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A. Measurement of the discharge energy

Figure S1 shows the temporary evolution of discharge voltage and discharge current in the discharge-assisted
laser induced breakdown spectroscopy (D-LIBS). When the discharge is triggered by the laser-induced plasmas, the
discharge energy is deposited into the plasmas in the whole discharge process, which can be described as equation
(1):

Q= f:le(t) I(t)dt + ftt:V(t) -I(t)dt, (1)
where t; is the start of discharge at 0 us, t, is the end of oscillation at 10 ps, and t5 is the end of discharge at 726 ps.
Q is the discharge energy. V(t) and I(t) are the voltage and the current, respectively. The first term on the left
represents the spark discharge energy in the oscillating zone, and the second term represents the non-oscillating zone.
When the laser energy is 50 m], the discharge energies deposited into the plasma in the oscillating zone and
non-oscillating zone are respectively calculated to be 15.96 m] and 24.01 m]. Thus, the total energy introduced into the

plasma is 39.97 m].
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Figure S1. Temporal evolutions of the discharge voltage and discharge current in the time scale of (a) 0-18 ps and in (b)

0-900 ps. t1=0 ps, t2=10 ps and t3=726 ps.
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B. Methods

a) Wavelet Transform De-noising

Wavelet transform (WT) is a method of time-frequency analysis of signals. WT decomposes the signal
into a series of wavelet functions, which have the characteristics of multi-resolution analysis, compared with
Fourier transform (FT). In both local time and frequency domain, WT can characterize the local signal. The
basic principle of WT is that the mother wavelet undergoes scaling and shifting transform and then takes the

inner product with original signal f(t), as shown in equation (2):

WT(a 1) = 2 [17 0 =9 () dt (2)
where a and 7 are scaling and shifting parameters, respectively. f(t) is original signal and (t) is
mother wavelet. In general, the original signal f(t) is composed of a real signal s(t) and a noise signal n(t)
and coefficients of wavelet transform WT(«a, 1) also consist of s(a,7) and n(e,t), as shown in equations (3)
and (4):

f(@®) =s(®) +n(0), (3)
WT(e, 1) = s(a, t)n(a, 7). (4)
While for WT, the mother wavelet, decomposition layer, and noise coefficient threshold have strong influence
on the reconstructed signal. Each mother wavelet has its own advantage in signal processing, and there is no
one kind of wavelet basis function that can achieve the optimal de-noise effect for all types of signals.
Daubechies (db) wavelet!-3is often utilized for spectral signal. In WTDN, the decomposition layer is also a
very important parameter. The larger the decomposition layer is, the more the difference between the
characteristics of noise and signal, and the better the separation between them. On the other hand, the larger
the number of decomposition layer is, the greater the distortion of reconstructed signal, which determines
the final de-noising. In this work the hard thresholding function is used for signal processing. It means that
the noise coefficient located in [-30,30] is set to be zero, where ¢ is the variance of noise coefficient.
Moreover, the mother wavelet and decomposition layer are optimized by evaluating R2, root mean square
error (RMSE), and signal to noise ratio (SNR) of spectra.

b) Partial Least Squares Regression
Partial least squares regression (PLSR), which was developed in the 1980s, is a multivariate data analysis

method based on principal component analysis and principal component regression. PLSR associates the data
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matrices X and data matrices Y by multiple iterative calculations, as shown in equation (5):

Y=XW+E, (5)
where Y is the dependent variable matrix of n by m (n samples and m variables), X is the independent variable
matrix of n by p (n samples and p variables); W is the model regression coefficient, and E is the model residual
error.

Here, the general principle of PSLR is briefly described following R. Roman et al 4 PSLR decomposes the
independent variable matrix X and the dependent variable matrix Y according to the following formulas:

X =TPT +E, (6)

Y=UQ" +F, (7)
where T and U are the eigenvalue matrices, whereas P and Q are the loading matrices of X and Y, respectively. It uses
orthogonal matrix T and matrix U for regression modelling. The matrix U can be expressed using the following

formula:

U=TW, (8)

where W is the regression coefficient matrix (also known as the incidence matrix). The matrix W can be written as:

W= (TTT)"'TTY. 9

In general, the main steps of PLSR include (6) and (7) principal component decomposition of matrix Y and
corresponding matrix X and (8) calculation of incidence matrix W.

In order to extract useful information from X, it is necessary to optimize the principal component of the PLSR

model. In this work, the principal component is determined by k-fold cross validation method to obtain the optimal

parameter.

c) Support Vector Regression

Support vector regression (SVR) is a nonlinear regression algorithm based on the principle of support
vector machine (SVM). The main idea of SVR is to construct a hyperplane which makes the distance between
the furthest sample point and hyperplane be the smallest. The function of hyperplane is:

y=wlp(x) +b, (10)

where w is regression coefficient. In order to construct the hyperplane, the regression of SVR is described as
solving the following equations:

min(w, &, &,b) 5 [IWl[2 + € Ty (& + &)

O (11)
s.to lyi—w(x; +b)| < e+

where C is the penalty factor which represents the tolerance to the model fitting bias and directly affects the

generalization ability of the model. &¢; and & are slack variables, which represent the distance between
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sample points and hyperplane. € is the distance between support vector and hyperplane.5¢ In the LIBS
measurement, the characteristic spectral intensities show a linear relationship with the element concentrations. Thus
LIBS has ability of quantitative analysis.”-° However, the relationship between the spectral matrix X and the
concentration matrix y is generally nonlinear in the heterogeneous sample with high concentration, which is due to
self-absorption effect.1? It was reported that when the metal concentrations in solutions exceeded the threshold, the
spectral intensities showed a nonlinear relationship with the concentrations.!’-13 Therefore, the multivariate
regression algorithms are applied in order to obtain better quantitative analysis performance.14-16 SVR uses the
kernel function to map the matrix X into high-dimensional space and explores the linear relationship
between X and y. In this work, the radial basis function (RBF) is chosen as the kernel function, and the
detailed kernel function expression is shown in equation (12):

k(xi, xj) = exp(—vyllxi = xj|]), (12)
where y determines the distribution of the raw dataset to the new feature space. In the present work, k-fold

cross-validation combined with Grid search is used to optimize penalty factor.
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C. Time-integrated spectra of the oil pollutants and the electrodes

The time-integrated spectra of oil pollutants plasmas in D-LIBS and in conventional laser-induced breakdown
spectroscopy (C-LIBS), as well as the time-integrated spectra of electrode plasmas, are shown in Fig. S2. The
electrodes in this work are made of cooper-tungsten and the concentration of oil pollutants is 200 mg/L. The spectra
are normalized to its maximum emission intensity. Here, the W emission lines are only obtained from the electrode
plasmas, which are marked in Fig. S2. From Fig. S2(b) and (c), Cr I 427.48 nm and Fe [ 440.776 nm obtained from the
oil pollutants plasma are influenced by W I 427.51 nm and W 1 440.791 nm, respectively. And the rest of observed
signals of metal elements in the experiments could be excluded from the contribution of trace element in the
copper-tungsten electrode. Therefore, the enhancement ratios and LoDs of the rest of observed emission lines are

investigated in this work.
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Figure S2. The time-integrated spectra of electrode and the time-integrated spectra of oil pollutants in C-LIBS and
D-LIBS. The typical spectral lines are located in the wavelength range of (a) 385-415 nm, (b) 405-435 nm, (c) 428-

452 nm, (d) 450-475 nm, (e) 485-510 nm, (f) 535-560 nm, (g) 580-600 nm, (h) 610-630 nm, and (i) 636-652 nm.
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D. Spectra of the oil pollutants with and without wavelet transform de-noising (WTDN) in

both C-LIBS and D-LIBS
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Figure S3. (a) The original time-integrated spectrum in C-LIBS. The time-integrated spectra in C-LIBS after using

WTDN with the DL of (b) 2, (c) 3, (d) 4, and (e) 5. Note: DL means decomposition layer and the wavelet is fixed at db3.
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Figure S4. The time-integrated spectra in C-LIBS after using WTDN with the wavelet of (a) db1, (b) db2, (c) db3, (d)

db4, (e) db5, (f) dbé, (g) db7, (h) db8, (i) db9, and (j) db10. Note: DL means decomposition layer which is fixed at 2.
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Figure S5. (a) The original time-integrated spectrum in D-LIBS. The time-integrated spectra in D-LIBS after using

WTDN with the DL of (b) 2, (c) 3, (d) 4, and (e) 5. Note: DL means decomposition layer and the wavelet is fixed at db3.
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Figure S6. The time-integrated spectra in D-LIBS after using WTDN with the wavelet of (a) db1, (b) db2, (c) db3, (d)

db4, (e) db5, (f) db6, (g) db7, (h) db8, (i) db9, and (j) db10. Note: DL means decomposition layer which is fixed at 2.
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E. Comparison of the LoDs in this work and the reported literatures

Table S1. Comparison of the LoDs of metal elements in aqueous samples by various LIBS experimental methods.

LoDs of examined elements (mg/L)

Ref. Approach Method
Al Ag Ca Cd Cr Cu Fe Li Mg Mn Na Ni Pb Sn Zn
Chelating resin
17 C-LIBS ) 0.0036
enrichment
Electrical-
18 C-LIBS o 0.000528 0.000572 0.000083 0.000374 0.00051 0.005623
deposition
19 C-LIBS Filter paper 10.5
11 C-LIBS Glass subplate 0.022 0.0446 0.0257 0.0128 0.0324
11 MINAELIBS Glass subplate 0.0034 0.0045 0.0035 0.0015 0.0035
20 C-LIBS Graphite enrichment 0.029 0.087 0.012 0.083 0.125 0.049
Ion exchange
21 C-LIBS 0.43 0.21 0.13 0.0095 0.31 1.1 0.85
membrane
22 C-LIBS LTS 0.01 0.01 1 0.1 0.01 0.01 0.01 0.01 10 1
23 C-LIBS LTS by freeze 1.4 1.4 2.3 1.3 0.3 1.3
LTS by
24 C-LIBS 0.46 4.44 496
hydrogel-based-solidification
25 C-LIBS LTS by CaO 129 1.2 20 21
23 C-LIBS LTS by quick-freeze 2 1
26 C-LIBS Wood slice subplate 0.59 0.034 0.029 0.036 0.074
27 C-LIBS PVA subplate 0.001 5 0.016 0.008 1 1
28 LIBS-LIF Wood slice subplate 0.0036
Aluminum electrode
29 SCLIBS ] 0.0031 0.0012 0.0017
enrichment
29 SCLIBS Graphite enrichment 0.062 0.033 0.00353 0.044 0.83 0.18
30 SCLIBS Graphite enrichment 0.0031 0.0122 0.0048 0.0343  0.0326 0.0361
31 SELIBS Filter paper 0.038 0.1 0.04 0.054
31 SELIBS Without filter paper 0.061 0.037 0.064 0.047
32 C-LIBS Isolated droplet 5.2 0.4 0.3 1.9 7.2 2.2



33
34
35
36
37
23
38
39
40
41
42
43
44
45
46
35
47
48
49
50
51
52
52
53
54

C-LIBS
C-LIBS
C-LIBS
C-LIBS
C-LIBS
C-LIBS
C-LIBS
C-LIBS
C-LIBS
C-LIBS
C-LIBS
C-LIBS
C-LIBS
C-LIBS
C-LIBS
DPLIBS
DPLIBS
DPLIBS
DPLIBS
DPLIBS
MHASLIBS &
MGCLIBS
MGCLIBS
C-LIBS
C-LIBS

generator
Liquid jet
Liquid jet
Liquid jet
Liquid jet
Liquid surface
Liquid surface
Nebulization
PTFE subplate
Underwater
Underwater
Underwater
Underwater
Underwater
Underwater
Underwater
Liquid jet
Underwater
Underwater
Underwater
Underwater
MHAS
MGC
Without MGC
Nebulization

Nebulization

0.6

1.5 0.4
10 0.3
4.4 2.7
6.8 0.13

54

0.94
2.46

20 0.8

0.85
0.98
1.14

6.47 1.83

7.1

500

1.9

43.99

19
30
10.5 9.6
5.8 8.8
10 7
12
0.92
2
1.78
6.49 1.99

10.5
14 0.2
30
0.013
0.17
5
0.00006
0.006
6.13 0.09
0.13
0.15
1.85

0.9
0.16

31.7

0.21

100
1.4
0.034

0.29
3.31
6.71
0.242
1.85

10

2.7

10.5

85

0.39

0.58

0.233

0.23
0.08

1.6
0.5

0.0075

0.014
0.4

0.67
0.18
0.11
0.00596
0.45

18
12.5
40
20 100 100

1.25

13

21.7
13.6

6.2
120

0.596
41.64

MINAELIBS: metal-chelate induced nanoparticle aggregation enhanced LIBS; LTS: liquid to solid; MHASLIBS: micro-hole array sprayer-assisted LIBS; MGCLIBS: micro-gas column LIBS.




(a) (b) () (d)

600 |® D-UBSAII3%4.4nm O CLIBSAII3944nm | 300Q [© D-IBSBall4s53nm O CLBSBall4s5.3nm | gnng [© D-LBSCall393.3nm O C-LBSCall3933nm | 3000 [© D-LBSCal4227nm O C-LIBSCal422.7 nm
| A D-LIBSAII396.1nm A-C-LIBS All396.1nm LA D-LIBSBall493.3nm A C-LIBS Ball 493.3 nm | A D-LIBSCal3968nm A C-LIBS Cal396.8 nm LA D-LIBSCal445.4nm A C-LIBS Cal445.4 nm
‘.:-:? 500 2500 (A D-LIBSBalSs3.4nm A C-LIBSBalss34nm | 5000 - 5 | 2500 |
3 - L i 0 A
< 400 2000 - T 4000 |- S 2000 - A
'a. - I o) > [ 9
‘G 300 1500 3000 - 1500 - .
£ 200/ 1000 2000 10007
100 500 1000 [+ 10T,
L r P e ffy @S “R=- 3 - E._.: - ::.:- - :!ﬁ
0 L1 11 11 11 0 0 -T_”% zf’ 1 % [ ::.'r L 0 L
(e) (f) (8) (h)
550 o D-LBSCri425.4nm O C-LIBS Crl425.4 nm 300 [ © DLUBSFel614.1nm O CLBSFel614.1nm | 240Q [© D-LIBSNal588.9nm O CLBSNalS88.9nm | oono | © D-IBSZn1407.8nm O C-LIBSZn1407.8nm
LA D-LBSCri428.9nm A C-LIBS Crl1428.9 nm | A D-LIBSFell 649.4nm A C-LIBS Fe Il 649.4 nm | A D-LIBSNal589.5nm A C-LIBS Nal589.5 nm i
:i 450 250 - 2000 " 800 L _
© i [ : S _o—
= 200 1600 [ oo 1 8
= 350 I I .o | 600 - 4T
‘B 150 | 1200 B . _’,\’_,.---'""'_:‘"j - T ,"‘ )
c 250 - .
] | & [ o 800 | > 400 —
b= 150 100 | Cé !
- [ &—9 o o 2 - | O P i o S R 200 -
[ 50 ';::ﬁ:fe’”é"ﬁ'-bhﬁﬂé 400 L ..\__.._...;:&::Eﬁ::‘qﬁ:'"&"ﬁﬂﬁ o Y S S Y S S —— -
50 1 1 1 1 1 1 1 1 1 1 F L 1 ] 1 1 1 1 1 1 0 -slr-tlﬂ 1 1 | 1 1 ] I 1 0 L ] ] ] ] ] ] ] ] 1
20 40 60 80 100120140160180200 20 40 60 80100120140160180200 20 40 60 80 100120140160180200 20 40 60 80 100120140160180200
Concentration (mg/L) Concentration (mg/L) Concentration (mg/L) Concentration (mg/L)

Fig. S7. The calibration curves of metal elements in wear oil in C-LIBS and D-LIBS. The metal elements are (a) Al, (b) Ba, (c,d) Ca, (e) Cr, (f) Fe, (g) Na, and (h) Zn. Each point in calibration curves corresponds to an average

of 20 measurements at different locations of one prepared sample and the error bars denote the standard deviations of 20 measurements
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Table S2. Comparison of the LoDs of metal elements in oil sample in this work and reported literatures.

LoDs of examined elements (mg/L)

Method Sample Ref.
Al Ba Ca Cr Fe Na Zn
D-LIBS, 2.5 0.7 0.3 3.5 5.7 1.1 3.3
0il pollutants This work
Si subplate (I396.1 nm) (II 455.3 nm) (I 393.3 nm) (I425.4 nm) (I614.1 nm) (I588.9 nm) (I'407.8 nm)
C-LIBS, 12.9 8.7 2.0 7.3 19.0 2.5 79
_ 0il pollutants This work
Si subplate (I396.1 nm) (II 455.3 nm) (I422.7 nm) (I425.4 nm) (I614.1 nm) (I588.9 nm) (I'407.8 nm)
C-LIBS, 35 6.5 6.2 24 11.4
Engine oil 55
St. Surf. (I1309.3 nm) (I1455.3 nm) (I1393.3 nm) (I588.9 nm) (I1202.6 nm)
C-LIBS, 15 1.4 0.4 43 20 8 11
Engine oil 55
Jets (II309.3 nm) (IT 455.3 nm) (II393.3 nm) (I'425.4 nm) (I1259.9 nm) (I 588.9 nm) (I1202.6 nm)
C-LIBS, 7 29 4 5
Engine oil 56
FP (I1309.3 nm) (1425.4 nm) (I 259.9 nm) (I1202.6 nm)
C-LIBS, 10.59 3.73
Engine oil 57
Al subplate (I360.5 nm) (I1259.9 nm)
C-LIBS, 1.5 3
Engine oil 58
glass subplate (IT 284.3 nm) (IT 259.9 nm)
C-LIBS, 8.11 2.05
Wear oil 59
Al subplate (I360.5 nm) (I1259.9 nm)
C-LIBS, 10 0.3 20 20 0.7 130
Wear oil 39
PTFE (1396.1 nm) (I1393.3 nm) (1425.4 nm) (I371.9 nm) (1588.9 nm) (1334.5 nm)
C-LIBS, 0.082 3.9
: Wear oil 60
Si subplate (I425.4 nm) (I213.8 nm)
DP-LIBS 4 12 3 2
Engine oil 56
FP (I1309.3 nm) (1425.4 nm) (I 259.9 nm) (I1202.6 nm)

St. Surf: Static surfaces; FP: filter paper; DPLIBS: dual-pulse LIBS; PTFE: polytetrafluoroethylene.




Originating in the 1960s, LIBS has been used to analyze solid, gas, and liquid, due to its unique advantages, such as real
time, in-situ, rapid, and simultaneous multielement detection. As for aqueous sample detection, LIBS technique is currently
being investigated by several research groups for rapid identification and quantitative analysis of liquid samples, such as sea
water, freshwater, bulk water, wastewater, potable water, and so on. The LoDs of metal elements in aqueous samples by various
LIBS experimental methods are listed in Table S1. Commonly, the simplest method is directly detecting laser-induced plasmas
underwater or on the static liquid surface. Underwater LIBS was employed for the quantitative analysis of dissolved metals in
high-pressure COz-water solutions by Goueguel et al. 40 The LoDs for Mg, Ca, Ba, and Mg were found to be 31.7 mg/L, 2.5 mg/L,
4.4 mg/L, and 10.5 mg/L, where the pressure of water was 10 bars. Marion et al. 43 quantitative analyzed the metal elements in
high-pressure bulk aqueous solutions. The LoDs for Ca, Li, and Mg were calculated to be 54 mg/L, 5 mg/L, and 85 mg/L,
respectively. Leonard et al. 37 utilized a Nd:YAG laser operating at 60 m]/pulse to focus onto the surface of the liquid and the
LoD for Ni was calculated to be 18.0 mg/L. However, these approaches suffer from the plasma quenching and instability of
liquid surface, and further reduce the intensity strength and analysis sensitivity. Considering that, researchers designed a
series of liquid sample storage devices to improve the LIBS analysis performance. Ho et al. 33 designed a vertical liquid jet
about 12 mm downstream from a flow cell and the LoD for Na was determined to be 0.23 mg/L, where the laser wavelength
was 193 nm and the laser fluence was 3.3 J/cm?2. Aras et al. 5* designed and optimized a sample introduction system based on
ultrasonic nebulization of metal silts in aqueous samples for LIBS. The LoDs for Cu, Fe, Mg, Mn, Na, Pb, and Zn were calculated
to be 1.78 mg/L, 1.85 mg/L, 0.242 mg/L, 0.233 mg/L, 5.96 ng/mL, 21.7 mg/L, and 0.596 mg/L. Jiang et al. 52 introduced a
specially designed micro-gas column assistance system to generate a 1.28 mm diameter stable micro-gas column in situ
underwater and the laser pulses were focused on the gas-liquid interface of the column to improve LIBS spectral signal of
metal elements in water sample. The LoDs for Mg, Ca Sr, Na, K, and Li were all less than 1 mg/L. A stable micro-hole array
sprayer-assisted LIBS method for liquid sample analysis was discussed by Sheng et al. 5! The LoDs for Na, Ca, Mg, and K were
0.67 mg/L, 0.29 mg/L, 0.85 mg/L, and 6.18 mg/L. However, the spectral intensities and LoDs for trace elements are still
undesirable. Considering a higher spectral intensity could be obtained in solid sample analysis, researchers transfer the target
from liquid state into solid state. Electrode enrichment and graphite enrichment methods were applied for liquid detection.
Some research groups obtained excellent analysis sensitivity. The LoDs for metal element were at ppb level even at ppt level
17,18,2026,29 Nevertheless, these methods need longtime sample preparation, which goes against the original intention of LIBS
technique for rapid detection. Moreover, the enrichment behaviors of elements in the complex extraction process would be
varied depending on the species and valence state of the elements, resulting in the limited analysis of some elements ¢1. Hence,
in order to meet rapid and real time measurement and obtain strong spectral intensity, double pulse LIBS (DP-LIBS) was
developed for liquid sample detection 3547-50, In DP-LIBS, the LoDs for Li and Na were as low as 6 ng/mL and 14 ng/mlL,
respectively 47. Nevertheless, the utilization of two lasers not only raises the cost, but also increases the difficulty of device
integration.

In industrial fields, such as chemical plants, oil refinery, machinery factories, vehicles, ships, and aircraft manufacturing
enterprises, there exist massive emissions of waste gasoline, engine oil, lubricating oil, and petroleum refining residue. It was
reported that these industrial emissions were accidentally and carelessly discharged into the lakes, rivers, and oceans,
resulting in the formation of a large area of oil pollution throughout the world. This oil pollution not only causes tremendous
hazard to the natural environment that humans closely depend on, but also undermines the sustainable development of the

ecological environment. Thus, the rapid and real-time quantitative analysis of trace elements in high-viscosity oil pollutants is

S-15



also of great significance for tracing the source of pollutant elements and crucial to the subsequent promulgation and
implementation of reasonable prevention and governance measures. Fichet et al. 3° quantitatively analyzed the trace elements
in wear oil by C-LIBS, and the LoDs for Al, Ca, Cr, Fe, Na, Zn were determined to be 10 mg/L, 0.3 mg/L, 20 mg/L, 20 mg/L, 0.7
mg/L, and 130 mg/L, respectively. The analysis sensitivities of trace elements in oil samples are still not desirable. DP-LIBS 5¢ is
also utilized by some researchers. However, due to the disadvantages of DP-LIBS, a low-cost, handy, and real-time LIBS
technique with high sensitivity is in urgent need for quantitative analysis of trace elements.

To fill this gap, we propose a method of D-LIBS combining with WTDN for trace elemental quantitative analysis. This
method we proposed can obtain experimental results rapidly and real-time, which does not need complex experimental
apparatus and longtime sample preparation. In the experiment, about pL oil pollutants is taken out and tiled it onto the Si
subplate which is pure and clean. The thickness of liquid layer should be as thin as possible which is at pm level. The big
advantage is that the thinner layer can efficiently reduce matrix effect and self-absorption effect ¢2. In the main body, we
comparatively investigate the C-LIBS and D-LIBS quantitative analysis performance of metal elements in oil pollutants. First,
we induce plasmas from oil pollutants with various concentrations in C-LIBS and the LoDs for Al, Ba, Ca, Cr, Fe, Na, and Zn are
determined to be 12.9 mg/L, 8.7 mg/L, 2.0 mg/L, 7.3 mg/L, 19.0 mg/L, 2.5 mg/L and 79 mg/L, respectively, by calibration
curve model. The LoDs for metal elements in the similar oil samples from literatures are also listed in Table S2. It follows from
Table S2 that the obtained LoDs for trace elements by C-LIBS in this work are located at the similar or same level as other
experiments in the reported literatures.

In order to further improve the analysis sensitivity of LIBS, we introduce the discharge assisted equipment into laser
induced plasma. The schematic diagram of experiment setup is shown in the main body (Figure 1). The principle of D-LIBS is
that the electric energy is deposited into the plasma and the particles in the plasmas are reheated and the excitation/ionization
is enhanced accordingly. Thus, a significant signal increase in D-LIBS is observed in comparison to C-LIBS. The signal
intensities can be increased by one to two orders of magnitude. Besides, WTDN is also utilized in order to decrease the noise in
measurement. Here, we did not directly compare the performance in our D-LIBS for oil pollutants detection and the
performance in other experimental schemes which are in the previous reports. It is because that the difference of experiment
conditions (i.e., differences from sample state, photoelectric detector, laser, spectrometer, and so on) can significantly affect
LIBS quantitative analysis performance. In this work, we utilized the hybrid method of D-LIBS combining with WTDN for oil
pollutants detection and compared to the results in C-LIBS. The results show that the signal intensities and analysis sensitivity
are improved obviously. The enhancement ratios of CN emission lines intensities exceed 20-fold, and the trace elements signal
intensities are increased 10-fold. And the SNR are also increased by one order of magnitude. As for analysis sensitivity, the
LoDs are lowered to 1/2-1/24 of the original level. The LoDs for Al, Ba, Ca, Cr, Fe, Na, and Zn are determined to be 2.5 mg/L,
0.7 mg/L, 0.3 mg/L, 3.5 mg/L, 5.7 mg/L, 1.1 mg/L, and 3.3 mg/L, respectively. Thus, it is found that the analysis sensitivity of
this hybrid method is comparable to its counterparts, such as DP-LIBS. In DP-LIBS, the LoDs for Al (II 309.3 nm), Cr (I 425.4
nm), Fe (II 259.9 nm), and Zn (I 202.6 nm) in engine oil were respectively examined to be 4 mg/L, 12 mg/L, 3 mg/L, and 2
mg/L by Yaroshchyk et al. 56, where the laser pulse for ablation was 170 m], the laser pulse for reheating was 95 m], and the
delay time between the two laser pulses was 1 ps. Further comparison indicates that for the same elements in the similar oil
products, the LoDs in our work are located at the same level as those in DP-LIBS. But for some typical elements, such as Ba and
Ca, the LoDs are reduced to sub-ppm level. With the advantage of relatively low energy consumption (50 m] laser pulse energy

and 40 m] discharge energy in our work) and simple and convenient experimental arrangement, the hybrid method has a

S-16



better performance in improvement of the analysis sensitivity for oil pollutants. Thus, we claim that the method of D-LIBS
combining with WTDN is an alternative, economical, and reliable method for rapid and real-time quantitative analysis of trace
metal elements with high-sensitivity in oil pollutants. By virtue of these merits, this hybrid method shows its great potential in

various industrial applications, including chemical plants and oil refinery.
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