Chinese Chemical Letters 35 (2024) 109699

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Constructing bifunctional magnetic porous poly(divinylbenzene) ®)
polymer for high-efficient removal and sensitive detection of iy
bisphenols

Mengyuan Li?, Xitong Ren®, Yanmei Gao?, Mengyao Mu?, Shiping Zhu?, Shufang Tian?,

Minghua Lu®*

3 College of Chemistry and Molecular Sciences, Henan University, Kaifeng 475004, China

b Key Laboratory for Special Functional Materials of Ministry of Education, School of Materials Science and Engineering, Henan University, Kaifeng 475004,

China

ARTICLE INFO

ABSTRACT

Article history:

Received 11 December 2023
Revised 14 February 2024
Accepted 27 February 2024
Available online 1 March 2024

Keywords:

Sample pretreatment

Bisphenols (BPs)

Porous organic polymer

Magnetic solid-phase extraction (MSPE)
Adsorption

In view of widespread existence and toxicity, removal and detection of bisphenols is imperative to assess
environmental risks and reduce harm to human health. Although many techniques have been reported,
constructing fast and sensitive method remains a challenge. Herein, porous poly(divinylbenzene) polymer
was synthesized in-situ on the Fe;0,4 particles by means of distillation-precipitation polymerization and
functioned as sorbents to extract bisphenols. Employing Fe;04@poly(divinylbenzene) as sorbent, a mag-
netic solid-phase extraction coupling with liquid chromatography was developed to detect trace bisphe-
nols in water. This method presented low detection limits (0.01-0.03 ng/mL), high enrichment ability (en-
richment factor, 327-343), and good reproducibility. Moreover, the method showed satisfactory recoveries
in the detection of lake water (80.60%-116.2%) and egg sample (75.17%-120.0%). Impressively, Fe30,@PDVB
has excellent adsorption capacity, which can realize rapid kinetic adsorption of bisphenols with equi-
librium time all less than 10s. The maximum adsorption capacities reached 1074.8, 1049.7, 1299.1 and
1329.5 mg/g for bisphenol F, bisphenol A, bisphenol B and bisphenol AF with Langmuir isotherm model.
The adsorption mechanism of Fe;0,@PDVB to bisphenols was investigated and demonstrated that hy-
drophobic interactions played a key role, together with assistance of 7 —m stacking interactions and hy-
drogen interactions. Overall, this work provides a promising sorbent material with ultra-fast and large
adsorption capacities for extraction of bisphenols from water.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a significant monomer to prepare polycarbonates and epoxy
resins, bisphenol A (BPA) are widely utilized in the manufacture of
baby bottles, beverage packaging, dental sealants, and other prod-
ucts. Due to estrogen-like effects, BPA can cause biological repro-
ductive abnormalities and disrupt normal endocrine functions in
humans even at very low concentrations [1,2]. The overuse of BPA
will cause various environmental pollution [3,4]. In recent years,
bisphenol B (BPB), bisphenol F (BPF) and bisphenol AF (BPAF) were
used as substitutes for BPA. However, more and more evidences
demonstrate that they have equally harmful to species and ecosys-
tems [5,6]. Therefore, it is very necessary to develop sensitive
method for detection of trace bisphenols (BPs).

Owing to extremely low concentration in real samples and se-
rious interferences from other coexisting matrices, a high-efficient
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sample pretreatment is usually required before separation and de-
tection of BPs [7]. Due to can greatly improve recovery of sor-
bent materials and simplify procedures of sample pretreatment
with combination of magnetic separation and solid-phase extrac-
tion, magnetic solid phase extraction (MSPE) received considerable
attention [8-11]. As a key part of MSPE, the sorbents not only af-
fect sensitivity and selectivity, but also influence reliability and ac-
curacy of the analytical methods [12]. Therefore, various new ma-
terials such as carbon materials [13,14], covalent organic frame-
works [15-17], metal-organic frameworks [18-21], porous poly-
mers [22,23] and their functional composites were explored as sor-
bents in sample pretreatment.

Porous organic polymers with offering unprecedented struc-
tural features including tunable structures, diverse synthesis pro-
cesses, versatility and extraordinary framework stability, have pro-
vided great opportunities for applications in energy storage [24],
elemental capture [25], pollutants removal [26,27], photodegrada-
tion [28] as well as separation, sensing and drug delivery [29-31].

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



M. Li, X. Ren, Y. Gao et al.

Chinese Chemical Letters 35 (2024) 109699

A B

_ M 3

3 a 3

8 2

it -

o £

5 M :

& o z

= < g

d =
— —— T 1
10 20 30 40 50 60 70 80 3500 2500 1500 500
20 (degree) Wavenumber (cm™)
C 4 D 300 E 1.8
# —o——aFe304@PDVB o FeyO4a PDVE
& 30 r_—-_-h 2504 —o——4—Fe304a@PDVB (toluen-free) c ] —a—Fe304@ PDVB (toluen-free)
s 20 ~ "= |
£ ol E 200 e,..:o;:uw ERERN
2 F 7 e =
= / o ’/,4" _E,
20 =050 p E
E*Ill ——| § [ K t
-] = 1004 § > 0.6 ”\A
2.2 - @ \
& - 3 s |
x_3 S 50 = i W8
Z-30 |
-
40 ) 0.0 4
=20000 —10000 0 10000 20000 00 02 04 06 08 1.0 1 2 3 4 5678910
Magnetic Field (Oe) Relative pressure (P/P) Pore Width (nm)

Fig. 1. XRD patterns (A), IR spectra (B), magnetic hysteresis loops (C), N, adsorption-desorption (D) and pore size distribution profile (E) of Fe;04,@PDVB. Spectra a, b, ¢ and
d represent 2.4%Fe;0,@PDVB, 7.3%Fe;0,@PDVB, 12.2%Fe;0,@PDVB and Fe;0,, respectively.

The plenty of pore structures and active sites make these materi-
als to be considered as an ideal candidate for sample pretreatment
[32]. Poly(divinylbenzene) (PDVB) as a highly cross-linked polymer
has been demonstrated ideal sorbent for preconcentration of trace
targets [33,34]. However, in the process of sample pretreatment,
the retrieve of PDVB from sample solution has difficulty because
of super-light property.

Herein, a series porous Fe3O4@PDVB polymers were prepared
with in-situ self-polymerization strategy. The Fe304 particles are
encapsulated inside the polymer to form magnetic PDVB. The
phase separation and retrieve of sorbent can be easily performed
with an external magnet, which overcomes the difficulty of sepa-
rating PDVB from aqueous solution by centrifugal process because
of its ultra-light nature in solution. The Fe;0,@PDVB nanoparti-
cles were used as sorbent of MSPE to high-efficient extract four
BPs (Table S1 in Supporting information) and sensitive detect them
with high-performance liquid chromatography (HPLC) technique.

The Fe304@PDVB was characterized with X-ray diffraction
(XRD) technique. As is shown in Fig. 1A, a broad peak appears at
10° to 30°, which is consistent with the previously reported peak
of PDVB [35]. Spectrogram d in Fig. 1A is the XRD diffraction pat-
tern of the prepared pure Fe304. The 220, 311, 400, 422, 511, 440
planes of spinel Fe;04 and their diffraction peak relative intensities
are in good accordance with the previous reported [36]. Similarly,
these diffraction peaks can be found in Fe304@PDVB, and intensity
of characteristic diffraction peak increases gradually with improv-
ing Fe304 content in the synthesis.

Infrared (IR) spectrum can provide significant information of
functional groups and chemical bonds. Fig. 1B demonstrates the
typical IR spectra of Fe304,@PDVB. The absorption peak at 3024
cm~! is ascribed to C-H stretching vibration of unsaturated car-
bon. Generally, C-H stretching of saturated hydrocarbons is below
3000 cm~! and close to the frequency absorption of 3000 cm~!.
The peaks at 1600, 1500, 1450 cm~! are attributed to stretching
vibration of benzene ring skeleton, and peaks at 880-680 cm!
belong to the C-H bending vibration of aromatic compound. The
characteristic peaks of main functional groups in composite have
been interpreted successfully.

As expected, the magnetic hysteresis loops in Fig. 1C show
that the saturation magnetization increases with the increase
of Fe;04 content. The saturation magnetization strengths of
the materials containing 2.4%Fe;04@PDVB, 7.3%Fe30,@PDVB, and
12.2%Fe30,@PDVB were measured to be 11.0, 24.3, and 31.3 emu/g,

respectively. All three hysteresis loops pass through the origin, in-
dicating that all three substances are paramagnetic, which provide
a prerequisite for their use in the MSPE process.

Contact angle test was used to determine the material’s hy-
drophobicity. As presented in Fig. S1 (Supporting information), the
apparent contact angles of Fe;0,@PDVB with three different Fe304
contents are all higher than 90°, which indicates that the surface
of Fe30,@PDVB is hydrophobic property.

The size of specific surface area is closely related to material
size, shape, surface defects and pore structure. Stronger surface ef-
fects like surface activity and surface adsorption capacity are as-
sociated with greater specific surface areas. The N, adsorption-
desorption isotherm of 7.3%Fe;04@PDVB is displayed in Fig. 1D.
The curve shows a rapid increase in adsorption at lower relative
pressures, indicating a potent interaction between the material and
N,. Thereafter, a saturation value of adsorption occurs after reach-
ing a certain relative pressure, similar to the Langmuir adsorption
isotherm. These are typical features of type I isotherms. In gen-
eral, type I isotherms tend to reflect the microporous filling phe-
nomenon on microporous adsorption. Fig. 1E reflects the pore size
distribution of 7.3%Fe304@PDVB, which verifies our previous anal-
ysis that a large amount of micropores exist in the material. These
characterization results suggested that the sorbent possesses large
surface area and high porosity. In addition, the 7.3%Fe;0,@PDVB
without the addition of a pore-forming agent (toluene) during the
synthesis process were also investigated. In Fig. 1D, the specific
surface area of toluene-free Fe;0,4@PDVB (268 m?/g) with blue
color was much lower than that of Fe30,@PDVB (560 m?/g) with
red color. The average pore sizes of toluene-free Fe;0,@PDVB and
Fe304@PDVB were 4.12nm and 2.65nm. It can be concluded that
the microporous structure of material was greatly increased, and
specific surface area of Fe;0,@PDVB improved after addition of
toluene during the synthesis.

The morphological structures of the 7.3%Fe30,@PDVB were
characterized by SEM and TEM. It is evident from the SEM image
(Figs. 2A and B) that the bar-like 7.3%Fe304@PDVB is staggered and
the overall morphology resembles coral. The TEM images (Figs. 2C
and D) bring out the structure of material more clearly. The bare
Fe304 magnetic nanoparticles had assembled spherical morphol-
ogy with an approximate size of 1770 nm, and the PDVB layer sur-
rounding the magnetic core could be distinctly observed. Further-
more, there are almost no residual pure PDVB polymers present
in the 7.3%Fe30,@PDVB sample. This phenomenon indicates that
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Table 1
The linear range, R, LOD, LOQ, EFs and RSD of the MSPE using 7.3%Fe;04,@PDVB as sorbent for the analysis of BPs.
Analyte Linear range (ng/mL) R? LOD (ng/mL) LOQ (ng/mL) EF RSD (%)
Intra-day (n = 5) Inter-day (n = 5)
BPF 0.05-200 0.9973 0.02 0.05 327 3.45 7.43
BPA 0.03-200 0.9996 0.01 0.03 343 3.66 6.59
BPB 0.05-200 0.9984 0.02 0.05 327 3.26 6.67
BPAF 0.10-200 0.9993 0.03 0.10 334 3.65 5.95

Fig. 2. SEM (A, B) TEM (C, D) images of 7.3%Fe;0,@PDVB.

the PDVB polymers have been entirely covered on the surfaces of
Fe304 magnetic nanoparticles to form well-defined coating layers.

To achieve high extraction performance, the process of sam-
ple pretreatment was usually performed in different solvents
or solution with different pH values. Therefore, the stability of
7.3%Fe30,4@PDVB in acidic (pH-2), alkaline (pH-10) and salt so-
lution (1mol/L NaCl) media were evaluated. After soaking for
24h, XRD and IR spectrograms (Figs. S2A and B in Supporting
information) demonstrated that the structure of the sample did
not change. In addition, there was no obvious weight loss of
7.3%Fe30,@PDVB within the temperature of 420°C (Fig. S2C in
Supporting information). This can be attributed to the fact that
PDVB is a highly cross-linked carbon-carbon structure, and the
Fe304 magnetic spheres also have high thermal stability.

The adsorption performance of Fe;0,@PDVB with different mo-
lar mass ratios of Fe;04 to BPs was evaluated under the same
conditions. The results demonstrate that 7.3%Fe304@PDVB pos-
sesses higher extraction performance and precision compared with
2.4%Fe30,@PDVB and 12.2%Fe;0,@PDVB (Fig. S3 in Supporting in-
formation). The SPME procedures were optimized to achieve ideal
adsorption and desorption conditions. The detailed discussion and
results are presented in supplementary information (Fig. S4 in Sup-
porting information).

The linear range, limit of detection (LOD), limit of quantification
(LOQ), coefficient of determination (R%), enhancement factor (EF)
and relative standard deviation (RSD) were achieved to analyze the
performance of method (Table 1). The method presented excellent
linearity for target BPs ranging 0.03-200ng/mL with R? not less
than 0.9973. The LODs with S/N at 3 were achieved between 0.01-
0.03 ng/mL. LOQs (S/N = 10) of method were 0.03-0.10 ng/mL. The
enrichment factor (EF) defined as the slope of the linear curve of
the standard solution after enrichment by the MSPE method di-
vided by slope of linear curve of the unenriched standard solu-
tion. The EF values of 7.3%Fe;04,@PDVB for BPs ranged from 327 to
343, which were significantly higher than those of the other ma-
terials (Table S2 in Supporting information). The RSDs of intra-day

and inter-day were determined as 3.26%—3.66% and 5.95%—7.43%,
respectively, which shows that the established method has good
reproducibility. Besides, reusability is the key indicator to eval-
uate sorbent, because it relates to whether the sorbent can be
used in practical production. The sorbent can be quickly eluted by
methanol solution for re-adsorption and displayed high reusability.
Experimental results showed that the extraction efficiency has not
significant reduction within six times (Fig. S5 in Supporting infor-
mation).

Fig. 3A present the adsorption kinetics of different BPs. It is a
very fast adsorption process, which almost instantaneously reached
equilibrium (within 10s). The adsorption process was investigated
with pseudo-first-order (Fig. 3B) and pseudo-second-order (Fig. 3C)
kinetic models. The experimental results demonstrated the adsorp-
tion conform to pseudo-second-order kinetic model. The rate con-
stant (k), the coefficient of determination (RZ), the experimental
and calculated g. values for BPs adsorption onto sorbents are cal-
culated and summarized in Table S3 (Supporting information). All
the R% values for BPF, BPA, BPB, and BPAF using pseudo-second-
order kinetic model are above 0.9998, which are higher than those
of the pseudo-first-order kinetic model. Additionally, the calculated
ge values and experimental ge values are extremely similar. Con-
versely, the ge calculated by pseudo-first-order kinetic model is ob-
viously smaller than actual adsorption capacity. Therefore, pseudo-
second-order kinetic model is more proper to describe adsorption
of BPs with 7.3%Fe30,@PDVB, indicating chemical reaction plays a
role in the rate-controlling step. Furthermore, pseudo-second-order
model is suitable for reaction in presence of saturation sites [37].
Therefore, multiple adsorption mechanisms were existed in the ad-
sorption process of Fe304,@PDVB on BPs. The equilibrium adsorp-
tion capacity of Fe304,@PDVB on BPs gradually enhanced with in-
creasing BPs concentration (Fig. 3D). The Langmuir (Fig. 3E) and
Freundlich (Fig. 3F) models were applied to fit equilibrium data,
and results are listed in Table S4 (Supporting information). The
Langmuir model is based on assumption that the adsorption is on
a uniform surface, forming a single molecule adsorption layer with
the same energy at all adsorption sites. The Freundlich isotherm
is an empirical equation used to describe heterogeneous surfaces
with different adsorption site energies.

For the adsorption of BPs by 7.3%Fe;0,@PDVB, a good fit was
observed for both Langmuir and Freundlich models. Even though
the partial R? of Freundlich are slightly larger than that of Lang-
muir, which demonstrates Fe30,@PDVB to BPs are multilayer ad-
sorption, which affected by chemical and physical adsorption pro-
cesses [38]. However, the adsorption physics models used by Fre-
undlich and Langmuir are essentially the same, which can be seen
from their derivation process. The difference is only the number of
active centers that a molecule can saturate. When n = 1, Freundlich
becomes Langmuir. For this reason, some experimental data on the
adsorption of single molecule layers tend to fit well with both ad-
sorption isotherms. When the Freundlich index (1/n) < 1, it also
indicates monolayer adsorption, which is due to the curve tends
to saturate with increasing Ce, while the multilayer adsorption
does not saturate. In addition, the discussion of the N, adsorption-
desorption isotherm above leads to the conclusion that the adsorp-
tion process of Fe;04,@PDVB is more consistent with the Langmuir
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Fig. 3. Adsorption kinetics (A), pseudo-first-order (B), pseudo-second-order (C), adsorption isotherm (D), Langmuir model (E) and the Freundlich model (F) of BPs on the

7.3%Fe304@PDVB material.

model, that is, single molecular layer adsorption theory. Therefore,
the Langmuir model was chosen here to calculate the theoretical
adsorption amount (gqm ), which proved that 7.3%Fe;0,@PDVB has a
strong adsorption capacity. The monolayer saturation capacity, qm,
were determined as 1074.82, 1049.69, 1299.14, and 1329.48 mg/g
for BPF, BPA, BPB, and BPAF, respectively.

Furthermore, the assumption of feasibility and nature of ad-
sorption process were studied by R; value. Details are listed as fol-
lowing: Irreversible (R, =0), indicating that the adsorption isother-
mal constant (ay) is too large, which means that the adsorption
force is too strong. Favorable (0 < R, < 1), which is the stan-
dard case of normal adsorption. Linearity (R, =1) only occurs when
a, =0, which means that adsorption isotherm is a straight line. Un-
favorable (R, > 1), which means —1< Cyxa. < 0, and instead
of adsorption, which will have desorption. The obtained R, val-
ues yielding between 0 and 1, indicating that the adsorption of
Fe;04@PDVB to BPs is a favorable process [39].

The adsorption process is often accompanied by the change of
system energy. The adsorption thermodynamics are analyzed with
the parameters of the change of Gibbs free energy (AG), enthalpy
(AH), and entropy (AS). The detailed discussion and results are
presented in supplementary information (Fig. S6 and Table S5 in
Supporting information).

In order to fully understand the adsorption behavior of sor-
bent, the interactions between 7.3%Fe30,@PDVB and BPs were in-
vestigated. According to their octanol-water partition coefficients
(logKow), the order of hydrophobicity is BPAF > BPB > BPA > BPF,
which is basically in accordance with order of their gn [40]. The
phenyl and alkyl groups of BPs can produce hydrophobic inter-
actions with 7.3%Fe;04@PDVB. Compared with BPA, the fluoride
groups of BPAF can further enhance the hydrophobicity. As a re-
sult, the adsorption capacity of 7.3%Fe30,@PDVB to BPAF is higher
than that of other analytes [41]. Therefore, the hydrophobic ef-
fect played a significant role during the adsorption. Moreover, -
7 stacking interaction also can affect affinity of sorbents to tar-
gets [42]. Meanwhile, CH/m interactions, which are weak hydro-
gen bonds engendered between hydrogen atoms of alkyl or aryl
group (H donor) and m-face of aromatic ring (H acceptor), also
promotes adsorption [43,44]. In addition to the hydrophobic inter-
actions, -7 stacking interactions and CH/m interactions as dis-
cussed above, 7.3%Fe304@PDVB also possessed rich internal pore
environment and large specific surface area. As these plenty of
pore structures that can facilitate exposure of internal absorbing
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Fig. 4. The typical chromatograms obtained for direct analysis of lake sample (a),
lake sample pretreated with 7.3%Fe3;04,@PDVB as MSPE sorbent (b), spiked water
sample (100 ng/mL) pretreated with developed MSPE procedures (c) and the stan-
dard solution with a concentration of 100 ng/mL (d). Extraction and desorption con-
ditions: (1) sorbent amount: 7mg, (2) extraction time: 1min, (3) desorption sol-
vent: MeOH, (4) desorption time: 3 min.

sites to BPs and subsequently improve adsorption rate and capac-
ity [26,45].

To investigate the ability of method to analyze real samples, the
developed MSPE-HPLC method was applied to extraction and de-
termination of BPs in Baogong Lake (Kaifeng, China). The specific
detection process of this method is shown in Fig. S9 (Supporting
information). Firstly, samples were analyzed without pretreatment,
and result illustrated as chromatogram a in Fig. 4. It can be seen
that no obvious peaks were observed. The chromatogram b in Fig.
4 shows a typical chromatogram for the analysis of water sam-
ple with developed method using 7.3%Fe304@PDVB as the sorbent
of MSPE under optimal conditions. Preliminary analysis indicated
that the sample contained a small amount of BPB, and the con-
centration was calculated as 6.45 ng/mL. Additionally, three differ-
ent concentrations of BPs standard solutions (1, 10, and 100 ng/mL)
were added to the actual samples and the accuracy was investi-
gated with calculating their recoveries. The chromatograms c¢ and
d (Fig. 4) were obtained from determination of spiked water and
standard solution using developed method. Recoveries ranged from
80.60% to 116.2% were achieved for analysis of lake water sample
(Table S6 in Supporting information). The matrix effect which has
great influence on quantification was also studied. All these results
showed that the suppressive effects of lake water components on
the BPs were in the range of 0.8 to 0.9, which belongs to mild sup-
pression effect (Table S7 in Supporting information). The method



M. Li, X. Ren, Y. Gao et al.

was also applied to analysis of egg sample. The results are pre-
sented in Table S8 (Supporting information). It can be seen that
the recoveries for the analysis of egg sample were achieved be-
tween 75.17% to 120.0%.

The analytical parameters of developed MSPE-HPLC method
were compared with other methods for analysis of BPs, and the
data are listed in Tables S2 and S9 (Supporting information). As
can be seen that the developed method presented a very short
extraction time (within 10s), which is much better than those
of other reported methods. In addition, the maximum adsorp-
tion capacity of 7.3%Fe30,@PDVB for BPs used in this experiment
was much higher than that of other sorbents. Moreover, it ex-
hibited lower LOD and higher enrichment factors in comparison
with the works. In addition, we verified the adsorption selectiv-
ity of 7.3%Fe30,@PDVB to different pollutants (Figs. S7 and S8
in Supporting information). The adsorption properties of sulfon-
amides, Pb(1I) and dyes were tested. These results suggested that
7.3%Fe30,@PDVB has some selectivity for BPs (Table S10 in Sup-
porting information). Overall, the developed method owns cost-
effective, saving time, high efficiency and high sensitivity, which
can be used to analysis of BPs in water more effectively than other
reported methods.

In this work, porous 7.3%Fe30,@PDVB was produced by a facile
method and used as a sorbent for MSPE to enrich BPs in water.
The 7.3%Fe304@PDVB exhibited ultrafast adsorption rate and very
large adsorption capacity for BPs. The equilibrium could be reached
within 10s. The adsorption capacities of Fe;0,@PDVB for BPF, BPA,
BPB, and BPAF were 1074.8, 1049.7, 1299.1, and 1329.48 mg/g, re-
spectively. The enrichment effect of porous 7.3%Fe30,@PDVB on
BPs is remarkable, which is far superior to the reported methods.
Extensive experiments validated the reasonableness of the above
analysis and the reliability of the constructed MSPE-HPLC method.
All these advantages make porous 7.3%Fe30,@PDVB as an ideal sor-
bent candidate for remove and extraction of BPs in real samples.
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