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Abstract The authors describe an ultrasonic-assisted head-
space method for solid phase micro-extraction (UA-HS-
SPME) of 7 polychlorinated biphenyls (PCBs) with codes
PCB28, PCB52, PCB101, PCB118, PCB138, PCB153 and
PCB180. The coating is based on a poly-dopamine metal-
organic framework [PDA-MIL-53(Fe)] on a stainless steel
wire. The coating can be prepared and evenly deposited on
the stainless fiber by dipping the PDA fiber into a solution of
MIL-53(Fe). The assay is also environmentally friendly be-
cause water is used as the solvent. The effects of extraction
time, addition of salts, pH value and power of ultrasonic pow-
er were optimized. The coating is found to possess a high
selectivity and adsorption capacity for PCBs compared to
commercial SPME fibers such as the divinylbenzene/
carboxen/polydimethylsiloxane fibers. Following desorption,
the PCBs were quantified by GC-MS. The detection limits are
between 50 and 90 pg-g ' of PCBs in soil. The fibers can be
easily prepared, and the batch-to-batch reproducibility (RDS)
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is <10% (for n = 6). The fibers are inexpensive, re-usable and
can be easily manipulated, and particularly well suited for
screening polychlorinated biphenyls in soil.
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Introduction

The toxicity of polychlorinated biphenyls (PCBs) residues
makes the public extremely concern, because they may con-
tribute to carcinogenicity or tumorigenicity even at ultratrace
level [1]. Thus, it becomes more important to build an ultra-
sensitive detection assay for trace PCBs in environmental
samples. Headspace SPME (HS-SPME) [2-4], it is a green
pre-treatment method which overcomes many shortcomings
such as time consuming, consuming large amounts of analytes
and organic solvents [5, 6]. Moreover, one of the key tech-
niques for SPME is to fabricate coatings with high selectivity
and adsorption capacity. Nowadays there are many commer-
cial SPME fibers in market, but the fibers are extremely fragile
and expensive. And their absorption selectivity for PCBs is
normally poor [7]. Thus, in order to selectively detect trace
level of PCBs in soil, we need to develop a novel selective
coating for fiber with high adsorption capacity.

Metal organic frameworks (MOFs) possess high porosity
and large specific area [8, 9] which can show excellent ad-
sorption properties towards some organic pollutants [10, 11].
There are many MOFs being used as adsorbent to adsorb
some organic pollutants for detection, such as MIL-88B
[10], MOF-199 [12], ZIF-8 [13], MIL-53(Al) [14], ZIF-90
[15]. Our research group found that iron-based MOFs can
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selectively and effectively enrich PCBs [7]. Our group chose
MOF-5(Fe) as coating of stir bar to extract PCBs, the fibers
showed higher capacity towards the targets. However, the sir
bar cannot be directly injected into sample inlet of GC-MS
and needed some organic solvent to elute the PCBs. In order to
employ iron-based MOFs as SPME fiber coating for direct
injection, we select MIL-53(Fe) which has good thermal sta-
bility as the coating material of SPME fiber.

Nevertheless, it is crucial to employ proper method to stably
modify MIL-53(Fe) onto the fiber’s surface. Epoxy resins are
usually employed as adhesive agent to immobilize MOF on
fiber [16-18]. However, the modification process is not easy
especially pasting it evenly onto fiber. Moreover, some of them
can’t resist high temperature which is needed to desorb PCBs
on SPME fiber [19]. Polydopamine is a good biological adhe-
sive to many kinds of substrates, e.g. metal, silica, metal-oxide
[20-22]. Moreover, it can be easily prepared just by immersing
the substrate in dopamine solution under alkali conditions.
Compared with other literatures with epoxy resin as adhesive
agent, PDA is a kind of environment-friendly material which
can evenly self-aggregate to the stainless steel wire and has
certain adsorption for PCBs. As it is well known, most of the
conventional SPME fiber’s substrate is silica which is fragile
and liable to be destroyed. Stainless steel wire is a good candi-
date to form stable fiber substrate. Based on it, we hope to use
stainless fiber as substrate then PDA to adhere MIL-53(Fe) as
coating in order to prepare a firm home-made SPME fiber with
high and specific absorption capacity for PCBs.

PCBs are a kind of semi-volatile organic compounds [23].
In some SPME methods [24, 25], water is employed as medi-
um to disperse samples. There are three possible reasons:
Firstly, water is a green solution while PCBs are hydrophobic.
They can easily be expelled from water to headspace assisted
by some driving force. Secondly, the deionized water can
prevent some water-soluble impurities with lower boiling
point from entering the headspace. Thirdly, deionized water
can easily generate a ‘cavitation effect’ by ultrasonic wave to
increase the extraction effectiveness. However, in some previ-
ous reports [2—4], it is generally needed to heat the samples to
increase PCBs’ volatilization amount in the headspace for
SPME, but the effectiveness is not obvious because most of
the boiling points of PCBs are more than 100 °C of water.
Ultrasonic wave has been investigated and proved that it can
assist extraction effectiveness of organic pollutants from sam-
ples [24, 25]. Ultrasonic wave can accelerate samples evenly
dispersed in the solvent and promote PCBs strip from the soil
by cavitation effect. A novel ultrasonic-assisted headspace
solid phase micro-extraction (UA-HS-SPME) method was ap-
plied for the extraction of volatile organics [24-26]. So it may
be also applied to assist driving semi-volatile PCBs from soil-
water mixtures to headspace of SPME vials. Therefore, in the
whole experiment (except the synthesis of MOF), we just use
water as dispersive solvent and ultra-sonic wave as driving
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force to push PCBs in the soil into headspace for SPME en-
richment. Thus a green pretreatment method can be fabricated.

Above all, in this work, we fabricated a novel MIL-53(Fe)
films on stainless steel fibers with PDA. The home-made
PDA- MIL-53(Fe) fiber was applied for extracting PCBs from
soil samples in headspace with good efficiency via ultrasonic-
assisted headspace solid phase micro-extraction (UA-HS-
SPME) method. The preparation and extraction procedures
are shown in Scheme 1. Moreover, some parameters were
optimized such as extraction time, addition of salts, pH and
ultrasonic power. The method was successfully employed for
PCBs’ selective extraction in natural soil samples.

Experimental
Materials and reagents

Seven standards of PCB congeners (PCBs: PCB28, PCB52,
PCB101, PCB118, PCB138, PCB153, PCB180) in isooctane
solution (10 mg L") were obtained from Accu Standard
(https://www.accustandard.com/, USA). Isooctane (HPLC
grade), hydrochloric acid, andiron (IIT) chloride hexahydrate
(FeCl3 - 6H20, 99%), terephthalic acid, N, N-
dimethylformamide (DMF, 99%), NaCl, NaOH, dopamine,
4-difluorobiphenyl (internal standard) were purchased from
Sigma—Aldrich (http://www.sigmaaldrich.com, USA).
Commercial SPME fiber coated with DVB/CAR/PDMS was
purchased from Supelco (https://www.supelco.com/, USA).
Deionized water was used in whole experiment.

Fabrication of the SPME fiber with PDA- MIL-53(Fe)
Preparation of metal-organic framework MIL-53(Fe)

MIL-53(Fe) was prepared using the method reported in the
literature [27]. Briefly, 810 mg of FeCl;-6H,0 and 498 mg of
terephthalic acid were mixed with 15 mL of DMF solution at
room temperature. After stirring for 10 min, the mixture was
transferred into a 20 mL Teflon-lined bomb and heated at
150 °C for 6 h in muffle furnace. After cooling it to room
temperature, the yellow products were collected by centrifu-
gation with 6000 rpm for 5 min and washed with distilled
water (5 x 10 mL). Then, the products were suspended in
600 mL deionized water with mixing overnight. Next, the
yellow powder was collected and dried at 60 °C for 24 h in
a vacuum drying oven.

Fabrication of the PDA- MIL-53(Fe) fiber
Stainless steel wire fiber (about 10 cm in length and the diam-

eter of 0.22 mm) was applied as substrate to prepare SPME
coating. In order to obtain a rough surface to increase loading
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Scheme 1 Scheme of describing the solid-phase micro-extraction for polychlorinated biphenyls (PCBs) detection based on PDA-MIL-53(Fe) Coated

fiber and the preparation of the fiber

area to MOFs, one end of the wire (about 1.5 cm in length)
was etched with aqua regia for 10 min. After then, it was
washed by distilled water and dried in air. Then, the PDA
coating was synthesized onto the etched stainless steel
wire, 20 mg dopamine (DA) were mixed with 15 mL
100 mM Tris-HCI (pH = 8.5), and the etched stainless
steel wire was immersed into the solution for 12 h.
Next, the PDA fiber was washed with phosphate buffer
and solidified at 160 °C in oven for 0.5 h. At the same
time, 10 mg MIL-53(Fe) was equably mixed with 20 puL
distilled water. Finally, we dipped the PDA fiber into the MIL-
53(Fe) solution repeatedly for five times (5 mins for each
time) and solidified at 160 °C for 0.5 h in the GC injector at
each time.

GC-MS analysis

PCB separations were operated on a GCMS-QP2010E
(Shimadzu, Japan) system fitted with RXi-SMS capillary col-
umn (30 m x 0.25 mm, 0.25 pum film thickness). Helium
(purity 99,999%) was used as the carrier gas with
0.96 mL-min"' flow rate. The oven temperature program
was set as follows: 70 °C, held for 2 min, ramped
20 °C-min ' to 230 °C, held for 2 min, ramped 5 °C-min '

to 250 °C, held for 2 min, ramped from 250 °C to 280 °C at a
rate of 20 °C-min "', held for 2 min. The instrumental condi-
tions were: split less mode; solvent delay was 5 min; ion
source temperature was 200 °C; the injector temperature was
270 °C; the interface temperature was 280 °C. The quantita-
tive and qualitative ions were shown in Table S1 in supple-
mentary document.

UA-HS-SPME process and quantification of PCBs in soil
samples

Standard addition method was employed for quantification of
PCBs in soils. Firstly, the samples which were collected from
the central garden of Ningbo University were dried at room
temperature, and crushed in a mortar to make powder about
200 meshes by filters. Three soil samples of 10 g were weight-
ed and put in three 40 mL head space bottles respectively.
Then, various concentrations of PCB solutions (0, 0.05,
0.10, 1.00, 1.50 ng-g ") were added to the bottles respectively.
10 uL of 1 ug-mL™" difluorobiphenyl was added as internal
standard. The bottles were shocked to make the samples mix
evenly and were added 10 mL of deionized water. Then, three
PDA- MIL-53(Fe) fibers were inserted to head space of the
three bottles respectively. Next, the bottles were placed into an
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Fig. 1 SEM images of the PDA/
MIL-53(Fe) coated fiber 6000x
(200x)

S3400N 15.0kV 9.4mm x200 SE

ultrasonic bath with the power of 90 W for 1 h. Then, the fiber
was take out from the head space bottles and placed into a
bottle with KOH for 5 min and directly inserted into the GC-
MS. The content of PCBs in soil was quantified by the cali-
bration line of standard addition curve. The area ratio of target
and difluorobiphenyl (Ax/Ai) was employed as Y axis, and
ACs (added standard substance) as X axis.

Results and discussion

Choice of materials

Based on our previous work, we found that iron-based MOFs
can selectively and effectively enrich PCBs in soil and fish

6
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mm WB-HS-SPME
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Fig. 2 Extraction efficiency of UA-HS-SPME and WB-HS-SPME for
PCBs. Sample volume 10 g (spiked at 10 ng-g ' of PCBS), extract 60 min.
Number of replicates n = 3
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samples. And many MIL MOFs had good stability and high
temperature resistance (It can also resist high temperature dur-
ing desorption process in the injection port of GC-MS). MIL-
53(Fe) is a universal and widely used MIL material containing
iron central ions, so it is selected as a candidate adsorbent for
PCBs. However, the MIL-53(Fe) is difficult to be coated onto
stainless steel wire by dipping. Therefore, an adhesive was
required for its immobilization on fibers. Polydopamine is a
good biological adhesive which can self-aggregate on the sur-
face of the stainless steel wire to form an even film. Moreover,
PDA can adsorb PCBs with certain capacity, and possess
higher temperature resistance than some other widely-used
adhesive such as epoxy resin for coating development. Even
if PANI, a universal coating in SPME fibers, also exhibits
good adsorption capacity for organic volatile pollutants, it

mm DVB/CAR/PDMS
mm PDA/MIL-53

Peak area
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Cs. “Co. 0 0y oy oy o
o R T, T T N %%

(4 @ &4 (/4

Fig. 3 Extraction ability of the MIL-53(Fe) coated fiber and commercial

DVB/CAR/PDMS fiber. Sample volume 10 g (spiked at 10 ng-g ' of

PCBs), extract 60 min with the aid of 90 W ultrasonic wave. Number

of replicates n = 3
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Fig.4 Chromatographs of PCBs and PAHs (Sample volume 10 g, spiked
at10 ng~g71); a the MIL-53(Fe) coated fiber for three PAHs (naphthalene,
acenaphthene and acenaphthylene); b the commercial SPME fiber for
three PAHs (naphthalene, acenaphthene and acenaphthylene); ¢ the
MIL-53(Fe) coated fiber for three PCBs (PCB28,PCB52 and PCB101);
d the DVB/CAR/PDMS fiber for three PCBs (PCB28,PCB52 and
PCB101)

can’t be employed as adhesive to connect the MOF coating to
the SPME fiber. Above all, we employed PDA as an adhesive
of MOF coating and co-existed adsorption agent for PCBs as
well.

Characterization of the PDA- MIL-53(Fe) fiber

By comparing the XRD pattern of the MIL-53(Fe) on the fiber
and the simulated one referenced from literature [27], the
MIL-53(Fe) coating was characterized. The XRD pattern of
MIL-53(Fe) which was scraped from the home-mage fiber is
shown in Fig. STA and the peaks positions are very consistent
with that of the simulation one, showing that the MIL-53(Fe)
coating is synthesized successfully. The TG curve, it can be
seen that the MIL-53(Fe) is stable up to 300 °C (Fig. S1B).
Moreover, we also prepared PDA coating and scratched it for
TG experiment, it can be seen PDA can also maintain stable at
280 °C (Fig. SIB). The results show that the PDA and MIL-
53(Fe) has high thermal stability which is beneficial to the
thermal desorption of the adsorbed PCBs from the SPME
fiber for GC separation. And the morphology of the PDA
and MIL-53(Fe) show that the PDA and MIL-53(Fe) is evenly
coated the surface (Fig. SIC and Fig. S1D). The SEM image

of Fig. 1 shows that the MIL-53(Fe) as a homogenous and
rough coating appeared on the surface of the fiber by the PDA.
MIL-53 is monodisperse in needle shape with diameter of
500 nm. The micro porous structure of MIL-53(Fe) allows
the MOF to have a larger surface area.

Comparison of UA-HS-SPME and WB-HS-SPME

According to literature [28, 29], water-bathed headspace
solid-phase micro-extraction (WB-HS-SPME) was a common
pretreatment method for PCBs. Here, UA-HS-SPME was
employed to replace WB-HS-SPME to extract PCBs in soil.
The extraction efficiencies of UA-HS-SPME and WB-HS-
SPME (60 °C) are shown in Fig. 2. The results demonstrated
that UA-HS-SPME has better adsorption capacity than WB-
HS-SPME (increasing 5%—66% for different PCB species).
The reason may be due to that ultrasonic cavitation effect
promotes the volatilization of PCBs. Moreover, we found ul-
trasonic wave can also increase the temperature of water. All
these can accelerate PCBs’ volatilization rate in headspace of
SPME vials and increase their extraction capacity.

Comparison of the MIL-53(Fe) coated fiber
with commercial DVB/CAR/PDMS fiber

To show the extraction performance of MIL-53(Fe) for the
UA-HS-SPME of PCBs, the MIL-53(Fe) coated fiber was
compared with commercial DVB/CAR/PDMS fiber (we
found it has the largest adsorption capacity to PCBs compar-
ing with commercial PDMS, PDMS/DVB and PA SPME
coating) (Fig. 3). The extraction capacity of MIL-53(Fe) coat-
ed fiber for PCBs is higher than the commercial DVB/CAR/
PDMS fiber. Especially the adsorption amount increased ob-
viously for PCBs with more chlorine substituent groups, e.g.
PCB118, 153, 180 (the number of CI group >4). The multiples
of MIL-53 coating comparing to commercial one is larger than
4. Among them, the adsorption of PDA for PCBs is weak, and
MIL-53 plays a major role in this fiber (Fig. S1). This maybe
because MIL-53 has bare iron ion which can enhance the
absorbing ability to PCBs by the interaction between iron
ion and chlorine groups of PCBs, thus the adsorption capacity
increase with chlorine group’s numbers. The result shows the
great potential of MIL-53(Fe) for the effective enrichment of
PCBs.

Table 1  Analytical results for determination of 7 PCBs in soil sample (ng-g ")

Soil sample PCB28 PCB52 PCB101 PCB118 PCB138 PCB153 PCB180
Sample 1 Found(ng-g") 3.552+£0.289 0.204 £0.012 0.058 £ 0.003 ND ND ND ND
Sample 2 Found(ng-g") 3.043 £0.275 ND 1.921 +0.127 ND ND ND ND

ND not detected
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Table 2 Analytical parameters of

PDA-MIL-53(Fe) coating for Analytes  Calibration equations ~ Linear range ~ Correlation LOD Intra-day/inter-day variation
UA-HS-SPME of seven PCBs (ngg™ coefficient () (ng.o™'y (%)

PCB28 Y =5.71x+ 047 0.3-100 0.993 0.097 2.4/3.9

PCBS52 Y =5.67x+043 0.3-100 0.993 0.076 3.5/4.1

PCB10l Y =1.92x+0.11 0.3-100 0.999 0.073 3.4/45

PCBI18 Y =1.07x+0.05 0.3-100 0.992 0.051 22/34

PCB138 Y =091x+0.08 0.3-100 0.995 0.084 2.3/34

PCBI53 Y =045x+0.04 0.3-100 0.999 0.093 2.8/4.1

PCBI180 Y =0.14x+0.01 0.3-100 0.998 0.079 2.6/3.8

Optimization of extraction conditions

In order to obtain the best extraction efficiency of UA-HS-
SPME of PCBs on MIL-53(Fe) coating, the following param-
eters were optimized: (a) Extraction time; (b) Addition of salt;
(c) Sample pH value; (d) Ultrasonic power. Respective data
and Figures are given in Fig. S2. We found the following
experimental conditions to give best results: (a) 60 min was
chosen for extraction time; (b) no salt; (c) a sample pH value
of 7.0; (d) an ultrasonic power of 90 W.

The figure shows that the extraction efficiencies for PCBs
presented an exponential growth after 50 min (Fig. S2A).
However, ultrasonic instrument cannot work long hours (less
than 60 min) otherwise the instrument will be damaged.
Consequently, 60 min is chosen for the following work. For
sample pH value, the extraction efficiency reach to the maxi-
mum when the pH value of was 7.0 (Fig. S2B). This may be
due to that the MIL-53 has the highest stability at neutral
conditions. It can be seen that the extraction efficiency for
PCBs decrease with the addition of salt from Fig. S2C.
Hence, salt addition for the extraction is not recommended
in this work. Ultrasonic power can accelerate cavitation effect
and molecular mass transfer rate. The best extraction efficien-
cy is observed with the power of 90 W from Fig. S2D.

Selectivity of the MIL-53(Fe) coated fiber
Our group has found Fe-MOF have some selectivity towards

chlorinated organic compounds because the iron central atom
has high affinity to C1 group [7]. In order to test the selectivity

of MIL-53(Fe) coating to PCB, the extraction ability of MIL-
53(Fe) coated fiber for PCBs was compared with the extrac-
tion ability for some of PAHs (without Cl groups). Three
PCBs (PCB28,PCB52 and PCB101: 10 ng-gfl)) and three
PAHs without CI groups while fused rings like PCBs (naph-
thalene, acenaphthene and acenaphthylene: 10 ng g ') which
has almost same volatile points with the above 3 PCBs respec-
tively, were employed as models for comparison because they
have the same peak time. Comparing the curve a to b in Fig. 4,
it can be seen that MIL-53 coating almost doesn’t have affinity
to the three PAHs comparing with commercial fiber (CAR/
PDMS/DVB). While when comparing curve c to d, it can be
seen that MIL-53 coating has higher adsorption capacity than
the commercial fiber. Fig. 4 can prove that the MIL-53(Fe)
coated fiber has a selective adsorption for PCBs. And this
selectivity maybe due to the central Fe ions has chelation to
Cl groups in PCBs, while not only because 7-7t stacking
effects.

Reproducibility, stability of the MIL-53(Fe) fiber

The reproducibility of this fiber was evaluated with the re-
sponse of 10 ng'g”' PCBs for measurement repeated six times
and the relative standard deviation (RSD) were less than 10%
(Table S2). The tiny RSD intimated that the strategy has well
reproducibility and the results come from it is reliable. And the
precisions about inter-day and intra-day of this method were
measured and the results are shown in Table 2. It can be seen
that the two relative precisions are less than 7.5%. The recov-
ery of this method was measured by the three levels of

Table 3 Comparison of the

current method with other sample Technique Sample Sorbent material LOD(ng-g ) Reference

preparation methods for the

determination of PCBs followed LLE-GC-ECD Milk Florisil 0.5-1 [30]

by GC - MS analysis SPE -GC-MS Serum Cl18 0.203-0.407 [31]
SPME-GC-MS Brain PA 2 [32]
SBSE-GC-MS Fish Fe;04,-MOF-5(Fe) 0.061-0.096 [7]
mSPE-GC-MS juices Ol-Fe304 NPs 0.002-0.005 [33]
MMSPD-GC/ECD water MBC 0.05-0.1 [34]
SPME-GC-MS soil MIL-53(Fe) 0.05-0.09 This work
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standard PCBs samples (0.1 ng-g”', 1.0 ng-g”', 10 ng-g 1)
with six replicates. From the results (Table S3), the recoveries
are from 92.4% to 97.1%. The values suggest that the repro-
ducibility of the fiber is satisfactory.

The stability of the prepared fiber was examined after ex-
traction for 50 times. We found the adsorption capacity main-
tain nearly 85% of its initial value. It indicates that the fiber
has good stability.

Real soil sample analysis by standard addition method

To validate the practical performance of MIL-53(Fe) coated
UA-HS-SPME in real samples with complex matrix, some
natural soil was selected as analytes. The analytical results
are shown in Table 1. It can be found three PCBs (PCB28:
3.552 ng-g '; PCB52: 0.204 ng-g '; PCB101: 0.058 ng-g ")
in soil in this work.

It can be seen from Table 2, the extracted PCBs present
favorable linearity (0.3-100 pg-L™") with correlation coeffi-
cients of more than 0.992. And the low detection limits for the
seven PCBs can reach to between 0.05 and 0.09 ng-g ' using
gas chromatography-mass spectrometry (GC-MS) for mea-
surement. Some methods have been compared with the UA-
HS-SPME method concerning the analysis of PCBs in soil
samples. The results are summarized in Table 3. Compared
with other methods, the LODs of PCBs by this method are
relatively lower, and higher than those reported by Pérez RA
et al. However, the UA-HS-SPME method is faster and
greener (not use any organic solvent) compared to mSPE.
The results show that the PDA-MIL-53(Fe) has good absorp-
tion effectiveness to indicator PCBs and this method can apply
to the determination of trace level of PCBs in soil samples.

Conclusion

In this paper, we fabricated a novel PDA-MIL-53(Fe) SPME
coating for selective and sensitive headspace extraction of
seven indictor PCBs in soil samples being assisted by ultra-
sonic wave. It is easy for preparation just using PDA as binder
and stable which can be reused for at least 50 times. It shows
better adsorption capacity and selectivity for PCBs than some
commercial fibers due to the MIL-53(Fe)‘s specific adsorption
to PCBs. Ultrasonic wave can obviously enhance the extrac-
tion effectiveness than just only heating the samples. Distilled
water was employed to assist ultrasonic wave extraction
which made the SPME assay environment-friendly and easy
for manipulation. Based on the novel fiber, an ultrasonic-
assisted headspace on fiber solid phase micro-extraction
(UA-HS-SPME) method was successfully employed for ex-
traction of PCBs in natural soils. The method can be used for
other semi volatile pollutants in complex soil samples. And
the coating of fiber can be replaced by other adsorption

materials to detect other pollutants. But the method also has
some defects, for example, we performed the experiments
with the assistance of ultrasonic wave which can shorten the
working life of the fiber. We hope to improve the working life
and reusability of the MOF based fiber in the next work.
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