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Abstract

A dual-pore covalent organic framework (COF) that contains micropores and mesopores was prepared from 2,4,6-triphenoxy-
1,3,5-triazine (TPT). A building block is used in which double linking sites were introduced at each branch of a Cs-symmetric
skeleton. The COF is shown to be a viable coating for fibers for solid-phase microextraction of phthalic acid esters (PAEs). Its
high specific surface, high hydrophobicity, and wide pore size distribution of a TPT-COF coated fiber result in extraordinarily
powerful extraction of PAEs. The enrichment factor is up to 7790 under optimum conditions. The method has detection limits
that range between 5 and 95 ng L™'. The inter-batch relative standard deviations are between 3.1 and 10.9%, and those for intra-
batch assays are from 0.8 to 4.7%. The TPT-COF coated fibers were applied to the extraction of PAEs from (spiked) juice

samples, and satisfactory recoveries were achieved.
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Introduction

Phthalate esters (PAEs) are widely used as plasticizers in plas-
tics products to improve their flexibility [1, 2]. PAEs and their
metabolites are carcinogenic and endocrine-disrupting
chemicals, which have adverse health effects on mammals.
Therefore, developing effective and fast methods is important
for measuring PAEs in food and environment samples.
However, the concentrations of PAEs in complex matrices
are unusual low. Sample pretreatment and enrichment pro-
cesses are crucial steps to obtain accurate results before instru-
mental analysis.

Several pretreatment methods have been developed for
PAEs such as liquid-liquid microextraction (LLME) [3, 4],
magnetic solid phase extraction (MSPE) [5] and solid-phase
microextraction (SPME) [6, 7]. Among them, SPME
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integrates sampling, isolation, and enrichment into a single
step [8]. SPME is based on the extraction equilibrium of the
analytes between fiber and sample matrix. The property of the
fiber is critical to improve the extraction efficiency of SPME.
Some commercial fibers have been available including
polyacrylate (PA), polydimethylsiloxane (PDMS), and
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/
PDMS). However, commercial fibers suffer from the draw-
backs of high cost, low thermal and chemical stability.
Therefore, self-made fibers have been investigated such as
graphene/poly(vinyl chloride) nanocomposite (G/PVC) [9],
oxidized multi-walled carbon nanotubes-polypyrrole compos-
ite (MWCNTs-PPy) [10], carbopack Z/PDMS [2], polymeric
ionic liquid (PIL) [11, 12], metal-organic frameworks (MOF)
[13], metal-organic nanotubes [14], polyaniline-polypyrrole
(PANI-PPY) [15] and polyethylene glycol/graphene oxide
(PEG/GO) [16].

Microporous organic polymers (MOPs) are constructed by
organic building blocks through strong carbon-carbon, car-
bon-nitrogen, and/or carbon-oxygen covalent bonds [17].
MOPs exhibit large specific surface area, low skeleton densi-
ty, high water, moisture, and chemical stability. Among the
various MOPs, conjugated microporous polymer (CMPs)
[18], porous aromatic frameworks (PAFs) [19], hyper-
crosslinked-polymers (HCPs) [20], and covalent organic
frameworks (COFs) [21-23] have been reported as SPME
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fiber materials. COFs-based SPME coatings are mainly fo-
cused on conventional COFs with single pores. They are usu-
ally synthesized from building blocks with C3/Ds;, or C4/Dyy,
symmetry and ditopic linear linkers, which have uniform pore
structures (e.g., hexagonal or tetragonal) [21].

Recently, hierarchical porous materials with highly ordered
internal structures and hierarchical porosities [24, 25] were
proved to be capable of greatly facilitating the extraction of
the target analytes [26]. These COFs opened a gallery for the
application of hierarchical COFs in the field of separation and
enrichment. Generally speaking, there are three synthetic units
for constructing hierarchical COFs [27], i.e., synthesized by
cyclic building blocks with intrinsic pores or by noncyclic
building blocks, and constructed by a multiple-linking-
site building block including two linking sites at each
branch of the original skeleton. The former two methods
suffer from the disadvantages that only one pore can be
detectable. This is because small pores in the cyclic
monomers or the structures of the COFs cannot be pre-
dicted raised by the two types of topological structures
products. When a multiple-linking-site building block is
used, heteroporous COFs can be produced without forma-
tion of any COF isomers.

In this work, a multiple-linking-site building block was
used for constructing dual-pore COFs. 2,4,6-triphenoxy-
1,3,5-triazine (TPT) based multiple-linking-site building
block was prepared with cyanuric chloride and dimethyl 5-
hydroxyisophthalate. The dual-pore COF material was
employed as a SPME fiber for the enrichment of PAEs in juice
samples combing with GC-FID. The TPT-COF material in-
clude abundant C=N and C=C groups, which may facilitate
the extraction of PAEs relying on 7t stacking interactions.
Furthermore, the dual structure is expected to be beneficial
to adsorb the targets according to Yin et al.’s work [26].

Experimental section

Materials and apparatus are supplied in Electronic Supporting
Material. The TPT-COOEt was synthesized according to a
previous literature [28]. 4.5 mmol of dimethyl 5-
hydroxyisophthalate was dissolved in 15 mL of DMF, to
which 9 mmol of potassium carbonate and 1 mmol of cyanuric
chloride were added. Then the reaction mixture was refluxed
for 48 h. After completion of the reaction, the mixture was
cooled to room temperature and then filtered. The solid resi-
due was washed with acetone and then the yellow filtrate was
evaporated to dryness. The obtained residue was washed with
10% NaCOj to obtain the yellow solid building block, TPT-
COOE.

TPT-CON,H, was synthesized according to a previous lit-
erature [29] with a modified procedure. 0.73 mmol of TPT-
COOEt was added into a 100 mL round bottom flask
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containing 45 mL of ethanol and 6 mL of hydrazine hydrate.
The mixture was stirred and heated to reflux for 12 h. After
cooled, the white crystals precipitate was isolated by filtration,
and then washed thoroughly with water and ethanol. Finally,
the white solid was dried to obtain the desired product.

TPT-COF was synthesized under solvothermal conditions
according to previous reports [30]. Firstly, 15 mmol of TPT-
CON,H, in 3 mL of mesitylene/dioxane (1:1), 0.45 mmol of
p-phthalaldehyde in 3 mL of mesitylene/dioxane (1:1) and
0.5 mL of 9 mol L™" aqueous acetic acid was mixed. The
mixture was sonicated for 3 min, then transferred into a
Teflon-lined stainless-steel autoclave and heated at 120 °C
for 72 h. The precipitate was collected by filtration and
washed with anhydrous dioxane, THF, and acetone succes-
sively. Finally, the collected powder was dried in vacuum
overnight to yield the yellow product, TPT-COF.

Preparation of the SPME fiber

A 5 pL. GC micro-syringe was used to make the self-made
SPME device, which was shown in Fig. 1. Firstly, one side of
the stainless-steel wire (1.0 cm long) of the micro-syringe was
corroded with aqua regia about 30 min. The wire was
polished, washed in an ultrasonic bath with acetone, ethanol,
distilled water, and dried at room temperature. Secondly, the
polished stainless steel was inserted into epoxy resin glue,
pulled out quickly. The excessive epoxy resin glue was wiped
by a thin layer of glass sheet. Finally, the stainless-steel wire
was vertically inserted into a centrifuge tube with the TPT-
COF powder and then rotated several cycles. After solidifica-
tion at room temperature for 24 h, the coated fiber was placed
in an oven at 120 °C for 30 min. This process was carried out
three times and the redundant TPT-COF powder was removed
by pushing and pulling the SPME holder for several times.

Analysis of PAEs coupled with SPME
procedure

Juice samples provided were bought from local markets. The
samples were filtered through a 0.45 pm membrane filter and
stored at 4 °C in a refrigerator until analysis.

Prior to the SPME procedure, the TPT-COF fiber was aged
in the GC injection at 250 °C for 30 min to avoid any contam-
ination. All experiments were performed in headspace solid
phase microextraction (HP-SPME). PAEs were extracted in a
20-mL amber vial enclosed by a PTFE-coated septum includ-
ing 1 mL of working solutions. Then, the prepared vial with a
I-cm long Teflon-coated stirring bar was placed in the mag-
netic stirrer. The stirrer was used to control the extraction
temperature and agitation speed. Next, extractions were car-
ried out by exposing the fiber into the vial and fixed the fiber
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above the juice sample. After a certain period of time, the fiber
was removed from the vial and immediately introduced into
the GC inlet for thermal desorption.

Results and discussion
Choice of materials

The 2,4,6-triphenoxy-1,3,5-triazine based covalent organic
framework (TPT/COF) exhibits many desirable properties, such
as high surface area, good thermal stability and inherent porosity.
The high surface area and porosity with hierarchical may im-
prove the extraction efficiency of analytes. TPT-COF combines
triazine ring and benzene rings, which can offer strong 71-
stacking interactions with the compounds containing abundant
T-electrons [31, 32]. Based on these considerations, TPT-COF
can be expected as an attractive and potential material for SPME.

Characterization of the TPT-COF coated fiber

FT-IR spectra analyses were performed to confirm the struc-
ture of TPT-COF. FT-IR spectra of cyanuric chloride, dimeth-
yl 5-hydroxyisophthalate, and TPT-COOEt are shown in Fig.
S1 (Electronic Supplementary Material). The adsorption band
at 854 cm™ " in cyanuric chloride corresponded to C—Cl vibra-
tions. The adsorption band at 3362 cm ' is attributed to O—H
stretching vibrations of dimethyl 5-hydroxyisophthalate.

Ja e

p-phthalaldehyde

4

dimethyl 5-hydroxyisophthalate

However, these bands disappeared in the spectrum of TPT-
COOEt, suggesting that 5-hydroxyisophthalate was convert-
ed. In Fig. 2a, an adsorption band at 3323 cm ! existed in the
spectrum of TPT-CON,H,, which corresponded to N—H
stretching vibrations of amide linkage in TPT-CON,H,. The
band vanished in the spectrum of TPT-COF while a new band
at 1563 cm ' appeared owing to C=N stretching vibrations,
demonstrating the successful synthesis of TPT-COF. In addi-
tion, the peak at 1654 cm ' is attributed to the stretching
vibrations of the C=0 band. The peak was a result of the blue
shift from the bands of TPT-CON,H, (1635 cm ). This blue
shift can be attributed to the attenuation of the stretching vi-
brations of C=0 band from the adjacent imine bonds [29].

TGA analysis under nitrogen atmosphere at the heating rate
of 10 °C min ™" over the temperature range of 20-900 °C (Fig.
2b) was carried out to evaluate the thermal stability of the
prepared TPT-COF. Results show that there was a little mass
loss before 100 °C due to the loss of adsorbed water. Further
heating show no obvious weight loss until the material
decomposed at 340 °C approximately. These results indicate
that TPT-COF can resist the high temperature of GC injector
when the TPT-COF coated fiber was introduced for
desorption.

A key evidence for the formation of dual-pore COF was
provided by N, extraction-desorption experiments (Fig. 2c¢).
The whole curve exhibit type I and IV shapes at low and high
relative pressure, respectively, indicating that this material
possessed both microporous and mesoporous characteristics.
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The Brunauer-Emmett-Teller (BET) surface area was calcu-
lated to be about 485 cm® g '. The pore size distribution pro-
files reveal that the material exhibited two main pore sizes at
7.5 A and 12.6 A, respectively. Moreover, the experimental
PXRD pattern display a strong peak at 1.25°nd a weak signal
at 7.66° (Fig.2d). The results represent that the prepared ma-
terial was a dual-pore crystal material. In addition, the mor-
phology (Fig. S2, Electronic Supporting Material) indicates
that the crystal TPT-COF with a layer-by-layer structure was
fixed on SSF successfully. The coating possesses a homoge-
neous surface and the thickness of is about 10 pm.

Optimization of HS-SPME conditions

Several experimental parameters affecting the extraction effi-
ciency of the self-made TPT-COF coating were studied.
Experimental parameters include extraction time, extraction
temperature, salt concentration, and desorption time. These
parameters were investigated and optimized to achieve the
best enrichment. The following experimental conditions were
determined to be optimum: extraction time of 40 min, extrac-
tion temperature of 85 °C, ionic strength of 20% (w/v), and
desorption time of 6 min. Relevant experimental data are giv-
en in Fig. S3 (Electronic Supporting Material).

Under the optimized extraction conditions, the extraction
capacity of the TPT-COF coated fiber toward the target PAEs
was investigated. As shown in Fig. S2, the extraction capaci-
ties of DMP, DEP, DPRP, DAP, DBP, DIOP, DCHP, DnDP,
and DPhP were found to be 533, 2215, 25,012, 10,720,
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12,580, 841, 625, 847, and 683 ng, respectively. Relevant
experimental data are given in Fig. S4 (Electronic
Supplementary Material).

Method validation

The analytical features of PAEs with the HS-SPME-GC-FID
method were studied under the optimized conditions. As
shown in Table 1, the linear ranges are 0.1-100 pg L™" for
DMP, DEP, DNDP, DPHP, 0.05-50 ug L' for DCHP, and
0.01-50 pg L' for DPP, DAP, DBP, and DEHP. All of the
target compounds show good linearity with the relation coef-
ficients (r) ranged from 0.9906 to 0.9988. The limits of detec-
tion (LODs) and limits of quantification (LOQ), determined
based on a signal-to-noise ratio (S/N) of 3:1 and 10:1, were in
the range 0f 0.01-0.10 ug L' and 0.02-0.31 pg L™, respec-
tively. The relative standard deviations (RSDs) for nine repli-
cates of extraction of PAEs using one fiber were lower than
4.72%. The fiber-to-fiber reproducibility evaluated using three
fibers were from 3.08% to 10.90%. Moreover, the enrichment
factors (EFs) ranged from 10 to 7790, which were defined as
the ratio of sensitivity of the target compounds after extraction
to that before extraction.

The lifetime of a fiber is very important for practical appli-
cation and was investigated by extracting PAEs. As shown in
Fig. S5 (Electronic Supplementary Material), the self-made
fiber was used more than 55 cycles for the extraction/
desorption of the target compounds without significant
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Table 1 Analytical performance

for GC-FID determination of Analyte  LR(ugL™)  LOD(ugL™)  RSD EF

PAEs using TPT-COF coated

fiber Intra-batch (%, n=3) Inter-batch (%, n=15)
DMP 0.1-100 0.10 472 7.96 10
DEP 0.1-100 0.10 3.20 9.73 221
DPP 0.01-50 0.07 4.67 6.48 3098
DAP 0.01-50 0.01 1.25 3.28 5557
DBP 0.01-50 0.01 0.83 4.39 7790
DEHP 0.01-50 0.01 1.23 3.08 1768
DCHP 0.05-50 0.06 431 7.63 395
DNDP 0.1-100 0.07 2.65 8.94 132
DPHP 0.1-100 0.07 3.23 10.90 113

decrease in the extraction ability, indicating the high durability
of the fiber.

Extraction mechanism

TPT-COF had different capacities for the target PAEs, which
probably originated from dissimilar extraction mechanisms.
As shown in Table 1 and Table S1, the logK,, values of
DMP, DEP, DPP, DBP, DEHP, and DNDP increased gradual-
ly. Under this condition, the extraction affinities of them with
the TPT-COF coated fiber were mostly proportional to the
hydrophobicity of the targets. Therefore, the extraction impe-
tus is the “hydrophobic-hydrophobic” interaction between
TPT-COF and the hydrophobic PAEs [19]. It should be noted
that although DEHP and DNDP exhibited higher logK,.,
values, EFs of them became lower, which might be because
small molecules were more apt to enter into the pores of the
TPT-COF fiber [33]. Similarly, the EFs of DCHP and DPHP

were low, which was also due to the size effect [34]. In addi-
tion, DAP has slightly smaller logK,, value than DPP but its
EF is higher, indicating that 7t stacking effect also made con-
tribution to the extraction of DAP by the TPT-COF coated
fiber [35].

Comparative study

To evaluate the extraction ability of TPT-COF toward the
target compounds, a commercial polydimethylsiloxane
(PDMS) fiber was selected for comparison. As shown in
Fig. 3, the self-made fiber possessed extraction efficiencies
that are better by factors between 1.08 and 40.7 than those
obtained by PDMS fiber. The high extraction capacity of the
TPT-COF coated fiber for PAEs was presumably attributed to
the strong interactions as mentioned above.

A comparison of the present strategy with some reported
methods which have been applied to the analysis of the target

Fig. 3 Comparison of
enhancement factors of PAEs

with TPT-COF and PDMS fibers 8000
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4000 —

EF

2000

B ercor
B rovs
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PAEs was summarized in Table S2 (Electronic Supplementary
Material). Although the LOD values of the present method
were not lowest, the TPT-COF coated SPME fiber showed
high enrichment efficiency for PAEs, implying its great poten-
tial for application in the area of sample pretreatment.

Application to real samples

To evaluate the practicality of the developed method, three
juice samples bought from local market were analyzed under
the optimized experimental conditions. 1 mL juice samples
were spiked with two concentrations, 0.5 ug L' (Level 1)
and 1 ug L' (Level 2). Typical chromatograms were
displayed in Fig. S6 (Electronic Supplementary Material).
As shown in Table S3 (Electronic Supplementary Material),
the recoveries located in the ranges of 80.6%—108.9%
(0.5 pg L") and 79.4%-110.3% (1 pug L") for the studied
analytes. The satisfactory results of recovery measurements
confirmed that the established method was reliable.

Conclusions

In this work, a novel dual-pore TPT-COF-based SPME fiber
was successfully prepared and characterized by FT-IR, TGA,
BET, XRD, SEM, and TEM determinations. These results
indicate that the TPT-COF coating is a crystal material includ-
ing micropores and mesopores. The developed HS-SPME-
GC-FID method exhibits low LOD values and wide linear
ranges when used for the determination of PAEs. Based on
results of EFs by two fibers (TPT-COF coated fiber and
commercial PDMS fiber) toward PAEs, the self-made TPT-
COF exhibited high extraction ability because of high surface
area, 71- interaction, and hydrophobic interactions. It can be
expected that the coating exhibits extraction selectivity for the
analytes containing C=C and C=N groups including some
drugs, herbicides, and pesticides. Although the present dual-
pore COF material cannot selectively enrich PAEs in the pres-
ence of such analytes, it opens a gallery for the wider appli-
cations of COFs to the area of SPME.
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