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a b s t r a c t
Selective adsorption via the size matching effect is one of the most effective strategies for separating and analyzing low levels of organic molecules. Herein, multicomponent covalent organic frameworks (MC-COFs) with tunable pore sizes are constructed by using one knot (1,3,5-triformylphloroglucinol, Tp) and two organic linkers (pphenylenediamine, Pa; benzidine, BD). The pore sizes of the MC-COFs composed of TpPaBDX (X = [BD]/
([Pa] + [BD]) × 100 = 0, 25, 50, 75, and 100) range from 0.5–1.5 to 0.5–2.2 nm due to variations in the initial
organic linker ratios. When coupling TpPaBDX-based solid-phase microextraction (SPME) with constant ﬂow desorption ionization mass spectrometry (CFDI-MS), these MC-COFs feature better selective adsorption performance for tetrabromobisphenol A (TBBPA) derivatives than TpPa with a smaller pore size, TpBD with a larger
pore size and even some commercial ﬁbers (e.g., polydimethylsiloxane/divinylbenzene (PDMS/DVB)-,
polyacrylate (PA)- and PDMS-coated ﬁbers). The improved method involving MC-COF TpPaBD50 also presents favorable stability with relative standard deviations (RSD, 1 μg L−1) for single ﬁbers of 5.5–7.9% (n = 7) and ﬁberto-ﬁber of 6.6–7.8% (n = 7). Due to the decreased limits of detection and quantiﬁcation (0.5–12 and
1.6–40 ng L−1), and reduced separation and detection time (7 min), ultratrace levels of TBBPA derivatives in
real water samples are successfully detected. The proposed method shows great potential for the rapid tracing
of the distribution, transportation and transformation of TBBPA derivatives to better understand their ecotoxicological effects in environmental media.
© 2020 Elsevier B.V. All rights reserved.
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units and from basic to acidic moieties with controllable loading content ([R]X-H2P-COFs); this approach has been successfully used in
capturing and separating CO 2 (Huang et al., 2015). Aminefunctionalized MC-COFs with controllable amine contents have also
been introduced for the fast removal of per- and polyﬂuorinated alkyl
substances (PFAS) and ammonium perﬂuoro-2-propoxypropionate
(GenX) (Ji et al., 2018). To the best of our knowledge, however, no
MC-COFs with tunable pore sizes have been reported, although some
of them may present much more efﬁcient adsorption and separation
capacities.
Tetrabromobisphenol A (TBBPA) derivatives, one category of emerging pollutants that present potential environmental and health risks due
to their physicochemical properties that similar to those of TBBPA (Liu
et al., 2016; Liu et al., 2018), were chosen as target compounds in this
study. In a previous study, it was reported that detecting such chemicals
often requires complicated pretreatment processes and variable ionization conditions for different derivatives (Qu et al., 2016; Tian et al.,
2014). Herein, for the ﬁrst time, MC-COFs with tunable pore sizes are
constructed by connecting one knot (1,3,5-triformylphloroglucinol,
Tp) with two organic linkers (p-phenylenediamine, Pa; benzidine,
BD). The prepared MC-COFs are expressed as TpPaBDX (X = [BD]/
([Pa] + [BD]) × 100), and they are used as solid-phase microextraction
(SPME) coatings coupled with constant ﬂow desorption ionization mass
spectrometry (CFDI-MS) for the separation and detection of TBBPA derivatives (Table 1). The MC-COF-based SPME coupled with CFDI-MS
presented enhanced analytical performance toward TBBPA derivatives in terms of decreased time requirements and increased
sensitivity.

1. Introduction
Tetrabromobisphenol A (TBBPA) species, which are one kind of
brominated frame retardant commonly used in consumer products
(Frederiksen et al., 2009), have been widely detected in environmental matrices, including water, air, dust, soil, sediment and biotic
matrices (Kalantzi et al., 2011; Malkoske et al., 2016). In addition,
TBBPA has also been found in human blood, fat tissue and mother's
milk (Jarosiewicz et al., 2017). Toxicological studies have shown
that TBBPA is generally correlated with immunotoxicity and neurotoxicity (Darnerud, 2003; Ren et al., 2020). More importantly, environmental TBBPA and its derivatives and byproducts can also
transform to unknown compounds by microbial and environmental
activities, leading to potential environmental and health risks. Due
to the low levels and wide distribution of these chemicals in the environment, an analytical methodology for detecting TBBPA species
with advantages of short time requirement, low solvent consumption and in-situ performance should be developed.
Selective adsorption or separation is a critical strategy to achieve effective separation and analysis in the ﬁelds of gas separation (Li et al.,
2018; Peng et al., 2014), environmental remediation (Ji et al., 2019;
Ma et al., 2017) and analytical detection (Deng et al., 2014; So et al.,
2019). Owing to their distinctive features of high speciﬁc surface area,
ultralow density, wide pore size distribution, abundant functional
groups on the channel wall and excellent chemical stability, porous materials play a vital role in separation and analysis (Das et al., 2017; Zhou
and Wang, 2017). For example, porous aromatic frameworks (X-PAF50, X = F, Cl, Br, I) with tunable channels exhibit distinctive molecular
sieving effects to separate multicomponent gas mixtures (Yuan et al.,
2014). Due to selective size sieving, copper(I)-chelated metal–organic
frameworks (MOFs) (CuI@UiO-66-(COOH)2) with an optimal pore window size and speciﬁc π-complexation exhibit rapid adsorption of C2H4
(Zhang et al., 2019). When used to design tandem molecular sieves as
a dual platform for the selective solid-phase microextraction (SPME)
and the high-resolution gas chromatographic (GC) separation of nalkanes, the MOF of ZIF-8 also demonstrates superior analytical performance (Chang et al., 2011). Exploring novel materials with tunable pore
sizes and pore environments has been of interest for achieving high adsorption and separation efﬁciencies.
Covalent organic frameworks (COFs) with organic backbones and
functional groups are crystalline porous polymers that are increasingly being used as highly efﬁcient adsorbents and new separation
materials (Chen et al., 2020; Dey et al., 2020). Recently, Fe3 O4 @
TpBD was employed as a sorbent for the removal of bisphenols
(BPA, BPAF) from aqueous solution due to the π-π interactions and
hydrogen bonding between bisphenols and TpBD (Li et al., 2017).
COF ﬁlms (Tp-Azo and Tp-TTA) with different pore channels have
distinct size cutoffs, allowing for the size-selective separation of
gold (Au) nanoparticles (Dey et al., 2020). COFs with different pore
sizes present different adsorption properties for removing typical
aryl-organophosphorus ﬂame retardants of triphenyl phosphate
(TPhP) (Wang et al., 2018). Usually, small pore sizes prevent molecules from entering the pores, whereas large pore sizes can decrease
the sorption energy.
Recently, multicomponent COFs (MC-COFs) synthesized via
multicomponent reaction systems with one knot and multiple linker
units have attracted much attention (Huang et al., 2016b), as they
can provide a novel platform that considerably expands the
designability of the structures and functions of porous organic materials (Chen et al., 2013; Huang et al., 2015; Huang et al., 2016b). The
pore environments of MC-COFs can be well adjusted by optimizing
the ratio of organic linking groups and postmodiﬁcation (Huang
et al., 2015; Ji et al., 2018). MC-COFs ([HC = C]X-H2P-COFs) with reactive ethynyl groups on the walls of one-dimensional pores offer an
ideal platform for pore-wall surface engineering aimed at anchoring
diverse functional groups ranging from hydrophobic to hydrophilic

2. Experimental section
2.1. Chemicals and materials, instrumentation, and method comparison
The details of the chemicals and materials, instrumentation and
method comparison are shown in the Supporting Information.
2.2. Preparation of MC-COFs of TpPaBDX
To synthesize MC-COFs of TpPaBDX with different pore sizes, a
mesitylene/dioxane (1/1 by vol., 6 mL) mixture of Tp (0.1 mmol,
21.0 mg) and Pa/BD (total 0.15 mmol) at different molar ratios (X =
[BD]/([Pa] + [BD]) × 100 = 0, 25, 50, 75, and 100) in the presence of
acetic acid catalyst (6 M, 0.5 mL) was completely dissolved in a Teﬂon
liner (50 mL) by ultrasonic sonication. The Teﬂon liner was transferred
into a stainless-steel autoclave and heated at 120 °C for 72 h. The precipitates were collected by ﬁltration, washed with acetone three times, and
puriﬁed with acetone in a Soxhlet extractor at 80 °C for 24 h. The
powders were collected and dried under vacuum at 60 °C for 12 h to
produce the corresponding COFs of TpPa, TpPaBD25, TpPaBD50,
TpPaBD75, and TpBD.
Table 1
Chemical information of TBBPA derivatives.
MW

Log Kowa

TBBPA-BAE/TBBPA bis(allyl ether)

624

10.02

TBBPA-BHEE/TBBPA
bis(2-hydroxyethyl ether)

632

6.78

TBBPA-BGE/TBBPA bis(glycidyl ether)

656

7.40

TBBPA-BDBPE/TBBPA
bis(2,3-dibromopropyl ether)

944

11.52

Compound (Abbreviation/full name)

a

2

Calculated by EPI Suite™ v4.11.

Structural formula
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the water samples were thawed and ﬁltered through a 0.22-μm cellulose membrane. The internal standard 13C12-BPA (5 μL, 1 mg L−1) was
added to the 5 mL water sample. The unanalyzed 13C12-BPA samples
were stored at 4 °C.

2.3. Preparation of TpPaBDX-coated SPME ﬁbers
TpPaBDX was coated on the SPME ﬁber by a direct-coating method
(Gao et al., 2019; Zheng et al., 2018). In detail, quartz ﬁbers (550 μm o.
d.) were cut into lengths of 7.5 cm, immersed in dichloromethane, sonication was performed for 5 min to strip the protective layer, and sequentially cleaned by ultrasonication with methanol and water for
30 min. After being dried at room temperature for 12 h, one end of
the cleaned ﬁbers was dipped into an o-xylene (2 mL) diluted neutral
silicone sealant (0.5 g) solution to coat a thin layer of sealant. The excessive sealant was gently wiped by ﬁlter paper. The end of the ﬁbers was
subsequently rotated in the powder of the synthesized TpPaBDX to obtain coated SPME ﬁbers with a length of 6.0-mm coating. The coated
SPME ﬁbers were cured by evaporating the solvent at ambient temperature for 24 h. Prior to usage, the ﬁbers were separately rinsed in a vial
with methanol (1.5 mL) and deionized water (1.5 mL) to avoid any contamination or carryover.

3. Results and discussion
3.1. Preparation and characterizations
A schematic of the primary method TpPaBDX construction is shown
in Fig. 1. As the proportion of BD in the two organic linkers increases, the
pore size of the MC-COFs of TpPaBDX (X = [BD]/([Pa] + [BD]) × 100 =
0, 25, 50, 75 and 100) also gradually increases. The formation of
TpPaBDX with a tunable pore size was characterized by powder X-ray
diffraction (PXRD) spectra (Fig. 2a, Fig. S1), Fourier transform infrared
(FT-IR) spectra (Fig. 3), and N2 adsorption-desorption isotherms
(Fig. 2b–f). The ﬁrst diffraction peak in the PXRD patterns corresponding
to the (100) reﬂection plane shifts from 4.7° to 3.3° as the molar ratio
(X = [BD]/([Pa] + [BD]) × 100 = 0, 25, 50, 75, and 100) increases
from 0 to 100, indicating the successful construction of TpPaBDX
(Chandra et al., 2013). However, when TpPa and TpBD are directly
mixed (WeightTpPa:WeightTpBD = 1:1), their individual characteristic
diffraction peaks appear (Fig. S1), further indicating the successful preparation of TpPaBDX. The (100) plane diffraction peaks at 4.7°, 4.2°, 3.8°,
3.6°, and 3.3° correspond to TpPa, TpPaBD25, TpPaBD50, TpPaBD75 and
TpBD, respectively (Fig. 2a). The shift in the reﬂection (2θ) from 4.7°
(TpPa) to a lower value of 3.3° (TpBD) is attributed to isoreticulation,
which leads to the formation of larger pore sizes (Chandra et al.,
2013). FT-IR spectra also present the bond formation and local mode
of binding in the TpPaBDX. The peak locations for all TpPaBDX are similar
(Fig. 3) with typical stretching band peaks at ~1598, ~1576, ~1453 and
~1294 cm−1, corresponding to C=O, C=C, Ar C=C, and C–N, respectively (Chandra et al., 2013; Li et al., 2017; Yang et al., 2015).
As shown in Fig. 2b–f, all TpPaBDX samples exhibit typical type-I
reversible isotherms, indicating their microporous structures. The
Brunauer−Emmet−Teller (BET) surface areas and pore volumes determined in N2 adsorption-desorption experiments are recorded in
Table S1. The BET surface areas of TpPa, TpPaBD25 , TpPaBD 50,
TpPaBD75 and TpBD are calculated to be 913.44, 866.63, 893.74,
843.25, and 679.53 m2 g−1, respectively. The pore size distributions
of TpPa, TpPaBD25, TpPaBD50, TpPaBD75 and TpBD calculated by nonlocal density functional theory (NLDFT) are 0.5–1.5, 0.5–1.7, 0.5–1.9,
0.5–2.0, and 0.5–2.2 nm, respectively. The pore size gradually increases with an increasing molar ratio (X) of BD (Fig. 2b–f), indicating the controllability of the pore size. The speciﬁc characteristic
allows TpPaBDX to be competent for enhanced SPME.
Thermal stability is an important parameter of SPME coatings, and
thus, thermogravimetric analysis (TGA) was used to test the thermal
stability of TpPaBDX. Guest-free pores in the TpPaBDX are thermally stable at ~350 °C, and TpBD is stable at 400 °C, indicating their environmental adaptability (Fig. S2). Additionally, the external morphologies of
TpPaBDX gradually transforms from spherical to ﬂower-like as the
molar ratio (X) increases (Fig. 4, Fig. S3). Ultimately, TpPaBDX-coated
SPME ﬁbers were fabricated by the direct-coating method with the assistance of a neutral cure silicone sealant (Gao et al., 2019; Zheng
et al., 2018). The SEM images of these ﬁbers show homogeneous coverage of TpPaBDX (Fig. 4, Fig. S4), and the thickness of all the tested
TpPaBDX samples is ~15 μm.

2.4. Quality control and assurance
Deionized water, with a conductivity of less than 18.2 MΩ cm, was
used for standard solution preparation in the experiment. Clean glass
containers and vessels were used for standard solution/water sample
preparation and storage.
Standard solutions (100 mg L−1) of TBBPA-BAE and TBBPA-BDBPE
were prepared by dissolving them in methanol (HPLC grade) and stored
at 4 °C. The working standard solutions (0.01/0.05–10 μg L−1) of TBBPABAE, TBBPA-BHEE, TBBPA-BGE and TBBPA-BHEE were prepared by stepwise dilution of the standard solution with deionized water and spiked
with 1.0 μg L−1 13C12-BPA.
The limit of detection (LOD) and limit of quantiﬁcation (LOQ) were
calculated using the following equations: LOD = 3σ/k and LOQ =
10σ/k, respectively, where k is the slope of the calibration curve, and
σ is the standard deviation (n = 10) of the blank solution used for
TBBPA derivative measurements.
2.5. Mass spectrometry and analytical procedure
A linear ion trap mass spectrometer (LTQ-XL, Thermo Fisher Scientiﬁc, San Jose, USA) with positive ion and full scan mode was used for
four TBBPA derivative detections. Collision-induced dissociation (CID)
experiments were measured on an isolation mass-to-charge ratio window width of 1.5 Da and normalized collision energy (CE) of 30%. The
remaining parameters were set as the default values of the LTQ instrument without further optimization.
All the samples were extracted by direct immersion mode with the
SPME ﬁber. Speciﬁcally, the preconditioned ﬁber was inserted in a vial
containing sample solution (1 mL) and extracted using vortical agitation
for 5 min. After washing with deionized water (1.5 mL), the matrix components absorbed on the coated SPME ﬁber could be effectively removed.
Then, the ﬁber was ﬁxed in a homemade holder and mounted onto a
three-dimensional (3D) moving stage. The ﬁber was placed in front of
the MS inlet at a distance of 5.0 mm by 3D moving conﬁguration and positioning. The eluent (AgNO3 10 mg L−1 in methanol) with a positive voltage of 4.0 kV was pumped to the coating at a ﬂow rate of 10 μL min−1 for
direct desorption. A typical Taylor cone spray was formed between the
end of the ﬁber and MS inlet. The extracted analyte was effectively ionized
and sensitively detected by MS. Moreover, the ﬁber could be refreshed via
vortical agitation for 5 min with methanol (1.5 mL) for reuse.

3.2. Extraction ability and potential mechanism
2.6. Sample collection and preparation
Herein, commercial electrospray ionization mass spectrometry (ESIMS) was used to obtain MS monitoring conditions by injecting an ESI
solvent (13C12-BPA and TBBPA derivatives form positively charged
[M + Ag]+ adducts in 10 mg L−1 AgNO3 methanol) (Fig. S5). The extraction performance of TpPaBDX for the TBBPA derivatives is evaluated by

River water samples were received from the Xiaoqing River in
Shouguang County (Weifang, China). Sea water samples were collected
from the Xiaoqing River Estuary (Weifang, China). The water samples
were stored at −20 °C until they could be analyzed. Before analysis,
3
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Fig. 1. Schematic construction of TpPaBDX (X = 0, 25, 50, 75, and 100) with a tunable aperture.
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C=C
C-N
C=O 1576
1291
Ar C=C
1598
1452

coupling TpPaBDX-SPME with CFDI-MS. The extraction efﬁciencies of
TpPaBDX (X = 25, 50, 75) are better than those of TpPa (X = 0) and
TpBD (X = 100) (Fig. 5). In particular, TpPaBD50 exhibits the highest extraction ability, approximately 3.2–4.2 and 2.2–3.8 times greater than
TpPa and TpBD, respectively. In comparison with commercial ﬁbers
(Fig. 5), the TpPaBD50 ﬁber exhibits 7.2–14.9-, 3.0–6.6-, and 4.0–9.2-fold
higher extraction ability than polydimethylsiloxane/divinylbenzene
(PDMS/DVB)-, polyacrylate (PA)- and PDMS-coated ﬁbers, respectively.
The enhanced afﬁnity can be attributed to multiple adsorption interactions, including hydrophobic interactions and π−π interactions (Liu
et al., 2014). π−π interactions occur between the aromatic groups on
TBBPA derivatives and TpPaBDX. The hydrophobic interaction is due to
the strong hydrophobicity between TBBPA derivatives (log Kow calculated
by EPI Suite™ v4.11: TBBPA-BAE, log Kow = 10.02; TBBPA-BHEE, log
Kow = 6.78; TBBPA-BGE, log Kow = 7.40; TBBPA-BDBPE, log Kow =
11.52) (Liu et al., 2017b) and TpPaBDX with a hydrophobic skeleton (Du
et al., 2019).
To further discuss the improved extraction efﬁciency of TpPaBDX, the
optimized geometric structures of the TBBPA derivatives were also calculated by GaussView 5.0 (Fig. S6), with three dimensions of TBBPA-BAE of
1.62nm×0.68nm×1.23nm,TBBPA-BHEEof1.59nm ×0.68nm ×1.14nm,
TBBPA-BGE of 1.58 nm × 0.68 nm × 1.19 nm and TBBPA-BDBPE of
1.64 nm × 0.68 nm × 1.26 nm (largest dimension at ~1.6 nm). The pore
size distributions of TpPa, TpPaBD25, TpPaBD50, TpPaBD75 and TpBD are
0.5–1.5, 0.5–1.7, 0.5–1.9, 0.5–2.0 and 0.5–2.2 nm, respectively, corresponding to an increase in pore size with increasing BD content

TpBD
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Fig. 3. FT-IR spectra of TpPaBDX.
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Fig. 4. SEM (a) and TEM (b) images of TpPaBD50. SEM images of top view (c, d) and cross section (e, f) of SPME ﬁber with TpPaBD50 coating.
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(relative standard deviation, RSD, n = 7, 1 μg L−1 of TBBPA derivatives),
respectively. The sensitivity of the present method for TBBPA derivatives (10 μg L−1) is 168–192 times higher than that by using direct
electrospray ionization mass spectrometry (ESI-MS) (Wang et al.,
2015; Wang et al., 2014), indicating the signiﬁcantly improved sensitivity of MC-COFs (Tables 2, S2).

TpPa
TpPaBD25

Peak area

40000

TpPaBD50
TpPaBD75

30000

TpBD

20000

PDMS/DVB

PDMS

X10

PA

3.4. Real sample analysis

10000

The practical applicability of the developed method was further
evaluated by analyzing TBBPA derivatives in both river and sea water
samples (Table 3). Due to the superior sensitivity of this proposed
method, ultratrace levels of TBBPA derivatives in these two kinds of
real water samples were successfully detected. In river water and sea
water, the concentrations of TBBPA-BAE are 0.016 ± 0.002 and
0.034 ± 0.003 μg L−1, the concentrations of TBBPA-BHEE are 0.106 ±
0.013 and 0.038 ± 0.001 μg L−1, the concentrations of TBBPA-BGE are
0.006 ± 0.001 and 0.012 ± 0.001 μg L−1, and the concentrations of
TBBPA-BDBPE are 0.058 ± 0.003 and 0.080 ± 0.005 μg L−1, respectively.
These results are further veriﬁed by spike and recovery experiments.
When 0.1 μg L−1 and 1.0 μg L−1 TBBPA derivatives were spiked into
river and sea water samples, the recoveries were 98–106% and
98–104%, demonstrating the satisfactory accuracy, reliability and practicability of this presented method.
In addition, the analytical results for the water sample are in good
agreement with the data obtained by using previous procedures
based on liquid−liquid extraction and ultrahigh-performance liquid
chromatography-diode array detector (LLE-UHPLC-DAD), i.e., the
concentrations of TBBPA-BAE, TBBPA-NHEE, and TBBPA-BDBPE are
0.012, 0.026 and 0.093 μg L−1, respectively. TBBPA-BGE was not detected through LLE-UHPLC-DAD in water samples, which is due to
excessive pretreatment loss and insufﬁcient sensitivity. Compared
with LLE-UHPLC-DVD (sample volume: 200 mL, separation/detection
time: 60–120 min/27 min), the proposed method (sample volume:
1 mL, separation/detection time: 5 min/2 min) shows reduced time requirements, decreased sample consumption and ultrasensitive analysis
of TBBPA derivatives.

0
TBBPA-BAE

TBBPA-BHEE

TBBPA-BGE

TBBPA-BDBPE

Analytes
Fig. 5. Comparison of the extraction efﬁciency of different SPME coatings by extracting and
analyzing deionized water spiked with 1 μg L−1 TBBPA derivatives.

(Fig. 2b–f). Generally, smaller pore sizes are not conducive to TBBPA derivative molecules entering the internal pores of TpPaBDX due to steric effects (Wang et al., 2018). By contrast, larger pore sizes decrease the
afﬁnity of the pore structure for TBBPA derivative molecules and increase
their tendency to escape outward, which is also not conducive to the extraction of TBBPA derivatives (Wang et al., 2018). In this work, the
TpPaBD50-coated ﬁbers presented the highest extraction efﬁciency
(Fig. 5) and were then used for subsequent experiments.
3.3. Analytical performance
As shown in Fig. 6, the extract ion chronograms (EICs) of 13C12-BPA
(1.0 μg L−1) and TBBPA derivatives (1 μg L−1) (13C12-BPA was used as
an internal standard) in deionized water. The equipment analysis process could be completed in 2.0 min. At the beginning of the MS data acquisition, i.e., 0 to 0.3 min, the eluent (AgNO3 10 mg L−1 in methanol)
was not pumped into the SPME ﬁber, and the background values of
the air were collected. Starting at 0.3 min, the eluent began to be
injected, and the adsorbed TBBPA derivatives were eluted at time points
from 0.3 to 0.6 min. Compared with previous strategies for analyzing
TBBPA derivatives (analysis time of 19–53 min), our improved method
requires a much shorter analysis time (7 min) (Table 2).
For quantitative calibration, the peak area ratios of the TBBPA derivatives to 13C12-BPA were used. Under the optimized conditions, a linear
range of 0.01/0.05–10.0 μg L−1 with a coefﬁcient (R2) of 0.9974–0.9993
was achieved (Fig. S7). The limit of detection (LOD, LOD = 3σ/k) and
limit of quantiﬁcation (LOQ, LOQ = 10σ/k) were calculated to be
0.5–12 and 1.6–40 ng L−1, respectively (Table S2). Moreover, compared
with some previously reported methods (LOD of 10–1960 ng L−1), the
proposed method has a much lower LOD for TBBPA derivatives, indicating its superior sensitivity (Table 2). The SPME reproducibility of one
ﬁber and ﬁber-to-ﬁber were assessed to be 5.5–7.9% and 6.6–7.8%

4. Conclusion
In summary, the novel MC-COF of TpPaBDX with a tunable pore
size was constructed with SPME and CFDI-MS for the effective analysis of TBBPA derivatives in the environment. TpPaBD50 exhibited
the highest extraction efﬁciency among all the TpPaBDX, including
a TpPa with a smaller pore size and TpBD with a larger pore size, corresponding to the key role of the size matching effect. Moreover, the
developed method of TpPaBD50-based SPME-CFDI-MS was successfully applied to determine ultratrace levels of TBBPA derivatives in
river water and sea water. This work provides an attractive strategy
to efﬁciently extract or adsorb target molecules by designing COFs
with tunable pore sizes.
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Table 2
Comparison of the present work with some previously reported methods.
Analyte

Sample
Detection
preparation

Material/
adsorbent

Separation/detection
time (min)

LOD
Real samples
(ng L−1)

Sample volume Recovery
(mL)
(%)

TBBPA-BAE

SPME
SPME
US-DLLME

CFDI-MS
HPLC-UV
HPLC-VWD

TpPaBD50
MCF
Chloroform

5/2
30/10.5
7/12

1.7
800
630

1
10
5

98–106
This method
88.4–101.4 (Wang et al., 2012)
46.4–95.4 (Wang et al., 2013)

LLE
MSPE
LLE

LC-ICP-MS
HPLC-UV
EESI-MS

DCM
MMIPs
DCM

−/20
30/10.5
−/−

140
500
760

200
15
40

92.5–113
–
–

–

LC-ESI-MS

–

−/10

1960

–

86.1–114.9 (Tian et al., 2015)

TBBPA-BHEE

TBBPA-BGE

b

a

ASE

LC-APPI-MS

DCM/hexane 31.5/15

30

FPSE

HPLC-DAD

20/30

50/20

DSPE
TLC
SPME
SPME
US-DLLME

HPLC-DAD
HPLC-DAD
CFDI-MS
HPLC-UV
HPLC-VWD

Cellulose
fabrics
MoS2/CD
DCM/hexane
TpPaBD50
MCF-1A
Chloroform

22/30
30/23
5/2
30/10.5
7/12

10
23a
1.9
900
240

LLE
MSPE
LLE

LC-ICP-MS
HPLC-UV
EESI-MS

DCM
MMIPs
DCM

−/20
30/10.5
−/−

140
800
370

–

LC-ESI-MS

–

−/10

490

SPME
US-DLLME

CFDI-MS
HPLC-VWD

TpPaBD50
Chloroform

5/2
7/12

0.5
260

LLE
LLE

LC-ICP-MS
EESI-MS

DCM
DCM

−/20
−/−

190
50

–

LC-ESI-MS

–

−/10

160

CFDI-MS
HPLC-UV
HPLC-VWD

TpPaBD50
MCF-1A
Chloroform

5/2
30/10.5
7/12

12
800
610

LLE
MSPE
ASE

HPLC-ICP-MS DCM
−/20
HPLC-UV
MMIPs
30/10.5
LC-APPI-MS
DCM/hexane 31.5/15

120
600
70a

FPSE

HPLC-DAD

10/40

Water
Soil
River water, sea water
Xiaoqing river, waste water of plant
Tap water, mi river, chemical waste
water, urine sample, fruit juice
sample
River water, sea water, tap water
East river, west river, tap water
Industrial waste water, river water,
tap water
River water, industry waste water,
lake water, tap water
River water, sea water
Tap water, mi river, chemical waste
water, urine sample, fruit juice
sample
River water, sea water, tap water
Industrial waste water, river water,
tap water
River water, industry waste water,
lake water, tap water
River water, sea water
Xiaoqing river, waste water of plant
Tap water, mi river, chemical waste
water, urine sample, fruit juice
sample
River water, sea water, tap water
East river, west river, tap water
Herring gull eggs, Great Lakes eggs,
individual eggs, chicken eggs
Wastewater

DSPE
TLC

HPLC-DAD
HPLC-DAD

60
36a

Water
Soil

TBBPA-BDBPE SPME
SPME
US-DLLME

a

River water, sea water
Xiaoqing river, waste water of plant
Tap water, mi river, chemical waste
water, urine sample, fruit juice
sample
River water, sea water, tap water
East river, west river, tap water
Industrial waste water, river water,
tap water
River water, industry waste water,
lake water, tap water
Herring gull eggs, Great Lakes eggs,
individual eggs, chicken eggs
Wastewater

Cellulose
20/30
fabrics
MoS2/CD
22/30
DCM/hexane 30/23

3

b

Ref.

(Liu et al., 2017c)
(Wang et al., 2017)
(Tian et al., 2014)

55

10
1b
1
10
5

(Letcher and Chu,
2010)
90–99
(Huang et al.,
2016a)
80–85
(Dong et al., 2018)
51-86
(Liu et al., 2017a)
100–104
This method
94.6–91.0 (Wang et al., 2012)
45.5–105.5 (Wang et al., 2013)

200
15
40

94.2–111
–
–

(Liu et al., 2017c)
(Wang et al., 2017)
(Tian et al., 2014)

–

93.2–100

(Tian et al., 2015)

1
5

98–103
This method
56.5–126.2 (Wang et al., 2013)

200
40

92.6–108
–

–

81.3–109.8 (Tian et al., 2015)

1
10
5

100–104
This method
91.6–103.4 (Wang et al., 2012)
83–123
(Wang et al., 2013)

200
15
3b

81.5–105
–
63

10

90–99

10
1b

90–91
96-108

10

(Liu et al., 2017c)
(Tian et al., 2014)

(Liu et al., 2017c)
(Wang et al., 2017)
(Letcher and Chu,
2010)
(Huang et al.,
2016a)
(Dong et al., 2018)
(Liu et al., 2017a)

ng kg−1.
g.

Table 3
Application of the TpPaBD50-coated ﬁber for preconcentration and analysis of TBBPA derivatives in real samples.
Analyte

TBBPA-BAE

TBBPA-BHEE

TBBPA-BGE

TBBPA-BDBPE

a

Spiked (μg L−1)

0
0.1
1
0
0.1
1
0
0.1
1
0
0.1
1

River water

Sea water

Measured (μg L−1)a

Recovery (%)

Measured (μg L−1)a

Recovery (%)

0.016
0.122
1.027
0.106
0.210
1.126
0.006
0.104
1.020
0.058
0.158
1.098

–
106
101
–
104
102
–
98
101
–
100
104

0.034
0.137
1.018
0.038
0.138
1.077
0.012
0.112
1.040
0.080
0.182
1.106

–
103
98
–
100
104
–
100
103
–
102
103

± 0.002
± 0.001
± 0.095
± 0.013
± 0.018
± 0.040
±0.001
± 0.014
± 0.004
± 0.003
± 0.019
± 0.003

Average ± standard division (n = 3).
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±
±
±
±
±
±
±
±
±
±
±
±

0.003
0.003
0.039
0.001
0.021
0.077
0.001
0.007
0.032
0.005
0.010
0.086
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