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Fast identification and quantification of BTEX
coupling Raman spectrometry and chemometrics

J. Moreau” and E. Rinnert”

Monoaraomatic hydrocarbons (MAHs) monitoring is of environmental interest since these chemical

pollutants are omnipresent. While waiting for robust sensors able to detect hydrocarbons at very low

levels, the present study shows how each compound from pure BTEX mixtures can be fast identified and

quantified thanks to Raman spectrometry and data processing based on SIMPLISMA algorithm. A

preprocessing module has been created to
remove background contributions and a
postprocessing program has been added to
achieve matching and calibration. A wide
range of BTEX concentrations and relative
proportions have been investigated in order
to determine the limitations of the
processing. Output results achieved an
accuracy of up to 95 %. This method could be
extended to others important pollutants such
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as polyaromatic hydrocarbons (PAHs) and chlorinated hydrocarbon derivatives.
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Introduction

Among the different environmental pollutants, the
monoaromatic hydrocarbons (MAH) are one of the most
common in ground and surface waters. This is due to their
presence in petroleum and its derivatives. So the main source
of this pollution is known to be the exhaust gas emissions
from fuel combustion'. The MAH generally reference to the
so called BTEX compounds which are Benzene Toluene
Ethylbenzene and Xylenes (ortho-, meta-, para- isomers). As
a consequence, environmental laws and recommendations
take them into consideration'™. In addition to the intensive
use of fuels, the monoaromatic hydrocarbons play a part of
prime importance in industry because they are used as raw
materials and solvents for many applications. As a
consequence contamination occurs around petroleum and
natural gas production and refinery sites including petrol
stations, as well as BTEX-consuming industries.
Atmospheric fallout, unforeseen or wilful spills and
industrial effluents are nothing better than BTEX suppliers
for any environment.

What makes these compounds so studied are their
omnipresence combined to their toxicity for both humans and
aquatic life. Especially central nervous system is one of the
biological system target for monoaromatic hydrocarbons.The
BTEX dangerous neurotoxicity comes from their high
volatility combined to their easy absorption into lung alveoli
and skin, without allowing for their favorable miscibility in
human biological fluids.. After a repeated exposure to these
compounds, classical signs due to a long term intoxication
are expressed by a state of fatigue, anxiety and sleep
disturbance and even nervous breakdown’. The whole BTEX
provides more or less serious mutagenic and reprotoxic
effects®. In the particular case of benzene, the most
dangerous of BTEX, long term intoxication specifically
borders bone medulla where blood cells are made and can
lead to deadly aplastic anaemia and/or leukaemia
(carcinogenic Group 1, mutagenic, reprotoxic).

Until now, the analytical standard procedure used for
monitoring amounts of BTEX in water consists in taking and
gathering water samples for analysis in a laboratory. The
analytical process involves different extractions such as Solid
Phase (micro)Extraction (SPE) and purge and gas trap
chromatography which can be coupled with mass
spectrometry>’?. In spite of high selectivity and sensibility
obtained by these methods, significant disadvantages remain.
First, the time lag between the sampling and the analyses that
cannot allow a sufficient reactivity in case of accidental spill
for example. Then, scientific staff must be highly qualified to
collect representative samples without any external
contamination and loss of analytes. Several studies have
proposed a solution to bypass the SPE step with direct
injection'®!" or headspace sampler based method®'*'®. In the
same way, some work has been carried out using HPLC'*?°.
But these systems would be neither easily portable nor in situ
used. As a remark, Raman spectrometry was seldom used
instead of GC/MS*"2,
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According to these statements, optical remote sensing
clearly appears as a prime technology. Removal of the
collecting, sampling and carrying steps represents an
indisputable advantage. However nowadays there is a lack of
relevant techniques that allows fast qualitative, quantitative
and in situ analysis of BTEX. Among the different methods,
Laser-Induced Fluorescence seems to be inappropriate in real
case because of the broadness and overlap of output
signals®®. With regard to Infrared Attenuated Total Reflection
spectroscopy, results are encouraging even if the spectral
range available to identify the pollutants is quite narrow and
very often limited to only one or two bands by

24,25 2630 remains

component Finally Raman spectrometry
very attractive owing to the fact that water response is weak,
differentiation of analytes is quite high, and measurements

are very fast’'??

and may be even used without
standardization®®. The main feature to be improved is the
sensitivity, what can be made thanks to novel optical fibre
probes®> and SERS substrates’®*!, while chemometric
quantification algorithms**5, when used, are often Partial
Least Square -based®**!374¢4% (pLg).

Herein the aim of the study is to determine the feasibility
of identification and quantification of BTEX by Raman
spectrometry in pure compounds mixtures. While waiting for
robust SERS sensors able to detect hydrocarbons at very low
levels, the present study is focussed on how each compound
from pure BTEX mixtures can be fast identified and
quantified thanks to Raman spectrometry and data processing
based on SIMPLISMA algorithm. As far as we know, only
Cooper et al. have ever tried to differentiate the 6 BTEX
together by Raman spectrometry in order to perform their
quantification thanks to chemometrics®'. This work has
consisted in comparing near-IR, mid-IR and FT-Raman
spectroscopies combined to PLS processing for the routine
determination of BTEX in petroleum fuels. Our
complementary study is focused on Raman spectrometry and
the range of concentrations will be larger than Cooper’s.
Finally we wuse chemometrics based on SIMPLISMA

algorithm®’

. The advantage of this data processing is its
interactivity and fast adaptability to new and/or unknown
compounds, what must occur in real case. Indeed, the
number of components to be found and isolated from the
spectra can be easily modified, as well as an offset to reduce
noise level. Also, if the background contribution is high,
second derivative spectra can be used to get round that.
Many methods for background subtraction have been
reported®®*® coming with their pros and cons. Here baseline
contributions are not huge and spectra were pre-processed for
both band shift correction, as it can affect the data analysisso,
and background removal according to Eilers’ approach’".
Moreover in the future, inevitably more and more data will
be demanded by health organizations or simply to monitor
more and more places in order to increase the pollution
mapping precision. In this way it is obvious that the fastest
method to obtain qualitative and quantitative results will be
needed. It could even be better if it could be remote-
controlled, what Raman spectrometry coupled with
chemometrics would enable.

This journal is © The Royal Society of Chemistry 2015
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4| experimenta
Chemicals and sampling = 4x10 corrected
All the compounds were purchased from Sigma-Aldrich < Pt
— benzene (= 99%), toluene (= 99.5%), ethylbenzene (> %‘ 3x10*
99%), ortho-xylene (= 99%), meta-xylene (= 99%), para- é
xylene (= 99%), chloroform (> 99.5%). The different 5 %10
mixtures were prepared by adding the desired volumes of the %
different components thanks to suitable micropipettes — 2-20 E \L M . l U N
4
pL, 20-200 pL and 200-1000 pL. Each sample reached a 2 1x107 - :
mL total volume in a sealed clear glass vial. Raman 1 MLM
measurements were directly carried out through it. Judging 0 LJU "

from the material used and the experimental procedure,
uncertainty on concentrations was found to reach 5 % at
worst.

Instrumentation

Raman spectra were recorded at stabilized room
temperature (19°C) with a Labram HR800 Raman
spectrometer from Horiba Jobin-Yvon. The 691 nm
wavelength of an Ondax laser diode was used. The laser
beam was focused through a x10 objective. Scattered
radiation was collected at 180° relative to the excitation
beam and detected with an Andor CCD cooled by Peltier
effect. A 300 lines.mm™' grating coupled to the spectrograph
configuration allowed a spectral resolution of around 4 cm™.
Spectral calibration was performed on a crystalline silicon
sample using the known band at 520 cm™. Acquisition
parameters were 5x 3s from 200 cm™ to 3400 cm™ with 15
mW power at the sample.

Chemometrics

Band shifts appearing with time were corrected thanks to
a home made MatLab program. Indeed this could improve
the ability prediction of chemometrics as showed by Witjes
et al’’. In addition to this, an algorithm was programmed in
MatLab 7.0.1 to remove the Raman spectral background in a
similar way for all of the spectra while keeping the analytical
signal intact’’ (example in figure 1). This was possible by
minimizing the following S function:

S = Zokilyrz)® + AZ)(A%z)? (1)

with y the signal intensity for each i wavenumber, z the
baseline, A the smoothing parameter and p the asymmetric
one as k= p if y; > z; and k; = 1 — p otherwise. The last term
was defined as follows:

A%z = (2r214) - (2i1-2i2) (2)

The spectra were processed in two parts. Below 380 cm™,
the two parameters needed for the calculations were p = 10™!
and A = 10°. Above 380 cm’, p = 10 and A = 10°. An
example of this background treatment is shown in figure 1
applied on pure meta-xylene spectra. All of the presented
following spectra have undergone the same background
correction. Spectral identification and quantification were
achieved using the SIMPLISMA algorithm*’ which was mo-

This journal is © The Royal Society of Chemistry 2015
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Figure 1. Raman spectrum of experimental pure meta-xylene, calculated
background and corresponding background-removed spectrum.

-dified to automate data processing thanks to MatLab 7.0.1
again. As each different chemical could be distinguished
from another thanks to their principal Raman bands, the
SIMPLISMA algorithm was able to extract the pure
spectrum of each compound from a series of measured
spectra whose signals were the result of the contributions
from the different compounds. The general equation used by
SIMPLISMA was the following:

D=CP+E (3)

with D the experimental data matrix, C the contribution
matrix, proportional to the concentration, P the pure variable
matrix containing the pure spectra, and E the residual error
matrix. The determination of pure variables was built on the
following equation:

Pik = (Wik.0i) / (Wi + o) (4)

with p;x the purity value of the variable i from which the k™
pure variable would be selected, n; and o; the mean and
standard deviation of variable i. An offset a was added to
give variables with a low mean value a lower purity value
(noise range). The weight factor w; was a determinant-based
function that corrected for previously chosen pure variables.
First, the Q dispersion matrix was calculated from D(A)
whose data were scaled by the length to give an equal
contribution for each variable. So D(A) was given by:

A= dij / (2 + (o1 + @)) (5)
Then the dispersion matrix was:
Q= (1/n)D(A)DA)’ (6)

with n the number of spectra. The determinants were finally
calculated according to equation 7:

Qz,z Qz,!-’_ @"H}r:
Wiy = | @ri Ur.r. Qi (7)

% = Gon.

Analyst, 2015, 00, 1-3 | 3
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Table 1. Position of main Raman bands of BTEX in cm™ (see ref 35 for assignments).

benzene toluene ethylbenzene ortho-xylene meta-xylene para-xylene
220 (m) 259 (m) 230 (s)-281 (m) 315 (m)
490 (w) 508 (m) 519 (m) 461 (s)
610 (w) 524 (m) -624 (w) 624 (w) 585 (s) 540 (s) 647 (m)
789 (s) 754(sh)-772 (s) 737 (s) 726 (s)
968 (w) 988 (m) 813 (m) - 831 (s)
994 (vs) 1006 (vs) 1006 (vs) 1003 (s)-1037 (w)
1180 (w) 1033 (s) 1033 (s) - 1067 (w) 1055 (s) 1097-1173 (w) 1185 (w)
1212-1381 (m) 1205 (s) 1225 (s) 1253 (m)-1268 (w) 1207 (s)
1387 (m) 1381 (m) 1381 (m)
1589-1609 (w) 1589-1607 (d) 1585 (sh)-1608 (m) 1584 (w)-1610 (m) 1594 (w)-1615 (w) 1620 (m)
2869 (w) 2877 (w) 2860-2880 (w) 2865 (w) 2866 (w)
2920 (w) 2904 (w) - 2936 (m) 2920 (m)-2943 (sh) 2921 (m)
2982 (w) 2966-2981 (w) 2979 (w) 2920 (m) 3015 (w)
3048 (sh) 3035 (sh) 3003-3037 (w) 3046 (m) 3010 (w) 3030 (w)
3063 (w) 3057 (m) 3055-3065 (m) 3080 (w) 3053 (w) 3055 (m)

vs: very strong, s: strong, m: medium, w: weak, sh: shoulder.

with P, the first pure variable. The index i was the variable
for which the determinant was calculated. The index k
indicated the index of the pure variable for which this
determinant was calculated. After a successful data
processing, when residual error A was minimized according
to equation 8, the relative contributions of the different
species were given as well as their assigned pure spectra.

I —— 1
Ao [Fime L (8)
- | E”\SFE'E'E-'}LM.'E. F

N =1 =1 L.J

In the equation 8 above, d;; was the i™ row and j™ column
element of D; d; ' was the i" row and j" column element of
D calculated by SIMPLISMA algorithm; ng,.. was the
number of mixture spectra and n,,, was the number of
recorded intensities. Next, each calculated pure spectrum had
to be assigned to a single or a mixture of molecular species:
such assignment was done using literature data or the Raman
spectra measured on pure isolated analytes. Some
supplementary programming was achieved to succeed in
automatically identifying and quantifying the different
known pollutants thanks to our own database while isolating
the other molecules (for real cases).

Results and discussion

Spectra description

Herein different mixtures of the 6 exclusive BTEX
compounds have mainly carried out. Their Raman
characteristic bands are listed in table 1. The concentrations
values, expressed in gL'l, have been chosen to simulate the
most unfavourable conditions and to test the limits of the
chemometric process. In such a study, unfavourable
conditions stand for large gap of concentrations, multiple
compounds with similar analytical responses, and one or
several pollutants taking precedence over one or several
remaining ones. The detailed description of the samples is
given in S-1 and S-2 tables of the supporting information
while corresponding Raman spectra are shown in figure 2.

4 | Analyst, 2015, 00, 1-3

Advantages of SIMPLISMA method

From these spectra it can be noted that band covering is
significant so we can expect some difficulties in component
discrimination. Moreover it is noteworthy that the whole
spectra - from 200 to 3400 cm™ - is used for this data
processing whereas only some limited spectral parts are often
used for other treatment’®*'*®. As a consequence these
methods are carried out in several steps while our algorithm
enables to operate the whole information contained in spectra
at once for the user.

Contrary to other methods, especially Multivariate Curve
Resolution - Partial Least Square (MCR-PLS), -
Asymmetrical Least Square (ALS) or -Classical Least Square
(CLS) which are intensively used, the SIMPLISMA
approach does not need an initial estimation of either
component spectra or contribution profile. This is a huge
advantage in sensor applications where the concentrations
values are unknown and time- and space-dependent.

In addition to this, there is no need to build any set of
calibration which is very time consuming and should be done
for each matrix change. A simple database would be enough
to enable the quantification. By definition, target pollutants
are well-defined and well-known. The most dangerous
among them for health and environment are even rightly
indexed in law documents®™,

Going further, the spectral signature of one or several
unexpected molecules could be separated from the known
signals thanks to the versatility of the data treatment. With
regard to the fifty or so samples, their Raman spectra (figure
2) have been input in our MatLab program described in chart
1. Then two adjustable parameters must be specified, which
are the number of components to be extracted and an offset
value contributing to reduce the spectral noise in the
computation. The following results have been obtained by
setting the number of components to 6 and the offset to 5 %
or less. The figure 3a shows the 6 resolved spectra which
match very well the 6 experimental spectra of each pure
BTEX. Only enlargements can reveal the differences
between the resolved and experimental BTEX spectra. Main
mismatch comes from the 1000 cm™ area where bands can be

This journal is © The Royal Society of Chemistry 2015
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Figure 2. Raman spectra of the different prepared samples: input data matrix for algorithm process.

cut or added depending on cases. Thanks to their
experimental pure spectra, we have implemented the
identification and quantification of the pollutants in our
algorithm. Even more, to improve result accuracy, we forced
the algorithm to use experimental pure spectra instead of the
resolved ones to split up the mixture spectral data (chart 1,
SIMPLISMA 2 way).

Comparison of the calculated and experimental spectra

In order to estimate the agreement of the calculations
with the expected quantities, we have plotted the computed
concentrations versus the actual ones (figure 4). As it is
highlighted by these plots, the values fit well and even better
than ref 31. One more fact to underline is the variation in
accuracy which seems to be dependent on spectral
characteristics of each BTEX. Sample preparation
uncertainty was calculated by adding those given by the
providers of equipment used and reached 5 %. Spectral
uncertainty was determined by using the standard deviation &
of the peak maximum from each spectrum measured 10
times on a same sample. Five random samples were used to
reach an uncertainty of 15 % thanks to the formula
100(3c/max(peak)).

From all the results (see also supporting information
tables S-1/S-2 and figure S-2) and taking into consideration
the previous uncertainties, data processing error is estimated
This journal is © The Royal Society of Chemistry 2015

experimentai

spectra
J preprocessing | database
¥ 4 l
1/ simplisma 2/ simplisma
resoleed contributions contributicons
spectra

I

database —>

identification
. . calibration
calibration

concentrations

concentrations
+10% +£5%

Chart 1. Data processing methodology and comparison between two ways: 1
the most upgradeable, 2 the most accurate.
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to reach 5% (according to relative deviations) when Raman
signal of a component contributes more than 10% of the total
signal. Below this value, uncertainty can reach up to 10%
and when the signal contribution of one species is less than
2%, error is out of tolerance. This can be realized thanks to
figure 4 where computed versus actual concentrations of
BTEX have been plotted. A perfect matching should result in
a linear trend with a slope of 1 and an intercept of 0. This can
be compared to the linear fit included in the figure 4 — with
intercepts fixed at 0. Inaccuracy is mainly caused by spectral
covering. Indeed from table 1 and figure 3 we can note quite
much common bands between BTEX spectra and particularly
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around 1000 cm™. Now each BTEX compound exhibits a
Raman signal in this spectral area, except for para-xylene
whose concentration is consequently the most accurately
determined as shown in figure 4. In the same way, ortho-
xylene exhibits a very low signal in this area so a very good
computation is carried out. Logically, benzene with the only
intense characteristic band is at 994 cm™ is determined with
the worst accuracy, evenly underestimated. To be continued,
the higher dispersion of values below 100 g/L tends to raise
Indeed big proportion gaps
between the components bring determination gaps between

another inaccuracy source.

the lowest computed and actual values.

6x10" Jﬁ
7 |
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Figure 3. Raman spectra of benzene, toluene, ethylbenzene, meta-xylene, ortho-xylene and para-xylene: comparison between pure experimental (grey) and

resolved (black) spectra. Enlargements of interest are included into graphs.

6 | Analyst, 2015, 00, 1-3

This journal is © The Royal Society of Chemistry 2015

Page 6 of 11



Page 7 of 11

©CoO~NOUTA,WNPE

el
WN RO

U OO AR DMBEMDIAMDIMBAEADIAMDMDNWOWWWWWWWWWWNDNNDNNNNNNNRERPRRERERER
QUOWONOUPRRWNRPOOO~NOUOPRWNRPOOONOUAWNRPOOONOOODURAWNRPEPOOOLONO O

900

Analyst

s=0.951 + 0.005

7504 1>=0.998

450+ e

P

3004

150;'/‘r‘4i‘
0

[Benzene]wmpme p (g/L)

600 - ’/}f/

0 150 300 450 600

750 900
[Benzene] . (g/L)
900 .
$=0.978 £ 0.009 A
7509 °=0.9% e
] 2
) Y
= 6001 P
5450
[}
5
= 300
o
=
150;"‘//,;/
0 A [ L B L e [ L L L R L [
0 150 300 450 600 750 900
[Toluene] . (g/L)
900 -
s=1.024 £ 0.013 _z
2 7504 rr=0.99 2
3 .
? 6001 //;7§7/
g 4504 i
N P
S 300 e
£
z
.LE, 150‘ ./.
0?/ T T T T T
0 150 300 450 600 750 900

[Ethylbenzene] (g/L)

Figure 4. Plots of computed vs actual concentrations of BTEX compounds in different mixtures and linear fitting (grey dash) with the slope s and the correlation

coefficient r2.

Data processing adaptability

Then an ‘unknown’ pollutant was added in order to test the
data processing adaptability. Program was run incrementing
the component number and succeeded in identifying and
quantifying the known BTEX as previously.

The remaining. unknown signal has been isolated in one
more resolved spectrum and corresponding contribution.
This enables to give a qualitative estimation of its proportion
in the samples. To go further, we have to assign the resolved
spectrum to a known molecule. Here we can go on by
noticing that the characteristic computed bands match the

This journal is © The Royal Society of Chemistry 2015
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chloroform ones (figure 5). Again the presence of a parasite
residual signal around 1000 cm™ in the resolved spectrum

can be noticed. Including the chloroform pure spectrum in
our program database allows us to quantify CHCl;. Actually
we have introduced chloroform in two samples among

BTEX,

respectively 60 and 393 g/L (see supporting

information table S-2). Computed values have been found to
be 66 and 406 g/L which are very close to the expected
amounts. These results show that the processing method is
upgradeable.

Analyst, 2015, 00, 1-3 | 7
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Figure 5. Comparison between experimental (gray) and resolved (black)
Raman spectra of chloroform. Enlargement of interest is included into graph. 11
Conclusions 12

The amounts of each BTEX species can be predicted in a
wide concentration range by processing Raman data thanks
to SIMPLISMA algorithm model. With the integration of a 13
database better accuracy is obtained (5%), above all

regarding to the lower concentration values. This method is 14
efficient even in case of big gaps between the minimum and
maximum analyte concentration such as around 1%, at the
expense of lower accuracy. The presence of an ‘unknown’ 15
compound different from BTEX by its structure as well as its

16

chemical nature was simulated by adding chloroform in
mixtures. Its spectral fingerprint was successfully extracted.
Then it was embedded in the database to succeed in 17
determining its amount. So this method is a fast, well

accurate, and upgradeable data processing suitable for sensor 18
applications.
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