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Polycyclic aromatic hydrocarbons (PAHs) are carcinogenic and mutagenic in nature therefore their sensing in
water sample is an important analytical task. In the present work, a novel approach that is based on the random
initialisation of the excitation-emission matrix fluorescence (EEMF) spectral variables in constraint fashion for
subsequent multivariate curve resolution alternating least Square (MCR-ALS) analysis is introduced for simulta-
neously sensing the complex dilute aqueousmixture of PAHs. The usefulness of the proposed analytical approach
is successfully demonstrated by applying it intentionally on a calibration set that is peculiar in many senses. The
peculiaritymainly arises because the designed (i) the calibration set consist of nine PAHShaving significant spec-
tral overlap, (ii) the concentration of each PAH in different samples are kept constant and (iii) any two samples
differ only in thepresence and absence of the PAHs. The proposedapproach is found tomakeprecise and accurate
estimation of each of the nine PAHs without involving any pre-separation. In summary, the proposed approach
provides a simple and cost-effective procedure for simultaneous sensing of several PAHs in water samples. The
proposed approach could be very useful in developing countries.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquities in nature
andwell-known environmental pollutants [1–6]. PAHs are carcinogenic
andmutagenic as a result their presence inwater samples beyond a per-
missible limit is a serious health concern [5]. Industrial effluents, oil
spills, run-off from sewage and leakage from vehicle oil tank are some
of the common reason that brings PAHs in water samples [2, 7–9]. In
order to ensure the quality of water samples, monitoring of PAHs is an
unavoidable important analytical task. PAHs are usually fluorescent in
nature that provides thenecessary ground to usefluorescence based an-
alytical procedure to achieve a simple, sensitive and quantification of
the PAHs in water samples [5, 6, 8]. Excitation-emission matrix fluores-
cence (EEMF) [7–11] can be used to capture the fluorescence signatures
of all the fluorophores present in a multifluorophoric mixture. EEMF
spectroscopy can provide a user friendly procedure mainly because of

the following two reasons. (i) All the available fluorimeters have appro-
priate software that allows the automatic fluorescence data acquisition,
(ii) these software also enables auto removal of both first and second
order Rayleigh scattering, and (iii) EEMF data sets are truly trilinear in
nature that makes it compatible with most of the chemometric tech-
niques [11]. In the context of EEMF spectroscopy, trilinearity comes nat-
urally and it is so because each fluorophore has a unique emission and
excitation spectra and shape of which is invariant to the changes in ex-
citation and emission wavelength, respectively [11–14].

Multivariate curve resolution alternating least square is a curve res-
olution technique [8, 11, 12, 14–23]. It can deconvolute the overlapping
spectral profiles without requiring any a priori information related to
the peak maxima and spectral bandwidth. MCR-ALS has second order
advantages i.e. it can analyse the components even in the presence of
an unknown interferences [8, 11, 12, 14–23]. MCR-ALS can be used to
analyse the EEMF data sets provided (i) the data is suitably arranged
and (ii) the data strictly obey the Beer-Lambert law i.e. intensity is di-
rectly proportional to concentration [8, 11, 12, 14]. Mathematically,
MCR-ALS decomposes a data set X of dimension I × J (sample × vari-
able) as a product of two matrices C and S of dimensions I × F (sample
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× Factor) and J × F (Variable × Factor). The matrix C contains the con-
centration related information and S contains the spectral related infor-
mation for each of the F factors. E is the residual matrix of dimension I
× J (sample × variable). The decomposition can be summarised using
Eq. (1).

X ¼ CST þ E ð1Þ

MCR-ALS algorithm solves the above equation by carrying a series of
iterations between the given below Eqs. (2) and (3).

C ¼ XS STS
� �−1

ð2Þ

ST ¼ CTC
� �−1

CT X ð3Þ

The iteration is terminated once the Frobenious norm of residual
matrix E is minimised.

E ¼ X−CST
���

���2 ð4Þ

The success of MCR-ALS analysis is often bottlenecked by the fact
how C and S matrices are initialised for the subsequent iterations. The
conventional approach involves the initialisation of the concentration
matrix C with evolve factor analysis (EFA) approach [24–27] and the

initialisation of spectral matrix (S) using pure variable approach [16,
17, 27, 28]. Both the approaches have their limitations, for example
EFA can only be used if the data sets belong to sequential process. The
real life samples mostly belong to non-sequential process that limits
the application of EFA approach. The pure variable approach such as
SIMPLISMA algorithm [16, 17, 27, 28] can be successfully used to
initialise the spectral variables provided the data set have pure variable
for each factors.With real life samples, it is seldompossible to have pure
variables for each of the factors present in the data sets. Another ap-
proach, which is recently introduced, involves the random initialisation
of the variables in a space spanned by minima andmaxima of each var-
iable [27]. This approach does not require the need of data must come
from sequential process and there must be pure variable for each factor.
Therefore, it can be realised thatMCR-ALS analysis assisted with random
initialisation of the spectral variable ismost suitable for the analysis of com-
plex multifluorophoric mixtures having significant spectral overlap and be-
longing to non-sequential process.

The objective of the presentwork is (i) to provide a simple and cost –
effective analytical procedure and (ii) more specifically to evaluate the
efficiency of analytical approach based on the random initialisation of
EEMF spectral variables for subsequent MCR-ALS analysis towards the
simultaneous analysis of several PAHs having significant spectral over-
lap in water samples without pre-separation. To carry out the present
work, aqueous complex mixtures of nine PAHs fluoranthene, dibenz
(ah)anthracene, benz(b)fluoranthene, benz(ghi)perylene, chrysene,
pyrene, ideno(123,cd-)pyrene, anthracene, benz(a)pyrene have been

Table 1
Concentration of all the nine polycyclic aromatic hydrocarbons (PAHs) in all the 28 samples of calibration set. Sign (×) indicates absence of the PAHs in the mixtures.

Sample Fluoranthene
μg/mL

Dibenz(ah)anthracene
μg/mL

Benz(b)fluoranthene
μg/mL

Benz(ghi)perylene
μg/mL

Chrysene
μg/mL

Pyrene
μg/mL

Ideno(1,2,3-cd)pyrene
μg/mL

Anthracene
μg/mL

Benz(a)pyrene
μg/mL

1 0.2023 0.2784 0.2523 0.2763 0.2283 0.2023 0.2763 0.1782 0.2524
2 × × × 0.2763 0.2283 0.2023 0.2763 0.1782 0.2524
3 0.2023 × × × 0.2283 0.2023 0.2763 0.1782 ×
4 0.2023 0.2784 × × × 0.2023 0.2763 0.1782 0.2524
5 0.2023 0.2784 0.2523 × × × 0.2763 0.1782 0.2524
6 0.2023 0.2784 0.2523 0.2763 × × × 0.1782 ×
7 0.2023 0.2784 0.2523 0.2763 0.2283 × × × ×
8 × 0.2784 0.2523 0.2763 0.2283 0.2023 × × ×
9 0.2023 × 0.2523 0.2763 × × 0.2763 0.1782 ×
10 × × × × × × 0.2763 0.1782 0.2524
11 0.2023 0.2784 × × × × × × ×
12 × × 0.2523 0.2763 × × × × ×
13 × × × × 0.2283 0.2023 × × ×
14 × × × × × × 0.2763 0.1782 ×
15 0.2023 × × × × × × × ×
16 × 0.2784 × × × × × × ×
17 × × 0.2523 × × × × × ×
18 × × × 0.2763 × × × × ×
19 × × × × 0.2283 × × × ×
20 × × × × × 0.2023 × × ×
21 × × × × × × 0.2763 × ×
22 × × × × × × × 0.1782 ×
23 × × × × × × × × 0.2524
24 0.2023 0.2784 0.2523 × × 0.2023 0.2763 0.1782 ×
25 0.2023 0.2784 0.2523 × × × × 0.1782 ×
26 0.2023 × × × 0.2283 × 0.2763 0.1782 ×
27 × × × 0.2763 0.2283 0.2023 × × ×
28 × × × × × 0.2023 0.2763 0.1782 0.2524

Table 2
Concentration of all the nine polycyclic aromatic hydrocarbons (PAHs) in all the 6 samples of validation set. Sign (×) indicates absence of the PAHs in the mixtures.

Sample Fluoranthene
μg/mL

Dibenz(ah)anthracene
μg/mL

Benz(b)fluoranthene
μg/mL

Benz(ghi)perylene
μg/mL

Chrysene
μg/mL

Pyrene
μg/mL

Ideno(1,2,3-cd)pyrene
μg/mL

Anthracene
μg/mL

Benz(a)pyrene
μg/mL

1 0.2023 0.2784 0.2523 0.2763 0.2283 0.2023 0.2763 0.1782 0.2524
2 0.2023 0.2784 0.2523 0.2763 0.2283 × × × ×
3 0.2023 × 0.2523 0.2763 0.2283 0.2023 0.2763 × ×
4 0.2023 0.2784 0.2523 × × × 0.2763 0.1782 0.2524
5 0.2023 0.2784 0.2523 × 0.2283 0.2023 0.2763 × ×
6 × × × × 0.2283 0.2023 × 0.1782 0.2524
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