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Abstract

The ability to accurately quantitate trace pesticides and polycyclic aromatic hydrocarbons (PAHs) by excitation–emission
matrix (EEM) fluorescence spectroscopy, when coupled with parallel factor analysis (PARAFAC) deconvolution of the EEM
spectra, is demonstrated and discussed. Two EEM fluorometers were investigated. One fluorometer, using a cuvette cell sample
holder, realized limits of detection of 1.1, 6.6, and 13 ppb for 1-naphthol, carbaryl, and carbofuran in methanol mixtures,
respectively. 0.2 ppb limits of detection were also observed for three PAHs. With this fluorometer, the PARAFAC model was
employed to resolve the analyte spectra from overlapping fluorescence signals and Raman scattering profiles. Employing
a second fluorometer with a fiber-optic probe for remote sampling yielded 10–30 ppb limits of detection for 9 PAHs. The
PARAFAC model was required here to resolve the PAH spectra from the instrumental background. ©1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Fluorescence spectroscopy is a promising tech-
nique for environmental analyses. Among the benefits
of fluorescence spectroscopy is the adaptability to
field measurements, the high sensitivity to a wide
array of potential analytes, and, in general, the avoid-
ance of consumable reagents and extensive sample
pretreatment. While no battery operated, hand held,
excitation–emission matrix (EEM) fluorometer is
currently on the market, portable fluorometers can
be constructed without moving parts to avoid mis-
alignment problems and with fiber-optic probes that
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permit remote observations [1–3]. Examples of poten-
tial analytes accessible by fluorescence spectroscopy
include dissolved organic material (DOM), [4,5]
polycyclic aromatic hydrocarbons (PAHs), [1,2,6–8]
and pesticides [9,10]. DOM and PAHs, in particular,
are naturally fluorescent in aqueous solutions and
their high molecular quantum yield permits detection
of trace quantities without sample pretreatment or
concentration [11].

Fluorescence spectroscopy compares favorably to
other techniques in analyses for PAHs and certain
pesticides. EPA approved methods for PAH quanti-
tation entail liquid-liquid or solid phase extraction
for preconcentration prior to chromatographic anal-
ysis [12]. Methods exist for both gas chromatogra-
phy (EPA method 8100) and liquid chromatography
(EPA method 8310) where 10 parts-per-trillion
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detection limits can be achieved [12]. Comparatively,
PAH detection limits for laser induced fluorescence,
laser induced fluorescence with a fiber optic probe,
and Xe lamp induced fluorescence have been observed
in aqueous solutions at 10 ppt, [1] 10 ppb, [13] and
10 ppb, [8], respectively, without preconcentration.
By relying on analyte extractions from the aqueous
phase, neither chromatographic method is capable of
real time, in situ analysis; fiber-optic fluorescence
probes are currently employed for real-time in vivo
analyses to detect oil and fuel spills [1,14]. Further-
more, both the chromatographic methods consume
carrier solvents for analytic separation and sample
extraction.

Quantitation of pesticides in environmental samples
is a more difficult task than quantitation of PAHs. EPA
methods with sub ppt detection limits exist that employ
gas chromatography (EPA method 515.1) and liquid
chromatography (EPA methods 531.1, 632, and 8318).
Like chromatographic analysis of PAHs, extraction is
essential [15]. However, GC based analysis of many
carbamates is hindered by the thermal degradation
of the analytes and precolumn derivation is required
[15,16]. Fluorescence spectroscopy is an intriguing al-
ternative to chromatographic quantitation of aromatic
pesticides. Many pesticides are either naturally fluo-
rescent [9] or photodegrade into fluorescent byprod-
ucts [10,17]. Postcolumn reaction or UV photolysis
induced fluorescence is often employed in liquid chro-
matographic analysis to increase the sensitivity of the
method [18,19]. The same postcolumn fluorophore in-
ducing reactions employed in liquid chromatography
can be employed to generate analytically useful fluo-
rophores in sample extracts for fluorescence analyses.

However, the wide application of fluorescence tech-
niques for environmental monitoring has been limited
by the lack of selectivity of fluorescence spectroscopy.
The broad character of both the excitation and emis-
sion fluorescence bands curtails the possibility of find-
ing a unique excitation and emission wavelength com-
bination for each potential analyte. This is particularly
true due to the ubiquitous, highly fluorescent DOM
in natural waters. To over come the problems associ-
ated with the broad fluorescent spectra, two solutions
have been proposed. The first solution is instrumental
in nature. Selectivity is enhanced by employing syn-
chronous scanning fluorescence spectroscopy instead
of excitation or emission fluorescence spectroscopies

[2,7,9]. Here the differential energy in scanning is cho-
sen to optimize resolution among the species present.
Accurate calibration and prediction may then be facil-
itated by incorporating multivariate calibration meth-
ods such as principal component regression or partial
least squares regression [6,20]. The second solution
combines collection of an entire excitation–emission
matrix (EEM) fluorescence spectrum with advanced
multi-way spectral deconvolution and calibration al-
gorithms. This is the approach addressed in this paper.

In the following text, the determination of tar-
get carbamate pesticides (carbaryl, carbofuran, and
the degradation product 1-naphthol) and PAHs (an-
thracene, pyrene, fluoranthene, and chrysene) via
EEM fluorescence spectroscopy with 3-way spectral
deconvolution and calibration is discussed’. The lim-
its of detection and ability of parallel factor analysis
(PARAFAC) [21,22]. to resolve highly overlapped
spectral profiles are demonstrated. Of particular in-
terest is the capability of PARAFAC applied to EEM
fluorescence data to provide accurate analytic esti-
mations in the presence of overlapping, uncalibrated
spectral interferences.

2. Theory

2.1. Single measurement EEM fluorescence

Single measurement EEM fluorometry was intro-
duced by Christian et al. in the 1970s [23]. A broad-
band light source, such as a Hg(Xe) or Xe lamp, is
focused on a the excitation spectrometer. The exit slit
of the spectrometer is rotated 90◦ to spatially disperse
the light, once focused, across the sample. The emitted
fluoresce is collected perpendicular to the excitation
light and focused into a second spectrometer. The en-
tire EEM spectrum can, hence, be recorded by a two
dimensional type of detector. Analytical utility was
initially limited, however, by the absence of imaging
spectrographs and 2-dimensional array semiconductor
detectors [24].

There are three key performance differences be-
tween single measurement EEM fluorometers and
scanning fluorometers that can collect entire EEM
spectra. First, single measurement EEM fluorometers
require imaging optics. Without imaging optics sig-
nificant spectral distortion will occur everywhere but
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Fig. 1. Pictorial representation of the decomposition of a data matrix intoN sets of triads.

the center of the recorder EEM image. Second, sin-
gle measurement EEM fluorometers are significantly
quicker in recording an EEM spectrum. Third, single
measurement EEM fluorometers lack the baffles and
filters to reduce the stray and scattered light. Conse-
quently, recorded EEM spectra have relatively intense
Rayleigh and Raman lines compared to scanned EEM
spectra.

2.2. 3-Way deconvolution and calibration

The benefits associated with 3-way spectral decon-
volution and calibration are well documented and cri-
tiqued [25–27]. Primary among these benefits is the
‘second order advantage.’ In short, the second order
advantage allows accurate estimation of analyte con-
centration in the presence of unknown, uncalibrated
spectral interferents. This advantage is derived from
the mathematical uniqueness of the 3-way PARAFAC
model solution [28] and has been demonstrated on
EEM fluorescence data [8,29].

The PARAFAC model is applied to a 3-way data
cube,R. In the case of EEM fluorescence,R is dimen-
sionedI excitation wavelength byJ emission wave-
length by K samples. An appropriate data set con-
sists of a number of spectra that may be from either
mixtures or pure compounds and any spectra from

unknown samples that may contain a few unknown,
uncalibrated interferents. This is shown pictorially in
Fig. 1. The PARAFAC model decomposesR into N
sets of triads:

Rijk =
N∑

n=1

XinYjnZkn + Eijk (1)

Here N is a user adjustable parameter that equals
the number of ‘factors’ in the model. A ‘factor’ can
be the fluorescence of an analyte, the fluorescence of
an interferent, or part of the instrumental background
(i.e. the Raman scattering or stray light). Each of theN
columns ofX correspond to excitation profiles of the
N factors in the sample set. Each of theN columns of
Y correspond to the emission profiles of theN factors
in the sample set. The matrixxxxnyyy

T
n is the normalized

(unit area) estimated EEM spectrum of thenth fac-
tor. Thenth column ofZ corresponds to the contribu-
tion of thenth factor in each of theK samples. Thus,
by simultaneously decomposing the standard and un-
known spectra, the EEM fluorescence signal from the
unknown sample can be uniquely resolved from that
of any overlapping, uncalibrated interferents. For cal-
ibration and estimation, the subset of theK entries in
the appropriate column ofZ that correspond to the an-
alyte are regressed against the known analyte concen-
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tration. Either a linear or a nonlinear univariate regres-
sion model may be employed [30]. Unknown sample
estimation is performed by interpolation of the subset
of the K entries from the same column ofZ that cor-
respond to the unknown samples. The resolved exci-
tation and emission profiles can be employed for veri-
fication of the association of each of theN columns in
Z with particular species profiles. A more detailed ex-
plaination of the PARAFAC modeling procedure can
be found in a tutorial by Bro [25].

The least-squares estimates of the parameters in
Eq. (1) can be determined by the iterative PARAFAC
algorithm. With this algorithm, the number of fac-
tors, N, is predetermined by the analyst. In the first
step of the algorithm, initial estimates ofX and Y
are assumed. These estimates may be provided by a
random number generator or derived through the di-
rect trilinear decomposition [31]. In the main iterative
loop, the current estimates ofX andY are employed
to calculate the least squares estimate ofZ. Subse-
quently, a new least-squares estimate ofX is calcu-
lated from the current estimates ofY and Z. Then,
the new least squares estimate ofY is determined
from the current estimates ofX and Z. Constraints,
such as non-negativity of spectral or concentration es-
timates, may be applied at any step of the iterative
loop.

The main loop is repeated until the convergence cri-
teria are met. One popular criterion for convergence is
based in the unconstrained correlation coefficient.[32]
This method is numerically stable and is more rapidly
calculated than criteria based on model fit. Here the
correlation coefficients between the estimatedX, Y,
andZ matrices from successive iterations is calculated.
Convergence is assumed when the product of the three
correlation coefficients is greater than 1−ε, whereε

is set arbitrarily small (1× 10−9 in this application).
Usually this occurs within 1000–2000 iterations.

3. Experimental

3.1. EEM fluorometers

The first EEM fluorometer was constructed in the
manner of Murowski, et al [24]. Light from a 75 W Xe
arc lamp (Acton Research, Acton, MA.) was collected

through the 2.75 mm entrance slit of a 150 mm imag-
ing spectrograph (Acton Research, Acton, MA.). This
excitation spectrograph was fitted with a 600 gr/mm
ruled grating blazed at 300 nm. The spectrograph was
modified such that the 1mm exit slit is rotated 90◦.
The excitation spectrograph was attached to a sam-
ple chamber (Acton Research, Acton, MA.) where
the excitation spectrum was focused onto a cuvette.
The emitted fluorescence was collected perpendicu-
lar to the excitation spectrum and focused onto the
1mm slit of a second 150 mm imaging spectrograph
(Acton Research, Acton, MA.). The emission spectro-
graph contained a 600 gr/mm ruled grating blazed at
500 nm. The resultant 60× 80 nm EEM spectrum was
recorded on a thermoelectrically cooled, SBIG ST6
CCD camera (Santa Barbara Instrument Group, Santa
Barbara, CA.) The camera was computer controlled
through KestrelSpec 3.2 (Catalina Scientific, Tucson,
AZ).

The second EEM fluorometer is similar to the one
described above except that a fiber-optic sampling
probe replaces the cuvette sample holder. A 150 W Xe
arc lamp (Oriel , Stratford, CT) served as the excitation
source. The 250 mm excitation and emission spectro-
graphs contained 600 gr/mm ruled gratings blazed at
200 and 500 nm, respectively (ISA/Jobin-SPEX, Tren-
ton, NJ). The exit slit of the excitation spectrograph
was removed and replaced, perpendicular to the nor-
mal slit orientation, with a spaced array of 16 200mm
core low OH fused silica optical fibers (Polymicro
Technologies, Phoenix, AZ). The fibers were spaced
250mm apart such that each excitation fiber carried
an 8 nm bandpass of light across a 120 nm window.
The distal ends of these fibers were paired with 16
fibers from the distal end of a second identical fiber
array that collects the induced fluorescence. Each pair
of fibers was secured in a 510mm inner diameter sy-
ringe barrel. These 16 fiber pairs were spaced ap-
proximately 1 cm apart to form a 4× 4 array at the
probe tip. A Parkerized aluminum beam stop was po-
sitioned 2.5 cm from the fibers. This served to limit
fluorescence cross-talk between the fiber pairs. The
emission array is positioned at the slit of the emission
spectrograph. The EEM spectrum of each sample is
recorded by a 2.5× 2.5 cm thermoelectrically cooled
CCD detector (ISA/Jobin–SPEX, Trenton, NJ). The
detector was binned horizontally such that 16 stripes
were recorder, one for each of the fiber pairs.
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3.2. Sample preparation and analysis

Technical grade carbaryl (98.4% purity) was ob-
tained from Rhône–Poulenc, 1-napthol (99% purity)
and carbofuran (98% purity) were both obtained from
Aldrich. Anhydrous reagent grade methanol (Aldrich)
was used for all dilutions and all reagents were used
without further purification. Stock solutions of car-
baryl, 1-napthol, and carbofuran were prepared by di-
luting 1.4, 1.3, and 1.3 mg respectively in methanol to
100 ml. Seven standard solutions, from 5 to 100 ppb,
were prepared for each carbaryl, 1-napthol, and car-
bofuran. In addition three mixtures containing two of
the analytes at 60 ppb each and one mixture containing
all three analytes at 60 ppb each, were also prepared.
Four replicate EEM spectra were collected for each of
the standard solutions, for both carbaryl and 1-napthol.
Five replicate spectra were collected for each of the
carbofuran standard solutions. Four EEM spectra were
collected for each of the four mixtures, and twelve
spectra were collected for pure methanol, to be used
as blanks. The excitation and emission spectrographs
were centered at 270 and 300 nm, respectively, with a
60 s integration time was chosen for the detector.

For the cuvette fluorometer experiment, three PAHs
were dissolved in distilled water: anthracene, fluoran-
thene, and pyrene (Accustandards). Stock solutions
were prepared by dissolving 5.0 mg of individual
PAHs in methanol. The PAHs were diluted to 20, 50,
100, and 200 ppb concentrations by adding the stock
solution by volumetric pipette to a small volume of
distilled water in a volumetric flask, filling the flasks
to point slightly below the mark with distilled water,
then allowing the sample to sit for 30 min before di-
luting to volume. Two component mixtures consisted
of 10 ppb pyrene and varying crysene concentrations.

For the fiber-optic fluorometer experiment, an
EPA certified standard kit of 17 PAHs was ob-
tained from Accustandard Corporation. Nine of
the compounds were used in the experiment:
benzo(k)fluoranthene, anthracene, perylene, fluo-
ranthene, phenanthrene, benzo(a)pyrene, crysene,
pyrene, and benzo(g,h,i)perylene. Each was chosen
based upon its known region of excitation; all had ex-
citation maxima from 270 to 390 nm. Stock solutions
of the 9 PAHs were prepared by dissolving 5.0 mg of
the individual compounds in 100 ml of warm (40◦C)
anhydrous methanol in an 1 l volumetric flask. Af-

ter dissolution, each solution was allowed to cool to
room temperature and then diluted to volume with
distilled water.

3.3. Data analysis

Analysis and deconvolution of the EEM spectra
were performed in the Matlab 5.1 (MathWorks, Nat-
ick, MA) working environment. The PARAFAC de-
composition and linear regression programs were writ-
ten in-house. The programs were executed on IBM
compatible computers with Intel Pentium 200 Mhz
processors. Prior to importing the data into Matlab,
spectra from the cuvette system were converted to
ASCII files by internal converters in KestrelSpec; data
from the fiber optic system were converted to AC-
SII files by GRAMS/32 (Galactic Industries, Salem,
NH).

4. Results and discussion

4.1. Pesticide analysis; cuvette fluorometer

Recorded EEM spectra of 100 ppb carbaryl, car-
bofuran, and 1-naphthol in methanol are presented if
Fig. 2(a–c), respectively. The intense Rayleigh scat-
tering has been truncated from the upper left corner
of the image. Carbaryl, near the center of the images,
has an excitation maximum near 270 nm and an emis-
sion maximum around 320 nm. The carbaryl spec-
trum is overlapped by the EEM profile of 1-naphthol,
a metabolite of carbaryl. 1-Naphthol has maxima at
approximately 280 nm excitation and 340 nm emis-
sion and fluoresces with 2.5 times the intensity of the
carbaryl. Carbofuran slightly overlapps carbaryl and
is highly overlapping with the Raman band around
270 nm excitation and 300 nm emission. Carbofuran
exhibits only 40% of the fluorescence of carbofuran.
Consequently, traditional fluorescence calibration of
mixtures of these three analytes is not trivial. There
are no excitation-emission wavelength pairs that are
truly unique to each of the compounds.

One option for calibration is to employ PARAFAC
deconvolution of the EEM spectra to resolve each of
the analyte profiles from any uncalibrated spectro-
scopic interferents (i.e. Raman scattering, a fluorescent
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Fig. 2. Recorded EEM spectra of 100 ppb solution of (a) carbaryl, (b) carbofuran, and (c) 1-naphthol in methanol.
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Table 1
Figures of merit for neat pesticide calibrations

LODa (ppb) RMSEb Sensitivityc

(total counts/ppb)

Carbaryl 3.8 2.9 3.8× 104

Carbofuran 10.7 3.8 1.6× 104

1-Naphthol 1.5 1.9 9.3× 104

a LOD is determined by three standard deviations of the blank (11
d.f.).
b RMSE is calculated from errors of fit in the calibration model
(38 d.f for carbaryl and 1-naphthol, 45 d.f. for carbaryl).
c One count is equal to one part in 216 of the dynamic range for
each pixel. Total counts are the integrated area under the resolved
EEM profile for the given analyte.

background, or other fluorescent analytes). Ideally,
spectral deconvolution methods would be employed
that efficiently incorporate the Rayleigh and Raman
scattering in the calibration model. It should be noted
that the PARAFAC based methods effectively handle
spectroscopic interferents that can be directly modeled
by Eq. (1). However, Rayleigh and Raman scattering
are difficult to model via PARAFAC; there are no in-
trinsic profiles in either theX- orY-order to extract. For
this reason, all spectra were pretreated by assigning
a single fixed value to the Rayleigh scattering region.
The effects of the Raman scattering were minimized,
but not eliminated, by subtracting the mean blank from
all spectra. Research is currently being performed to
determine the best way to apply three-way calibration
methods when the Rayleigh and/or Raman scattering
cannot be eliminated.

Calibration of carbaryl and 1-naphthol required only
a 1 factor PARAFAC model for calibration as these
analytes are well resolved from the Raman scatter-
ing. Carbofuran completely overlapps the Raman re-
gion and a two factor model was found to be optimal.
Table 1 lists the limit of detection (LOD), root mean
squared errors (RMSE) of calibration, and sensitiv-
ity for calibrations of neat carbaryl, carbofuran, and
1-naphthol solutions. Not surprisingly, there is a strong
inverse correlation between sensitivity and LOD. All
three calibrations appeared very linear over the tested
range of 0 to 100 ppb. The one possible exception is
1-naphthol. Fig. 3 shows a plot of intensity of the re-
solved 1-naphthol spectrum in each sample versus as-
sumed concentration. The 100 ppb standards display
a slight negative deviation from linearity. Also shown
are the resolved spectral intensities of three outliers in

the 1-naphthol standards (clear circles). These three
standards are removed from consideration when deter-
mining the best calibration curves. No other samples
(for any standard or mixture) were flagged as potential
outliers or removed from the data set.

Simultaneous deconvolution of the carbaryl and
1-naphthol standards tests the capability of the
PARAFAC modeling method to avoid false positives
in low concentration applications. The 12 blanks,
28 carbaryl standards, and 28 1-naphthol standards
were combined in one data set and decomposed with
a two factor PARAFAC model. For a calibration
curve constructed from the blanks and 1-naphthol
standards, a LOD of 0.9 ppb and a RMSE of 1.8 ppb
were observed. This is comparable to the LOD and
RMSE observed from calibration following decon-
volution of only the 1-naphthol standards. In this
exercise, the carbaryl standards were treated as un-
known samples. It is expected that the predicted
1-naphthol concentration in these samples would not
be statistically greater than the LOD. In fact, only
the samples containing 100 ppb carbaryl contained
statistically significant 1-naphthol estimates (3 ppb).
Concurrently, the data can be reinterpreted by treating
carbaryl as the analyte and the 1-naphthol standards
as the unknowns. The LOD and RMSE for carbaryl
are 2.4 and 2.0 ppb, respectively; comparable to the
figures of merit for the 1 factor (standards only) cali-
bration curve. However, estimation of carbaryl in the

Fig. 3. Calibration curve for 1-naphthol. Outlier standards are
indicated by open circles. Intensity is given in arbitrary units
related to the total intensity of the resolved analyte spectrum.
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Table 2
(a) Figures of merit for simultaneous analysis of all blanks, standards and mixtures with a 4 factor PARAFAC and (b) non-negative least
squares PARAFAC model

Analyte Sensitivitya LODb RMSE: carbaryl RMSE: carbofuranstandards RMSE:1-naphthol % RMSE:
total counts/ ppb standards (ppb) (ppb) standards (ppb) mixtures

(a)
Carbaryl 3.8× 104 6.6 2.7c 5.6d 9.2d 4.9d

Carbofuran 1.6× 104 13 7.0d 4.2c 6.9d 9.2d

1-Naphthol 9.2× 104 1.1 0.91d 0.54d 1.9c 5.4d

(b)
Carbaryl 3.2× 104 0 2.4c 3.3d 8.2d 3.6d

Carbofuran 1.4× 104 3.4 11d 5.2c 7.1d 8.4d

1-Naphthol 8.8× 104 0 0.81d 0.62d 1.8c 5.6d

a One count is equal to one part in 216 of the dynamic range for each pixel. Total counts are the integrated area under the resolved EEM
profile for the given analyte.
b LOD is determined by three standard deviations of the blank (11 d.f.).
c Root mean squared error of fit for the calibration curve.
d Root mean squared error of estimation.

1-naphthol standards shows a RMSE of 8.4 ppb for
all samples with a maximum error of 14 ppb for the
100 ppb 1-naphthol samples. The errors for carbaryl
estimation in 1-naphthol samples are greater than the
errors for estimating 1-naphthol in carbaryl samples
because the 1-naphthol signal is 2.5 times as intense
as the carbaryl fluorescence and 1-naphthol has a
greater overlap of the carbaryl than does carbaryl
overlap 1-naphthol.

Table 2(a) presents the figures of merit from the
simultaneous decomposition of all 119 EEM spec-
tra with a 4 by factor PARAFAC model. Applying
the more complicated 4 factor PARAFAC model does
not degrade the sensitivity or the RMSE of fit for
the construction of the calibration curve. Compared
to application of the PARAFAC model to neat stan-
dards, there is actually a slight decrease in the LOD
(Table 1, column 2 versus Table 2, column 3). In-
vestigation of the RMSE of prediction for estima-
tion of analyte concentration in the other standards
shows that 1-naphthol may significantly bias estima-
tion of carbaryl near the LOD. However, the RMSE
of prediction for all other analyte-interferent combi-
nations is less than the LOD for the designated ana-
lyte. The worst case scenario is the interference of car-
baryl for the prediction of 1-naphthol. Here the RMSE
of 1-naphthol prediction, in dilute carbaryl samples
spanning the range of 5–100 ppb carbaryl, 83% of
1-naphthol’s LOD. Similarly, prediction of pesticide

and metabolite ratios in methanol solutions containing
60 ppb either two or three of the analytes under in-
vestigation show RMSE of prediction between 5 and
10%.

That the four factor PARAFAC model is appropri-
ate for the data set is supported by observing the re-
solved excitation and emission spectra presented in
Fig. 4(a,b). The resolved spectral profiles all look rea-
sonable and qualitatively agree with the observed ex-
citation spectra (rows) and emission spectra (columns)
in Fig. 1.

Further evidence of the model quality and
stability is observed by comparing quantitative and
qualitative results of the unconstrained PARAFAC
model (above) to the model results after constraining
the PARAFAC model to return only non-negative
estimates of the excitation spectra, emission spectra,
and analyte concentrations. These non-negative least
squares results are shown in Table 2(b). The sensi-
tivity, RMSE of prediction and RMSE of calibration
are all very similar to the results from the uncon-
strained model. Also, the derived spectral profiles are
also very similar to the spectral estimates from the
unconstrained application of the PARAFAC model.
Only the LOD differ between the two applications.
With the non-negativity constraints, the PARAFAC
model always estimated the 1-naphthol and car-
baryl concentration in the blanks to be identically
0 ppb.
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Fig. 4. Resolved (a) excitation and (b) emission spectra from mix-
tures of (bold) carbofuran, (natural) 1-naphthol, (dashed) carbaryl,
and (dash-dot) instrumental background.

4.2. PAH analysis; cuvette fluorometer

The figures of merit for calibration of three sets of
aqueous PAH solutions are presented in Table 3. The
PAHs studied exhibit a strong red-shift in the fluo-
rescence spectra. Therefore, with no overlap between
the fluorescence profiles and the Rayleigh and Raman
scattering, a one factor PARAFAC model is sufficient
for calibration of the neat standards. From this calibra-
tion curve, a 0.2 ppb LOD in water, calculated based
on 3σ of the blanks, was observed for all three ana-
lytes. The LOD for the aqueous PAHs is less than the
LOD of the pesticides in methanol since the PAHs are
much more fluorescent – the sensitivity of the PAHs
is an order of magnitude greater than the sensitivity
of the pesticides. Note that the PAH LOD could be

even lower if solid phase extraction and redisolution
into another solvent were performed. While these steps
would greatly improve the LOD by preconcentrating
the analyte and enhancing the quantum yield, extrac-
tion is reagent and labor intensive compared to direct
analysis.

As with the pesticide samples, accurate analyte pre-
diction in the presence of uncalibrated, highly over-
lapping spectra can performed. Fig. 5(a) presents the
calibration curve derived from the 2 factor PARAFAC
decomposition of 4 pyrene standards, 2 blanks, and 2
pyrene/crysene mixtures. Each of the mixtures con-
tained the same pyrene concentration and a different
crysene concentration. The mixture samples were
treated as the unknown and not used to construct
the calibration model. The overall error in estimating
the pyrene concentration in the mixtures is 1.03 and
0.99 ppb. The difference between the two estimated
concentrations (0.04 ppb) is less than the standard
deviation of estimation in the model (0.220 ppb).
Concurrently, the difference between the estimated
pyrene concentrations is less than the errors observed
between duplicate measurements. This can be seen
by comparing the spread in the 24.5 ppb samples to
the spread of the two mixtures. Therefore, it can be
seen that the overlapping crysene interferents has a
negligible effect on the accuracy of estimation when
PARAFAC is employed to resolve the spectra prior
to calibration. For the sake of comparison, the re-
solved emission spectra are shown in Fig. 5(b). The
estimated spectral profiles agree with the crysene and
pyrene emission spectra collected from neat samples.

4.3. PAH analysis; fiber-optic probe

Preliminary figures of merit for 9 PAHs analyzed
with the fiber-optic probe incorporated in a EEM flu-
orometer are presented in Table 4. The LOD for the
fiber optic fluorometer is probably on order of mag-
nitude greater than can ultimately be achieved. There
were not sufficient blanks collected to determine a
reliable LOD based on the standard deviation of the
blank. Consequently, a pessimistic LOD based on the
standard deviation of prediction was substituted. Also,
there are improvements that can be incorporated into
the fiber-optic probe itself. The excitation fibers can
be replaced with solarization resistant optical fibers
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Table 3
Figures of merit for neat PAH calibrations from spectra collected with the cuvette based fluorometer

Analyte Sensitivityatotal counts/ ppb LODb (ppb) RMSEc (ppb)

Anthracene 6.2× 104 0.2 0.06
Fluoranthene 1.8× 104 0.2 0.08
Pyrene 5.1× 105 0.2 0.06

a One count is equal to one part in 216 of the dynamic range for each pixel. Total counts are the integrated area under the resolved EEM
profile for the given analyte.
b LOD is determined by three standard deviations of the blank (8 d.f.).
c Root mean squared error of fit for the calibration curve.

Fig. 5. Resolved emission spectra of (bold) pyrene and (dashed)
crysene from mixtures of the two PAHs.

that transmit better in the UV. The fibers employed
here were optimal for visible/IR light. Improvements
can be further gained by better polishing and aligning
of the fiber pairs. These fibers were polished by hand
and little effort was spent aligning the fibers in the
syringe barrels. This resulted in a drastic difference
in photo-return among the fiber pairs. The raw CCD
image of returning Rayleigh scattering from a starch
solution is shown in Fig. 6.

PARAFAC analysis of the data collected with the
fiber-optic fluorometer requires an addition one or
two factors to account for the stray light background
that enters the system. The stray light background
is inevitable unless the probe is operated in com-
plete darkness. It should be noted that this background
comes primarily from the ambient room light, not
from cross-talk between the fibers. Regardless, the

Fig. 6. Raw CCD image of Rayleigh scattering. Each peak corre-
sponds to the light returning from one fiber pair.

PARAFAC model can easily account for this spectral
background any still yield unbiased concentration es-
timates for unknown samples.

5. Conclusions

While the feasibility of employing PARAFAC mod-
eling techniques with EEM fluorescence to accurately
deconvolve and quantitate spectrally overlapping flu-
orophores has been discussed in nearly ideal cases,
there are still important issues that are being addressed.
The PARAFAC model assumes no interactions be-
tween fluorescence species. However, intermolecular
interactions do occur as dimerization, energy transfer,
and absorbance of emitted fluorescence. More com-
plex generalizations of the PARAFAC model are be-
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Table 4
Figures of merit for neat PAH calibrations from spectra collected with the optical fiber based fluorometer

Analyte Sensitivitya total counts/ ppb LODb (ppb) RMSEc (ppb)

Benzo(a)pyrene 1.1× 104 13 7
Benzo(b)fluoranthene 8.8× 104 8 1
Benzo(k)fluoranthene 1.3× 104 32 17
Benzo(g,h,i)perylene 2.6× 104 8 3
Crysene 6.5× 104 21 9
Dibenzene(a,h)anthracene 4.6× 103 18 15
Fluoranthene 3.0× 104 14 7
Phenanthrene 3.4× 103 37 20
Pyrene 7.1× 104 21 12

a One count is equal to one part in 216 of the dynamic range for each pixel. Total counts are the integrated area under the resolved EEM
profile for the given analyte.
b LOD is determined by propagation of errors (from the fit of the calibration curve) as three standard deviations of prediction for a
hypothetical blank sample.
c Root mean squared error of fit for the calibration curve.

ing investigated that model these phenomena. Another
unresolved issue in the application of multi-way mod-
eling techniques is the determination of optimal model
complexity. For example, what is the best way to in-
corporate any overlapping Raman signal into the mod-
eling process and how to best model systems, such as
fluorescence quenching in metal–humic material com-
plexes, where one molecule can have multiple fluo-
rescence centers? As these issues, and other issues
raised by Smilde, [27] are resolved, multi-way sensors
and multi-way calibration should become increasingly
prevalent in every analytical chemist’s toolbox.
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