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Abstract Polycyclic aromatic hydrocarbons (PAHs) are a group of persistent organic pollutants (POPs)
which are mutagenic, carcinogenic and teratogenic. They are widely distributed in air, water and soil. Once
PAHs enter the soil, they remain in the soil for a long time. PAHs are concentrated in the soil. They can enter
the human body in many ways and pose a threat to human health. Therefore, it is necessary to monitor PAHs
in soil. Now, traditional detection methods are cumbersome and time-consuming, which is not conducive to the
widely rapid detection of PAHs in the contaminated sites. The method based on laser-induced fluorescence
spectroscopy can quickly identify and detect organic pollutants in the soil. However, PAHs are volatile and can
be degraded by ultraviolet light, so the selection of UV laser energy is very important. In this work.,a 266nm
laser-induced fluorescence system is established in the laboratory. Anthracene, pyrene, and phenanthrene are
used to investigate the decomposition and fluorescence spectra of PAHs under different laser energies. The re-
sults showed that when the energy density of the laser changed, the peak positions of the fluorescence center
did not shift, but the relative standard deviations of the maximum intensity at the fluorescence peaks of three
PAHs decreased firstly and increased then. When the energy density was 8. 54 m] « em *, the relative stand-
ard deviations of the three PAHs in 10 spectral measurements were the largest, and the relative standard devia-
tions of the fluorescence peak intensities of anthracene, pyrene and phenanthrene reach the minimum value at
1.72, 1.00 and 1. 47 mJ « em 2. The decomposition rates were 59. 3%, 69.8% and 63.6% for anthracene,
pyrene and phenanthrene at 100 s, respectively. At higher energies, three PAHs decompose rapidly. Com-
pared with the other two PAHs, pyrene was more prone to photodegradation and thermal decomposition, and
the relative standard deviation of fluorescence peak intensity was also higher than that of anthracene and phe-
nanthrene. For anthracene, when the laser energy density was 1.72 mJ « cm ™ *, the decomposition rate was
close to 0 at 10 s and 12. 8% at 100 s, and the relative standard deviation of the fluorescence peak intensity was
the lowest. When the laser energy density was reduced to 0. 88 mJ « cm *, the decomposition of anthracene in
100s was almost negligible. For pyrene, when the laser energy density dropped below 1. 00 m] « cm ™ *, the de-
composition tended to be consistent, and the decomposition rate was 47. 3% ~47.4% at 100 s. For phenan-

2

threne, when the energy density of the laser was lower than 1. 47 mJ « cm™*, the decomposition rates no lon-

ger decreased., and the decomposition rates were 36. 8 % ~38. 6 %. Pyrene and phenanthrene still decompose in
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low energy density.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are character-
ized by refractory. carcinogenic. and teratogenic. They are
widely distributed in the air, soil and water, and more than
ten of them have been listed as pollutants under priority moni-
toring and controlled by many countries and regions'*'. Tra-
ditional PAHs monitoring methods have the advantages of
good selectivity and high sensitivity, but processes are cum-

bersome, time-consuming and laborious™?’.

It cannot accu-
rately reflect the spatial and temporal distribution characteris-
tics of PAHs in the environment, let alone achieve rapid de-
tection of large areas™™.

Soil is the ultimate destination of PAHs in the air and

78] " The concentration and characteristic distribution of

water
PAHs directly affect human health™’. Among them, anthra-
cene, pyrene and phenanthrene are among the 16 PAHs under
the priority control of the US Environmental Protection Agen-
cy. Currently, the detection of anthracene, pyrene and phe-
nanthrene in the soil is still mainly based on solid-liquid ex-
traction, concentration, purification and chromatographic

111) " but some scholars have begun to try to use

separation”
more convenient, less chemical reagent and lower cost meth-
ods. Laser-induced fluorescence (LIF) is one of the rapid,
non-destructive and in situ detection of PAHs in soil. Laser-
induced fluorescence spectroscopy is a highly sensitive detec-
tion technology for organic pollutants. It utilizes the strong
fluorescent signal emitted by the excited orbital electrons of
aromatic hydrocarbons to identify and quantify PAHs. Some
have carried out studies on the detection of polycyclic aromatic
hydrocarbons in soil by LIF technology: Yang et al. ['*) estab-
lished a linear relationship between the concentration of an-
thracene in the standard soil and the fluorescence intensity.
He Jun et al. 1'"*) established a laser-induced detection based on
250 nm laser to improve the detection limit and linear relation-
ship of PAHs in soil. In recent years, a small number of on-
site fluorescence spectroscopy techniques were reported for
the detection of organic pollutants in soil. For example, the
US Environmental Protection Agency adoptedUVF-3100A
(Sitelab Corp. » MA,USA) to detect total hydrocarbon con-

'y The accu-

taminants with a detection limit of 3.4 mg * kg~
racy of total hydrocarbons in the soil reached 89.2% +5. 4%,
and the detection limit reached 5 mg * kg~ ' of ROST LIF by

Aldstadlt et al'**!.
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The numbers of fluorescent photons are proportional to
the incident light intensity within a certain range; that is, the
intensity of the laser induced fluorescence peak is positively
correlated with laser energy"'™. Since PAHs are closed conju-
gated structures with multiple benzene rings. their absorption
peaks are mostly located in the ultraviolet bands, and they
have high fluorescence efficiency when irradiated with ultravi-
olet light''™), Therefore, UV lasersare usually selected as the
excitation light source!'”’. However, PAHs are volatile or-
ganic compounds. which may undergo photolysis and thermal
decomposition, thus reducing the stability of the sam-

L1820l When the laser energy is weak and acquisition time

ples
is short, exciting fluorescence intensity is low, which is not
conducive to the identification and quantification of polycyclic
aromatic hydrocarbons in the soil. However, when the energy
is higher and acquisition time is long, it is easy to break the
sample, even to inspire plasma, so choosing the appropriate
laser power and test time are the key to the rapid identification
and detection of PAHs in soil. Unfortunately, few amounts
of research have been reported. In this work, anthracene, py-
rene, phenanthrene was selected as an object, characteristics
of the fluorescence emission spectrum of PAHs were dis-
cussed. The decomposition characteristics of different polycy-
clic aromatic hydrocarbons under laser irradiation were stud-
ied. The suitable laser pulse energy and pulse accumulation
times, experimental data support were provided, which pro-
vided a reference for the selection of excitation sources for on-

site and fast LIF devices.

1 Materials and methods

1.1 Experimental system

The fluorescence peaks of organic matters are broad, and
the spectrometer with a resolution of 0. 5~1.1 nm can meet
the detection requirements. Therefore, Maya2000 pro from
the Ocean Company of the US was adopted with the integral-
time of 1 000 ms, the detection range of 200~1 100 nm, res-
olution of 1.5 nm, high sensitivity and response speed, and
obvious advantages in signal acquisition speed. Quantel Nd :
YAG solid state laser with a wavelength of 266 nm and fre-
quency of 10 Hz was adopted. The laser was reflected by the
266 nm total reflector mirror and expanded by the beam ex-
pander, then incident on the surface of the soil sample on the
sample stage. This can excite the fluorescence of PAHs in the

soil in a large area, and on the other hand, can avoid laser
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from concentrating on the soil surface and thus damaging the
chemical structure of organic matters. The excited fluorescent
signal was focused by a focusing lens, coupled into the optical
fiber, and transmitted to the spectrometer to complete the de-
tection analysis. The angle between the incident light and the
optical fiber was always maintained at 90°.
1.2 Sample preparation

The natural uncontaminated soil used in the experiment
was collected from Dongpu Island of Hefei City. Anthrance,
pyrene and phenanthrene were weighed and dissolved in di-
chloromethane, then quickly added to the soil. The remaining
dichloromethane was stored in the fume cupboard for 12
hours, and the simulated soil with a corresponding concentra-

tion of polycyclic aromatic hydrocarbons was prepared for LIF

2  Results and discussion

Figure 1 showed laser induced fluorescence spectrum of
soils contaminated with anthracene, pyrene and phenan-
threne. Under the excitation of 266 nm laser, when the ener-
gy density of the laser changed, the position of the central
fluorescence peak did not shift. The fluorescence peaks of an-
thracenewere located near 418 and 444 nn, the fluorescence
peak of pyrene was located near 478 nm, and the fluorescence
peaks of phenanthrene were located near 386, 407 and 433
nm. Therefore, the fluorescence peaks of 418 nm of anthra-
cene, 478nm of anthracene and 408 nm of phenanthrene were

selected as the reference basis for analyzing the influence of

determination. laser energy and test time.
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) 21500 21500 386nm /8™ (c) phenanthrene
2 3 000 (a) anthracene z (b) pyrene Z /
5‘E’ ;‘é E /433 nm
'é 2000 _ 444 nm E 1000 E 1000
& 1000 & 500 & 500

0 0 0

400 420 440 460 480 500 400 440 480 520 560 600 370 380 390 400 410 420 430 440 450

Wavelengths/nm Wavelengths/nm Wavelengths/nm
Fig. 1 The laser-induced fluorescence spectra of anthracene in soil

13 sets of laser energy densities were obtained by chan-
ging the laser energy. As could be seen from Table 1, the la-
ser energy density was stable, and the relative standard devia-
tions of the 100 sets of energy densities did not exceed

2.19%.

Table 1 Different laser energy densitiesand RSD
Energy density of 100 sets of
serial
100 sets of data data RSD
number

/(m] « em™?) /%

1 8.54 1. 89

2 4. 39 1. 29

3 2.97 1. 46

4 1.72 1. 04

5 1.47 2.19

6 1.23 1.15

7 1. 00 1.13

8 0. 88 1. 37

9 0.77 1. 97

10 0. 66 1.75

11 0. 56 2.02

12 0. 46 1. 06

13 0. 38 1.72

The intensity of the emission spectrum of the fluorescent

substance was positively correlated with the concentration of

the fluorescent substance. Therefore, the intensity of the flu-

orescent substance can reflect the concentration of the fluores-
cent substance to a certain extent. The ratio of the difference
between the! fluorescence intensity at a certain point of time
and the initial fluorescence intensity to the initial fluorescence
intensity could be defined as the decomposition rate or rate of
decline. The intensity of the fluorescence peaks of anthra-
cene, pyrene and phenanthrene under different pulsed laser
energies was shown in Fig. 2. With the decrease of laser ener-
gy, the intensity of PAHs decreased significantly; that is, the
concentration of organic matter decreased. At the same time,
the fluorescence intensities of anthracene, pyrene and phenan-
threne collected at 10 s were lower than the initial value, indi-
cating that PAHs in the soil did undergo a series of light and
thermal decomposition under the continuous action of the la-
ser. As a result, the concentration of the substance was low-
ered, so the fluorescence intensity of the PAHs at 10 s was
significantly lower than the initial value. It was worth noting
that for anthracene when the energy density of the pulsed la-
ser reached 1. 72 mJ « em™?, the fluorescence intensity of the
soil anthracene was almost the same as the initial value at 10
s, and the difference in intensity gradually decreased and ap-
proached zero. For pyrene and phenanthrene, even laser ener-
gy continuously reduced, the fluorescence intensity at 10 s
was still different from the initial value. Although the differ-

ence in strength was decreasing, it never reached zero. As the
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laser energy decreased, the decompositions of three PAHs
were gradually weakened, especially anthracene. When the
energy density was lower than 1. 72 mJ » em™?, the decompo-
sition almost stopped, and the decomposition of phenanthrene
and pyreneremained.
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Fig. 2 Fluorescence intensity of PAHs in the soil at 1 and 10 s

Under the action of the laser, the concentrations of
PAHs decreased continuously. and the fluorescence intensi-
ties also decreased. The stability of the fluorescence intensity
was worthy of discussion cause the output of the laser itself
fluctuated especially when multiple sets of pulse data were ac-
cumulated or averaged. The RSD values of the fluorescence
peak intensities of PAls in soil under different laser energy
densities were shown in Fig. 3. It could be seen from the fig-
ure that the relative standard deviation of the maximum inten-
sity at the {luorescence peaks of anthracene, pyrene and phe-
nanthrene tended to decrease firstly and then increased with

the decrease of laser energy density. When the energy density

was 8. 54 mJ ¢« em™?, the relative standard deviations of the
10 sets of spectral measurements of the three substances in 10
s were the largest, exceeding 8% , and the maximum intensity
at the fluorescent peak appeared to decrease significantly. In
the higher energy density. PAHs in the soil underwent a se-
ries of chemical reactions such as thermal decomposition and
photolysis. However, with the laser energy density de-
creased, the relative standard deviation of the fluorescence
peak intensity decreased. It could be seen that the decomposi-
tion was weakened and the spectral changes tended to be sta-
ble with the decrease of laser energy. The RSD of anthra-
cene, pyrene and phenanthrene reached a minimum at 1.72,
1.00 and 1. 47 m] » cm ™ ?, respectively. However, the rela-
tive standard deviation of the maximum intensity at the fluo-
rescence peaks of the three substances increased to some ex-
tentwith the increase of laser energy density. It was specula-
ted that the fluorescence intensity decreased due to the de-
crease in energy density. Under the weak energy density, the
fluorescence value was low, and data was unstable, The RSD
value of the rising fluorescence peak intensity still did not ex-
ceed the RSD value of the fluorescence peak intensity at the
previous high energy density. Therefore, when the laser ener-
gy density was too high, the maximum intensity of the PAHs
in the soil decreased due to the decomposition of organic mat-
ter, and the stability was deteriorated. When the laser energy
density was too low, the fluorescence intensity was low, and

the RSD value started to rise again.
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Fig. 3 RSD of the fluorescence peak intensity of

PAHs at different energy densities

In order to further explore the decomposition of polycy-
clic aromatic hydrocarbons at different laser energy densities,
laser-induced fluorescence spectra of anthracene, pyrene and
phenanthrene in 100 s were collected. The ratio of the maxi-
mum intensity at the peak of fluorescence was taken as the de-
composition rate, and figure 3 was obtained. As could be seen
from Fig. 3, when the laser energy density was 8.54 m]
cm ?, the decomposition rates of anthracene, pyrene and

phenanthrene were the highest. At 100 s, the decomposition
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rates were 59. 3%, 69.8% and 63. 6%, respectively, indica-
ting anthracene, pyrene and phenanthrene decomposed faster
at higher energy. Under different energy densities, the de-
composition rate of 100 s was anthracene> pyrene > phenan-
threne, indicating that pyrenewas more likely to undergo pho-
todegradation and thermal decomposition than other two
PAHs. Therefore, the RSD of pyrene in Fig. 2 was higher
than that of anthracene and phenanthrene. It was worth no-
ting that when the laser energy density was 1. 72 mJ * cm ?,
the decomposition rate at 10 s was close to 0, and the decom-
position rate was only 12. 8% at 100 s. Therefore, the RSD
at this energy was the lowest. When the laser energy density
was reduced to 0. 88 mJ « ecm ™ ?, the decomposition of anthra-
cene within 100 s was almost negligible, that is, the decom-
position would no longer occur. For pyrene, when the laser

energy density dropped below 1. 00 m]J « cm *

, the decompo-
sition was basically consistent, and the decomposition rate
was 47. 3% ~47.4% at 100 s. For phenanthrene, when the
energy density of the laser was lower than 1.47 mJ » cm 7,
the decomposition rates no longer decreased significantly with
the decrease of laser energy density, and the decomposition
rates at 100 s were 36.8% ~38.6%. For phenanthrene and
anthracene, even the laser energy density decreased, the fluo-

rescence intensity of the fluorescence spectrum still decrease

significantly. indicating that the decomposition was going.

3  Conclusions

In summary, under the continuous action of the laser,
the fluorescence intensity of anthracene., pyrene and phenan-
threne in the soil would decrease to some extent. PAHs were
prone to decomposition, and the decomposition decreased with
the decrease in laser energy density. Under the action of high
energy density, three different kinds of PAHs decomposed
strongly. The stabilities of the three PAHs under laser action
were also different, anthracene > phenanthrene > pyrene.
When the laser energy density was reduced to 0.88 m]
em ., anthracene almost did not decompose within 100 s. For
the pyrene and phenanthrene, when the laser energy density
dropped to 1. 00 and 1. 47 mJ *« cm ™ *, the decomposition rate
changes tended to be consistent, but the decomposition con-

tinued. The RSD values of the three PAHs measured within

References

St 5 BT 2323
70 7 B
——8.54 mJ-cm (a) Anthracene
——4.39 mJ-cm™
60 1——2.97 mrem?
— 1.72 mJ-cm?
501 —147 mJ-cm’f
= ——1.23 mJ-cm™
o 40 ——1.00 mJ-em?)
s ——0.88 mJ-cm’
£ 301
2
A& 20
10 1
0 4
0 10 20 30 40 50 60 70 80 90 100
Time/s
80+
(b) Pyrene
70
601
2
@ 504
5]
ac) 401 ——8.54 mJ-cm”
2 304 ——4.39 mJ-cm™
: —inpe
201 47 miom?
—— 123 mJ-cm”
104 ——1.00 mJ-cm™
——0.88 mJ-cm™
0 10 20 30 40 50 60 70 80 90 100
Time/s
704
——28.54mJem”  (c) Phenanthrene
——4.39 mJ-cm™
601 297 mJ-cm?
——1.72 mJ-cm?
- 504 — 147 mJem?
X ——123 mJ-em™
2] ——1.00 mJ-
s 4071 —o0.88 g
=
S 30
8
2 20
10

0 T T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100
Time/s

Fig. 4 The descent rate of PAHs under different

laser energy densities

10 s tended to decrease first and then increased with the de-
crease of the laser energy density. Therefore, in the selection
of energy in the determination of soil organic pollutants, on
the one hand, the decomposition of soil organic matter by the
laser under high energy should be considered, and on the oth-
er hand, the decrease of intensity stability caused by weak or
difficult excitation fluorescence under low energy should be
considered, so as to avoid the data distortion caused by the

accumulation or average of intensity.
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