefore, the wavelength-independent
fluorescence maximum may prove to be ineffective in
practice.

Excitation-emission spectra of lubricant oils analysed
in both forms (Figs. 3 and 4) revealed bands of fluores-
cence intensity between 300 nm and 400 nm. These
bands appear due to the presence of fluorophores (usually
centred in 1-3-ring aromatic structures in the petroleum
substances) [18, 24, 25]. The altitude of the peaks depends
on the excitation wavelength (Fig. 5) and it is highest for
AEx = 240 nm regardless of the oil forms studied. However,
it is visible that the width of peaks for oil dispersed in
water is wider than for oil in the hexane solution. The
selected excitation wavelengths in Fig. 5 are related to

excitation wavelengths which induce the fluorescence
maxima for some of the natural marine constituents as
reported by Coble et al. [11]. This means that the fluor-
escence spectra of oil partially falls into the range of
fluorescence for some natural components of seawater.
It should be noted (see Fig. 5) that the intensity of fluor-
escence for oil dispersed in water is about 10 times
lower than for oil dissolved in n-hexane (despite the
similar concentration of oil).

In view of the above, it would be desirable to find an
efficient indicator of oil based on fluorescence spectros-
copy which could detect oil in an aquatic environment
and possibly identify its type or even origin. Introductory
trials to establish an adequate indicator have been con-
ducted [18, 23]. Those studies relied on an analysis of
similarities of fluorescence spectra to define if a type of
oil can be distinguished by the shape of the EEM spectra
(assuming that a database of the spectra of various oils is
available). An attempt to explain this matter involves an
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Table 1 The values for wavelength-independent fluorescence
properties of lubricant oil Marinol and Cyliten dissolved in
n-hexane described by the fluorescence peak: excitation
maximum (EXpmax), emission maximum (Emimay)

QOils dissolved in n-hexane

EXrnax £ 5 [INnMI/EMpa £ 5 [Nnm]

Marinol Cyliten

20 ppm 2425/3353 20 ppm 242.5/348
50 ppm 242.5/3353 50 ppm 242.5/348
230 ppm 242.5/3353 230 ppm 242.5/348
280 ppm 242.5/335.3 280 ppm 242.5/348

Table 2 The values for wavelength-independent fluorescence
properties of lubricant oil Marinol and Cyliten dispersed in
water described by the fluorescence peak: excitation maximum
(EXmay), emission maximum (Em ay)

Oils dispersed in water

EXrmax £ 5 [NMI/EMpmax £5 [Nnm]

Marinol Cyliten

43 ppm 2425/34832 12 ppm 2425/3876
86 ppm 242.5/350 24 ppm 242.5/385.9
215 ppm 242.5/350 60 ppm 242.5/3859
430 ppm 242.5/350 120 ppm 2425/3859

analysis of to what extent the similarity ratio s,;, — defined
by formula (1) — depends on the oil concentration.

Since the sy, value diagram in Fig. 6 demonstrates that
the similarity between the spectra of the same type of
oil significantly decreases with a greater difference in
oil concentrations (despite the fact that the spectra
were normalised) it would be difficult to recognize the
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Fig. 6 Decrease in the similarity ratio of EEM spectra vs. the increase
in oil concentration for two types of oil dissolved in n-hexane

(left: Marinol, right: Cyliten) for concentrations, respectively, M1sol,
Clsol =20 ppm, M2sol, C2sol =50 ppm, M3sol, C3sol =230 ppm,
M4sol, C4sol = 280 ppm

type of oil by comparing the entire EEM spectra. For
this reason, we sought another spectral indicator of the
presence of oil, which was “insensitive” to the oil con-
centration, following the example of Budgen et al. [18],
who based on EEM spectra, defined the “intensity ratio”
parameter as the quotient of the fluorescence intensities for
two defined emission wavelengths (corresponding to the
detected emission maxima), consistent with the appropriate
excitation wavelength, which allows oils to be detected
without the necessity of measuring oil concentrations. Tak-
ing into account this approach using the determined EEMs
of lubricate oils for each oil concentration, excitation and
emission wavelengths were selected to determine the
“Intensity ratio”, which is an oil-concentration-independent
parameter. The intensity ratio ([, for each oil

~

[x 10%] [x 10%]
16
oil dissolved oil dispersed -1.5
in n-hexane in water
{8 ¢ =20 [ppm] ¢ =24 [ppm]
z: Aex [nm] Aoy [nm] 10
3 — 240 — 240
S 8 1 — 260 — 260
g — 275 , — 275
g —— 290 —— 290
E] — 320 7\ — 320
e X5 20 05
0 | — , 7 /\ ——r=ad o
300 400 500 600 300 400 500 600

wavelength [nm]

Fig. 5 Fluorescence spectra of sample lubricant oil (Cyliten) dissolved in n-hexane (left) and dispersed in water (right) for various excitation
wavelengths applied to analyse the constituents of natural seawater [11]
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Fig. 7 Intensity ratio (expressed by formula 2) as a function of oil
concentration for oil dispersed in water and dissolved in n-hexane

concentration was calculated as the ratio of the fluores-
cence intensity at a 335 nm emission wavelength to an
intensity of 320 nm, while the excitation wavelength
remained equal to 242.5 nm (expressed by formula 2).
In this case, the determined I,,,, was relatively stable,
regardless of the oil concentration for the studied cases.

For calculation of the intensity ratio parameter, the
choice of the excitation and emission wavelength was dic-
tated by the specific peaks detected in the EEM spectrum.
Therefore, the intensity ratio calculations were performed
taking into account the maximum intensities between the
principal emission bands identified at 335 nm (for this
wavelength the independence from the oil concentra-
tion is fulfilled) and a second smaller band identified at
320 nm. Moreover, the choice of the excitation wave-
length at 242.5 nm was caused due to the position of
all of the principal identified bands corresponding to
this one excitation wavelength.

However, when interpreting the results shown in Fig. 7,
it can be assumed that the wavelengths chosen for exci-
tation and emission are suitable for an intensity ratio
(Zyasio) for lubricating oil dispersed in water, regardless of
the oil concentration.

Budgen et al. [18] also analysed other types of oils
(characterized by various viscosity) and suggested other
wavelengths. However, those tests concerned only one
concentration of oil. In the current stage of studies, it
would be premature to operationally apply intensity ratio
because it is necessary to broaden the knowledge of the
fluorescence of the natural constituents of seawater, which
can deform the EEM spectra of oil. There are laboratory
procedures which have been applied to describe the
components of seawater based on EEMs [8, 10, 14] and
a review of a sample group of potential seawater com-
ponents was provided by Coble [11]. Moreover, a clear
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and detailed description of CDOM based on EEMs was
also described by Coble [10, 11]. In the EEM spectra,
separated peaks were identified and described by so-called
wavelength-independent maxima as amino acid-like, humic
acids and fulvic acids (Table 3). Moreover, the potential
component of seawater are residues of crude oils and other
petroleum derivatives, among others, aromatic polycyclic
hydrocarbon compounds (PAHs) which contains fluores-
cence centres. The fluorophore components of petroleum
substances can disturb the fluorescence of seawater natural
constituents.

Using the obtained EEM spectra for lubricate oils, the
range of changes of Ex,,/Emp,., for both types of stud-
ied oils dispersed in water were determined for all vari-
ation ranges of this parameter provided in Table 2 for
Marinol (242.5 nm/350 nm) and Cyliten (242.5 nm/
386 nm). The juxtaposition of values of ExX,/Empay
for lubricant oils with values of this parameter for vari-
ous seawater constituents is shown in Fig. 8. In this fig-
ure, it is noticeable that Ex,.. for lubricant oils is
shifted to lower wavelengths in relation to Exp,, for
natural seawater constituents, although Em,,,, partially
overlaps Em,,,, for seawater constituents. It is also
clear that Exp,, for 242.5 nm (and presumably for
lower excitation wavelengths) allows the excitation
component originating from natural seawater constitu-
ents to be eliminated. In summary, this solution will
probably allow the discrimination of oil residues from sea-
water fluorescent substances, although creating a final op-
erational method requires further studies using natural
seawater.

Conclusions
Detecting oil substances appearing in small concen-
trations in natural waters requires an efficient indica-
tor insensitive to the fluorescent substances naturally
residing in the aquatic environment. It is confirmed
that the use of the wavelength-independent maximum
procedure is very promising, even in a low oil con-
centration and the influence of concentration turns
out to be irrelevant.

In high oil concentrations (more than several ppm),
the spectrum is dominated by the fluorescence of an oil

Table 3 Major fluorescent components of seawater with their
wavelength-independent maxima [11]

Seawater component EXmax [NMI/EMipay [nm]

Tyrosine-like 275/305
Tryptophan-like 275/340
UVC-humic-like 260/400-460
UVA-humic-like 320-360/420-460

Marine humic-like 290-310/370-410

Pigment-like 398/660
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Fig. 8 Juxtaposition of lubricating oils suspended in water with various marine constituents (as described by Coble [11]) for wavelength-independent

substance. In such a situation, it is necessary to be sure
that pollution is really an oil substance. Methods for oil
identification as described in this paper using a similarity
ratio are of rather little use because the shape of the EEM
depends on the concentration of oil. Fortunately, the
proposed intensity ratio appears to be independent of
oil concentration (in analysed concentrations from zero
to several hundred ppm).

The presented results indicate that it is worth expand-
ing knowledge of the spectroscopic features of natural
and human-made marine constituents to improve the
efficiency of the interpretation of fluorescence spectra
for detection and identification of substances considered
as pollution. It is also worth mentioning that oil pollution
can disturb fluorescent indices used in the tracking of bio-
logical processes in an aquatic environment.

Abbreviations
EEM: Excitation-emission; EEMs: Excitation-emission spectra; Emay: Emission
maximum; Exqax: Excitation maximum; /4.0 Intensity ratio
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