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ABSTRACT Laser-induced fluorescence technology is an effective method for detecting oil pollutants. The
laser induced fluorescence detection system was developed, and four parallel microchannel sample pools
were designed to improve the detection accuracy of fluorescence signals. The grating scanning system
is improved by introducing grating feedback link to improve the wavelength scanning accuracy of the
system.The experimental results show that the wavelength scanning resolution of the microchannel laser-
induced fluorescence detection system is improved by 0.4 nm. Aiming at the defects of the traditional
parallel factor algorithm which is sensitive to the sample components, slow operation speed and easy to fall
into local convergence, the generalized inverse singular value decomposition is used to improve the parallel
factor algorithm. Configure different concentrations of diesel, gasoline and kerosene solution samples. The
experimental verification shows that the excitation-emission spectra of each component obtained by the
improved parallel factor algorithm are highly consistent with the measured spectral characteristics, indicating
that the microchannel laser-induced fluorescence detection system combined with the improved parallel
factor analysis method can accurately identify oil pollutants.

INDEX TERMS Petroleum pollutants, three dimensional fluorescence spectrum, optical path of fluorescence
detection, micro sample cell, parallel factor analysis.

I. INTRODUCTION

Oil pollution is a serious threat to the natural environment and
human health. Therefore, the identification and treatment of
oil pollution is very important. Petroleum-based substances
are composed of aromatic hydrocarbon components and their
derivatives with strong fluorescent properties, and the com-
ponents are complex, and the components and contents of
different types of oil are different. The detection methods of
petroleum mainly include infrared spectroscopy, gas chro-
matography and fluorescence spectroscopy. Among them,
fluorescence analysis technology can obtain more fluores-
cence information and has the advantages of high accuracy
and good selectivity, so it is widely used in the field of oil
identification [1], [2], [3], [4], [5], [6].
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Laser-induced fluorescence (LIF) technology belongs to
an emerging material component analysis technology in the
discipline of analytical chemistry [7], [8], [9]. Compared
with other spectral techniques, LIF has the following advan-
tages: LIF is a zero background spectral technique with
high sensitivity (up to 10712 — 107 M, 5-6 orders of
magnitude lower than UV-IR absorption method) [10], [11].
Fluorescence emission is omnidirectional and can be col-
lected from various angles[12]. Due to the large size of the
sample cell and low degree of automation of the conven-
tional LIF detection system, microfluidic, as a miniaturized,
integrated, high-throughput and low-cost analysis technology
[13], [14], [15], can well solve these problems, and has been
widely used in chemistry, biology, medicine, agricultural
engineering and other related fields. Kim ez al. [16] studied
a fully automated disposable smart microfluidic platform
(DIS-uChip). On-chip microfluidic flow sensors are
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integrated with the platform and placed at all inlet and outlet
channels, hereby allowing the DIS-xChip to be fully auto-
mated with a pressure control system. Owing to the film-chip
technique, the superstrate was disposable and could prevent
biological cross-contamination, which cannot be realized
with conventional flow sensors. Li er al. [17] developed
a simple, sensitive, instrument-free, CRISPR-based diag-
nostics of SARS-CoV-2 using a self-contained microfluidic
system, achieving excellent sensitivity (94.1%), specificity
(100%), accuracy (95.8%) and improved detection efficiency.
Li et al. [18] proposed a novel microfluidics volume optical
monitoring system (MVOMS). Functional channels embed-
ded with hollow cylindrical waveguide (HCW) are integrated
in MVOMS, which is convenient to realize the real-time
monitoring and manipulating microfluidic. On this basis, they
designed an integrated light-driven microfluidic quantitative
sampling system, which can sample a specific volume of
microfluidic in microchips automatically and accurately.
Zaremba et al. [19] present a novel microfluidic system and
the small footprint of their system makes it easy to integrate
with other structures of microfluidic networks, ensure supe-
rior precision, repeatability and flexibility in concentration
setting. In this paper, the LIF detection method is closely
combined with microfluidic technology, and a microchannel
laser-induced fluorescence detection system is developed to
achieve high-precision detection of oil pollutants.

The parallel factor analysis method in the second-order
correction analysis is an effective three-dimensional fluo-
rescence spectral data analysis method. For the measured
organic pollutant samples, the three-dimensional fluores-
cence spectra of the samples are measured by LIF tech-
nology, and the three-dimensional fluorescence spectra data
are obtained. The parallel factor analysis method is used to
realize the quantitative analysis of different components in the
samples [20]. Kong ef al. [21] used three-dimensional fluo-
rescence spectroscopy combined with parallel factor analysis
algorithm and pattern recognition method to characterize
and classify petroleum pollutants, and compared with the
classification models constructed by K-Nearest Neighbor
(KNN) algorithm, principal component discriminant analysis
(PCA-LDA) algorithm and partial least squares discriminant
analysis (PLS-DA) algorithm, the results showed that the
recognition accuracy of the PLS-DA model has the best
recognition accuracy, and a reliable method is proposed for
effective detection of oil pollutants. Liu et al. [22] applied
fluorescence excitation emission matrix—parallel factor
(EEM-PARAFAC) analysis to characterize textile indus-
try wastewater and trace its presence in water bodies.
Two protein-like components (C1 and C2) were identi-
fied as the source-specific indicators of textile industry
wastewater, which was further demonstrated by conducting
high-performance size exclusion chromatography analysis.
However, the parallel factor analysis must choose the correct
group fraction to ensure high resolution accuracy, and the
convergence rate is slow in the iterative process. Therefore,
based on the trilinear decomposition theory, an improved
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parallel factor algorithm is proposed, and the generalized
inverse singular value decomposition method is used to
improve the parallel factor algorithm.

In order to improve the detection accuracy of oil pollu-
tants, in terms of hardware structure design, four groups of
microchannel sample pools with the same structure were
designed by microfluidic technology to enhance the intensity
of fluorescence signals. The grating scale feedback grating
splitting system is improved, and the grating detection feed-
back circuit is added to improve the wavelength scanning res-
olution.After preprocessing such as denoising and scattering
for the obtained spectral data, the improved parallel factor
analysis method was used to analyze the three-dimensional
fluorescence spectral data of the measured pollutants, ensur-
ing the resolution of mixed pollutants.

Il. THEORIES

A. THE RELATIONSHIP BETWEEN SOLUTION
CONCENTRATION AND FLUORESCENCE INTENSITY

The fluorescence intensity and concentration of oil pollutants
follow Lambert-Beer law [23]. Within a certain concentration
range, the relative fluorescence intensity of fluorescent sub-
stances in the solution is shown in equation (1)

Iy = KYFplp(1 — e~y (1)

where, Iy is the relative fluorescence intensity, K is the Ins-
trument constant, Yr is the fluorescence quantum yield, Iy is
the excitation light intensity (cd), ¢ is the molar absor-ption
coefficient of fluorescent substance molecules (L/mol.cm),
¢ is the fluorescent substance concentration in solution
(mol/L), [ is the fluorescence cell thickness (cm).

When the fluorescent substance is at a very low concentra-
tion in the solution, that is, ec/ < 0.05. Formula (1) where
e~*! ~ 1 — gcl in parentheses, the relative fluorescence
intensity /r can be simplified as:

Iy = KYplpecl 2

It can be seen from Formula (2) that if the solution of the
fluorescent substance is in a relatively dilute solution state,
the fluorescence intensity generated by the fluorescent sub-
stance in the solution is proportional to the concentration of
the fluorescent substance in the solution under the irradiation
of light with a certain intensity and a certain frequency [24].
Accordingly, the quantitative analysis of oil pollutants can be
carried out.

B. OVERALL STRUCTURE OF FLUORESCENCE

SPECTRUM DETECTION SYSTEM

The composition diagram of the fluorescence spectrum detec-
tion system is shown in Figure 1.

The light emitted from the light source is converted into a
certain wavelength excitation light through collimating sys-
tem 1 and splitting system 1, which excites the fluorescence
material in the sample cell to produce fluorescence. The
fluorescence is collected by the collimation system 2, and the
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fluorescence of a single wavelength is output after being split
by the spectroscopic system 2. The photodetector converts
the fluorescent signal into an electrical signal, and outputs
the electrical signal into the analysis system for fluorescence
spectrum analysis [25].

Fluorescence excitation
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FIGURE 1. Structure diagram of fluorescence detection system.

C. IMPROVEMENT PRINCIPLE OF FOUR-CHANNEL
FLUORESCENCE SPECTRUM DETECTION SYSTEM

In this paper, a multi-sample cell parallel structure is
designed, the excitation light excites each sample to be tested,
and the fluorescence generated by them is collected at the
same time. The specific mechanism is shown in Figure 2.

,

FIGURE 2. Schematic diagram of multiple sample cell.

The size of each sample cell in Figure 2 is the same,
and the solution to be measured is the same. Where / is the
solution transmitted light path, ¢ is the concentration of the
solution, ¢ is the absorption coefficient of the fluorescent
substance in solution, Iy is the incident light intensity, /; is
the transmitted light intensity, Yr is the fluorescence quantum
yield, The fluorescence intensity I5; is proportional to Iy — I;
and fluorescence quantum yield Y is the same as (3).

Iy = Yr(lo — I) = Yrlo(1 — 107°) 3)

Expanding the exponential term in the above formula, the
fluorescence emission intensity can be expressed as
(2.3ecl?  (2.3ecl)?

TR TR

I = Yplp(2.3¢ecl — )@
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When the solution concentration is very thin, ecl/ < 0.05,
the higher order term in the formula can be omitted, and the
fluorescence emission intensity /5; increases with the increase
of the molar concentration of the light absorbing material c,
and it is linear. Then the formula (4) can be simplified to:

I = 2.3YFlyecl ©)

The (5) formula shows that the emission fluorescence
intensity of the fluorescent material is related to the trans-
mission path [ of the excitation light in the sample cell.

Where, i = 1,2,...,n is the number of parallel sample
cells. Fluorescence focusing imaging of each sample cell.
Then the total fluorescence intensity is the same as (6).

n
Iy =) I =n2.3Yrlecl (6)
i=1

The proportional relationship between fluorescence inten-
sity and solution concentration in Eq. (2) is the theoretical
basis for fluorescence quantitative analysis, but this linear
relationship is the condition of ecl/ < 0.05. In order to achieve
this approximate linear condition, in the fluorescence analy-
sis, the concentration ¢ of the solution, the molar absorption
coefficient ¢ of the solution and the transmission path / of the
excitation light in the solution should not be too large. In this
paper, changing the transmitted optical path [ is taken as a
breakthrough point to enhance the fluorescence intensity, but
increasing the transmitted optical path / increases the non-
linearity between the fluorescence intensity and the solution
concentration. Therefore, in this paper, four sample cells were
designed for parallel excitation by microchannel processing
technology to detect the fluorescence spectrum, and the fluo-
rescence generated by them was collected. The transmitted
light path of the excitation light of each sample satisfies
an approximate linear relationship between the fluorescence
intensity and the solution concentration. As shown in Eq. (6),
when n is 4, the fluorescence intensity is correspondingly
increased by 4 times. It can be seen that the sensitivity of the
fluorescence detection system can be improved by parallel

excitation of multiple sample cells.

IlIl. IMPROVED MICROCHANNEL FLUORESCENCE
SPECTROSCOPY DETECTION SYSTEM

The overall structure of the fluorescence spectrum detection
system is shown in Figure 3. Spectral measurement range
250-600 nm. The wavelength resolution is 0.5 nm. Excitation
and emission scanning step size range from 1-10nm. Four
Parallel excitation sample cells are placed in the sample cell
installation chamber.

A. DESIGN OF FOUR-CHANNEL SAMPLE CELL

Most of the detection cells of conventional fluorescence
spectrophotometers use the standard quartz cuvette as the
experimental sample container. Yuan ef al. [26] used the
excitation emission matrix fluorescence method to simulta-
neously determine the pesticide residues of carbendazim and
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FIGURE 3. Structure of fluorescence spectrum detection system.

chlorothalonil in peanut oil. The sample cell of the FS920
fluorescence spectrum detection system was also a quartz
cuvette. The size of the sample pool is large, the reagent
consumption is large, and only manual sampling, the degree
of automation is not high. The microchannel sample cell
designed based on the mechanism of fluorescence detection
is of great significance to realize the accurate detection of
the measured object. Micromachining technology enables the
miniaturization, integration, miniaturization and automation
of products. At the same time, in order to increase the signal
intensity, four groups of small sample pools with the same
structure were used to realize the detection of petroleum
pollutants.

The quartz glass parallel microchannel sample cell struc-
ture is adopted, is shown in Figure 4. The sample enters the
microchannel from the in entrance, and when overflowing
from the out entrance, it can be ensured that the sample is
filled with the entire microchannel sample cell. The excitation
light is divided into four beams Iy by the spectroscopic sys-
tem, and the four microchannel samples are excited respec-
tively. After the emission spectrum Ifl - If4 is aggregated,
the total spectral signal is obtained. The parallel excitation of
multiple microchannel samples can improve the fluorescence
spectral signal intensity and the sensitivity of spectral signal
detection.

Specified micro-channel structures were fabricated by
femtosecond laser in quartz glass. The processing flow of
the microfluidic sample cell is shown in Figure 5. Rotating
coating on the surface of quartz glass substrate and the pho-
tographic plate printing is used to carve photoresist accord-
ing to CAD drawings. The whole immersed tube pattern is
displayed and dried. Finally, the sample system is formed by
ion bonding on the quartz glass substrate. Microvalves are
added at the liquid inlet of each injection system to control the
liquid on and off. Femtosecond laser processing and modified
quartz glass microchannels are porous and loose, which can
be further corroded by hydrofluoric acid. The modified loose

103736

FIGURE 4. Quartz glass sample cell with parallel micro channel.
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FIGURE 5. Micro-fluidic fabricate procedure diagram (a) microchannel
processing flow diagram (b) microchannel ablated by femtosecond laser.

material is corroded and presents a complete microchannel.
After calcination at 100(0°C for 30 minutes, the surface inside
the microchannel is smooth to achieve mirror effect. In order
to solve the defect that the concentration of the microchannel
system does not change quickly, a Christmas tree-shaped
concentration gradient generator [27], [28] was used to
explore the appropriate flow rate of microfluidics and form
a good linear, stable and controllable concentration gradient.
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Combined with the improved four-channel fluorescence
spectrum detection system, the transient change of the con-
centration of oil pollutants are reliably reflected in the flow
and measurement.

B. DESIGN OF GRATING SCATTERING AND
SCANNING SYSTEM
The grating scanning system needs to split the 250-600nm
complex light [29]. The sinusoidal mechanism is added to
the grating spectrometer to improve the scanning resolution.
The mechanism has the characteristics of high precision and
reliability. The working principle of sine mechanism is shown
in Figure 6. In Figure 6(a), the exit and entrance slits are fixed,
and the light splitting process is realized by the rotation of the
grating. In Figure 6(b), the dotted line B is the angular bisec-
tor of the angle between the incident light and the diffraction
light, namely the initial position of the grating normal N.
The dotted line N is the position of the grating normal after
rotation. Angle ¢ is the angle of grating rotation. The initial
incident angle of the excitation source is «, the diffraction
angle is B, and the angle between the incident light and the
diffraction light is §.

The expression of diffraction wavelength A and grating
rotation angle is

8 h
A= 2dcos§sin<p/m = (2d cosi/m) - R =k-h (7)

When the grating rotates around its center point, the angle
8 is constant, and the grating constant d and coefficient
k = 2dcosi/m are constant. It can be seen that the dis-
placement of the screw slider is linear with the diffraction
wavelength, that is, the wavelength of the monochromatic
light can be known only by measuring the displacement of
the slider.

In order to improve the wavelength scanning accuracy of
the detection system, the grating feedback link is introduced,
and the optical grating sensor is used to detect the slider
displacement, and the detection results are fed back to the
processor for data processing and analysis. The structure of
grating splitting system is shown in Figure 7.

IV. PARALLEL FACTOR ANALYSIS IMPROVEMENT

A. TRADITIONAL PARALLEL FACTOR ANALYSIS

Parallel factorization model decomposes a three dimensional
matrix into three two dimensional matrices along three direc-
tions [30], As shown in Figure 8.

Based on the trilinear decomposition theory, each com-
ponent of the three-dimensional matrix X is decomposed
into score matrix A, loading matrix B and C by alternating
least squares method with parallel factors. The decomposition
model is:

N
Xijk = Z AinbjnCrn + eiji
n=1
i=1...0, j=1...J, k=1...K 8)
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where, x;j; is the X element, the fluorescence intensity of the i
sample at emission wavelength j and excitation wavelength k,
N is the factor number, that is, the total number of columns of
the loading matrix, a;,, bj,, and cy, are the elements of matrix
A, B, C. ¢jj is the elements of residual matrix E.

B. PARALLEL FACTOR ALGORITHM IMPROVEMENT

The traditional parallel factor analysis has the defects of slow
convergence speed and too sensitive to the group fraction
[311, [32], [33]. In order to avoid the above shortcomings
of the parallel factor algorithm, the iterative process of the
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PARAFAC

parallel factor algorithm is improved by the principle of
alternating least squares. The improvements are as follows:

1) Aiming at the iterative convergence process of the algo-
rithm, the additive inverse singular value decomposi-
tion method in generalized inverse is adopted. Firstly,
the iterative convergence error is set. When the singular
value is less than the preset error value, it will be treated
as 0. Even if the selected group fraction is greater than
the actual group fraction, the results are not affected,
It shows the robustness of the algorithm when there is
interference to components.

2) Three closely related but not completely equivalent
objective functions are established, and the three objec-
tive functions are iterated simultaneously. During the
iterative process, if one objective function falls into
the flat area of the iteration, the other two objective
functions are not in the flat area, which speeds up the
convergence.

The matrix form of the improved parallel factor algorithm

model is:

X i = Adiag(c,)B" +E;, k=1,2,---. K (9

where, X x and E ; are the section k of X and E along
the concentration direction, A and B are the Load matrix
A = (ay,ap,- - ,ay) and B = (by, by, --- , by) obtained
by decomposition, ¢, is the Line k of matrix C =
(c1,¢2, -+ ,cn), diag(cy) are the ¢ diagonal matrix with
dimension N x N consisting of elements of line k in ¢y, N is
the number of factors used in trilinear decomposition.

The main idea of the parallel factor improvement algorit-
hm is to obtain the load moment A, B, C by alternately opti-
mizing the objective function F (A, B, C).

K
2
FA,.B,C) =Y |x.x —Adiag (c;) B | 10
(4.B,0) ]; x.k = Adiag (i) BT |  (10)
According to the least squares principle (ALS) and the prop-

erties of the matrix, a new iterative derivation for A, B, C
formula:

. T .
ag) :dzag<CX,~_ (BJr) ), i=1,2,---,1
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bg.>=diag(Ax,j,(C+)T), J=1,2 0
cly = diag (BX.x (4")), k=12, K (D)

where, diag (-) is the New vectors, the elements in the squa-
re matrix in parentheses, a(;), b(j) and c() are the row vect-
or of relative concentration matrix A, relative fluorescence
emission spectrum matrix B and relative fluorescence excit-
ation spectrum matrix C, respectively.

The iterative process uses the three formulas in formula (9)
to solve iteratively, and uses the alternating least square-s
principle to repeatedly calculate ag;), b, c(), so that the SSR
value is less than the set 1 x 107°. The generalized inverse
calculation method is applied to the PARAFAC algorithm,
which improves the anti-interference ability of the preset tol-
erance difference and reduces the deviation of the predicted
group score. The least square steps are simplified to obtain
the ideal decomposition results effectively.

V. EXPERIMENT
A. COMPARATIVE EXPERIMENT ON WAVELENGTH
RESOLUTION OF GRATING SCANNING SYSTEM
The experimental equipment used is: planar reflection blazed
grating, HEIDENHAIN LC493M grating ruler, Sensor for
measuring slider displacement, Stepper motor driving a
sinusoidal screw, Ball screw with pitch of 1nm(sinusoidal
screw), After experimental measurement, the resolution of
the selected grating ruler at 600nm is 0.0109nm, which is
much smaller than 0.12nm of the designed scanning system.
The three peak wavelengths of the high-pressure mercury
lamp (365nm, 403nm and 546nm) were used as the standards
for the experimental test of the spectrometer. The wavelength
test values are shown in Figure 9. It can be seen from
Figure 9 that the wavelength scanning resolution of the grat-
ing rotation angle driven by the traditional stepper motor
and the screw structure is 0.7nm, while after the grating
detection feedback circuit is added, the wavelength scanning
resolution is +0.3nm, which improves the wavelength scan-
ning resolution.

B. EXPERIMENTAL RESEARCH ON MICROCHANNEL
FLUORESCENCE SPECTROSCOPIC DETECTION SYSTEM
F-7000 fluorescence spectrophotometer and micro-channel
fluorescence spectrum detection system were used to detect
pure 0# diesel, gasoline CCly standard solution and three
kinds of oil mixed solutions (kerosene, gasoline, diesel con-
centration: 0.25mg/L, 0.25mg/L, 0.25mg/L) samples were
tested. As shown in Figures 10, 11 and 12, the comparison
shows that the fluorescence intensity signal measured by
the microchannel fluorescence spectrum detection system is
enhanced compared with the spectral signal measured by the
F-7000 spectrophotometer.

C. EXPERIMENTAL STUDY ON THREE-DIMENSIONAL
FLUORESCENCE SPECTROSCOPY OF

PETROLEUM POLLUTANTS

Preparation ofO#diesel, -10#diesel, 97#gasoline, 93#gasoline
and kerosene concentration of 104 mg/L standard solution 1
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FIGURE 9. Test results at the peak of high-pressure mercury lamp.
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FIGURE 10. Fluorescence spectra of pure 0# diesel.
and concentration of 100mg/L standard solution 2 respec- Among the four components, the samples

tively. Three - component and four - component samples
were prepared with different volume standard solution 1 or 2.
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no.

1-6 samples were used as the calibration samples, and
the samples no. 7-10 samples were used as the prediction
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FIGURE 11. Fluorescence spectra of gasoline standard solution.

samples. The sample concentration is shown in Table 1.
Among the three components, the samples no. 1-22 samples
were used as the calibration samples, and the samples no.
23-30 samples were used as the prediction samples. The sam-
ple concentration is shown in Table 2. The excitation spec-
trum range of the microchannel fluorescence spectroscopy
experimental system is set to 250-430 nm, the emission
spectrum range is set to 310-520 nm, and the width of the
entrance slit and the exit slit is 2 mm.

As shown in Figure 13, the three-dimensional fluorescence
peak of pure sample O#diesel oil is at 406/420 nm. Figure 14 is
the fluorescence spectrum of 97 # gasoline CCly solution.
The peak is at 384/440 nm, and there is a slightly lower
fluorescence peak at 380/434 nm.

The excitation-emission matrix spectra of 1-12 samples
are measured. The contour fluorescence spectra of
1-12 samples are shown in Figure 15, it can be seen from
the figure that three fluorescence peaks representing the
corresponding three components in each sample can be easily
identified.

Before the traditional parallel factor analysis, the kernel
consistent diagnosis method is used to determine the compo-
nent score. The relationship between the nuclear consistent
value and the number of components is shown in Figure 16.
After calculation, it was found that when F < 10, all three
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factors could not be obtained at the same time, which were
consistent with the existence of the three oils in the mixed
solution sample set. The excitation spectra, emission spec-
tra and concentration loading score obtained by 10-factor
parallel factor analysis are shown in Figures.17,18 and 19.
As shown in Figure 19, the concentration load scores of each
factor in sample 2 containing only gasoline are not equal to
or close to 0, and the parallel factor model cannot explain
the composition of the mixed system well. The generalized
inverse singular value decomposition is used to improve the
parallel factor algorithm, which does not need to determine
the number of components, has high resolution and fast con-
vergence speed.

The improved parallel factor analysis was performed
on the three-dimensional fluorescence spectral matrix data
of the mixed solutions of three petroleum substances. The
two-dimensional spectra of the three components are
obtained as shown in Figure 20. It can be seen from the figure
that there is a maximum excitation intensity peak and a max-
imum emission intensity peak for all three components. The
maximum excitation and emission wavelengths of compo-
nent 1 were 380/410 nm, respectively, indicating the spectral
characteristics of 97# gasoline. The maximum excitation and
emission wavelengths of component 2 were 400/415 nm,
respectively, indicating the spectral characteristics of O#diese.

VOLUME 10, 2022



P. Cheng et al.: Determination of Oil Pollutants by Microchannel Laser Induced Fluorescence Technology

IEEE Access

Microchannel Fluorescence Spectroscopy Detection System

F-7000 Fluorescence Spectrophotometer

EX(nm)

EM(nm)
Mixed solution relative fluorescence intensity

250 =

T T T
400 500
EM(nm)
Mixed solution relative fluorescence intensity contours

EI\IISOj
450 10
nm 0
0+ S ——r —
250 300 350 400
EX(nm)

Relative fluorescence intensity at emission wavelength of 450nm

FMlso
100
450
nm 50
0 v .
250 300 350 400
EX(nm)

Relative fluorescence intensity at emission wavelength of 450nm

150
EX
285 100
nm 30
0 ; : : :
350 400 450 500
EM(nm)

Relative fluorescence intensity at excitation wavelength of 285nm

Relative fluorescence intensity at excitation wavelength of 285nm

gx 150
ogs 100
nm 50

0

350 400 450 500

EM(nm)

FIGURE 12. Fluorescence spectra of mixed solution.

TABLE 1. Concentration of four components samples (unit:mg/L).

Sample -10#Diesel 97#Gasoline 93#Gasoline Kerosene
1 40 20 20 40
2 10 50 40 20
3 60 30 70 50
4 0.8 0.5 1.0 0.7
5 1.0 0.6 0.9 0.5
6 0.2 0.5 0.2 0.4
7 0.4 0.2 0.5 0.1
8 0.7 1.0 0.2 0.6
9 40 15 30 60
10 20 30 50 10

The maximum excitation and emission wavelengths of
component 3 were 280/460 nm, respectively, indicating the
spectral characteristics of common kerosene. The predicted
concentrations and Average recovery rate of three compo-
nents in 23-30 samples obtained by improved parallel fac-
tor analysis are listed in table 3. The results show that the
improved parallel factor method can not only identify the
specific components of micro-content in the mixed solution
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samples, but also quantitatively determine the concentration
of each component.

The four oils of different concentrations were mixed in
CCly solution, and the three-dimensional array (43 x 37 x 6)
of the four-component calibration sample obtained by
scanning was extracted, Among them, 43 is the num-
ber of sampling points of emission wavelength, 37 is
the number of sampling points of excitation wavelength,
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TABLE 2. The concentration of three components samples (unit:mg/L).

Sample 0#Diesel 97#Gasoline Kerosene Sample 0#Diesel 97#Gasoline Kerosene
1 0.3 0.5 0.1 16 20 40 80
2 0 0.6 0 17 45 60 30
3 0.2 0.5 0.1 18 80 15 40
4 0.5 0.2 0.1 19 60 30 10
5 0.1 0.8 0.3 20 30 20 50
6 0.3 0.1 0.5 21 70 10 35
7 0.5 0.5 0.5 22 10 90 20
8 0.4 0.3 0.8 23 0.2 0.4 0.3
9 1.0 1.0 1.0 24 0.7 0.5 1.0
10 0.5 0.8 1.2 25 0.6 0.8 0.2
11 0.8 1.0 0.5 26 0.8 0.2 0.4
12 1.0 0.5 0.8 27 20 15 50
13 20 50 30 28 80 10 10
14 40 25 60 29 25 60 5
15 15 80 35 30 10 20 40

500
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400

Relative Fluorescence Intensity(a.u.)

350 400 450 500

Emission Wavelength(nm)

Relative Fluorescence Intensity(a..)
o
b -

Relative Fluorescence Infensity(a.u.)

Emission Wavelength(nm) Excitation Wavelength(nm)
FIGURE 13. The fluorescence spectrum of pure 0# diesel sample.
and 6 is the number of calibration samples No. 1-6. The analysis results of the four-component samples are shown
improved parallel factor algorithm was used to analyze in Figure 21.

the experimental samples, and the two-dimensional maps In the four-factor analytical results, the maximum excita-
of four main components were obtained. The experimental tion wavelength and emission wavelength of component 1
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FIGURE 15. Contour fluorescence spectra of 1-12 samples.
were 285/450 nm, showing the spectral characteristics characteristics of 97# gasoline. The maximum excitation

of kerosene. The maximum excitation emission wavelength wavelength and emission wavelength of component 3 were
of component 2 is 395/435 nm, which shows the spectral 400/410 nm, showing the spectral characteristics of
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TABLE 3. Prediction concentration and recovery rate of the three components prediction samples.

Predict concentration

Recovery rate

Average recovery rate

(mg/L) (%) (%)
Sample
0#Diesel 97#Gasoline Kerosene 0#Diesel ~ 97#Gasoline  Kerosene 0#Diesel 97#Gasoline Kerosene
23 0.235 0.373 0.326 117.50 93.25 108.67
24 0.689 0.493 0.983 98.43 98.60 98.30
25 0.617 0.793 0.197 102.83 99.13 98.50
26 0.758 0.215 0.389 94.75 107.50 97.25
101.03 98.55 98.95
27 20.07 14.21 48.32 100.85 94.73 96.64
28 78.97 9.64 9.67 98.71 96.40 96.70
29 2421 58.69 4.78 96.84 97.82 95.60
30 9.83 20.19 39.97 98.30 100.95 99.93
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%100 b—‘{ ————¢@ = 0.9¢ Factor2
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FIGURE 16. Nuclear consistency analysis results. § 0. N
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FIGURE 17. Fluorescence emission spectra of 10-factor PARAFAC analysis 5 Qs
results. 7
0.2
0

93# gasoline. The maximum excitation emission wavelength
of component 4 is 380/400 nm, which shows the spectral
characteristics of —10# diesel. The aromatic hydrocarbon
substances contained in 97# gasoline and 93# gasoline
are similar, so their characteristic spectra are similar. But
974# gasoline will produce multiple fluorescence peaks and
the fluorescence phenomenon is obvious, so component 2
is 97# gasoline, component3 is 93# gasoline. The
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samples

FIGURE 19. Concentration pattern of 10-factor PARAFAC analysis resuilts.

predicted concentrations and average recovery rate of the
four-component samples predicted from the predicted sam-
ples are shown in Table 4.
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TABLE 4. Prediction concentration and recovery rate of the four components prediction samples.

Predict concentration

Average recovery rate

L 0,
Sample (mg/L) (%)
0#Diesel 97#Gasoline 93#Gasoline Kerosene 0#Diesel 97#Gasoline 93#Gasoline Kerosene
7 0.393 0.193 0.489 0.097
8 0.689 1.03 0.199 0.607
100.17 99.39 98.30 100.08
9 41.26 14.92 28.97 59.79
10 20.17 29.57 49.67 10.25
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FIGURE 20. Excitation and emission spectra decomposed by improved PARAFAC.

TABLE 5. Fluorescence peak position of three oil products.

pollutants was prepared. The ratio of the oil substance and the
carbon tetrachloride was 1:1000, which was used to gradually

Oil types Fluorescence peak position( Ex/Em) ( nm) dilute 30 samples with different concentrations. The samples
no. 1-22 samples were used as the training samples, and the
97#Gasoline 390/425. 410/450. 430/520 samples no. 23-30 samples were used as the test samples. The
O#Diesel 280/350- 400/415 excitation spectmm range of the m.lcrochannel fluorescence
spectroscopy experimental system is set to 230-500 nm, the

Kerosene 300/410, 280/450. 330/450. 345/450

In order to verify the effectiveness and practicability of
the improved method in this paper in the real environment,
We collected samples from the sewage outlet of petrochem-
ical plants, and a solution of carbon tetrachloride and oil

VOLUME 10, 2022

emission spectrum range is set to 250-650 nm, and the width
of the entrance slit and the exit slit is 2 mm.

The improved parallel factor analysis was performed on
the measured samples to obtain the three-dimensional fluo-
rescence spectra of the oil-bearing species. The fluorescence
peak position of the three oils is shown in Table 5. As shown
in Figure 22, 23 and 24. The maximum excitation and
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FIGURE 22. Oil pollutant component 1 contour map.

emission wavelengths of component 1 were 350/430 nm,
respectively, indicating the spectral characteristics of
kerosene. The maximum excitation and emission wave-
lengths of component 2 were 290/350 nm, respectively, indi-
cating the spectral characteristics of O#diese. The maximum
excitation and emission wavelengths of component 3 were
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FIGURE 23. Oil pollutant component 2 contour map.

450/520 and 470/520 nm, respectively, indicating the spectral
characteristics of common 97# gasoline. It is verified that
the three-dimensional fluorescence spectrum obtained by the
analysis corresponds to the fluorescence peak range of the
three oils measured in the laboratory and compared with
the data measured by the water quality research center of
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petrochemical company, the concentration error is smaller,
which verified the effectiveness and accuracy of the improved
parallel factor analysis method in the identification of real oil
pollutants.

VI. CONCLUSION

In this paper, a fluorescence detection system with four-
channel sample cell structure was developed and the grating
spectrophotometer system was improved. Compared with the
accuracy of traditional fluorescence spectrophotometer, the
sensitivity of fluorescence detection and wavelength scan-
ning resolution were improved. The parallel factor algo-
rithm is improved by the generalized inverse singular value
decomposition method. With the CCly solution of gasoline,
diesel and kerosene as the research objects, the excitation-
emission matrix spectral data and three-dimensional fluo-
rescence spectra of different samples were obtained. The
improved parallel factor analysis algorithm was used to
separate the fluorescence spectrum data of diesel, gasoline
and kerosene mixed solution samples, and the identification
of different petroleum components in the mixed solution
samples was completed. The experimental results show that
compared with the F-7000 fluorescence spectrometer, the
improved microchannel fluorescence spectrum detection sys-
tem can obtain stronger oil fluorescence signals, so as to char-
acterize more fluorescence information, which is convenient
for the qualitative and quantitative research of different oil
types in the future. The improved microchannel fluorescence
spectrum detection system combined with the improved par-
allel factor algorithm was used for the identification of
three-component and four-component mixed oil. The aver-
age recoveries of O# diesel, 97# gasoline and kerosene in
the three components were 101.03%, 101.03% and 98.95%,
respectively. The average recoveries of 0# diesel, 97# gaso-
line, 93# gasoline and kerosene in the four components were
100.17%, 99.39%, 98.30% and 100.08%, respectively, the
improved microchannel laser induced fluorescence detection
technology was applied to the samples collected from the
sewage outlet of the petrochemical plant, which verified the
effectiveness and accuracy of this method in the identification
of real mixed oil components.
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