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Abstract:

In this study, researchers successfully developed a novel Magnetic Molecularly Imprinted
Polymer of Boronate Affinity Controllable-Oriented Dextran (MMIP-Dextran) to enhance
membrane flux by selectively adsorbing polysaccharide-type substances. The structure and
components of the MMIP-Dextran were thoroughly investigated using various techniques such
as Transmission Electron Microscopy (TEM), Vibrating Sample Magnetometer (VSM),
Brunauer-Emmett Teller (BET), Fourier Transform Infrared (FT-IR), and Thermogravimetric
Analysis (TGA). Batch experiments were conducted to assess the adsorption performance and
mechanisms. Results showed that the MMIP-Dextran exhibited a high adsorption capacity of
31.2 mg g and good specific recognition performance (imprinting factor, IF=2.83) for the
Dextran template. Furthermore, the MMIP-Dextran had a superior polysaccharide adsorption
capacity of 22.10 mg g! compared to the Non-Imprinted Polymer (NIP) in soluble microbial
products (SMPs) derived from a bioreactor, showing a 2.45-fold improvement. Meanwhile, the
Specific Filtration Resistance (SFR) tests indicated that the membrane flux improvement by
MMIP-Dextran (15.2%) is 2.1 times better than NIP (7.2%). Adsorption kinetics and
thermodynamics analyses revealed that the spontaneous adsorption process was predominantly
governed by chemically rate-limiting steps. Density Functional Theory (DFT) analysis further
revealed that the spatial configuration transformation of the Boric Acid Ligand (BAL) played a
crucial role in the adsorption/desorption process. Overall, this study offers a promising
approach to promoting the permeate flux of membrane and provides a deeper understanding of
the antifouling mechanism using MMIPs.

Keywords: boronate affinity, controllable-oriented polysaccharides, magnetic molecularly imprinted

polymer, membrane flux, density functional theory

1. Introduction

Soluble microbial products (SMPs), consisting mainly of proteins and polysaccharides, have
been identified as the primary membrane foulants affecting membrane flux in membrane
processes, such as membrane bioreactor (MBR), microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), reverse osmosis (RO), etc. [1-4]. Consequently, protein and

polysaccharides have garnered significant attention for membrane flux improvement, with
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various approaches evaluated for their effectiveness, including membrane modification,
pretreatment of feed wastewater, optimization of operational conditions, etc. [5-8]. Among
these approaches, the addition of chemicals or absorbents into feed wastewater to remove the
SMPs is a promising strategy to improve the membrane flux due to its ease of implementation
and effectiveness [9, 10]. For example, Yu et al. demonstrated that the presence of powdered
activated carbon and granular activated carbon could improve the membrane flux by adsorbing
the organic membrane foulants and enhance UF water treatment performance [11]. Szczuka et
al. found that pretreatment of feed wastewater with biological activated carbon could slow down
the flux decline of RO membrane [12]. Besides, Zarei et al. reported that adding polyelectrolyte
and KMnOs could significantly diminish the SMPs concentration and improve the membrane
flux in MBR [13]. However, the traditional absorbents have a short lifespan and require frequent
replacement [14], and overdosing or using larger absorbents can cause abrasion and damage to
the membrane [15-18]. Additionally, the use of chemical additives can result in the introduction
of extra pollutants and increase the costs of the wastewater treatment process [19].

Compared to the traditional chemicals or absorbents, magnetic molecularly imprinted
polymers (MMIPs) have the potential to significantly alleviate membrane fouling. Firstly,
MMIPs are known for their specific recognition abilities, making them ideal for the selective
adsorption of membrane foulants, resulting in a longer saturation time and less frequent
replacement [20-22]. Secondly, the positive magnetic bio-effect is beneficial to the bioreactors,
and MMIPs can retain this property along with their specific adsorption abilities. Additionally,
the magnetic response properties of MMIPs allow for easy separation and regeneration [23, 24].
While MMIPs have shown exceptional performance in the controllable recognition of
micromolecules, their effectiveness in recognizing biomacromolecules has been limited due to
high mass transfer resistance and complex structures [25, 26]. However, since membrane
foulants are composed of several groups of biomacromolecules, moderate specific recognition
for homologous substances is sufficient for effective membrane flux improvement. These
advantages of MMIPs have significant implications for future engineering strategies in
membrane processes.

Recent studies have shown that polysaccharides are the major contributors to membrane

fouling compared to proteins [27, 28]. Also, it has been reported that the boric acid ligand (BAL)
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can specially coordinate with the cis-diols on polysaccharides to form cyclic complexes, and
can reversibly release it by changing the spatial configuration to facilitate the pH-dependent
elution and reuse [29]. Therefore, in this study, a novel MMIP of boronate affinity controllable-
oriented dextran (MMIP-Dextran) was developed to selectively adsorb polysaccharides and
reduce membrane filtration resistance to improve the membrane flux. The synthesized MMIP-
Dextran was characterized using transmission electron microscopy (TEM), thermogravimetric
analysis (TGA), Brunauer-Emmett-Teller (BET) surface area analysis, Fourier transform
infrared (FT-IR) spectra, and vibrating sample magnetometer (VSM). The adsorption capacity,
selectivity, and reusability of the MMIP-Dextran were also investigated. Adsorption isotherms,
adsorption thermodynamics, and adsorption kinetics were analyzed to evaluate the adsorption
properties, while density functional theory (DFT) was used to determine the
adsorption/desorption mechanism. Finally, the MMIP-Dextran was evaluated for its ability to
reduce specific filtration resistance (SFR) using practical SMPs from a running MBR. To the
best of our knowledge, this is the first report on the use of MMIPs for membrane flux
enhancement. The information provided in this study is expected to advance our understanding

of the use of MMIPs as effective membrane fouling reducers.

2. Materials and methods

2.1 Materials

The Fe3O4 magnetic nanoparticles (MNPs < 30 nm, 98%) used in this study were provided by
Aladdin Industrial Corporation (Shanghai, China). Ammonium hydroxide (25%-28%, w/w),
glacial acetic acid (Hac), ammonium persulfate (APS), 3-(acrylamido) phenylboronic Acid
(AAPBA), N,N’-methylenebisacrylamide (MBA), dextran (MW20000), alginic acid sodium,
agarose, tetraethoxysilane, and 3-(trimethoxysilyl) propyl methacrylate (MPS) were sourced
from Adamas Reagent Co., Ltd (Shanghai, China). Hydrochloric acid and absolute ethanol were
purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). All the above agents
were analytical grade purity. Polyvinylidene fluoride (PVVDF) membranes from Shanghai Sinap
Membranes Separation Technology Co., Ltd. (Shanghai, China) were used for the SFR tests.
2.2 Preparation of the MMIP-Dextran



The Fe30s@SiO2 MNPs hybrid carrier was initially prepared using the sol-gel method [30],
and then modified by MPS to produce the FesOs@SiO2@C=C MNPs hybrid carrier. Lastly, the
MMIP-Dextran end product was prepared using AAPBA as the functional monomer, APS as
the initiator, MBA as the cross-linking agent, and dextran as the template polysaccharide. The
preparation details are as follows:

(1) Preparation of Fe304@SiO2@MNPs

Firstly, 5 g of MNPs were dispersed in 1 M HCI solution for 10 min to activate surface
hydroxyl, and then were washed 5 times with distilled water. Following, the activated MNPs
were dispersed in a mixed solvent of 200 mL ethanol/water (V/V =4: 1) in a three-necked flask,
and then 5 mL NH3-H20 was slowly added under the stirring condition. Finally, 6 mL TEOS
was diluted into 20 mL anhydrous ethanol solution and added into the mixture. After a reaction
of 8 h at room temperature, the products were collected by an external magnetic field, washed
3 times alternately with deionized water and anhydrous ethanol, and dried under vacuum for
12h at 70 °C.

(2) Preparation of Fe3O4@Si02@C=C@MNPs

Firstly, 2 mL MPS was evenly dispersed in 240 mL of the aqueous solution containing 10%
acetic acid and stirred for 5 h at room temperature. Secondly, 2 g Fe304@SiO2@MNPs was
added and stirred for 6 h at 60 °C. Next, the products were collected by an external magnetic
field, washed 5 times with deionized water, and dried under vacuum for 12 h at 70 °C.

(3) Preparation of MMIP-Dextran
0.25 g dextran and 0.25 g AAPBA were firstly dissolved into a three flask with 250 mL

phosphate buffer solution (PBS, pH=9, 0.02 M) and stirred for 60 min at room temperature.
Next, 1.25 g Fe304@Si02@C=C MNPs, 1.25 g MBA and 0.5 g APS were added with stirring
under nitrogen protection condition. After stirring for 24 h at 60 °C, the products were collected
by an external magnetic field, washed three times with deionized water, and washed with PBS
(pH = 5.0, 0.02 M). Finally, the products were washed 5 times with deionized water and dried
under vacuum for 12 h at 45 °C for subsequent use. The preparation of NIP was the same as
MMIP-Dextran without dextran as template molecule.

2.3 Characterization



The morphology of the magnetic microspheres was observed using a transmission electron
microscope (TEM, Tecnai G2 F20, USA). Functional groups were characterized by Fourier-
transform infrared spectroscopy (FT-IR) using a Nicolet iS5 instrument (Thermal Fisher, USA),
the wave number range is 4000-400 cm, the scan number is 32 and the resolution is 4 cm™.
Magnetic properties were evaluated using a vibrating sample magnetometer (VSM, 7404,
Lakeshore). Surface area tests were performed using Brunauer-Emmett-Teller (BET) analysis
with a Micromeritics instrument (USA) under 77 K liquid nitrogen conditions.
Thermogravimetric analysis (TGA) was conducted using a PRT-Q600 thermogravimetric
analyzer (TA, USA) from 25 °C to 800 °C with a heating rate of 10.0 °C min™ under nitrogen
conditions. Filtration resistance was determined using a terminal filtering system at 0.03 MPa
(SCM Ultrafiltration Cup, Sinap, China).
2.4 Adsorption experiments
The adsorption of MMIP-Dextran/NIP for the template dextran was systematically evaluated
in a dextran (PBS, pH = 9.0, 0.02 M) through equilibrium and kinetic tests. For the equilibrium
experiments, 10 mg of MMIP-Dextran/NIP and 10 mL of dextran solution with varying
concentrations (0.01 - 0.12 mg mL!) were mixed in a centrifuge tube and shaken in an orbital
shaker (25 °C, 2 h). Following this, the MMIP-Dextran/NIP was separated by a magnet, and
the amount of polysaccharides in the supernatant was measured using anthrone-sulfuric acid
colorimetry [31]. The equilibrium adsorption amount Qe (mg g*) was obtained using the
following equation (Eqg. 1):
Qe = (G —Ce)V/m Eq. (1)

where Co (mg mL™!) and C. (mg mL™') are the initial and equilibrium polysaccharides
concentration; V (mL) is the volume of the initial protein and polysaccharides solution; m (mg)
1s the mass of the MMIP-Dextran/NIP.

To describe the saturated adsorption data, the Langmuir (Eqg. 2), Freundlich (Eg. 3), and
Temkin (Eqg. 4) isotherm models were employed:

Langmuir: — = —~ 4+ 1 Ea. (2)

Qe KLQmCe a

Freundlich: Q. = KFC’;_F Ea. (3)



Temkin: Q. = alnf + alnC, Eqg. (4)

where: Qm (mg g ") represents the maximum adsorption amount; Kt (mL mg ') and Kr (mg g ')
are the Langmuir adsorption constant and adsorption strength in the Freundlich isotherm model,
respectively; nr is the adsorption constant; o and  are constants about adsorption enthalpy and
adsorbent capacity, respectively.

For the kinetic experiments, 10 mg of MMIP-Dextran/NIP and 10 mL dextran solution (0.8
mg mL ") were put into a centrifuge tube. Next, the mixtures were shaken in an orbital (25 °C,
2 h). Following this, the dextran concentrations were measured at different times (0 - 240 min).
The adsorption amount (Qi, mg g ') at different times was obtained by following Eq. (5):

Q= (C—C)V/m Eq. (5)
where Co (mg mL™!) and C: (mg mL™") are the initial and different times concentrations of
dextran in PBS; V (mL) denotes the volume of dextran solution, and m (mg) stands for the mass
of the MMIP-Dextran/NIP.

The kinetic experiments data were fitted to pseudo-first-order (Eq. 6), pseudo-second-order

(Eq. 7), and Elovich kinetic (Eq. 8) models.

Pseudo-first order: In(Q, — Q,) = InQ, — Kt Eq. (6)

- . i = ; i E . 7
Pseudo-second order: y 7 + 0 q. (7)
Elovich: @, = K.Int+ A4, Eq. (8)

where: Qi (mg g ') and Q. (mg g') are captured amounts of dextran in a defined range of
adsorption time and the adsorption capacity at equilibrium; Ki (L min '), K2 (g mg ' min!), and
Ke are the rate constants.

Additionally, the thermodynamic parameters, such as Gibbs free energy change (AG®°),

entropy change (AS°), and enthalpy change (AH®) are calculated using equations (9)-(11):

_ Eq. (9)
KD -_ Ce
_ AH® AS° Eg. (10)
InKp, = — RT + R
AG® = AH®-TAS® Eg. (11)

Where Q. (mg g) and Ce (mg L) are the equilibrium adsorption capacity on the adsorbent and

the equilibrium concentration in the solution, respectively. Kpand R (8.314 J mol™! K*!) are the
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equilibrium constant and gas constant, respectively. T (K) is the absolute temperature.
2.5 Selectivity experiments
The selectivity of MMIP-Dextran was evaluated by using sodium alginate and agarose as
competitor polysaccharides. To perform the selectivity tests, 10 mg of MMIP-Dextran was
added to solutions containing each of the three polysaccharides at a concentration of 0.5 mg
mL~!. The mixtures were then shaken at 25 °C for 2 h. After centrifugation (10000 rpm, 10
min), the amount of polysaccharide remaining in the supernatant was measured. The specificity
of MMIP-Dextran for dextran was estimated using the imprinting factor (IF) and selectivity
factor (), which were calculated using the following equations, i.e., Eq. (12) and (13):

IF = Qwmip/Qnip Eq. (12)

0= IFtem/IFref Eq. (13)
where Qmrir and Qnie (mg g are the adsorption capacities of the MMIP-Dextran and NIP,
respectively. In Eq. (4), IFem is the imprinting factor for template polysaccharides (dextran),
and IFrr is the reference polysaccharides (sodium alginate or agarose).
2.6 Regeneration tests
The practical application potential of MMIP-Dextran was studied by conducting regeneration
tests for five cycles. Initially, 100 mg of MMIP-Dextran was added into 100 mL dextran
solution (0.5 mg mL™!, pH = 9) and shaken at 25 °C for 2 h. The content of polysaccharides in
the supernatant after centrifugation (10000 rpm, 10 min) was measured. For the next cycle reuse,
the separated MMIP-Dextran was washed several times with PBS (pH = 5.0, 0.02 M) and water
for regeneration.
2.7 DFT calculations
All DFT calculations were performed using the Gamma-centered Monkhorst-Pack scheme with
the Vienna Ab initio Simulation Package (VASP). The Perdew-Burke-Ernzerhof (PBE)
functional within the generalized-gradient-approximation (GGA) was used to describe the
exchange-correlation interaction. The static computations and structure optimization were
conducted using a cutoff energy of 400 eV. Post-processing of the VASP computational data

was carried out using the VASPKIT code.

2.8 Evaluation of membrane filtration resistance

The content of SMPs is typically represented by the total amount of protein and polysaccharides.
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SMPs were extracted using a modified thermal method [32]. To determine the protein and
polysaccharides contents of the SMPs, 0.15 g of MMIP-Dextran or NIP was added to a closed
conical flask containing 150 mL of the extracted SMPs solution. The batch adsorption
experiments were conducted by following the same procedures as described earlier. The protein
content was quantified using the bicinchoninic acid assay (BCA) method. Furthermore, as
shown in Fig. 1, the supernatant was subjected to membrane filter resistance analysis using a
terminal filtration device. The ultrafiltration cup of the terminal filtration device had a volume
of 300 mL, and a constant pressure of 0.03 MPa was maintained during the experiment. PVDF
membrane was used for ultrafiltration, and the membrane area was 0.0032 m?. Under constant
pressure, the filtrate passing through the PVDF membrane was collected in a beaker on a
balance, and the weight of the filtrate was recorded. All the tests were repeated in triplicate. The
filter resistance R (m™') was calculated using Equation (14):
R = AP/ (Jxn) Eq. (14)

where AP (Pa) is the constant pressure in the experiment, J (m?® (m?es)') is the amount of

material passing through the unit membrane area per unit time, and n (kg (mes®)") is the

viscosity.
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Fig. 1: Terminal filtering device

3. Results and discussion

3.1 The preparation of MMIP-Dextran

The synthesis of MMIP-Dextran is illustrated in Fig. 2. Initially, FesO4 MNPs were coated with
SiOz2 to obtain FesO4@SiO2 hybrid carriers using the sol-gel method. The SiO2 layer not only
prevented the oxidation of FesO4 but also provided a biocompatible and hydrophilic surface

[33]. Next, a C=C bond was grafted onto the surface of FesOs@SiO2 MNPs to facilitate the
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introduction of BAL. Subsequently, BAL was introduced to enhance the adsorption capacity
through the covalent bond between BAL and the 1,2-cis-diol group in dextran. Dextran was
then imprinted using specific recognition of BAL and the 1,2-cis-diol group. Finally, the
products were vigorously washed multiple times under acidic conditions to completely remove
the template dextran. In addition, the ratio of AAPBA to MBA was optimized to improve the

adsorption capacity of MMIP-Dextran (see section 3.2).

OH

00 | e e
o o T'EOS MPS —O. o Dcxlran, AAPBA . 2 P“ =5.0 ‘
> —_— o”) 1 > @ : d
° 2 APS, MBA B A BAL %, ‘
L J
Fe04 Fes0,@Si0; Fe,0,@Si0,-C=C- MMIP MMIP-Dextran

Fig. 2: The preparation scheme of MMIP-Dextran

3.2 Optimization of the ratio of functional monomer to crosslinker

The adsorption capacity of polymers prepared with different ratios of functional monomers (i.e.,
AAPBA) and cross-linking agents (i.e., MBA) may be different due to the following reasons:
Firstly, the imprinted surface shell is too thick. When increasing the proportion of APBA, the
specific recognition cavities are buried due to the dense distribution of boron elements and
excessive functional monomers, and the imprinting performance is significantly depressed.
Secondly, the insufficient polymerization reaction may decrease the adsorption capacity. Too
few functional monomers cannot fully polymerize with template molecules, and inadequate
specific recognition sites are formed. The number of imprinted sites decreases, the adsorption
capacity decreases, and the non-specific recognition sites will also be blocked. Therefore,
optimizing the ratio of AAPBA to MBA is critical to improving the adsorption capacity of
polymers.

The molar ratio of AAPBA to EGDMA in the preparation process was optimized according
to the adsorption capacity Q (mg g') of the prepared polymer for dextran (Fig. 3). The
adsorption conditions are as follows: 0.05g polymer (MMIP-Dextran/NIP), 50 mL Dextran
solution (PBS, pH = 9.0, 100 mg L"), 200 rpm, 25 °C water bath shock adsorption conditions
for 2 h. By testing the functional monomers with different molar ratios and cross-linking agents,
it is found that the adsorption capacity Q of MIPs-Dextran increases first and then decreases
with the increase of MBA dosage. When the APBA/MBA molar ratio is 1:5, the adsorption

capacity reaches the maximum of 31.19 mg g!, and the IF calculated by Eq. (12) is 2.83.
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Fig. 3: Effect of the molar ratio of functional monomer (i.e., AAPBA) to cross-linking agents

(i.e., MBA) on the adsorption capacity

3.3 Characterization of MMIP-Dextran

The morphology and characteristics of the carriers and MMIP-Dextran/NIP were analyzed
using TEM. Fig. 4a shows that the Fe3;O4 MNPs have a uniform particle size and good
dispersion. The particle size of Fe3O4@Si02 MNPs slightly increased (Fig. 4b), which can be
attributed to the successful coating of silica [34]. Also, it can be seen that the silica covers the
agglomerates of Fe30s MNPs, not each single FesOs MNP, probably owing to their magnetism.
In Fig. 4c, it can be observed that the particle size of MMIP-Dextran also slightly increased.
The thickness of the imprinting shell was estimated to be around 5-10 nm, which suggests that
the thin imprinted-layer is conducive to rapid specific recognition and elution of the template
molecules. Furthermore, Fig. 4d demonstrates that MMIP-Dextran has better dispersion
capabilities than NIP, which is related to the spatial effect of dextran. Both MMIP-Dextran and

NIP possess typical core-shell structures.
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Fig. 4: TEM images of (a) Fe3O4, (b) Fe304@Si0Oz2, (c) MMIP-Dextran and (d) NIP

The carriers and MMIP-Dextran were characterized using FT-IR spectroscopy to confirm the
presence of SiO2, C=C grafts, and BAL (Fig. 5a). The peaks at 1630 cm ' and 1404 cm!
indicate the stretching vibrations of asymmetric COO- and symmetric COO- respectively.
Additionally, the peak at 582 cm ! is attributed to Fe-O [35], while the peaks at 796 cm™ ' and
1083 cm! correspond to the bending vibration and stretching vibration of Si-O-Si bonds [36],
confirming the successful coating of inorganic silica on the Fe3O4 surface. Treatment with MPS
results in a new peak at 1698 cm ™! in the spectrum of Fe304@Si02-C=C, indicating the presence
of the C=C bond. The peaks at 1452 cm™' and 1325 cm™! correspond to the B-O stretching,

confirming the successful modification of BAL on the MMIP-Dextran [37].
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Fig. 5: FT-IR spectra for Fe3Ou, Fe304@Si02, Fe304@Si02-C=C and MMIP-Dextran (a),
TGA curves of Fe304, MMIP-Dextran and NIP (b), N2 physisorption isotherms (77.30 K)
obtained for MMIP-Dextran and NIP (¢), Magnetization loops of Fe3O4, MMIP-Dextran and
NIP (d)

TGA was used to study the thermostability and solid content of FesO4and MMIP-Dextran.
The curves in Fig. 5b show no significant weight loss below 200 °C, indicating good thermal
stability of MMIP-Dextran. The weight loss of FesO4 above 200 °C may be due to thermal
decomposition of surface impurities, while the weight loss of MMIP-Dextran is attributed to
the decomposition of polymer shells [38]. These results are consistent with the TEM images.

The BET specific surface areas of MMIP-Dextran and NIP were measured using the N2
adsorption-desorption method. Both exhibit an adsorption hysteresis loop belonging to isotherm
IV [39], indicating the presence of mesopores (2-50 nm) in the polymers. As shown in Table 1,
the Seet, Vp and Dpein values of MMIP-Dextran are 43%, 23%, and 38% higher than those of
NIP, respectively. Furthermore, the Sger value of MMIP-Dextran is 3.2 times larger than the
analogous materials noted by Cao et al. [40], indicating that MMIP-Dextran may have better

absorption capacity. The magnetic properties of FesO4, MMIP-Dextran and NIP were evaluated
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using VSM to measure the magnetic hysteresis loops. As depicted in Fig. 5d, all hysteresis
loops showed centrosymmetric behavior with respect to the origin. The saturation
magnetization values of FesOs, MMIP-Dextran and NIP were 51.23 emu g%, 37.34 emu g* and
36.30 emu g%, respectively. This indicates that the high saturation magnetization of MMIP-
Dextran (37.34 emu g) facilitates rapid and efficient magnetic separation, and demonstrates
promising potential for future engineering applications [41]. In summary, this study
successfully prepared a core-shell structure of MMIP-Dextran with a controllable-oriented
polysaccharide-imprinted shell.

Table 1: BET parameters of MMIP-Dextran and NIP

Samples Sger(m? gl V, em? g D, gyu (nm) References
MMIP-Dextran 65.33 0.1418 15.06 This work
NIP 45.51 0.1136 11.34 This work
MMIP 20.42 0.1217 30.72 [33]

Seer: BET surface area; Vp: pore volume; D, syn: BJH pore diameter.

3.4 Adsorption properties analysis

3.4.1 The effect of pH on the binding ability
As it is well established, the boronate affinity is pH-dependent [42], and therefore, we
evaluated the effect of pH on the binding ability, which is presented in Fig. 6. It can be seen
that both MMIP-Dextran and NIP exhibit an ascending-then-descending trend in adsorption
capacity as pH increases in the range of 7.0-10.0, with the highest values occurring around pH
9. This phenomenon can be attributed to the diverse covalent interactions between boronic
acid ligands (BAL) and 1,2-cis-diol groups, as shown in Fig. 7. At pH values above the pKa
of the boronic acid (8.0-9.0), BAL adopts a tetragonal boronate anion configuration (sp3),
which reacts with 1,2-cis-diols to form five/six-membered cyclic complexes, leading to high
adsorption capacity of dextran by MMIP-Dextran. However, when the pH is increased further
to 9 and above, electrostatic repulsion between adsorbents and adsorbates becomes dominant,

resulting in a decline in adsorption capacity. Conversely, under acidic conditions, BAL adopts
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a trigonal configuration (sp2) and the boronic acid—cis-diol complex is greatly reduced,
leading to a lower capacity to adsorb dextran [43]. Nonetheless, MMIP-Dextran exhibits a
higher ability to adsorb dextran than NIP at any pH level. Based on these findings, subsequent

batch adsorption experiments were carried out under alkaline conditions (pH=9.0).

Fig. 6: The adsorption of dextran on MMIP-Dextran and NIP under different pH conditions

OH OH
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B H" B
g ‘ Ho”~

OH
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CH,OH CH,OH

~ iy \Q.‘sp3 Removing
. Vi
Vo ®' inding Dextran

Fig. 7: The interaction between BAL and dextran

In conclusion, the results of this study indicate that the adsorption of dextran by MMIP-

Dextran is significantly affected by the solution pH and is consistent with the pKa value of the
boronic acid. Therefore, it may be possible to enhance the adsorption affinity by controlling
the pKa values. Ongoing work is focused on exploring this possibility and will be reported in

the near future.
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3.4.2 Adsorption kinetics

The adsorption kinetics curves of MMIP-Dextran and NIP at 25 °C and pH 9 are presented in
Fig. 8a. In addition, the experimental data were fitted to pseudo-first-order (Eq. 6), pseudo-
second-order (Eq. 7), and Elovich kinetic (Eq. 8) models. The kinetics parameters and linear
regression values are summarized in Table 2 below.

As shown in Fig. 8a, both MMIP-Dextran and NIP exhibit fast initial adsorption within the
first 40 minutes due to the high initial concentration gradient of dextran and numerous vacant
imprinted sites. Thereafter, the adsorption rate slows down and reaches equilibrium. The
equilibrium adsorption capacity (Qe) of MMIP-Dextran is 31.2 mg g, which is significantly
higher than that of NIP (11.0 mg g1), owing to the numerous BAL binding sites on MMIP-

Dextran.
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Fig. 8: The adsorption kinetic curves of Dextran on MMIP-Dextran and NIP (a); the

pseudo-second-order adsorption kinetics curves of Dextran on MMIP-Dextran and NIP (b)

As shown in Table 2, the results indicate that the adsorption of dextran on MMIP-Dextran
and NIP follows the pseudo-second-order model. Moreover, the Qe value obtained from the
pseudo-second-order kinetic model (33.44 mg g) is much closer to the experimental data (31.2
mg g) than the other models. These findings suggest that the chemical interaction between
dextran and the BAL binding site on MMIP-Dextran is probably the rate-limiting step and
dominates the adsorption of dextran on the adsorbents [44]. The absence of interior and exterior
diffusion resistance is probably due to the complete shaking of the solution, leading to a low

exterior diffusion resistance and a high adsorption specific surface area. This phenomenon
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allows dextran to spread fully on the adsorbents, providing more opportunities for BAL to
combine with the 1, 2-cis-diol group and achieve high adsorption efficiency. These results
further support the idea that a large surface area of the adsorbent is beneficial for adsorption
[45].

Table 2: Kinetic parameters obtained from adsorption of dextran on MMIP-Dextran and NIP

Models MMIP-Dextran NIP
ki 0.016 ki 0.0142
Pseudo-first-order
R? 0.925 R? 0.909
K2 0.009 K2 0.003
Pseudo-second-order
Qe 33.44 Qe 13.61
kinetic model
R? 0.993 R? 0.992
K3 6.111 Ks 2.049
Elovich
Ae 0.406 Ac 0.847
kinetic model
R? 0.804 R? 0.794

3.4.3 Adsorption isotherms

The adsorption isotherms of MMIP-Dextran and NIP were determined using a series of dextran
solutions, and the results are shown in Fig. 9a. The Qe values of both adsorbents initially
increase sharply with increasing dextran concentration, then plateau, and finally reach
saturation. The saturated adsorption capacities of MMIP-Dextran and NIP are 31.2 mg g* and
11.0 mg g%, respectively. To describe the saturated adsorption data, the Langmuir (Eq. 2),
Freundlich (Eq. 3), and Temkin (Eqg. 4) isotherm models were employed.
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Fig. 9: The adsorption isotherm data of Dextran on MMIP-Dextran and NIP (a); the
Langmuir adsorption sotherms fitting curves of Dextran on MMIP-Dextran and NIP (b)

Table 3: Parameters of the isotherms from adsorption of Dextran on MMIP-Dextran and NIP

Isotherm models Parameter MMIP-Dextran NIP

Qm 35.714 12.723
Langmuir Isotherm K 0.061 0.067
R? 0.970 0.973

RL 0.12-0.62 0.11-0.59
Kr 4.691 1.880
Freundlich Isotherm nF 2312 2.460
R? 0.804 0.814
o 8.494 2.953
Temkin Isotherm 0.464 0519
R? 0.842 0.844

The parameters of the isotherm experiment are shown in Table 3. The Langmuir model
provides the best fit to the adsorption data, and the Qm value (35.7 mg g!) in the Langmuir
model is much closer to the experimental adsorption capacity (31.2 mg g™'). These results
indicate that the adsorption process between MMIP-Dextran and dextran is a monolayer process
that occurs on a homogeneous surface with uniform energies and BAL active sites. Moreover,
the separation factor constant (Rr) is used to determine the favorability of MMIP-Dextran/NIP
towards dextran [46]. The obtained Rv values for both MMIP-Dextran and NIP fall between 0
and 1, indicating that the adsorption of dextran on MMIP-Dextran/NIP is favorable. The RL
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value of MMIP-Dextran is higher than that of NIP, indicating that the adsorption of dextran on
MMIP-Dextran is more favorable than on NIP.

3.4.4 Adsorption thermodynamics

The adsorption properties of MMIP-Dextran and NIP at different temperatures are presented in
Table 4. It is observed that both adsorbents show higher adsorption capacity at higher
temperatures, indicating an endothermic process between dextran and MMIP-Dextran.
Additionally, the thermodynamic parameters, such as Gibbs free energy change (AG®), entropy
change (AS°), and enthalpy change (AH®) are calculated using equations (9)-(11).

The negative values of AG® indicate that the adsorption process of dextran on MMIP-
Dextran is spontaneous, which is advantageous in adsorbing polysaccharide-type membrane
fouling substances in complex environments. The decrease in AG® with an increase in
temperature suggests that higher temperatures favor the adsorption process. Moreover, the
positive values of AH® and AS® indicate that the adsorption of dextran on MMIP-Dextran is
an endothermic process and an increase in the randomness at the adsorbent/adsorbate interfaces.

Table 4: Effect of temperature on the adsorption capacity
T Q. AH® AS® AG®

Polymers Kb
(°C) (mg gl) (kJ mol ) Jmol' K1)  (kJ mol?)
25 31.0 1512 25.97 90.54 -1.024
MMIP-
35 34.1 2125 -1.930
Dextran
45 37.3 2937 -2.835
25 11.0 282.7 4.51 62.01 -13.98
NIP 35 1.5 2997 -14.60
45 12.8 344.1 -15.23

3.4.5 Specific capture capacity

To evaluate the adsorption selectivity and capacity of MMIP-Dextran for polysaccharides,
several tests were conducted using model membrane foulants. The data for the imprinting factor
(IF) and the selection factor () are displayed in Table 5. The highest adsorption amount and IF

of MMIP-Dextran for dextran suggest that the BAL binding sites on the surface of MMIP-
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Dextran match the target dextran, enabling specific recognition covalent interaction. The
capacity of NIP to adsorb the three homologous substances is virtually the same, but much
lower than MMIP-Dextran. It can be concluded that electrostatic interaction contributes less to
the adsorption capacity than the specific recognition covalent interaction of the imprinting
cavity. On the other hand, a suggests that the polymers can adsorb different polysaccharides
specifically and non-specifically. As a result, the adsorption amount and IF of MMIP-Dextran
for agarose are higher than for sodium alginate. It is evident that agarose has a lower o than
sodium alginate, likely due to its larger molecular weight and the larger number of 1, 2-cis-diol
groups, providing more opportunities to bond with BAL. In summary, MMIP-Dextran exhibits
excellent selectivity for selectively adsorbing the template molecules of dextran. The above
results indicate that the MMIP-Dextran has significant potential for reducing polysaccharide-
type membrane filtration resistance.

Table.5: Comparison of MMIP-Dextran to different polysaccharides

. Q. (mgg?)
Polysaccharides IF a
MMIP-Dextran NIP
Dextran 31.2 11.0 2.84 /
Agarose 19.2 7.0 2.74 1.04
Sodium Alginate 10.4 8.2 1.27 2.24

3.4.6 Reusability and stability

The reusability and stability of MMIP-Dextran are important factors for its practical application.
The adsorption and desorption experiments were repeated five times to assess the reusability of
MMIP-Dextran, and the results are shown in Fig.10. It is noteworthy that the adsorption
capacity remains at 92.68% after five cycles, indicating its good reusability. The slight decrease
in adsorption capacity may be attributed to the blocking or damage of some binding sites, as
reported in previous studies [47]. Moreover, after five cycles of adsorption-desorption, MMIP-
Dextran still exhibits excellent magnetic responsiveness, facilitating its rapid separation. The
use of SiO2 coating under an acid elution environment can effectively prevent the leakage of
Fe3O4 MNPs. These findings indicate that the desorption and reuse of MMIP-Dextran are

feasible and efficient, making it a promising candidate for promoting membrane flux.
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Fig. 10: Reusability of MMIP-Dextran

3.5 The adsorption/desorption mechanism by DFT
The mechanism of adsorption and desorption between MMIP-Dextran and dextran was
elucidated by DFT calculations, and the results are depicted in Fig. 11. During the adsorption
process, it can be inferred that under alkaline conditions, the boron atom in BAL is firstly
transformed from a trigonal configuration (sp2) to a tetragonal anion (sp3). Subsequently, the
BAL with boron-sp3 atom can interact with 1,2-cis-diols to form five/six cyclic complexes,
ultimately leading to the successful attachment of dextran on the surface of MMIP-Dextran.
These results suggest that the coordination process, in which a five/six cyclic complex is formed
by the conformation conversions of boron atom, is the rate-limiting step of the adsorption
process. The negative relative free energy data of the INT1 and INT2 states support this
hypothesis.

For the desorption process, it is assumed that under acidic conditions, the boron atom in BAL
converts back to a trigonal configuration (sp2) from a tetragonal anion (sp3), and the BAL with
boron-sp2 atom promotes the desorption of dextran from MMIP-Dextran. The negative energy
of state INT3 confirms the thermodynamic feasibility of the transformation of the BAL
geometric configuration. Subsequently, the boronic acid-cis-diol five/six complex significantly
dissolves, leading to the desorption of dextran from MMIP-Dextran. Moreover, the positive
energy data of the INT4 state implies that a complete desorption may only occur under external
energy, such as violent shocks. The above results are consistent with the adsorption

thermodynamics results.
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Fig. 11: DFT calculations of energy states for adsorption/desorption process by MMIP-
Dextran to dextran

3.6 Evaluation of membrane permeate flux

In order to assess the practical application potential and viability of the polymers, adsorption
experiments were conducted using SMPs as membrane foulants. As shown in Fig. 12a, the
adsorption capacities of MMIP-Dextran and NIP for polysaccharides were found to be 22.10
mg g and 9.02 mg g!, respectively. Notably, the adsorption capacity of MMIP-Dextran was
2.45 times higher than that of NIP, while both showed similar and low capacities for protein
adsorption. These results indicate that MMIP-Dextran can selectively adsorb polysaccharides
and non-specifically adsorb a few biomacromolecules. This suggests that the bonding between
BAL and 1,2-cis-diol group enables MMIP-Dextran to effectively recognize dextran and its
homologous substances.

An evaluation of membrane filtration resistance was conducted using a terminal filtration
device, and the results are presented in Fig. 12b. Compared to the initial SMPs, the control
group showed a slight increase in filter resistance, which could be attributed to the residual
microorganisms' metabolism in the SMPs. However, the filter resistances of the MMIP-Dextran
and NIP groups decreased by 15.2% and 7.2%, respectively. Accordingly, it means the
membrane flux improvement by MMIP-Dextran group is 2.1 times better than NIP. These
results, in conjunction with the SFR results, indicate that the MMIP-Dextran can selectively
adsorb polysaccharide-type substances and effectively reduce membrane filtration resistance.

Therefore, this study proposes a promising strategy for promoting the membrane flux using
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MMIPs and is expected to be applied to the polysaccharide-type membrane fouling in

membrane Pprocesses.
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Fig. 12: The adsorption capacity of SMPs on MMIP-Dextran and NIP (a) and the effects of
MMIP-Dextran and NIP on filtration resistances (b)

4. Conclusion

This study successfully developed, characterized, and applied a novel MMIP-Dextran to
enhance the membrane flux. The MMIP-Dextran exhibits a typical core-shell structure with a
rough surface, high saturation magnetization, good thermal stability, and great dispersion.
Additionally, it possesses specific recognition to the template and a large specific surface area.
The MMIP-Dextran demonstrates excellent recognition towards dextran and its homologous
substances, resulting in a significant reduction in membrane filtration resistance. The adsorption
isotherm of MMIP-Dextran and dextran best follows the Langmuir model with the separation
constant falling between 0 and 1, indicating favorable monolayer adsorption. The spontaneous
and endothermic adsorption fits well with the pseudo-second-order model and Langmuir
Isotherm. DFT calculations support that the spatial configuration of BAL plays a vital role in
the adsorption/desorption process. Additionally, the MMIP-Dextran maintains a high
adsorption capacity and excellent magnetic response even after several adsorption-desorption
cycles. These results demonstrate that the MMIP-Dextran is a promising solution for
minimizing polysaccharide-type membrane fouling and will significantly benefit membrane

flux.
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