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Abstract

Fluorescence excitation—emission matrix (EEM) techniques coupled with parallel factor (PARAFAC)
modeling have been used in the diagnosis and identification of petroleum and hydrocarbon components
in aquatic environments. Here, we provide detailed protocols for the use of UV-Vis spectroscopy and
fluorescence spectroscopy and for data acquisition and processing. UV absorbance at different wavelengths
is used to derive optical properties, such as absorption coefficient at 254 nm (a,54), specific UV absorbance
(SUVA,s54), and spectral slopes at different wavelength intervals (e.g., S275-295) or slope ratio, and data of
fluorescence EEMs are used to identify major fluorescence components. In addition, SUVA,54 and spectral
slope values are related to aromaticity and molecular weights of dissolved organic matter (DOM). Oil-
related fluorescent components and specific polycyclic aromatic hydrocarbon (PAH) compounds could be
readily identified using fluorescence EEMs, especially when combined with PARAFAC analysis. During and
after the Deepwater Horizon oil spill in the Gulf of Mexico, three oil components were found in the water
column with maximum Ex/Em at 224-226,/328-340, 232-244 /346-366, and 264-252 /311-324 nm,
respectively. Major PAH compounds identified include naphthalene, fluorene, phenanthrene, and others.
Oil component ratios can also serve as an indicator for oil degradation status. Optical properties especially
fluorescence signatures and fluorescence component ratios serve as a complement to other chemical and
molecular analyses of petroleum and hydrocarbon components in seawater.

Keywords: Fluorescence EEMs, Hydrocarbon, Oil components, PARAFAC analysis, UV absorbance

1 Introduction

Petroleum contains diverse hydrocarbons and other organic com-
pounds such as polycyclic aromatic hydrocarbon (PAH) com-
pounds that have delocalized electrons within the aromatic rings
and that are optically active and can absorb ultraviolet—visible
(UV-Vis) light and fluoresce [1]. Thus, the presence of optically
active compounds, either extracted or dispensed in seawater, could
be readily determined and characterized by UV—-Vis spectroscopy
and fluorescence spectroscopy techniques [2-8]. Similarly, dis-
solved organic matter (DOM) in aquatic environments with differ-
ent composition and sources can also be effectively characterized by
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its optical properties, such as UV-Vis absorbance and fluorescence
excitation—emission matrix (EEM) spectra [9-17], especially when
parallel factor (PARAFAC) analysis is coupled with fluorescence
EEM techniques [18-22]. Indeed, UV-Vis absorption, fluores-
cence EEM, and PARAFAC techniques have been widely used to
characterize, fingerprint, and monitor oil in aquatic systems (e.g.,
[4, 5, 23-29]), with focus on PAHs due to the detection limit of
the optical methodology. Recently, the Deepwater Horizon
(DWH) oil spill in the northern Gulf of Mexico had spurred
extensive studies on the fate, transport, and transformation of oil
components using the optical properties in coastal and oceanic
environments [ 30-35].

A number of optical parameters derived from UV-Vis absor-
bance spectra and fluorescence EEMs can provide useful informa-
tion for the identification and detection of petroleum and
hydrocarbon components and their interactions with marine
DOM, linking to the abundance, general molecular weight, optical
activity, composition, and degradation status (e.g., [34]). From
UV-Vis absorbance spectra, parameters such as absorption coeffi-
cient (e.g., a54), specific UV absorbance (SUVA, e.g., SUVAs54),
and spectral slope (e.g., S275.295) can be acquired. Among these
optical properties, as4 could be a proxy for dissolved organic
carbon (DOC) and an indicator of its abundance, while SUVA,54
is positively linked to optical reactivity or aromaticity, and the
S575.295 value is inversely linked to bulk DOM molecular weight
[14, 17]. During the DWH oil spill, higher SUVA,54 and lower
S>75 295 were found in deep waters than in surface waters [34].
These results suggested the presence of aromatic DOM with higher
molecular weight and optical activity than most natural DOM in
deep waters where the oil leak occurred, reflecting newly intro-
duced crude oil components. Low molecular weight oil compo-
nents released from the DWH spill were likely subject to
preferential degradation and volatilization in the surface waters
[36]. Increased spectral slope was also observed in oil degradation
experiments, indicating preferential decomposition of aromatic
DOM in seawater [35]. Additionally, the relationships among
salinity, DOC concentration, ays4, and SUVA;s4 in the water col-
umn suggested the presence of oil [34]. For example, 3 months
after the DWH oil spill was capped, marine DOM characteristics
and positive DOC and SUVA,s54 correlation were observed in
surface waters of the Gulf of Mexico, whereas high DOM optical
yield and negative correlations between DOC and SUVA,54 were
found in deep waters, suggesting sustained influence from oil in
deepwater DOM [30, 33].

Based on fluorescence EEM data, fluorescence signatures from
petroleum and oil components could be compared with those of
PAH standards and linked to specific PAH compounds. Previous
studies have examined the specific excitation—emission wavelengths
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of many PAH standards (Table 1 and references therein). Although
the solvents used in these studies varied from dichloromethane [1],
hexane, or chloroform [23] to freshwater [ 37 ] and seawater [ 32], it
seems that the peak Ex/Em positions of the PAH standards change
little for naphthalene and phenanthrene, but are significantly dif-
ferent among solvents especially for chrysene and perylene
(Table 1). Solvent interactions with petroleum and oil components,
such as quenching and energy-transfer processes, produce these
differences in fluorescence signatures. Oil extracted into nonpolar
solvents will thus produce signatures different from oil dissolved
into seawater [30]. Thus, when using fluorescence EEM to exam-
ine oil, solvent effect should be taken into account.

When combined with PARAFAC analysis, EEMs can be
resolved into their underlying fluorescent components [20]. Sev-
eral typical natural fluorescent DOM components, including
humic- and protein-like DOM, have previously been identified
(Table 2 and references therein). Using this technique on samples
collected from the northern Gulf of Mexico during the DWH oil
spill, three oil-related components were identified even after 2 years
of the spill (Table 2, Fig. 1). The most dominant oil component,
O1, had its maximum Ex/Em at 224-226,/328-340 nm, strongly
resembling fluorescence signatures to benzene and other PAHs
described in Beltran et al. [37] and Christensen et al. [1]. A second
oil component, O2, was likely an oil degradation product from
both microbial and photochemical degradation, showing its maxi-
mum Ex/Em at 230-250,/340-380 nm, exhibiting similar fluores-
cence fingerprinting and degradation rate as phenanthrene [1, 23,
35]. The third oil component, O3, with Ex/Em ~224, 250-280/
310-345 nm, was hypothesized as degradation product mostly
from photochemical degradation and showed similar peak Ex/Em
positions of naphthalene and fluorene [1, 4, 34, 37]. Additionally,
fitting the PAH fluorescence EEMs to the abovementioned com-
ponents showed that the EEMs of some PAHs can be well
explained (100% for naphthalene and fluorene) by their
corresponding oil-related components (Table 3). The fluorescence
component ratios, such as O2/01 and O3/01, are intensive
properties that show distinct values between crude oil and weath-
ered oil, as well as between oil and seawater samples. Increasing
trend of O2/01 and O3/01 was observed in time series field
samples taken during and after the DWH oil spill and in laboratory
oil degradation experiments [ 34, 35]. Thus, the fluorescence com-
ponent ratios likely reflect the degradation status of oil and can be
used as indices to track the fate and transformation of oil in
aquatic environments, as suggested in Zhou and Guo [33] and
Zhou et al. [34].
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Table 2

Fluorescent DOM components identified and reported in previous studies [33-35, 38—40]

Excitation

Emission

Label wavelength (nm)  wavelength (nm)  Type of fluorophores

A 260

C 320-360
M 290-310
B 230, 275
T 230, 275
o1 224-226

02 232-244

03 264-252

380460 UV humic-like

420460 Visible terrestrial humic-like

370410 Visible marine humic-like

305 Tyrosine-like, protein-like

340 Tryptophan-like, protein-like

328-340 Dominant oil component from MC252 crude oil

346-366 Degradation product from both microbial and
photochemical degradation

311-324 Degradation product mostly from photochemical
degradation

Optical analysis, especially using the fluorescence spectroscopy,
is able to detect oil in the water column with high sensitivity, but
limited to measurements of optically active oil components, such as
PAHs. In this chapter, we describe the use of UV-Vis and fluores-
cence spectroscopy techniques to obtain optical parameters and to
identify oil components and selected PAH compounds in water
samples for elucidating abundance, composition, degradation sta-
tus of petroleum, and hydrocarbon components in aquatic
environments.

2 Materials

2.1 Materials for
Measurements of
UV-Vis Absorbance

2.2 Materials for
Measurements of
Fluorescence EEMs

Instrument: UV-Vis spectrophotometer (e.g., Cary 300 Bio; Agi-
lent 8453, Agilent Technologies, USA)

Cuvette: 10-cm path-length quartz cuvette (e.g., Starna Cells, Inc.,
USA, www.starnacells.com)

Instrument: Spectrofluorometer (e.g., Shimadzu RE-5301PC, Shi-
madzu Corp., Kyoto, Japan; Horiba Fluoromax-4, Horiba
Jobin Yvon, Inc., Japan)

Software for collecting EEMs, e.g., Panorama fluorescence 1.1

software (LabCognition, Dortmund, Germany) and FluoEs-
sence V3.5 (Horiba, Japan)

Cuvette: 4.5 mL UV-grade quartz cuvette (10 mm light path)
(e.g., Starna Cells, Inc., USA, www.starnacells.com)


http://www.starnacells.com/
http://www.starnacells.com/
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2.3 Materials for
Cleaning Cuvette
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Fig. 1 Oil-related components identified from water samples collected in the
northern Gulf of Mexico during and after the Deepwater Horizon oil spill based on
coupling fluorescence excitation—emission matrix (EEM)-PARAFAC techniques

Hexane (e.g., Sigma, http: //www.sigmaaldrich.com)
Methanol (e.g., Sigma, http: //www.sigmaaldrich.com)
Acetone (e.g., Sigma, http: //www.sigmaaldrich.com)
Dichloromethane (e.g., Sigma, http: //www.sigmaaldrich.com)


http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/
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2.4 Materials for the
Calibration of
Fluorescence Intensity

Table 3
Selected PAH compounds in the oil-related components identified from
oil-impacted seawater samples collected from the northern Gulf of Mexico

Corresponding oil-related Percentage explained

component by this component
Phenanthrene 02 82
Pyrene 02 79
Anthracene 02 69
Naphthalene 03 100
Fluorene 03 100

Quinine sulfate dihydrate (e.g., Sigma, http://www.sigmaaldrich.

com), stored in dark at ~4°C.

3 Methods

3.1 UV-Vis
Absorption Spectra

3.1.1  Collection of
UV-Vis Absorbance

3.1.2  UV-Vis Absorbance
Data Processing

This protocol describes the use of a UV-Vis spectrophotometer
and a fluorescence spectrophotometer to collect UV-Vis absor-
bance and fluorescence EEMs of natural water samples, as well as
how to correct spectra and how to apply PARAFAC analysis to
fluorescence EEMs to identify petroleum and DOM components
(Fig. 2).

1.

Allow samples (see Note 1) to warm up to room temperature in
a constant-temperature laboratory (e.g., 20°C).

. Transfer the sample into the cuvette after the cuvette has been

cleaned with organic solvents to make sure cuvette is free from
cross-contamination of oil and has been rinsed with the water
sample for three times (se¢ Note 2).

. Collect UV-Vis absorption spectra over decided wavelength

ranges (e.g., 200-1,100 nm) with appropriate increments
(e.g., 1 nm).

. In order to minimize the inner-filter effect, if a sample has

absorbance higher than 0.02 at 260 nm, dilute the sample
with ultrapure water to decrease its absorbance to lower than
0.02 [41].

. Collect a scan of ultrapure water (18.2 MQ) each analytical day

in the same manner for the samples to blank correct the spectra.

. Subtract the absorbance of water blank.

. Subtract the average absorbance between 650 and 800 nm to

correct for the refractive index effect [42].


http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/
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Raw sample

Filtration

Bulk DOM

UV-vis spectrophotometer Fluorospectrophotometer

A

Raw UV-vis absorbance spectra Raw fluorescence EEMs

Correction

Calibration | and correction
N

Corrected spectra Corrected and calibrated EEMs

Deriving | parameters PARAFAC [analysis Deriving | parameters

254, SUVA,s4, spectral slope Major fluorescent components || Peak intensities; indices

Fig. 2 Flowchart showing acquisition of UV-Vis spectra and fluorescence EEM and derivation of fluorescent
components and parameters, such as absorption coefficient (a,s4), specific UV absorbance (SUVA,s4), spectral

slope, and fluorescence indices

3. Convert absorbance at specific wavelengths (e.g., 254, 355,

UV-Vis Absorption Spectra 1.

of PAH Compounds

412 nm) into Napierian absorption coefficients (azs4, azss,
a412) based on the following equation:

a;) = A(,{) *2303/1

where a;) is the absorption coefficient (in m~ ') at a specific
wavelength (1), A, is the absorbance at wavelength 4, and /is
the light path length in meters (Fig. 3). While A, is dimen-
sionless, ;) has a dimension in m .

. Calculate specific UV absorbance (SUVA) value by dividing the

decadal UV absorbance by respective DOC concentration (mg-
C/L, Fig. 3), with a dimension of LL/mg-C/m.

. Calculate spectral slope (§) via either linear or nonlinear regres-

sion over a specific wavelength interval (e.g., 275-295 nm,
290400 nm, 350-400 nm) using the following equation:

ag) = 14(3_5/1 +0
where a;) is absorption coefficient at wavelength 4, A is the

amplitude, Sis the spectral slope (in nm™'), and O'is the offset
[14, 34, 43] (Fig. 3).

Dissolve PAH compounds with ultrapure water. Final concen-
tration is ~1 to 2 pg/L at saturation.
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3.2 Fluorescence
EEMs

3.2.1 Acquisition of
Fluorescence EEMs

700 T T T T :

Normalization

600 ! [ SUVAL, SUVAL,, ete |
to DOC

500

Absorbance at
400 225nm, 254nm, etc
(225, A254, €1C) Ratio between
300 S275.205 and S3s0.400 k
v
100 | : | J
. | e

200 300 400 500 600 700 800
Wavelength (nm)

Absorption coefficient (m-!)

Fig. 3 Examples of UV-Vis absorbance spectrum and schematic of acquiring
derived parameters, such as a,s4, SUVA,s54, and spectral slope (€.9., So75_095 and
S350—400)

2. Acquire UV-Vis absorption spectra of PAH compounds fol-

lowing methods described above. Example spectra of selected
PAHs are shown in Fig. 4 (upper and mid panels). Although
each PAH has its own characteristic spectra and peaks, none of
their peaks were exhibited in the spectra of crude oil-
contaminated seawater collected from the Gulf of Mexico
right after the DWH oil spill (bottom left panel) [34], even
when the sample’s fluorescence signature clearly shows oil
characteristics (bottom right panel). UV-Vis absorption spec-
tra of seawater samples collected 6 and 18 months after the spill
also did not exhibit PAH peaks. Therefore, the UV-Vis absor-
bance is not a sensitive parameter for detecting or identifying
specific PAH compounds.

. Transfer sample into the cuvette after the cuvette has been

cleaned with organic solvents to make sure cuvette is free
from cross-contamination of oil and has been rinsed with the
specific sample for three times (see Note 3).

. Set predetermined excitation and emission slit widths (e.g.,

5 nm for both) and integration time (e.g., 0.5 s).

. Choose “ratio” mode for the instrument if'it is applicable. This

will enable light source correction using built-in reference
detector. If not applicable, correction needs to be made by
hand using concentrated Rhodamine B solution ([20] and
reference therein).
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Fig. 4 UV-Vis absorbance spectra of four PAH standards, naphthalene, fluorene, anthracene, and phenan-
threne (upper and mid panels), and an oil-contaminated seawater sample (bottom left panel). No PAH
signature peaks were shown in the spectra of the seawater samples, even when the fluorescence EEM of
this sample (boftom right panel) shows strong oil characteristics
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3.2.2 Fluorescence EEM
Data Processing (see
Note 4)

Identification of Natural
CDOM Components

Fluorescence Signatures
of PAH Compounds

Derivation of Indices
(FI, BIX, and HIX)

4. Generate fluorescence spectra of samples by recording a series
of emission spectra over a wavelength range that covers most
naturally occurring fluorescent DOM (e.g., from 240 to
680 nm with 1 nm step) under excitation wavelengths that
correspond to natural DOM as well (e.g., from 220 to
400 nm with a 2 nm step).

5. Collect a scan of pure water each analytical day in the same
manner as for the samples in order to blank correct the spectra.

6. Measure a series of quinine sulfate standards (e.g., 1, 5, 10, 20,
50 ppb) at Ex/Em 350/450 nm, and perform regression to
determine the fluorescence intensity of 1 ppb quinine sulfate.

1. Perform spectral corrections caused by instrumental bias,
including light source correction and emission correction, usu-
ally supplied with the instrument.

2. Remove the first- and second-order Raman and Rayleigh scat-
tering peaks (see Note 5).

3. Normalize spectral intensity to that of 1 ppb quinine sulfate to
yield the unit of ppb quinine sulfate equivalents (QSE).

4. Generate blank corrected data by subtracting the water blank.
This completes the correction and calibration of EEMs and
makes the EEMs ready for plotting (see Note 6; e.g., Fig. 5)
and further analysis.

Table 2 shows the excitation—emission (Ex/Em) wavelength pairs
of several natural DOM peaks previously identified. Locate the
positions of fluorescence maxima (Ex/Em), and compare them
with the fluorescent DOM in the samples.

Table 1 provides the fluorescence Ex/Em pairs of selected PAH
compounds (see also fluorescence EEMs shown in Fig. 6). Locate
the positions of fluorescence maxima (Ex/Em), and compare them
with those of PAHs to identify petroleum and oil components
present (see Note 7). Note the overlap of Ex/Em maxima for
peaks B and T and naphthalene.

Calculate indices such as fluorescence index (FI), biological index
(BIX), and humification index (HIX) to get information about
DOM sources, importance of autochthonous DOM, and the
extent of humification (see Fig. 7).

1. The fluorescence index (FI) is the ratio between fluorescence
intensities at emission wavelength of 450 and 500 nm at the
excitation wavelength of 370 nm.
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Fig. 5 Examples of fluorescence EEMs of crude oil MC252 (upper left panel) and seawater samples taken
during DWH oil spill (May 2010, upper right panel), 3 months (October 2010, lower left panel), and 15 months
(October 2011, lower right panel) after the spill was capped, respectively

PARAFAC Modeling

2. The biological index (BIX) is defined as the ratio between
fluorescence intensities of 380 and 430 nm at the excitation
wavelength of 310 nm.

3. Humification index (HIX) is defined by the ratio of integrated
emission of 300-345 nm to integrated emission of
435-480 nm, both measured at an excitation wavelength of
254 nm.

PARAFAC modeling is a multi-way fitting analysis technique in
which the residual of the sum of squares of the datasets (fluores-
cence EEMs of all samples) is minimized following the equation:

F
Xk = E aig big i + €3k
=

where Xjj is fluorescence intensity of the ith sample at the jth
emission mode and kth excitation mode and the ajf, &, and ¢ are
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Naphthalene in ultrapure water Naphthalene in seawater
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Fig. 6 Fluorescence EEMs of selected PAH compounds in ultrapure water (/eft panels) and seawater (right
panels)
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Fig. 6 (continued)
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Fig. 7 Schematic showing the acquisition of derived indices including FIX, BIX,
and HIX from fluorescence excitation—emission matrices

the scaled parameters that describe the sample and variable for each
individual component. The g is the residual not explained by the
model.

The application of PARAFAC is based on some assumptions,
including adherence to Beer—-Lambert law and the absence of inter-
actions between different components. The latter does not hold for
natural DOM, so it is important that users understand this caveat
[12]. The former is generally true for natural DOM when sample
concentration is low and has limited inner-filter eftect [44 ]. Figure 8
exhibits a strong interrelationship between concentrations of fluor-
ene in ultrapure water and the fluorescence intensity at Ex/Em
260/310 nm, showing obedience to the Beer-Lambert law for
fluorene at the concentrations between 7.5 and 60 pg L™
(Fig. 8). Other PAH standards are also very sensitive to fluores-
cence measurement and have shown linear relationship between
concentration and fluorescence intensity at peak position [45],
obeying the Beer—Lambert law (Table 4). Thus, qualitative and
quantitative information about oil components could be derived
from PARAFAC analysis of oil-contaminated water column.

Conduct PARAFAC modeling analyses in MATLAB (Math-
Works, Fig. 9) using the DOMFluor toolbox ([20]; see Note 8).
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Table 4

Fluorescence intensity (ppb—QSE)
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Fig. 8 An example showing the linear relationship between fluorene concentra-
tion and fluorescence intensity (ppb QSE) at Ex/Em 260/310 nm

The linear relationship between fluorescence intensity at peak position and concentration for selected

PAH standards

PAHs Ex/Em (nm) Slope (QSE Lug ") y-intercept (ug L") I

Naphthalene 220/334 4.0+£0.1 24+05 0.98
Fluorene 260,310 264 +£0.2 15+£1.8 1.00
Phenanthrene 250/366 11.5 £ 0.1 1.3+ 0.6 1.00
Anthracene 245 /382 252 +0..5 —3.5+4.0 1.00
Pyrene 240/374 22.7 £ 0.6 8.7 £ 4.7 1.00

Data from Ferretto et al. [45]

. Insertion of 0 at the lower and upper triangles to speed up the

processing.

. Find and exclude possible outlier(s) and decide the number of

components (se¢ Note 9).

Model validation using residual analysis, split-half analysis, etc.

. Model output: Fit sample fluorescence EEMs to the best vali-

dated model.
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Fig. 9 Schematic showing the application of PARAFAC analysis on fluorescence excitation—emission matrices

Identification of PAH
Compounds in Oil-Related
Fluorescent Components

By fitting the fluorescence EEMs of PAH compounds to the oil
components identified from PARAFAC analysis applied to fluores-
cence EEMs of oil-contaminated seawater samples (e.g., those in
[33]), it is shown how much each PAH compound could be
explained by the oil-related components (Table 3). For example,
up to 100% of the naphthalene and fluorene signals could be
explained by O3, which is expected because the fluorescence fin-
gerprint of O3 is so similar to these two PAHs. Similarly, phenan-
threne could be largely (up to 81%) explained by O2. Indeed, in a
laboratory experiment, among all the PAHs, phenanthrene showed
the most similar degradation pathway to O2 [35]. These examples
show a close link between PAH compounds and oil-related fluores-
cent components and further attest the application of fluorescence
spectroscopy to the identification of petroleum and oil compo-
nents. Specifically:

1. Have the model holding fluorescent characteristics (Ex/Em
wavelengths) of the oil-related components ready.

2. Fit the fluorescence EEMs of PAH compounds to the model.
Presence of these PAHs in the oil-related components is then
quantified.

3. Calculate the percentage (similarity) of each PAH compound in
ecach PARAFAC component (see Note 10).

4. Identify corresponding fluorescence components with a high
percentage (e.g., higher than 75%) for PAHs.
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3.3 Statistical
Comparisons of
PARAFAC GComponents

3.3.1 Spectral Matching
for Similarity Using
Tucker’s Congruence
Coefficient

3.3.2  OpenFluor
Database

Tucker’s congruence coefficient (TCC) is a mathematical approach
to compare similarity between factors from factor analysis methods
such as PARAFAC [46]. The mathematics of TCC is beyond the
scope of this chapter, but the function is implicit to split-half
validation procedures used in the DOMFluor toolbox (e.g., the
TCC command; [20]). A critical congruence level of 0.95 is used to
determine that two factors can be considered equal. TCC is used to
compare the factors (components) of a PARAFAC model during
queries to the OpenFluor database (see Sect. 3.3.2) but can also be
used independently of OpenFluor or DOMFluor. Using the
DOMFluor toolbox in MATLAB, execute

TCC (Modell, Model2)
A matrix is thus returned :
Model Split half validated

ans =

1 0 0 0 O
1 0 0 0 0O
0 01 0 0O
0 001 0O
000 01 O0
0 0 00 01

The rows of the matrix indicate components from Modell and the
columns refer to components from Model2. A “1” indicates simi-
larity between the two components such that they are considered
identical. A “0” means the components are not identical.

The OpenFluor database (http://www.openfluor.org) contains
published PARAFAC models and provides a Web-based interface
to query one model against many others. New models are submit-
ted, validated, and then added to the database. Querying a model
to other PARAFAC models in the literature is done by uploading a
text file of excitation and emission spectra for components of the
model. In the database, Tucker’s congruence coefficient, set at a
value of 0.95, is used as the threshold for an identical match
between spectra, similar to TCC command in DOMFluor as
described above. A table of matches between a queried model and
the database is returned to the user. From these results, the user can
evaluate the similar of components in a PARAFAC model against
many others.

4 Notes

1. Water samples should have already been filtered through a
0.2 pm polycarbonate membrane filters (e.g., Whatman) and
stored in pre-combusted (550°C) amber bottles in dark at 4°C
before measurements.
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2. Clean cuvette with acetone, methanol, hexane, and finally
dichloromethane to remove any possible residual oil.

3. Clean with acetone, methanol, hexane, and finally dichloro-
methane to effectively take residual oil away from the last
sample.

4. A statistical software package such as MATLAB or R is recom-
mended for data processing.

5. For PARAFAC analysis, not only the scattering peaks, but also
the upper and lower triangles should be eliminated for better
modeling [20].

6. Contour plots are the most widely used type of figure to display
an EEM. However, 3D surface plots also are used. These plots
can be generated using MATLAB or R.

7. Peak positions are subject to change due to the solvent effects,
mainly due to the varying polarity of the solvents. With increas-
ing polarity of the solvent, the peak positions of the PAHs
would be more redshifted, due to larger energy stabilization
caused by solvent relaxation [47, 48]. Thus, attention needs to
be given when comparing PAH fluorescence signatures in dif-
ferent solvents.

8. Normalizing the EEM of each sample to its own highest (or
total) fluorescence intensity (after removal of water scattering
peaks) would provide more even loading and more unbiased

results [49].

9. Constrain the models to nonnegative values to yield chemically
reasonable models [20, 50].

10. For example, the assigned quantities of phenanthrene in oil
components O1, O2, and O3 are 0, 61, and 13 pg/L, respec-
tively. The percentage of phenanthrene in O2 would be 61/
(0 + 61 + 13) = 82%, which suggests that component O2 is
very likely rich in phenanthrene.
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