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In situ room-temperature fabrication of a covalent
organic framework and its bonded fiber for solid-
phase microextraction of polychlorinated
biphenyls in aquatic productsy
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Development of new coating materials for solid-phase microextraction (SPME) along with facile methods
for the fabrication of their firm coatings on SPME fibers is urgently needed for sample preparation. Here
we show room-temperature preparation of a novel covalent organic framework (COF) TFPB-BD from
1,3,5-tris-(4-formylphenyl)benzene (TFPB) and benzidine (BD), and in situ room-temperature fabrication
of a TFPB-BD bonded fiber for SPME of polychlorinated biphenyls (PCBs). TFPB and BD were employed
as monomers for in situ growth of a new COF TFPB-BD on an amino-functionalized stainless steel fiber
at room temperature. The developed TFPB-BD bonded fiber was used to develop a new SPME method
for GC/MS/MS determination of trace PCBs in aquatic products. The developed analytical method gives
enhancement factors of 4471-7488 and detection limits of 0.07-0.35 ng L%, The precision (RSD) for six
replicate determinations of 100 ng L™ PCBs with a single fiber and the fiber-to-fiber reproducibility for
three parallel prepared fibers was in the range of 3.8-8.8%, and 5.3-9.7%, respectively. The recoveries
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Introduction

Polychlorinated biphenyls (PCBs), a class of toxic persistent
organic pollutants, have been discontinued since the late 1970s.
Even so, humans and animals are still being exposed to PCBs
due to their excellent stability, high lipophilicity, and long-
range transport via the food chain."” Monitoring PCBs in food
samples is of great significance. However, direct analysis of
PCBs is usually difficult because of the trace level of PCBs and
the complexity of the food matrix. Therefore, an efficient simple
pretreatment is urgent for the enrichment of PCBs with simul-
taneous separation of matrices prior to determination.
Solid-phase microextraction (SPME) has attracted increasing
attention due to its advantages of preconcentration and analyte/
matrix separation, convenience, solvent-free nature, and easy
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for spiked 1.0 pg kg~ PCBs in aquatic products were 87.1-99.7%.

conjunction with chromatography.** SPME has been widely used
in food,*® environmental,”** and biological*** analysis. The fiber
coating plays a key role in SPME. Traditional SPME fibers such as
polyacrylate (PA),** poly(dimethylsiloxane)/divinylbenzene (PDMS/
DVB),** and polydimethylsiloxane (PDMS)" are not always satis-
factory for a variety of analytes. Increasing research studies have
focused on the development of new coating materials. To date,
various coatings, such as metal oxide nanoparticles,'®* gra-
phene,* metal-organic frameworks (MOFs),>?* and polymeric
ionic liquids,** have been applied for the SPME of PCBs.
Covalent organic frameworks (COFs) are a new class of
porous organic materials, which are orderly linked by organic
monomers.***” COFs have received extensive attention due to
their promising applications in diverse areas such as gas
capture,”®* catalysis,**** sensing,**** adsorption,*** and
separation.’**~** The unusual characteristics such as high surface
area, good thermal and solvent stability, and availability of in-
pore functionality and surface modification endow COFs with
great potential as novel coatings for SPME. In recent years,
a variety of COFs have been utilized as SPME coatings.**** Most
of the COF coatings for SPME were prepared using physical
adhesive methods,***” suffering insufficient stability and
durability due to the lack of stable chemical bonding between
the coating and the fiber surface. So far, only a few COF coated
fibers were prepared by in situ hydrothermal growth*®® and
covalent bonding approach.** However, the reported covalent
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bonding methods still require reactions under harsh conditions
(high temperatures).

Herein, we report room-temperature preparation of a novel
COF (named TFPB-BD) from 1,3,5-tris-(4-formylphenyl)benzene
(TFPB) and benzidine (BD) and in situ room-temperature
fabrication of a TFPB-BD bonded stainless steel fiber. The
developed TFPB-BD bonded fiber offers high stability and
excellent performance for SPME coupled with GC/MS/MS for
the determination of trace PCBs in aquatic products.

Experimental section
Chemicals and reagents

All chemical reagents were at least of analytical grade. Wahaha
ultrapure water (Wahaha Foods Co. Ltd, Hangzhou, China) was
used throughout the experiment. TFPB was purchased from
Tongchuangyuan Pharmaceutical Technology Co. Ltd
(Chengdu, China). Isooctane, BD, mesitylene, and 3-amino-
propyltriethoxysilane (APTES) were obtained from Aladdin
Chemistry Co. Ltd (Shanghai, China). A stock standard solution
(3 mg L) of seven PCBs (28, 52, 101, 118, 138, 153 and 180) in
isooctane was obtained from Aladdin Reagent Co. Ltd
(Shanghai, China). Acetonitrile (ACN), methanol (MeOH),
ethanol (EtOH), N,N-dimethylformamide (DMF), dichloro-
methane (DCM), tetrahydrofuran (THF), 1,4-dioxane and
acetone were purchased from Sinopharm Chemical Reagent Co.
Ltd (Shanghai, China). A series of working standard solutions at
various concentrations of PCBs were prepared by gradual dilu-
tion of the stock solution with isooctane for further analysis.

Instrumentation

Powder X-ray diffraction (PXRD) patterns were recorded with
a D2 PHASER diffractometer (Bruker AXS GmbH, Germany).
Fourier transform infrared (FT-IR) spectra were measured on
a Nicolet I1S20 spectrometer (Nicolet, USA). Thermogravimetric
analysis (TGA) was performed on a PTC-10A thermal gravimetric
analyzer (Rigaku, Japan). Scanning electron microscope (SEM)
images were recorded on a sul510 scanning electron micro-
scope (Rigaku, Japan). Transmission electron microscopy (TEM)
images were obtained on a JEM-2100 transmission electron
microscope (Rigaku, Japan). N, adsorption experiments were
performed on an Autosorb-iQ analyzer (Quantachrome, USA).

Identification and quantification of PCBs were performed on
a 7890B/7000D GC/MS/MS (Agilent, USA) system fitted with
a Rxi-5MS capillary column (30 m x 0.25 mm i.d. x 0.25 pm).
The instrumental conditions were as follows: splitless mode;
ion source temperature, 230 °C; transfer line temperature,
280 °C; temperature program: the column temperature was
initially set at 100 °C, rising to 280 °C at 30 °C min ', and from
280 °C to 310 °C at 20 °C min~". The total analysis time was
9 min. Data acquisition was performed in selected multiple
reaction monitoring (MRM) mode. Other GC/MS/MS parame-
ters for the determination of PCBs are shown in Table S1 (ESIY).
Commercial PDMS (30 pm) and PDMS/DVB (65 pum) coated
commercial SPME fibers (Supelco, Bellefonte, USA) were used
for comparison.
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Room-temperature preparation of TFPB-BD

TFPB (62.5 mg, 0.16 mmol) and BD (44.2 mg, 0.24 mmol) were
suspended in a mixture of mesitylene and 1,4-dioxane (1 : 1 v/v,
6 mL) in a 15 mL centrifuge tube, then sonicated for 10 min to
obtain a homogeneous dispersion. Subsequently, acetic acid
solution (0.6 mL, 6 M) was slowly added to the mixture. The tube
was then sealed and left undisturbed at room temperature for 3
d. The yellow precipitate was collected by centrifugation and
sequentially washed with THF, DMF, and acetone. The collected
powder was dried under vacuum at 120 °C for 12 h to give
a yellow TFPB-BD powder with 86.0% isolated yield.

In situ room-temperature fabrication of a TFPB-BD bonded
fiber

A stainless steel wire fiber (SS, 23 cm x 0.22 mm) was used as
a substrate for the preparation of a SPME fiber. Briefly, one end
of SS (3 cm) was immersed in aqua regia for 15 min. Then, the
etched part was washed with ultrapure water and dried in air.
The dried etched SS was immersed into a mixture of APTES/
MeOH/H,O (v/v/v, 4:5:1) solution for 4 h and dried in
a vacuum oven for 2 h to obtain the amino-functionalized SS
fiber (SS-NH,). The SS-NH, fiber was immersed into a solution
containing anhydrous dioxane (3 mL), mesitylene (3 mL) and
TFPB (62.5 mg, 0.16 mmol) in a centrifuge tube at room
temperature for 4 h. Subsequently, BD (44.2 mg, 0.24 mmol)
and acetic acid (0.6 mL, 6 M) were added and the reaction
continued for 3 d at room temperature. Finally, the TFPB-BD
bonded fiber was washed with THF to remove unreacted
ligands, and dried in a vacuum oven for 2 h.

Sample preparation

All aquatic products (snakeheads, catfish, bream, crucian, white
shrimp and base shrimp) were collected from local markets.
The muscles of the aquatic products were chopped and
homogenized with a blender. Then, 1.0 g of the homogenized
sample was weighed and extracted with a solvent mixture of n-
hexane and acetone (10 mL, 1 : 1 v/v) under ultrasound irradi-
ation for 30 min. The supernatant was collected by centrifuga-
tion at 8000 rpm for 10 min and the sediment was extracted
repeatedly. Then, all supernatants were combined and dried
with N, gas at ambient temperature and the residues were
dissolved with 1.0 mL of isooctane for further use.

SPME procedures

All extractions were performed in headspace SPME (HS-SPME)
mode. Working solutions of the PCBs were prepared for SPME
by diluting 10 pL of sample solution or working standard
solution to 10 mL with ultrapure water. SPME was performed in
a Teflon-lined 20 mL glass vial. The needle of the SPME device
was passed through the septum, and the SPME fiber was
exposed to the headspace of the working solution at 70 °C for
50 min under magnetic stirring at 1000 rpm. After extraction,
the fiber was removed from the vial and immediately inserted
into the GC inlet for thermal desorption at 300 °C for 5 min and
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subsequent GC/MS/MS analysis. Before each extraction, the
fiber was conditioned at 310 °C for 30 min.

Results and discussion
Room-temperature preparation and characterization of TFPB-BD

COFs were typically prepared under harsh conditions such as
high temperature and pressure, which are not favorable for the
in situ preparation of COF bonded SPME fiber. Here, we show
room-temperature fabrication of a new COF TFPB-BD (Fig. 1a).
The new imine-linked COF TFPB-BD was successfully synthe-
sized via condensation of BD with TFPB at room temperature.
To determine the crystal structure of the TFPB-BD, PXRD
experiments and Pawley refinements were conducted. The
PXRD pattern of TFPB-BD shows several peaks at 2.31°, 4.03°
and 6.10°, which agreed well with that of the simulated struc-
ture of TFPB-BD produced with eclipsed AA stacking mode with
unit cell parameters a = b = 43.7789 A, c=4.0603 A, a =8 =90°
and y = 120° (Fig. 2a; Table S2, ESIt). The refined PXRD pattern
well reproduces the experimental PXRD pattern with factors of
Ryp =9.22% and R;, = 6.30% (Fig. S1, ESI{). The FT-IR spectra of
TFPB-BD demonstrate a typical C=N stretching band at
1618 cm ‘. The C=0O peak (1686 cm ') of the TFPB was
strongly attenuated and the N-H stretching peaks (3300-
3400 cm ') of BD disappeared (Fig. 2b). These results indicate
the successful condensation of TFPB and BD with imine-linked
bonds. The as-prepared TFPB-BD has a Brunauer-Emmett-
Teller (BET) surface area of 286 m” g~ * and a pore size of ca. 32 A
(Fig. 2c and d). The as-synthesized TFPB-BD showed globular
particles with a size of ca. 1.2 um (Fig. S2 and S3, ESIt). The as-
prepared TFPB-BD is not only thermally stable up to 430 °C
(Fig. S47), but also chemically stable in conventional solvents
such as water, ACN, EtOH, DCM and THF (Fig. S5 and S6, ESIT).

In situ room-temperature fabrication and characterization of
the TFPB-BD bonded fiber

The successful room-temperature synthesis of COF TFPB-BD
prompted us to explore the possibility for in situ room-
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Fig. 1 (a) lllustration of room-temperature synthesis of TFPB-BD via
the condensation of TFPB and BD. Graphic view of TFPB-BD for the 2D
eclipsed model (gray, C; blue, N; H is omitted for clarity). (b) Schematic
of in situ room-temperature preparation of the TFPB-BD bonded fiber.
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Fig. 2 (a) Comparison of the PXRD patterns of the as-synthesized
TFPB-BD (black), the TFPB-BD scraped from the SPME fibers (dark
cyan) with a simulated pattern for the AA eclipsed model (red) and the
AB staggered model (blue). (b) FT-IR spectra of BD (red), TFPB (black),
the as-synthesized TFPB-BD (magenta) and TFPB-BD scraped from
the SPME fibers (blue). (c) N, adsorption—desorption isotherms of the
as-prepared TFPB-BD. (d) Pore size distribution of the as-synthesized
TFPB-BD.

temperature fabrication of the COF bonded SPME fiber. As
shown in Fig. 1b, the etched SS was modified with APTES to
provide the amino groups for subsequent reaction with the
aldehyde groups on TFPB for in situ room-temperature fabri-
cation of the TFPB-BD bonded fiber.

The interaction between the COF layers and the fiber was
revealed by comparing the FT-IR spectra of SS-NH, and SS-TFPB
(Fig. S7, ESIf). The presence of Si-O (1134 cm™') and N-H
stretching peaks (3300-3400 cm™ ") in the FT-IR spectra of SS-
NH, indicate the successful modification of APTES. The
appearance of C=N (1643 cm™ ') and C=0 (1686 cm™ ') and the
disappearance of N-H stretching peaks (3300-3400 cm ™)
indicate successful TFPB functionalization on the SS-NH, fiber.
In addition, a typical C=N stretching band at 1618 cm " further
demonstrates the growth of the COF TFPB-BD on the SS-TFPB
fiber. The PXRD patterns, FT-IR spectra and TEM images of
the TFPB-BD coating scraped from the prepared SPME fiber
were comparable with those of the as-prepared TFPB-BD
(Fig. 2a, b and 3d), showing the successful growth of TFPB-BD
coating on the SS fiber. SEM images show the presence of
a uniform spherical COF coating on the surface of SS fibers, and
the thickness of the coating is about 10 um (Fig. 3).

Application of the TFPB-BD bonded fiber for SPME of PCBs

We applied TFPB-BD bonded fibers to subsequent SPME
experiments to demonstrate their enrichment capability for
PCBs. Potential parameters affecting the extraction perfor-
mance of PCBs on the TFPB-BD bonded fiber, such as extraction
temperature and time, and desorption temperature and time,
were optimized (Fig. 4).

Extraction temperature has great effects on SPME due to its
influence on the analyte concentration in the headspace and
adsorption process. High temperature is favorable for the
transfer of analytes from aqueous solution to the headspace,
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Fig.3 SEM images of the TFPB-BD bonded fiber with magnification at
(@) 300x and (b) 12 000x; (c) SEM image of the cross section of the
TFPB-BD bonded fiber; (d) TEM image of TFPB-BD scraped from the
SPME fibers.
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Fig. 4 Effects of experimental conditions on the extraction efficiency
of the TFPB-BD bonded fiber for 100 ng L™ PCBs: (a) extraction
temperature (extraction for 50 min, desorption at 300 °C for 5 min); (b)
extraction time (extraction at 70 °C, desorption at 300 °C for 5 min); (c)
desorption temperature (extraction at 70 °C for 50 min, desorption for
5 min); (d) desorption time (extraction at 70 °C for 50 min, desorption
at 300 °C).

but is unfavorable for the exothermic adsorption of the gaseous
analytes on the SPME fiber. Fig. 4a shows the effect of extraction
temperature on the extraction efficiency. The peak areas of PCBs
increased steadily with extraction temperature from 40 °C to
70 °C, and then decreased with a further increase of tempera-
ture to 80 °C. Therefore, 70 °C was used for subsequent
experiments.

SPME needs sufficient time to reach the extraction equilib-
rium, so we tested the effect of the extraction time on the SPME
of PCBs. As shown in Fig. 4b, the peak areas of PCBs increased
with extraction time up to 50 min, and then remained
unchanged with further increase of extraction time. To achieve
the best extraction efficiency for PCBs, 50 min was chosen for
SPME.
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The effects of desorption temperature and time were also
examined to ensure the complete release of the adsorbed analytes
from the SPME fiber. It was found that a desorption temperature
of 300 °C with a desorption time of 5 min were sufficient for
quantitative desorption of the analytes (Fig. 4c and d).

Comparison of different SPME fibers

To investigate the extraction performance of TFPB-BD for PCBs,
additional SPME experiments for PCBs were conducted on the
commercial PDMS (30 pm) coated fiber, PDMS/DVB (65 um)
coated fiber and bare-etched SS fiber (Fig. 5). For comparison,
enhancement factor (EF) was determined as the ratio of the
sensitivity of the analyte after extraction to that before extrac-
tion (i.e. by direct injection of 1 pL standard solution) using the
chromatographic peak area for quantification.” The TFPB-BD
bonded fiber gave much larger EFs than the bare-etched SS
fiber, demonstrating the excellent extraction performance of the
TFPB-BD coating for PCBs. Compared to the other two
commercial fibers, the TFPB-BD bonded fiber also offered
significantly larger EFs for PCBs even if the TFPB-BD coating is
much thinner. The larger EFs of the TFPB-BD bonded fiber for
PCBs resulted from hydrophobicity,>****% -t stacking inter-
action®***®* and steric hindrance effects*>** between TFPB-BD
and PCBs. These m—m and hydrophobic interactions between
analytes and the aromatic frameworks of the TFPB-BD also
make the TFPB-BD bonded fibers suitable for other aromatic
toxic organic pollutants.

Analytical figures of merit

The analytical performance of the TFPB-BD bonded fiber for the
SPME of PCBs is summarized in Table 1. The EFs for PCBs
ranged from 4471 to 7488. The detection limits (LODs) (S/N = 3)
and quantification limits (LOQs) (S/N = 10) of the TFPB-BD
bonded SPME fiber for the PCBs ranged from 0.07 pug L™ to
0.35 pg L' and from 0.24 pg L' to 1.17 pg L™, respectively.
The relative standard deviation (RSD) of the peak areas obtained

9000 -
1 TFPB-BD (10 pm)
PDMS (30 ym)

-} I PDMS/DVB (65 ym)

7000 { [ Bare SS
L 5000
3000 g
1000 ?
7
4
A,

] A
pC‘eee Ca. 55 (&

Fig. 5 Comparison of the TFPB-BD bonded fiber, commercial PDMS
coated fiber, commercial PDMS/DVB coated fiber and etched SS fiber
for SPME of 50 ng L™ PCBs (extraction at 70 °C for 50 min; desorption
at 300 °C for 5 min; for commercial fibers, the desorption temperature
was 270 °C due to the recommended maximum service temperature
of 270 °C).
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Table 1 Analytical performance of the TFPB-BD bonded fiber for the SPME of PCBs

RSD
Linear range LODs LOQs One fiber Fiber to fiber

Analyte (ngL™Y) ? (ng L™, S/N = 3) (ng L%, S/N = 10) (%, n = 6) (%, n = 3) EFs

PCB28 1-1000 0.9999 0.08 0.26 5.0 5.3 7488
PCB52 1-500 0.9998 0.10 0.32 3.8 5.3 5358
PCB101 3-500 0.9998 0.12 0.40 5.8 8.2 5342
PCB118 1-1000 0.9984 0.07 0.24 8.3 8.5 6888
PCB138 1-500 0.9995 0.11 0.36 5.7 7.6 4869
PCB153 1-500 0.9990 0.13 0.44 7.8 9.8 5072
PCB180 3-1000 0.9969 0.35 1.17 8.8 9.7 4471

from six replicate extractions of PCB working standard solu-
tions was from 3.8% to 8.8%. The RSD of the peak areas ob-
tained from three parallel prepared fibers was from 5.3% to
9.8%. In addition, the peak areas of 100 ng L™ PCBs show no
significant change after 180 extraction cycles with the same
TFPB-BD bonded fiber (Fig. S8, ESIt). Comparison of our
method with previous SPME methods for PCBs based on other
sorbents such as CuO nanosheets,® ZnO nanoflakes,* MoS,/
RGO,*® MOFs*** and polymeric ionic liquid** shows that our
method possesses relatively lower LODs, better or comparable
precision for PCBs (Table 2), indicating the great potential of
COF-based SPME in sample pretreatment.

Application to the analysis of aquatic products

The developed method was applied to the analysis of aquatic
products including snakeheads, catfish, bream, crucian,
white shrimp and base shrimp for PCBs. The analytical
results are shown in Table S3 (ESI{). All the PCBs in the base
shrimp samples were below the LODs or LOQs. However, the
PCBs were detected in all other aquatic products including
snakehead, catfish, bream, crucian and white shrimp
samples with a maximum concentration of 1.5 pug kg~ '. The
accuracy of the developed method was demonstrated by
a recovery study with spiking 1.0 pg kg~" PCBs in the aquatic
products. The recoveries obtained ranged from 87.1% to
99.7%. The results show the feasibility of the developed
method for the determination of PCBs in aquatic products.
Fig. 6 shows the GC/MS/MS chromatograms for PCBs in

Table 2 Comparison with other reported methods for the determi-
nation of PCBs

Method Coating LODs (ng L") RSDs (%) Ref.
GC/MS MIL-88B 0.45-1.32 4.2-8.7 21
GC/MS MOF-177 0.69-4.42 1.5-8.7 22
GC/MS MoS,/RGO* 51-93 — 20
HPLC-UV  ZnONFs” 20-170 5.5-11 19
HPLC-UV CuO nanosheet 25-50 5.2-8.6 18
GC-ECD POIy-ILC 0.9-5.8 3.0-11 24
GC/MS/MS TFPB-BD 0.08-0.35 3.8-8.8 Our work

4 RGO, reduced graphene oxide.  ZnONFs, ZnO nanoflakes. ¢ Poly-IL,
polymeric ionic liquid.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 GC/MS/MS chromatograms of PCBs after SPME using the
TFPB-BD bonded fiber: (A) 3 ng L™! standard solution of PCBs; (B)
catfish sample; (C) snakehead sample; (D) base shrimp sample; (E)
crucian sample; (F) bream sample; (G) white shrimp sample. Peak
identity: (1) PCB28; (2) PCB52; (3) PCB101; (4) PCB118; (5) PCB138; (6)
PCB153; (7) PCB180.

a standard solution and real samples after SPME using the
TFPB-BD bonded fiber.

Conclusions

In conclusion, we have reported room-temperature fabrica-
tion of a new COF TFPB-BD as SPME coating and a simple in
situ room-temperature method for the fabrication of uniform
TFPB-BD bonded SPME fibers. The prepared novel TFPB-BD
bonded fibers offer high thermal and chemical stability and
excellent reusability. We have also applied the prepared
TFPB-BD bonded fibers for SPME of PCBs in aquatic products
before GC/MS/MS determination with high enhancement
factors, low detection limits, excellent reproducibility and
accuracy. Further work will extend the application of the
TFPB-BD bonded fibers for the extraction of other aromatic
toxic organic pollutants in environmental and food samples.
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