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ABSTRACT: Several studies have shown high concentrations
of polycyclic aromatic hydrocarbons (PAHs) in living spaces
and soil adjacent to parking lots sealed with coal-tar-based
products. Recent attention has been paid to the presence of
seven PAHs in coal-tar samples, namely, benz[a]anthracene,
benzo[k]-fluoranthene, benzo[b]fluoranthene, benzo[a]pyrene,
chrysene, dibenz[a,h]anthracene, and indeno[1,2,3-cd]pyrene,
and their association to significant increases in estimated excess
lifetime cancer risk for nearby residents. Herein, we present an
analytical approach to screen the presence of five highly toxic,
high-molecular weight PAHs (HMW-PAHs) in coal-tar
samples. These include dibenzo[a,l]pyrene, dibenzo[a,i]pyrene,
dibenzo[a,e]pyrene, dibenzo[a,h]pyrene, and naphtho[2,3-a]-
pyrene. Their direct analysis, without chromatographic
separation, in a reference coal-tar sample is made possible with the combination of excitation−emission matrices (EEMs)
and parallel factor analysis (PARAFAC). EEMs are recorded at 4.2 K with the aid of a cryogenic fiber-optic probe and a
commercial spectrofluorimeter. The simplicity of the experimental procedure and the excellent analytical figures of merit
demonstrate the screening potential of this environmentally friendly approach for the routine analysis of numerous coal-tar
samples.

Chemical analysis of polycyclic aromatic hydrocarbons
(PAHs) is of great environmental and toxicological

importance. Many of them are highly suspect as etiological
agents in human cancer.1−4 Particular attention has been
focused on the 16 PAHs included in the U.S. Environmental
Protection Agency (EPA) list of priority pollutants.5 However,
a significant portion of the biological activity of PAH-
contaminated samples is also attributed to the presence of
high-molecular weight (HMW) PAHs, i.e., PAHs with MW ≥
300.6−9 Since the carcinogenic properties of HMW-PAHs differ
significantly from isomer to isomer, it is important to determine
the most toxic isomers even if they are present at much lower
concentrations than their less toxic isomers. This is not a trivial
task, as many isomers present very similar chromatographic
behaviors and virtually identical mass fragmentation patterns.10

A crucial example is dibenzo[a,l]pyrene (DB[a,l]P), the most
potent carcinogenic PAH known to date.11−13 Its toxicity is
considerably higher than that of benzo[a]pyrene, which is the

most carcinogenic EPA-PAH. There are several more isomers
of dibenzopyrene that are also carcinogenic but not to the
extent of DB[a,l]P.
A recent trend for the environmental monitoring of PAHs

focuses on the development of screening techniques capable to
process numerous samples in short analysis time. Screening
methods have the potential to prevent unnecessary scrutiny of
uncontaminated samples via time-consuming chromatographic
procedures, reduce analysis cost, and expedite turnaround time
for decision making and remediation purposes. Particularly
effective for the direct monitoring, i.e., without chromato-
graphic separation, of EPA-PAHs is the combination of
multidimensional fluorescence data with second-order multi-
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variate calibration methods. The analyses of phenanthrene and
benzo[k]fluoranthene in urban runoff water samples,14 benzo-
[a]pyrene and dibenzo[a,h]anthracene in underground, tap,
and mineral water samples,15 and chrysene, benzo[b]-
fluoranthene, benzo[k]fluoranthene, and benzo[a]anthracene
in river water and sludge samples16 have been reported via
room temperature fluorescence excitation−emission matrix
(RTF-EEM) spectroscopy combined to either parallel factor
analysis (PARAFAC) or unfolded partial least-squares/residual-
bilinearization (U-PLS/RBL).
This Article deals with the direct determination of DB[a,l]P

and four of its isomers, namely, dibenzo[a,h]pyrene (DB[a,h]-
P), dibenzo[a,i]pyrene (DB[a,i]P), dibenzo[a,e]pyrene (DB-
[a,e]P), and naphtho[2,3-a]pyrene (N[2,3-a]P), in a coal-tar
standard reference material (NIST SRM 1597a). Coal-tar-based
sealcoats are prolific sources of PAHs extensively used all over
the world.17−20 The first determination of DB[a,l]P in river
sediment samples was reported by Kozin and co-workers using
laser-excited Shpol’skii spectrometry.21,22 Later chromato-
graphic efforts reported its presence in several standard
reference materials23−26 as well as ambient particulate matter
from street canyon, a rooftop, and an underground subway
station in Stockholm, Sweden.27 Research in our lab has
focused on the determination of HMW-PAHs via laser excited
time-resolved Shpol’skii spectroscopy (LETRSS),10,28−30 which
refers to the collection of multidimensional data formats during
the lifetime decay of fluorescence emission. Adding the
temporal dimension to Shpol’skii spectra provides a particularly
selective tool for the determination of structural isomers
without previous chromatographic separation. Wavelength−
time matrices take advantage of the full dimensionality of
fluorescence spectroscopy by combining spectral and lifetime
information in a single data format.31,32 Collection of time-
resolved excitation−emission matrices (TREEMs) was made
possible with the aid of an in-house instrumental setup
consisting of a pulsed tunable dye laser, a pulse delay generator,
a spectrograph, and an intensified charge-coupled device. The
complications of traditional methodology for low temperature,
77 and 4.2 K, measurements were avoided by using a bifurcated
fiber-optic probe (FOP) that delivered the excitation light
directly into the frozen matrix. This approach retains the
simplicity of dunking the sample into the liquid cryogen for fast
and reproducible freezing with no need for an optical Dewar
and/or helium cryostat. Frozen samples are prepared in a
matter of seconds.33

The approach presented here is based on 4.2 K EEMs,
Shpol’skii spectroscopy and PARAFAC. We take advantage of
the FOP, but we couple it to a commercial spectrofluorimeter.
The extent of our literature search revealed no reports on the
direct analysis of HMW-PAHs in complex environmental
samples via low temperature, steady-state EEM spectroscopy.
The broad-band excitation source and the monochromators of
the spectrometer facilitate the collection of EEMs throughout a
wide range of excitation and emission wavelengths. Lowering
the temperature to 4.2 K provides sufficient spectral narrowing
for the PARAFAC determination of the five dibenzopyrene
isomers in an extremely challenging, complex environmental
matrix. The robustness of this approach for screening HMW-
PAHs in complex environmental extracts is demonstrated with
a straightforward experimental procedure and excellent
analytical figures of merit.

■ EXPERIMENTAL SECTION

Instrumentation. The FOP consisted of one delivery
(excitation) and six collection (emission) fibers. All fibers were
2 m long and had a 500 μm core diameter, silica-clad silica with
polyimide buffer coating (Polymicro Technologies, Inc.). The
fibers were fed into a 1.2 m long section of copper tubing that
provided mechanical support for lowering the probe into the
liquid cryogen. At the sample end, the fibers were arranged in a
conventional six-around-one configuration with the excitation
fiber in the center. At the instrument end, the emission fibers
were positioned in a slit configuration. At both ends, vacuum
epoxy was used to hold the fibers in place, which were then fed
into metal sleeves for mechanical support and polished with a
diamond rotating disk. At the sample end, the copper tubing
was flared, retaining a phenolic screw cap threaded for a 0.75
mL propylene sample vial.
Fluorescence measurements were carried out with a

FluoroMax−P (Horiba Jobin-Yvon) equipped with a 150 W
xenon arc source. The 1200 grooves/mm gratings in the single
excitation and emission monochromators were blazed at 330
and 500 nm, respectively. Their reciprocal linear dispersion was
equal to 4.25 nm/mm. The uncooled photomultiplier tube
(Hamamatsu, Model R928) detector was operated in the
photon-counting mode. The excitation fiber and the emission
fiber bundle of the FOP were coupled to the sample
compartment of the spectrofluorimeter with the aid of a
commercial fiber-optic mount (F-3000, Horiba Jobin-Yvon)
that optimized collection efficiency via two concave mirrors.34

Position alignment of each end of the FOP with the respective
focusing mirror was facilitated by commercially available
adapters (Horiba Jobin-Yvon). Commercial software (DataMax
version 2.20, Horiba Jobin-Yvon) was used for automated
scanning and fluorescence data acquisition.

Reagents. All chemicals were analytical-reagent grade and
used without further purification. DB[a,l]P, DB[a,e]P, DB-
[a,h]P, and DB[a,i]P were purchased from Accustandard at
100% purity. N[2,3-a]P was purchased from Sigma-Aldrich. n-
Octane (extra pure, 99+%) was acquired from Fischer
Scientific. The standard reference material (NIST SRM
1597a) was obtained from the National Institute of Standards
and Technology (NIST).

Solution Preparation for Calibration, Validation, and
Coal-Tar Test Samples. Stock solutions of PAHs were kept in
the dark at 4 °C. Possible PAH degradation was monitored via
room temperature fluorescence spectroscopy. For each PAH,
calibration samples were prepared by serial dilution of stock
solutions prior to data collection. A validation sample is a
synthetic mixture of the five HMW-PAHs. Twelve validation
samples were devised on the basis of a factorial experimental
design, consisting of three concentration levels for each of the
five HMW-PAHs. Each level is represented by a concentration
near the lower limit, near the median concentration, and near
the upper limit of the linear dynamic range of the PAH. For the
validation samples, appropriate volumes of PAH stock solutions
were combined and diluted to the appropriate volume with n-
octane. Similarly, for the spiked coal-tar test samples,
appropriate volumes of the PAH stock solutions and of the
coal tar extract were combined and diluted with n-octane.

Fluorescence Measurements. Room temperature fluo-
rescence measurements were carried out by pouring liquid
solutions into a standard quartz cuvette (1 cm path length).
FOP measurements were made as follows: after microliter
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volumes (100−750 μL) of undegassed sample solution were
pipetted into the sample vial, the sample vial was secured to the
sample end of the copper tubing, and the tip of the FOP was
positioned at a constant depth below the solution surface.
Sample freezing was accomplished by lowering the sample vial
into the liquid cryogen. Liquid nitrogen and liquid helium were
held in two separate Dewar containers with 5 and 60 L storage
capacity, respectively. The 60 L liquid helium volume would
typically last for 3 weeks of daily use, averaging 15−20 samples
per day. At both 77 and 4.2 K, complete sample freezing took
less than 90 s. The ∼1 min probe cleanup procedure involved
removing the sample vial from the cryogen container, melting
the frozen matrix, warming the resulting solution to

approximately room temperature with a heat gun, rinsing the
probe with n-alkane, and drying it with warm air from the heat
gun. The entire freeze, thaw, and cleanup cycle took less than 5
min.

Software. All calculations were done using MATLAB 7.10
(MATLAB 7.10 (2010) The MathWorks Inc., Natick,
Massachusetts, USA). PARAFAC was applied with the MVC2
graphical user interface written in MATLAB by Olivieri et al.35

and available on the Internet.36

■ RESULTS AND DISCUSSION

Spectral Features of Dibenzopyrene Isomers in n-
Octane at 77 K and 4.2 K. Previous research in our lab

Figure 1. Spectral features of DB[a,l]P at (A) room temperature, (B) 77 K, and (C) 4.2 K in n-octane. Spectra were recorded with the aid of a
cryogenic fiber-optic probe. Excitation/emission band-passes were as follows: (A) 3/3 nm, (B) 1/1 nm, and (C) 1/1 nm.
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investigated the 4.2 K spectral features and fluorescence
lifetimes of DB[a,l]P, DB[a,e]P, DB[a,h]P, DB[a,i]P, and
N[2,3-a]P in three Shpol’skii matrixes, namely, n-hexane, n-
heptane, and n-octane. The best spectral narrowing was
obtained with n-octane,28−30 which is the solvent selected
here for all current studies. The excitation and emission band-
pass for the collection of EEMs were set to an acceptable

compromise between spectral resolution and signal-to-noise
ratio at the parts-per-billion concentration levels. The excitation
(275−380 nm) and emission (390−550 nm) wavelength
ranges were common to the five studied isomers and gathered
most of their spectral signatures. The excitation and emission
monochromators were stepped at 5 and 1 nm increments,
respectively. These settings provided individual EEMs with 22
emission spectra and 161 data points per emission spectrum. A
long-pass filter with 50% transmittance at approximately 320
nm (cutoff wavelength) was used in all cases to minimize
instrumental artifacts such as scattered radiation and second-
order emission.
Figure 1 compares the spectral features of DB[a,l]P at room

temperature, 77 K, and 4.2 K. A 3/3 nm excitation/emission
band-pass was needed to obtain an acceptable signal-to-noise
ratio at room temperature. The low temperature data was
recorded using a 1/1 nm excitation/emission band-pass. The
spectral features of DB[a,l]P at both 77 and 4.2 K show the
quasi-line structure often observed from Shpol’skii systems.
Table S1, Supporting Information, summarizes the fluorescence
intensities and the full-width at half maxima (fwhm) of the
studied isomers at low temperature. Lowering the temperature
from 77 to 4.2 K enhanced the fluorescence intensities of the
five studied isomers. With the exception of DB[a,i]P, all the
other isomers presented slightly narrower fwhm at 4.2 K. The
fwhm of DB[a,i]P was statistically equivalent (N1 = N2 = 3; α =
0.05)37 at both temperatures. The worst (largest) 4.2 K fwhm
was observed from N[2,3-a]P. This is probably due to the
poorer guest−host compatibility of N[2,3-a]P in n-octane.

EEMs and Analytical Figures of Merit of Dibenzopyr-
ene Isomers at 77 and 4.2 K. Table S2, Supporting
Information, compares the analytical figures of merit (AFOM)
of the five dibenzopyrene isomers at room temperature, 77 K,
and 4.2 K. Fluorescence intensities were extracted from the
EEMs at the maximum excitation and emission wavelengths of
each PAH. The linear dynamic ranges (LDR) are based on the
average intensities (N = 3) of at least five PAH concentrations.
No efforts were made to reach the upper concentration limits
of the calibration curves. The correlation coefficients close to
unity demonstrate linear correlations in all cases. The limits of
detection (LODs) were calculated as 3 × SB/m, where SB is the
standard deviation of the average blank signal extracted from
three EEMs and m is the slope of the calibration curve. The
blank signals were measured at the maximum excitation and

Figure 2. Superposition of 4.2 K excitation−emission matrices
recorded from calibration sample solutions of (A) 200 ng·mL−1

DB[a,l]P; (B) 300 ng·mL−1 DB[a,i]P; (C) 200 ng·mL−1 DB[a,h]P;
(D) 400 ng·mL−1 DB[a,e]P; and (E) 250 ng·mL−1 N[2,3-a]P in n-
octane. All EEMs were recorded with the cryogenic fiber-optic probe
using a 1 nm/1 nm excitation/emission band-pass.

Figure 3. 4.2 K excitation−emission matrix of (A) a validation sample
containing 180 ng·mL−1 DB[a,l]P, 180 ng·mL−1 DB[a,i]P, 180 ng·
mL−1 DB[a,h]P, 450 ng·mL−1 DB[a,e]P, and 260 ng·mL−1 N[2,3-a]P
in n-octane; (B) a 1:375 dilution of NIST SRM 1597a in n-octane.
Both EEMs were recorded with the cryogenic fiber-optic probe using a
1 nm/1 nm excitation/emission band-pass.

Table 1. 4.2 K Analytical Figures of Merit at Excitation and
Emission Wavelengths Free from Spectral Overlapping of
Other Isomersa

PAH
λexc/λem
(nm)b LDR (ng·mL−1)c R2d LOD (ng·mL−1)e

DB[a,l]P 320/417 1.61−400 0.9805 1.61
DB[a,e]P 305/395 4.76−800 0.9991 4.76
DB[a,i]P 355/430 1.63−400 0.9934 1.63
DB[a,h]P 300/483 3.00−300 0.9899 3.00
N[2,3-a]P 335/491 2.32−500 0.9915 2.32
aFluorescence was recorded using an excitation and emission band-
pass of 1 nm. bExcitation and emission wavelengths. cLDR = linear
dynamic range in ng·mL−1 extending from the limit of detection
(LOD) to an arbitrarily chosen upper linear concentration. dR2 =
coefficient of determination of the calibration curve. eLimit of
detection calculated as 3 × SB/m, where SB is the standard deviation
of three blank measurements and m is the slope of the calibration
curve.
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emission wavelengths of each PAH. The standard deviations of
the blank signals did not change much with lowering the
temperature to 4.2 K. The better LODs resulted from the
steeper slopes of the calibration curves at liquid nitrogen and
helium temperatures.
Figure 2 superposes the 4.2 K EEMs recorded from

calibration samples of the five dibenzopyrene isomers. Figure
3A depicts the 4.2 K EEMs recorded from a validation sample
of the five PAHs. Visual comparison of Figures 2 and 3A leads
to at least one pair of excitation (λexc) and emission (λem)
wavelengths that is free from the spectral interference of the
other four isomers. This condition is met at the excitation and
emission maxima of DB[a,l]P (λexc/λem = 320/417 nm) and
DB[a,e]P (λexc/λem = 305/395 nm). Their determination in a
synthetic mixture of the five isomers should then be possible at
the concentration levels reported in Table S2, Supporting
Information. However, for DB[a,i]P, DB[a,h]P, and N[2,3-a]P,
wavelengths free of spectral overlapping are found away from
the excitation and emission maxima. Table 1 reports the AFOM
of these isomers at excitation and emission wavelengths free
from spectral overlapping. Although the LODs are worse than
those in Table S2, Supporting Information, the direct

determination of DB[a,i]P, DB[a,h]P, and N[2,3-a]P in a
synthetic mixture of the five isomers would still be possible at
the parts-per-billion concentration level. As shown in Figure
3B, the presence of unknown fluorescence concomitants in the
coal-tar sample leads to strong spectral overlapping within the
entire EEM range of excitation and emission wavelengths. The
direct determination of the five targeted isomers would not be
possible without the aid of chemometrics.

Validation and Test Set Results Obtained by
PARAFAC Modeling. The theory of PARAFAC has been
extensively discussed in previous articles.38 Only a brief
description, which is directly related to fluorescence EEM
data formats, will be provided here. A cube (X) is built by
stacking the matrices data of size (J × K) corresponding to I
standards plus the sample data. Then, a trilinear decomposition,
according to eq 1, is carried out to retrieve the values of ain, bjn,
and ckn from a fitting procedure of the values of the elements
xijk:

∑= +
=

x a b c eijk
n

N

in jn kn ijk
1 (1)

Table 2. Composition of Validation Samples and Predictions by Applying PARAFAC

dibenzopyrene isomer (ng·mL−1)

DB[a,e]P DB[a,h]P DB[a,i]P DB[a,l]P N[2,3-a]P

sample nom. pred. error (%) nom. pred. error (%) nom. pred. error (%) nom. pred. error (%) nom. pred. error (%)

V1 750 747 −0.4 60 63 5.0 60 65 8.3 60 64 6.7 60 63 5.0
V2 450 442 −1.8 180 169 −6.1 180 169 −6.1 180 185 2.8 260 250 −3.8
V3 750 725 −3.3 60 50 −16.7 320 299 −6.6 60 59 −1.7 480 464 −3.3
V4 750 763 1.7 280 265 −5.4 320 335 4.7 320 330 3.1 480 511 6.5
V5 150 147 −2.0 60 52 −13.3 60 56 −6.7 320 312 −2.5 480 457 −4.8
V6 150 153 2.0 60 63 5.0 320 343 7.2 320 325 1.6 60 60 0.0
V7 750 769 2.5 280 302 7.9 60 66 10.0 320 318 −0.6 60 71 18.3
V8 150 160 6.7 280 270 −3.6 60 57 −5.0 60 65 8.3 480 495 3.1
V9 450 474 5.3 180 193 7.2 180 201 11.7 180 190 5.6 260 274 5.4
V10 450 416 −7.6 100 95 −5.0 180 163 −9.4 180 188 4.4 260 235 −9.6
V11 450 485 7.8 180 205 13.9 180 201 11.7 180 184 2.2 260 283 8.8
V12 150 141 −6.0 280 277 −1.1 320 306 −4.4 60 62 3.3 60 55 −8.3
REP (%)a − 4.2 − − 7.6 − − 8.1 − − 3.3 − − 6.5 −
recovery (%) − 100.4 − − 99.0 − − 101.3 − − 102.8 − − 101.4 −
aREP (%) = 100 × (((Σi = 1

I (ypred − ynom)
2)/I)1/2/(ycal)), where ypred is the predicted concentration for the ith validation sample, ynom is the nominal

concentration, I is the number of validation samples, and ycal is the average of the nominal concentration values of the calibration set samples (450,
167, 187, 187, and 267 ppb, respectively).

Table 3. Composition of Coal Tar Samples Spiked with the Five Targeted Isomers and PARAFAC Predictions

dibenzopyrene isomer (ng·mL−1)a

DB[a,e]P DB[a,h]P DB[a,i]P DB[a,l]P N[2,3-a]P

coal-tar sample nom. pred. nom. pred. nom. pred. nom. pred. nom. pred.

original coal-tar sampleb 21 25 6 7 9 12 3 − 10 12
spiked test sample #1 150 135 60 55 60 61 320 335 480 452
spiked test sample #2 150 159 60 62 320 315 320 310 60 51
spiked test sample #3 450 475 180 191 180 192 180 189 260 245
spiked test sample #4 150 165 280 269 320 305 60 70 60 71
REP (%)c − 7.6 − 5.7 − 4.5 − 5.1 − 8.1
recovery (%) − 102.9 − 99.3 − 100.5 − 105.8 − 97.9

anom. = nominal concentration; pred. = predicted concentration. All concentrations in ng·mL−1. bCoal tar extract was diluted with n-octane, 1:375
(v/v). cREP (%) = 100 × (((Σi = 1

I (ypred−ynom)2)/I)1/2/(ycal)), where ypred is the predicted concentration for the ith validation sample, ynom is the
nominal concentration, I is the number of validation samples, and ycal is the average of the nominal concentration values of the calibration set
samples.
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where ain denotes the values of the profile in the sample mode
for constituent n in sample i (quantitative information); bjn and
ckn are the corresponding profile values in both instrumental
data modes for constituent n (qualitative information); and eijk
collects the model errors, which are often unavoidable in
experimental signals that carry noise. If ain, bjn, and ckn can be
reliably obtained, it is customary to arrange them into three
matrices: the matrix of scores A of size [(I + 1 × N)], containing
all ain values, and the two matrices of loadings B (emission
profiles of size J × N, containing all bjn values) and C
(excitation profiles of size K × N, containing all ckn values).
In order to exploit the second-order advantage of three-way

data, PARAFAC was separately applied to cubes of data formed
by the EEMs recorded from (a) the 25 calibration samples (i.e.,

5 standards per dibenzopyrene isomer) and (b) each one of the
validation samples (V1−V12) in Table 2 or (c) the test samples
in Table 3. The size of each of the cubes submitted to
PARAFAC analysis was then 26 × 161 × 22; i.e., (I + 1) × J ×
K. The number of spectral components in each of the cubes
(N) was obtained via core consistency analysis.39 When
analyzing the validation samples, N was equal to 6, one
spectrum per each of the studied isomers and one for the
background signal. When analyzing coal tar samples with and
without the addition of the five isomers, N was equal to 7. This
higher value indicates that an additional profile from an
unexpected sample concomitant was retrieved by the
PARAFAC modeling and informs us that the second-order
advantage should be exploited.
Figure 4 compares the excitation and emission spectra

recorded from calibration samples to the loading matrices B
and C obtained from PARAFAC when processing the spiked
coal tar sample #1 and the set of calibration samples. Peak
assignments 1−5 in the loading matrices were made based on
the similarities of spectral profiles and maximum wavelengths of
excitation and emission. Peak 6 was attributed to the
background signal and peak 7 to an unexpected sample
component that could interfere in the absence of the second
order advantage.
Tables 2 and 3 summarize the prediction results for both sets

samples. Due to the high complexity of the coal-tar sample, the
REP% values and the recoveries of the five targeted isomers can
be considered satisfactory. A statistical comparison of the
prediction results was made via the bivariate least-squares

Figure 4. Excitation (A) and emission (C) profiles extracted with
PARAFAC when analyzing a coal-tar sample (test sample #1, Table 3)
spiked with the five targeted isomers; lines: 1 = DB[a,e]P, 2 =
DB[a,h]P, 3 = DB[a,i]P, 4 = DB[a,l]P, 5 = N[2,3-a]P, and 6 =
background; red line 7 corresponds to an unexpected component
present in the coal-tar sample. (B) Excitation and (D) emission spectra
recorded with the spectrofluorimeter from calibration samples of the
five targeted isomers at 4.2 K. Spectra were recorded with the
cryogenic fiber-optic probe using a 1 nm/1 nm excitation/emission
band-pass. 1 = 200 ng·mL−1 DB[a,e]P, 2 = 200 ng·mL−1 DB[a,h]P, 3
= 200 ng·mL−1 DB[a,i]P, 4 = 200 ng·mL−1 DB[a,l]P, and 5 = 250 ng·
mL−1 N[2,3-a]P.

Figure 5. Elliptic joint confidence regions of PARAFAC predictions
on (A) validation samples and (B) spiked coal-tar test samples. Solid
lines: 1 = DB[a,e]P, 2 = DB[a,h]P, 3 = DB[a,i]P, 4 = DB[a,l]P, and 5
= N[2,3-a]P.
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(BLS) regression method and the elliptic joint confidence
region (EJCR) test.40 The EJRC plots of the slopes and the
intercepts are shown in Figure 5. The elliptical domains
obtained for the five isomers in both sets of samples include the
theoretically predicted value of the slope (1) and the intercept
(0). This fact excludes the possible presence of biases in
PARAFAC and demonstrates comparable precision and
accuracy when analyzing samples with and without unexpected
sample components.
Limits of Detection and Limits of Quantitation Based

on EEM/PARAFAC Analysis. The LODs and LOQs obtained
via multiway calibration were calculated with the aid of the
general sensitivity (SEN) expression reported by Olivieri:41

δ δ= − + − −s Z I Z Z ZSEN { [ ( ) ] }n n n
T

cal
T

unx unx cal
1 1/2

(2)

where sn is the slope of the PARAFAC pseudounivariate plot, δn
is a column vector of size Ncal × 1 with zeros except for a “1” in
the position of the analyte of interest, Zcal is the Khatri-Rao
product of the matrices containing the profiles in both modes
for the calibrated components (Ccal and Bcal), and Zunx contains
profiles in both modes for the unexpected components.
Considering a 95% confidence level for Type I (α = 0.05)

and II errors (β = 0.05) and assuming that the Gaussian curves
in the absence and the presence of analyte have identical
widths, the LOD and the LOQ can be calculated as 3.3 × s0 and
10 × s0, respectively. The term s0, which corresponds to the
uncertainty prediction of the background sample, is computed
with eq 3:

σ σ σ= + +− −s h h[SEN SEN ]x x y0
2 2

0
2 2

0 cal
2

(3)

where h0 is the leverage for a blank sample and σx and σycal are
the uncertainties in signal and calibration concentration,
respectively. For the five studied isomers, the LOD/LOQ
values were the following (ng·mL−1): D[a,l]P = 0.40/1.21,
D[a,i]P = 0.11/0.33, D[a,h]P = 0.22/0.67, N[2,3-a]P = 0.31/
0.94, and D[a,e]P = 1.51/4.58. The comparison of these values
to those reported in Table S2, Supporting Information, show
LOD improvements in all cases. This is in good agreement with
previous reports showing LOD improvements when going from
a one-way to a three-way calibration method.38

■ CONCLUSIONS
A novel method for the direct determination, i.e., without
chromatographic separation, of DB[a,l]P, DB[a,h]P, DB[a,i]P,
DB[a,e]P, and N[2,3-a]P in coal-tar samples has been
developed on the basis of the collection of 4.2 K EEM and
data processing with PARAFAC. Easy collection of steady-state
EEM was accomplished with the aid of a cryogenic FOP and
commercial instrumentation. Lowering the temperature to 4.2
K provided sufficient spectral narrowing for the accurate
determination of the five dibenzopyrene isomers via PARAFAC
at parts-per-billion concentration levels. The simplicity and the
environmentally friendly nature of the experimental procedure,
associated with the excellent analytical figures of merit, provide
a valuable alternative for screening these highly toxic HMW-
PAHs in coal-tar samples.
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