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Abstract: Bisphenol compounds (BPs) are a severe threat to humans and creatures; hence it is critical
to develop a quick and simple approach for removing trace BPs from water. This research synthe-
sized a novel template–monomer complex, phenolphthalein-(3-isocyanatopropyl)triethoxysilane
(PP-ICPTES), as a dummy template, and a molecularly imprinted polymer for bisphenol was made
via a semi-covalent approach. By successfully coating the imprinted layer on the Fe3O4@SiO2@mSiO2

structure, a magnetic dummy molecularly imprinted mesoporous silica nanoparticles (m-DMI-
MSNPs) with a core-shell structure and superefficient aqueous phase selectivity for bisphenols was
synthesized. The morphology and structure of the m-DMI-MSNPs were characterized using transmis-
sion electron microscopy (TEM), nitrogen adsorption-desorption analysis, Fourier transform infrared
spectroscopy (FT-IR), and vibrating sample magnetometry (VSM). The prepared m-DMI-MSNPs pre-
sented excellent water compatibility and magnetic separation abilities. The m-DMI-MSNPs showed
excellent recognition selectivity towards BPs with imprinting factors of 7.6, 8.2, and 7.5 for bisphenol
F (BPF), bisphenol E (BPE), and bisphenol A (BPA), respectively. Fast binding kinetics (equilibrium
time < 1 min) and a high rebinding capacity (maximum adsorption capacity, 38.75 mg g–1) were
observed in the adsorption experiments. More importantly, the m-DMI-MSNPs, which combine
good water compatibility, class selectivity, and magnetic separation performance, exhibited excellent
performance for the removal of BPF, BPE, and BPA from tap water, mineral water, and sewage water
samples, with removal efficiencies in the ranges of 96.6–97.8, 95.6–97.1, and 93.1–95.3%, respectively.

Keywords: dummy template; semi-covalent imprinting; magnetic nanoparticles; bisphenol; water
compatibility

1. Introduction

Bisphenol compounds (BPs) are among the most common environmental endocrine
disruptors and represent a serious threat to the human reproductive system, metabolic
processes, immune system, and neuroendocrine system [1–3]. Several countries have
developed and implemented legislation and guidelines to limit the use of BPA in relevant
products and their environmental levels since 2008. The European Chemicals Agency
(ECHA) added BPA to its list of high-risk compounds in 2017 [4].

Because relevant legislation places strict restrictions on the use of BPA, BPF, BPE,
bisphenol S (BPS), 2,2′-bis(4-hydroxyphenyl)-hexafluoropropane (BPAF), and other BPs
are generally utilized as BPA alternatives. However, BPs pollution is prevalent [5]. Liu
et al. studied the levels of BPs in surface water in the Pearl River (South China) during the
dry season, finding that BPA and BPF were identified at 100% and 84%, respectively [6].
Another study found BPA in 100% of commercially accessible bottled water, while BPA E
was found in 24% of samples [7]. As a result, it is critical to conduct an investigation into
the removal of BPs.
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Molecularly imprinted polymers (MIPs) are three-dimensional porous materials that
have been designed with specific target molecules as templates, and their caves can in-
teract with the template molecules in terms of form, size, charge, and functional groups,
allowing for effective identification. MIPs have received much attention because of their
predictable molecular recognition, high selectivity, excellent chemical stability, ease of
synthesis, and structure personalization. MIPs are currently widely used in wastewater
treatment, biosensing, separation, and enrichment.

Despite their numerous advantages, the use of MIPs is limited by template molecule
leakage. Because template leakage causes secondary contamination, it has a significant
impact on trace target removal and detection. A dummy template with a similar structure to
the target could be used to solve this problem [8]. This strategy can increase the number of
specific binding sites and adsorption capacity while improving analytical method accuracy.
Researchers have conducted numerous studies on dummy templates for BPs. Liu et al. [9]
compared the extraction effect of MIP prepared with bisphenol B, bisphenol F, 3,3’,5,5’-
tetrabromobisphenol (TBBPA), and 4-tert-butylphenol as dummy templates on the actual
bisphenol A in water samples. Other researchers have also conducted studies on BPs
dummy templates MIPs (DMIPs), such as using 3,3’,5,5’-tetrabromobisphenol (TBBPA) [8],
BPAF [10], 4,4′-dihydroxybiphenyl (DDBP) [11], and BPS [12] as dummy templates. These
dummy templates have a chemical structure similar to BPA, which eliminates template
leakage and improves sensitivity. Unfortunately, the majority of dummy templates have
estrogenic effects, which can lead to secondary contamination that is risky to human health
and the environment [13]. As a result, developing a highly selective, environmentally
friendly, nontoxic, and nonhazardous dummy template for BPs is critical.

In our preliminary work, phenolphthalein (PP) was found to be structurally close to
BPA, and the developed PP imprinted polymer had good selectivity towards BPA [14,15].
Using this as a foundation, a brand-new template–monomer complex called PP-ICPTES
was synthesized. Magnetic dummy molecularly imprinted mesoporous silica nanoparticles
(m-DMI-MSNPs) based on the Fe3O4@SiO2@mSiO2 structure were successfully synthesized
employing PP-ICPTES as a dummy template. The contribution of a mesoporous silica shell
layer massively improved adsorption capacity, reduced equilibration time, and improved
aqueous phase compatibility. The morphology of the synthesized m-DMI-MSNPs, as
well as their binding capabilities and adsorption performance on BPs, were thoroughly
investigated by applying relevant characterization and adsorption experiments. They
have also been employed successfully for the fast and selective removal of BPs from
sewage influents.

2. Experimental
2.1. Materials and Apparatus

BPA, BPF, BPE, and catechol (CAT) were purchased from TCI Chemical Reagent
Co. Ltd. (Shanghai, China). Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium
bromide (CTAB), ammonia water (NH3·H2O, 28 wt%), ethanol, hexane, and dimethyl sul-
foxide (DMSO) were purchased from Kemiou Chemical Reagent Co. Ltd. (Tianjin, China).
1,1,1-tris(4-hydroxyphenyl)ethane (THPE), 3-aminopropyl triethoxysilane (APTES), (3-
isocyanatopropyl)triethoxysilane (ICPTES), ferric chloride hexahydrate (FeCl3·6H2O), anhy-
drous sodium acetate, ethylene glycol, phenolphthalein (PP), and N, N-dimethylformamide
(DMF), dimethyl sulfoxide (DMSO) were purchased from J & K Chemicals (Beijing, China).
High-performance liquid chromatography (HPLC) grade acetonitrile and methanol were
obtained from Merck (Schwalbach, Germany). Ultrapure water was supplied using a
Milli-Q system (Millipore, Bedford, MA, USA).

2.2. Characterisation of the m-DMI-MSNPs and m-NI-MSNPs

Nitrogen adsorption isotherms of the m-DMI-MSNPs and magnetic non-imprinted
mesoporous silica nanoparticles (m-NI-MSNPs) were measured using a Nova 4200e ana-
lyzer (Quantachrome Instruments, Boynton Beach, FL, USA). Before testing, approximately
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60 mg of each sample was degassed for 4 h at 200 ◦C. The specific surface area (SBET)
and porosity were calculated using the Brunauer–Emmett–Teller (BET) and Barret–Joyner–
Halenda (BJH) methods, respectively, and parameters, including the specific pore diameter,
were then obtained. The morphology of the nanoparticles was observed using a JEM 2100F
transmission electron microscope under high vacuum conditions at an accelerating voltage
of 200 kV (TEM) (JEOL, Tokio, Japan). An energy dispersive X-ray (EDX) spectrum was
obtained on Tecnai G20 (Phillips Electronics Co., Eindhoven, The Netherlands) at an acceler-
ating voltage of 20.0 kV. The structure of the nanoparticles was characterized using Fourier
transform infrared (FT-IR) spectroscopy (Nicolet 6700, Thermo Fisher Scientific, Waltham,
MA, USA). The template–monomer complex PP-ICPTES was confirmed by proton nuclear
magnetic resonance (1H-NMR) (AVANCE NEO 300 MHz, Bruker, Rheinstetten, Germany).
The magnetic properties were measured at 25 ◦C using a vibrating sample magnetometer
(VSM 7407, Lakeshore, Carson, CA, USA).

2.3. Preparation of the m-DMI-MSNPs and m-NI-MSNPs
2.3.1. Preparation of Magnetic Fe3O4

Spherical Fe3O4 nanoparticles were synthesized using a solvothermal method. Typi-
cally, 8.1 g FeCl3·6H2O was dissolved in 300 mL ethylene glycol under magnetic stirring at
500 rpm until a clear yellow solution was obtained. Subsequently, 21.6 g of sodium acetate
was added to this solution. After forming a homogeneous dispersion, the mixture was
transferred into a Teflon-lined stainless steel autoclave and heated at 200 ◦C for 8 h. Black
magnetic nanoparticles were then separated from the reaction solution using a magnet.
The product was washed three times, each with ethanol and deionized water, and dried
under vacuum at 60 ◦C for 24 h.

2.3.2. Preparation of Fe3O4@SiO2

Fe3O4@SiO2 was prepared according to a previously reported method with some
modifications [16]. The steps were as follows the Fe3O4 particles (0.1 g) were dispersed in a
mixture of isopropyl alcohol (240 mL), deionized water (18 mL), and concentrated aqueous
ammonia solution (28 wt%, 21 mL) by ultrasonic vibration. Subsequently, 2 mL TEOS was
added dropwise. After stirring for 14 h, the products were collected, washed three times
with deionized water, and dried under a vacuum at 60 ◦C for further use.

2.3.3. Preparation of the Template–Monomer Complexes

The template–monomer complexes PP-ICPTES and THPE-ICPTES were first synthe-
sized. Briefly, dummy template PP or THPE (10 mmol) was dissolved in ultradry DMF
solvent (15 mL), and 20 mmol (for PP) or 30 mmol (for THPE) of ICPTES was then added
gradually. The mixture was stirred at 80 ◦C for 48 h under a nitrogen atmosphere. After the
reaction was complete, DMF was removed by vacuum distillation. The obtained transpar-
ent viscous product was stored under a dry nitrogen atmosphere and characterized using
1H-NMR (300 MHz, CDCl3) analysis.

2.3.4. Preparation of m-DMI-MSNPs and m-NI-MSNPs

Uniform mesoporous Fe3O4@SiO2@mSiO2 were constructed using the typical sol-
gel method [16]. Approximately 0.1 g Fe3O4@SiO2, prepared in the former step (2.3.2
Preparation of Fe3O4@SiO2), was redispersed in a mixed solution containing CTAB (0.30
g, 0.823 mmol), ultrapure water (80 mL), ammonia water (1.0 mL, 28 wt%), and ethanol
(60 mL). The mixed solution was homogenized for 0.5 h to form a uniform dispersion.
TEOS (0.42 g, 2.0 mmol) and PP-ICPTES (0.15 g, 0.2 mmol) were added to the dispersion
under continuous stirring (500 rpm). After reaction for 24 h, the product was collected
with a magnet and washed sequentially with ethanol and water three times to remove
any nonmagnetic by-products. The PP dummy template was removed by refluxing in
DMSO and ultrapure water (5:1, v/v) at 180 ◦C for 3 h. Next, the m-DMI-MSNPs were
washed with ethanol by Soxhlet extraction for 12 h to remove the residual DMSO and CTAB
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and subsequently dried under vacuum at 60 ◦C. The corresponding m-NI-MSNPs were
prepared using the same procedure, except that APTES was used instead of the template–
monomer complex. The schematic procedure for the preparation of the m-DMI-MSNPs is
shown in Figure 1.
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Figure 1. Schematic procedure of preparation of m-DMI-MSNPs.

2.4. Adsorption Experiments of the m-DMI-MSNPs and m-NI-MSNPs
2.4.1. Static Adsorption

The binding capacity (Q) of the M-DMI-MSNPs and m-NI-MSNPs for BPA was deter-
mined as follows: exactly 10 mg m-DMI-MSNPs or m-NI-MSNPs was suspended in 2 mL
BPA water/methanol (95:5, v/v) solutions with various concentrations ranging from 0.05 to
4.0 mmol L−1. The series of mixtures were shaken for 3 h at 25 ◦C. After the separation of
the magnetic field provided by NdFeB, the residual amount of BPA in the aqueous phase
was measured using HPLC. The amount of BPA absorbed by the M-DMI-MSNPs and
m-NI-MSNPs was calculated using the following equation:

Qe =
(C 0 − Ct)v

m
(1)

The removal efficiency was calculated using the following equation:

η =
C0 − Ct

C0
(2)

where Qe (mg g−1) is the mass of BPA adsorbed per unit mass of dry particles, η (%) is the
removal efficiency of BPA, C0 is the initial BPA concentration in solution (mmol L−1), Ct is
the residual concentration in the solution at time t (mg L−1), v is the solution volume (mL),
and m is the adsorbent mass (g).

Scatchard analysis was used to investigate the binding properties of the obtained m-
DMI-MSNPs. The Scatchard plot was constructed according to the following equation [17]:

Qe

Ce
=

Qmax − Qe
Kd

(3)

where Qe is the equilibrium adsorption capacity of the m-DMI-MSNP or m-NI-MSNP
material, Ce is the free BPA concentration at equilibrium, Kd is the dissociation constant,
and Qmax can be obtained from the slope and intercept of the linear line plotted as Qe/Ce
vs. Qe.

2.4.2. Competition Studies

The class selectivity of the M-DMI-MSNPs was systematically evaluated through
procedures similar to those of the static adsorption experiment, using mixture standards of
BPA, BPF, BPE, and CAT in ultrapure water/methanol (95:5, v/v). The M-DMI-MSNPs or
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m-NI-MSNPs (10 mg) were first dispersed in the mixed standard solution (0.01 mmol L−1

of each analyte, 2 mL) and then shaken at 25 ◦C for 3 h to achieve balanced adsorption. The
selectivity of the M-DMI-MSNPs was estimated from the imprinting factor α of the selected
BPs between the M-DMI-MSNPs and m-NI-MSNPs. The value of α was determined
according to the formula:

α =
QMIPs

QNIPs
(4)

where QMIPs and QNIPs are the adsorption capacities for the same analyte of the M-DMI-
MSNPs and m-NI-MSNPs, respectively.

2.4.3. Adsorption Equilibrium Time

Kinetic adsorption tests were performed using procedures similar to those used for
the static adsorption experiment. Thus, 10 mg M-DMI-MSNPs was suspended in 2 mL of
0.025 mmol L−1 BPA ultrapure water/methanol (95:5, v/v) solution. The samples were
incubated at 25 ◦C with shaking. The residual concentrations of the analytes at certain time
intervals (1, 2, 3, 4, 5, 7.5, 10, 20, 30, 40, 50, and 60 min) were monitored by HPLC.

2.5. Removal of BPs from the Aqueous Solution

The effect of the sample matrix on the removal efficiency of BPs in tap water, mineral
water, and sewage water was next investigated. Mineral water was purchased from the
local market in Lishui. Sewage water was obtained from the Lishui Sewage Treatment Plant
(Zhejiang province, China, 2021). Specifically, the sewage water samples were collected in
glass bottles and filtered through a 0.45 µm filter before freezing for later use. Exactly 10 mg
M-DMI-MSNPs were accurately weighed into a 25 mL volumetric bottle with a stopper,
after which 10 mL of the water samples spiked at the level of 0.25 mg L−1 were added.
After ultrasonic treatment for 5 min, the supernatant and nanoparticles were separated
using an external magnetic field provided by NdFeB. The amount of residue solution was
measured by HPLC.

2.6. HPLC Detection

Quantitative analysis was performed on an Agilent 1260 HPLC system equipped with
a diode array detector system and a ZORBAX SB–C18 column (250 mm × 4.6 mm, 5 µm).
The mobile phase consisted of ultrapure water and methanol with linear gradient elution,
0–25 min for 35–100% methanol, at a flow rate of 1 mL min−1 at 25 ◦C. The spectra were
recorded at 225 nm, and the injection volume was 20 µL.

3. Results and Discussion
3.1. Selection of the Dummy Template

Two new template–monomer complexes PP-ICPTES and THPE-ICPTES, were synthe-
sized for the first time in this research, and their 1H-NMR spectra and chemical reaction
equations are given in ESI, Figures S1 and S2. It was found that the addition of different
monomer–template complexes altered the creation of ordered mesoporous silica layers in
the Fe3O4@SiO2@mSiO2 structure, resulting in a significant variance in the specific surface
area of the samples, making it impossible to compare the imprinting effects. The tech-
nique of creating sponge mesoporous silica (SMS) materials, in contrast, has the benefits
of a straightforward process and a high level of morphological resistance to interference.
To compare the imprinting effects of various species of dummy templates, three MIPs
were prepared in this study using this technique. This effectively avoided the impact of
morphological differences on the imprinting effect, and the specific surface area and pore
size results are detailed in ESI Table S1. The specific preparation method of molecularly
imprinted sponge mesoporous silica (MISMS) and non-imprinted sponge mesoporous
silica NISMS) is detailed in ESI Part 1. Notably, the corresponding non-imprinted mate-
rial of BPA-MISMS and PP-MISMS is the same, namely NISMS1, but the corresponding
non-imprinted material of HPE-MISMS is NISMS2.
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By using competitive adsorption, the adsorption efficiency of SMS on BPs was investi-
gated. The findings are displayed in Figure 2A. The imprinting effect has a considerable
impact on the removal of BPs by MISMS when compared with NISMS. In particular, the
removal of the three BPs demonstrated a considerable improvement for PP-MISMS. Further
research into the adsorption patterns of the three MISMs for varying concentrations of BPA
in an aqueous solution (0.05–4.0 mM) is presented in Figure 2B. The adsorption capacity of
PP-MISM was, as can be seen from the figure, significantly greater than that of the other
two, being roughly 3 times that of THPE-MISM. This indicates that in the semi-covalent im-
printing system, the MIPs prepared by using PP as a dummy template in the semi-covalent
imprinting system were superior to those prepared by THPE. This was different from the
consequences of the MIPs prepared using the non-covalent imprinting strategy [14].
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This might be due to the formation of template–monomer complexes. When the
structures of THPE and PP are compared, it is discovered that THPE has three symmetric
hydroxyphenyl structures, whereas PP only has two. Because the probability of the three
benzene hydroxyl groups interacting with the monomer at the same time is low in the
non-covalent imprinting method, and the binding sites are easily accessible during the
recognition process, MIPs generated by THPE have more high-affinity sites and a greater
imprinting impact. In the semi-covalent imprinting system, however, all three benzene
hydroxyl groups of THPE covalently interact with the monomer, and the site is deeply
embedded after polymerization. As a result, the recognition process is hampered, and
it is more difficult for BPs to approach the binding site, which reduces selectivity. To
summarize, the effect of PP as a dummy template has significant advantages in the semi-
covalent blotting system, so we use PP as a dummy template for further follow-up studies.

Morphology and Characterization

The morphologies of the Fe3O4 nanoparticles, Fe3O4@SiO2 nanoparticles, m-DMI-
MSNPs, and m-NI-MSNPs were characterized by TEM, and the resulting patterns are
shown in Figure 3. As shown in Figure 3A, the magnetic Fe3O4 nanoparticles were spherical
with good dispersion and uniform particle size with an average value of approximately
321 nm. As illustrated in Figure 3B, the Fe3O4 nanoparticles were fully coated with a
silicon shell with a thickness of approximately 30 nm to protect them from being oxidized
and facilitate further loading of the mesoporous silicon layer. Moreover, the Fe3O4@SiO2
nanoparticles were coated with a meso-silica shell to improve their capacity. As can be seen
from Figure 3C,D, based on the first silicon shell, a layer of ordered mesoporous silicon is
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further covered, and the pore structure is visible. This was attributed to the addition of the
PP-ICPTES template–monomer complexes, resulting in a slight difference in the thickness of
the mesoporous load layer between the imprinted and non-imprinted materials. According
to the statistical analysis (Figure S3, ESI), the particle sizes of the m-DMI-MSNPs and
m-NI-MSNPs were 461.22 ± 80.07 nm and 471.90 ± 64.48 nm, respectively. Furthermore,
the EDX spectrum in Figure S4 demonstrates that the m-DMI-MSNPs include 24. 34% C,
10.97% N, 46.01% O, 12.45% Si, and 6.23% Fe. The Fe signal in the figure could be due to a
lack of consistent local particle wrapping. The existence of components, such as N and Si,
can demonstrate the graft of imprinted polymer onto the surface of Fe3O4@SiO2.
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Following the BET analysis, the m-DMI-MSNPs and m-NI-MSNPs showed the typical
IV isotherm adsorption lag characteristics, as depicted in Figure 4A, suggesting the presence
of numerous mesopores in the m-DMI-MSNPs and m-NI-MSNPs. Meanwhile, the rise
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in the adsorption ability in the curve at the lower relative pressure (p/p0 < 0.2) indicated
the existence of micropores. The specific surface areas of the m-DMI-MSNPs and m-NI-
MSNPs were determined as 91.32 and 87.98 m2 g−1, respectively. Figure 4B exhibits the
corresponding pore size distribution plots computed from the adsorption branch of the
nitrogen adsorption isotherm using the BJH method. The pore diameters of 3.58 and
2.55 nm for m-DMI-MSNPs and m-NI-MSNPs, respectively, suggest that the addition
of the template–monomer complex may have caused some pore structures to collapse
during polymerization, resulting in a slight increase in the pore size of m-DMI-MSNPs.
However, the difference with m-NI-MSNPs was not significant. Therefore, the difference in
the adsorption properties of m-DMI-MSNPs and m-NI-MSNPs is mainly attributed to the
imprinting effect rather than morphological differences.
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Figure 4. (A) N2 sorption isotherm curve of m-NI-MSNPs and m-DMI-MSNPs, (B) BJH pore-size
distribution of m-NI-MSNPs and m-DMI-MSNPs, (C) FT-IR spectra of Fe3O4, Fe3O4@SiO2, m-DMI-
MSNPs, and m-NMI-MSNPs, and (D) VSM spectroscopy, inset: photographs of m-DMI-MSNPs
suspended in BPA.

The FT-IR spectra of the Fe3O4, Fe3O4@SiO2, m-DMI-MSNPs, and m-NI-MSNPs are
compared in Figure 4C. As illustrated in spectrum a, Fe3O4 particles have a typical band at
585 cm−1, which is related to Fe–O stretching [17]. The adsorption bands located at 3446,
1614, and 1406 cm−1 can be attributed to the O–H, C=O, and C–O stretching vibrations,
respectively, indicating the presence of numerous carboxylic acid groups, which are crucial
for the subsequent coating [18]. After the silica coating process, the Fe3O4@SiO2 nanoparti-
cles presented new absorption bands at 795 and 1095 cm−1, respectively, corresponding to
Si–O–Si symmetric and asymmetric stretching vibrations [19]. These results indicate that
the surface of the Fe3O4 nanoparticles was successfully coated with silica. A comparison of
M-DMI-MSNPs and m-NI-MSNPs reveals that the m-NI-MSNPs have similar functional
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groups, shapes, and positions to the m-DMI-MSNPs. The only difference is the C–H peaks
at 2924 and 2846 cm−1, which could be due to PP-ICPTES not being eliminated during the
elution of the m-DMI-MSNPs.

VSM was used to characterize the magnetic properties of the Fe3O4, Fe3O4@SiO2, m-
DMI-MSNP, and m-NI-MSNP samples. The magnetic hysteresis loops of the materials are
shown in Figure 4D. The four curves are similar and symmetric near the origin, indicating
that the prepared materials are superparamagnetic. Notably, the saturation magnetization
of Fe3O4 (70.45 emu g−1) is similar to that reported in the literature and much stronger
than those of Fe3O4@SiO2 (46.98 emu g−1), m-DMI-MSNPs (30.68 emu g−1), and m-NI-
MSNPs (19.64 emu g−1) [20]. This indicates that the silica shell effectively shields the
Fe3O4 core, thereby significantly reducing its magnetic response. Although the saturation
magnetization of the m-DMI-MSNPs was reduced compared with that of pure Fe3O4, the
m-DMI-MSNPs still showed strong magnetism and could be separated rapidly under an
external magnetic field provided by NdFeB.

3.2. Binding Properties
3.2.1. Adsorption Isotherm

A static adsorption test was performed to evaluate the imprinting effect of the m-
DMI-MSNP material on BPA. The adsorption isotherms of BPA on the m-DMI-MSNP and
m-NI-MSNP materials are shown in Figure 5A. The equilibrium adsorption capacities (Qe)
of the m-NI-MSNP and m-DMI-MSNP materials for BPA both increased with increasing
BPA concentration. However, the amounts of BPA adsorbed on the m-DMI-MSNPs were
much higher than those adsorbed on the m-NI-MSNPs in the initial concentration range of
0.05–4.0 mmol L−1, indicating that the former material has a more significant imprinting ef-
fect towards BPA. As the initial concentration of BPA increased, the equilibrium adsorption
capacity (Qe) for BPA first increased significantly, then slowed down, and finally reached
equilibrium, as expected. This trend is mainly attributed to the presence of affinity-binding
sites created by the molecular imprinting process. These results showed that the imprinting
strategy used in this study was successful. The adsorption isotherms of BPA on m- DMI-
MSNPs and m-NI-MSNPs show a typical Langmuir adsorption (Figure S5, ESI), indicating
monolayer adsorption with a limited number of sites on the sorbent. The maximum BPA
adsorption of MDMIPs was calculated to be 38.75 mg g−1, which was 25.04 mg g−1 higher
than that of the corresponding MNIPs (13.71 mg g−1).

Figure 5B clearly illustrates that there are two apparent sections within the plot,
which can be considered as two straight lines for the m-DMI-MSNPs but only one for
m-NI-MSNPs. The results imply that the two different straight lines of the former sorbent
correspond to the high- (specific) and low- (nonspecific) affinity binding sites, indicating
that the binding sites in the m-DMI-MSNPs were heterogeneous. This type of semi-covalent
molecular imprinting polymer is quite common because different compounds are formed by
the bonding between the imprinted molecule and functional monomer. The corresponding
Kd and Qmax values were calculated from the slopes and intercepts of the two linear portions
of the Scatchard plot. For the m-DMI-MSNPs, Kd and Qmax were respectively calculated as
0.64 mmol L−1 and 133.10 µmol g−1 for the high-affinity binding sites and 16.17 mmol L−1

and 1112.61 µmol g−1 for the low-affinity binding sites. For the m-NI-MSNPs, Kd and Qmax
were 1.47 mmol L−1 and 60.75 mol g−1, respectively.
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Usually, a lower Kd and higher Qmax indicate a higher binding affinity and capacity,
respectively. The BPA adsorption capacity of the m-NI-MSNPs was much lower than
that of the m-DMI-MSNPs. This suggests that specific adsorption of the m-DMI-MSNPs
was achieved by imprinting, while the m-NI-MSNPs did not have specific binding sites
matching BPA and, thus, only displayed poor nonspecific adsorption.

3.2.2. Adsorption Equilibrium Time

The adsorption kinetics of BPA on the m-DMI-MSNPs and m-NI-MSNPs were in-
vestigated at different time intervals (1–60 min) to study the adsorption rate. As shown
in Figure 5C, significant binding equilibria occurred on the two sorbents within 1 min,
after which no appreciable changes in terms of binding were observed. However, notably,
a much higher BPA binding capacity was observed for the m-DMI-MSNPs than for the
m-NI-MSNPs. These results indicate that the molecular imprinting process resulted in the
formation of specific recognition sites on the surface of the m-DMI-MSNPs. The nanometer
thickness of the imprinted silica film on the surface of the magnetic core was beneficial to
the mass transfer of BPA molecules in and out of the imprinted cavities. On considering
the convenience of operation and the parallelism of experimental operation, 10 min was
chosen as the adsorption time. Moreover, the relationship between removal efficiency
and solution pH was investigated (Figure S6, ESI). In general, MMIP demonstrated that
BPs were removed most effectively under neutral settings and more effectively under
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alkaline conditions than under acidic conditions. This might be because BPs dissociate
under alkaline conditions and decrease their ability to bind to the imprinted sites, which
affects their adsorption capability. Due to electrostatic repulsion and competition from free
hydrogen ions in solution, the adsorption capacity was considerably decreased in acidic
conditions [21,22].

3.2.3. Adsorption Selectivity

To further research the class selectivity of m-DMI-MSNPs for BPs, the adsorption of
three BPs with high detection rates in water, BPA, BPF, and BPE, as well as CAT the struc-
tural analogs of BPs, on m-DMI-MSNP and m-NI-MSNPs was investigated in this paper.

As shown in Figure 5D, the supernatant of the standard mixture was adsorbed by
both sorbents. Based on the changes in the relative BPs contents, a difference in the m-DMI-
MSNP and m-NI-MSNP sorbent selectivities was suggested. Indeed, the m-DMI-MSNPs
exhibited excellent adsorption performance for BPs and revealed a significantly higher BP
adsorption amount than that observed with the m-NI-MSNPs. Thus, we concluded that the
m-DMI-MSNPs have good selectivity for BPs. The selectivity of the m-DMI-MSNPs can be
estimated from the imprinting factor α of the selected BPs between the m-DMI-MSNPs and
m-NI-MSNPs. The value of α is equal to or greater than unity, which indicates the excellent
imprinting efficiency of the proposed method. The α values towards CAT, BPF, BPE, and
BPA were calculated as 2.3, 7.6, 8.2, and 7.5, respectively.

According to the above results, the m-DMI-MSNPs have a much higher selectivity for
BPs than for the CAT structural analogs. This was mainly attributed to the formation of
specific recognition sites for BP compounds in the process of the molecularly imprinted
layer. Although CAT has similar functional (hydroxyl) groups, the cavities cannot match
them as tightly as those of the BPs. Compared with the m-NI-MSNPs, m-DMI-MSNPs
have excellent selectivity towards BPs. This is largely because m-DMI-MSNPs lack cavities
similar in size and structure to BPs, and their functional groups are scattered and dispersed.

The above results are in agreement with the expectation that the selectivity of m-DMI-
MSNPs for BPs is much higher than that of CAT. This is mainly due to the formation of
specific recognition sites for BPs compounds during the process of molecularly imprinted
layers. Although CAT has similar functional groups (hydroxyl groups), their cavities cannot
be matched as closely as BPs and thus are less selective. Compared with m-NI-MSNPs,
m-DMI-MSNPs have good selectivity for BPs. This is mainly due to the introduction of
template molecules, which led to the formation of cavities of similar size and structure to
BPs on m-DMI-MSNPs during the cross-linking process, thus substantially improving their
selectivity. While m-NI-MSNPs do not have such cavities, their functional groups are more
distributed, resulting in a decrease in selectivity.

3.3. Application of m-DMI-MSNPs in Water Samples

The m-DMI-MSNPs were then used as a promising candidate for the efficient adsorp-
tion and removal of typical BPs (BPA, BPE, and BPF) from an aqueous solution. Figure 6A
displays the results of our investigation into the removal effect of 10 mg m-DMI-MSNPs
on BPs at different concentrations (0.25–5.00 mg L−1). The removal efficiency of BPs by
m-DMI-MSNPs steadily declined with an increase in BPs concentration. This was mostly
because m-DMI-MSNPs gradually approached adsorption saturation. Interestingly, the
removal efficiency of BPs by m-DMI-MSNPs was up to more than 95% when the BPs
content was at 0.25 mg L−1, indicating that m-DMI-MSNPs have a very high selectivity for
trace BPs pollutants in an aqueous solution.
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Figure 6. (A) Removal efficiency of m-DMI-MSNPs and m-NI-MSNPs towards BPs, and (B) the
recycle test of the m-DMI-MSNPs. The bars represent the mean value ± standard deviation (n = 3).

Methanol was used as the elution solvent in this study to examine the effects of
five consecutive cycles of BPs (0.25 mg L−1) adsorption-desorption by m-DMI-MSNPs.
Figure 6B demonstrates that after five cycles, the removal efficiency of m-DMI-MSNP for
BPs remained relatively constant at around 80%, demonstrating that they exhibited strong
physical stability and regeneration. And the TEM images of particle after adsorption and
regeneration of m- DMI-MSNP were shown in Figure S7.

To evaluate the effect of matrix interference, we tested the removal efficiency of BPs
by m-DMI-MSNPs in 10 mL of tap water, mineral water, and sewage turn. Sewage was
taken from a wastewater treatment plant (Lishui, China), filtered, and placed in a dark
place at 4◦C for storage until use. Tap water is taken from our laboratory’s water pipes.
Mineral water was purchased from a local supermarket. The results are shown in Table 1.
According to the data in Table 1, m-DMI-MSPNs have good selective adsorption ability on
BPF, BPE, and BPA, with removal rates of 96.6–97.8, 95.6–97.1, and 93.1–95.3%, respectively.
This demonstrates that m-DMI-MSPNs can remove BPs from real wastewater without any
pretreatment, even when the sample volume is scaled up to 10 mL.

Table 1. The removal efficiency of m-DMI-MSNPs towards BPs.

Tap Water Mineral Water Sewage Influents

η ± SD (%) RSD (n = 3) η ± SD (%) RSD (n = 3) η ± SD (%) RSD (n = 3)

BPF 96.62 ± 2.71 2.8% 95.55 ± 1.44 1.5% 93.07 ± 6.33 6.8%
BPE 97.84 ± 2.25 2.3% 97.13 ± 1.36 1.4% 94.29 ± 1.32 1.4%
BPA 97.08 ± 3.20 3.3% 96.73 ± 2.81 2.9% 95.33 ± 2.19 2.3%

3.4. Comparison of the MMIP Properties for BPs

Table 2 presents a comparison of several magnetic molecular imprinting polymers
on BPA molecules. In comparison to previously released studies, the m-DMI-MSPNs
compounds prepared in this investigation demonstrated an amazingly imprinting factor
(α = 7.5), extremely fast adsorption kinetics (Equilibrium time <1 min), a relatively high ad-
sorption capacity (Qmax = 38.75 mg g−1) and good magnetic characteristics (30.68 emu g−1).
This is primarily because m-DMI-MSPNs are synthesized using a semi-covalent imprinting
technique and are capable of synergistic recognition by non-covalent bonding, hydrogen
bonding, and intermolecular interactions during the adsorption process, resulting in super
selectivity and huge adsorption capacity. Additionally, m-DMI-MSPNs use PP as a dummy
template not only to avoid template leakage but also to be more environmentally friendly
than traditional alternative templates such as BPAF and 4,4’-Biphenol.
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Table 2. Comparison of different magnetic molecular imprinting adsorbents for BPA.

Template α
Qmax

(mg g−1)

Saturation
Magnetization

(emu g−1)

Equilibrium
Time
(min)

Reference

BPA 4.1 21.30 0.14 20 [23]
BPA 1.4 0.39 60 5 [24]
BPA 1.71 60 - 10 [25]
BPA 4.25 8.97 29.01 240 [26]
BPA 11.19 50.92 24.58 5 [27]
BPA 1.10 105.5 <6 60 [22]
BPA 3.87 17.98 35.18 40 [28]
BPA 3.95 8.29 38.3 500 [18]
BPA 3.29 11.00 41.1 15 [29]
BPA 3.5 122.2 28.01 120 [30]

PTOP 1.8 10.64 26.52 20 [31]
BPF 1.3 26.53 30.1 5 [32]

BPAF - 5.92 37.75 2 [33]
4,4′-Biphenol 4.8 76.80 4.87 180 [8]

DDBP 2.04 101.49 47.60 30 [11]
PP 7.5 38.75 30.68 <1 This work

4. Conclusions

We present a novel dummy template for BPs (PP-ICPTES), a new magnetic molecu-
larly imprinted nanoparticles with a core-shell structure synthesized by a semi-covalent
imprinting process combined with surface imprinting and magnetic separation techniques.
The m-DMI-MSNP prepared in this study exhibits outstanding chemical stability and
magnetic characteristics, as well as great aqueous phase compatibility with BPs. Compared
with existing magnetic adsorption materials for BPs, m-DMI-MSNP offers the benefits of
excellent selectivity, facile magnetic separation, high adsorption capacity, and fast equilib-
rium. m-DMI-MSNP has a high potential for rapid adsorption and removal of trace BPs
pollutants from aqueous solutions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14244125/s1, Figure S1: Reaction equation of template-monomer
complex, Figure S2: The 1H NMR spectrometry of template-monomer (A) PP-ICPTES (B) THPE-
ICPTES, Figure S3: Size distribution histogram TEM image (A) Fe3O4; (B) Fe3O4@SiO2; (C) m-NI-
MSNPs; (D) m-DMI-MSNPs. Figure S4: EDX spectrum of m-DMI-MSNPs, Figure S5: Adsorption
isotherms of BPA on m-DMI-MSNPs and m-NI-MSNPs, Figure S6: Effect of pH on adsorption of BPs,
Figure S7: TEM images of particle after adsorption and regeneration of m-DMI-MSNPs, Table S1: The
results of nitrogen sorption measurement.
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