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Abstract:

This study aims to prepare a novel C=C polymerization-oriented magnetic protein
molecularly imprinted polymer (MMIP) to improve membrane flux by adsorbing protein-type
membrane foulants. The adsorption capabilities of MMIP we: ¢ as. essed by batch experiments,
and the oriented polymerization and adsorption mecharism, were further revealed by density
functional theory (DFT). The findings suggested w -t the MMIP exhibited a favorable
adsorption capacity (35.9 mg/g) and high spzc icicy (imprinting factor, IF=2.2) to bovine
serum albumin (BSA), and showed an in.r_ssive adsorption capacity (21.2 mg/g) to protein-
type substances in soluble microbial ~ouacts (SMPs) derived from a functioning membrane
bioreactor. Consequently, the M: 1IP 1educed the filtration resistance by approximately 91.6%
compared to the control orou. and improved the membrane flux. Moreover, the data
confirmed that the al<o.;tion was a monolayer adsorption process in which chemical
interactions dominated the rate-limiting step. DFT calculations proved that the functional
monomer chain reactions predominantly occurred on C=C bonds in the oriented
polymerization and the hydrogen bonding was identified as the main interaction between
MMIP and protein in the adsorption. These findings suggested that the MMIP holds great
potential as a recyclable adsorbent for effectively improving membrane flux through the

selective adsorption of protein-type membrane foulants.
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1. Introduction

It is well known that proteins, as the main substance of membrane foulants, significantly
affect the membrane filtration processes (e.g., ultrafiltration (UF), nanofiltration (NF), reverse
osmosis (RO), membrane bioreactor (MBR), etc.). Correspondingly, extensive methods have
been executed to depress the production and amounts of prcieins to sustain membrane
filtration behaviors [1-5]. Among these methods, addirs av_urbents to adsorb the proteins is
promising for membrane flux promotion because ot .“> easy operation and fast effect [6-8].
For example, Liu et al. reported that powdered « tivated carbon could effectively increase the
membrane flux by reducing the protein . ~}e layer [9]. Chen et al. added granular activated
carbon to treat dyeing wastewater, ar.. the y found that the adsorption of proteins significantly
improved the RO membrane fl.x [1J]. However, these adsorbents cannot adsorb foulants
selectively, thereby having 'ow .rotein adsorption efficiency and increasing the operation and
maintenance costs [11, '2,.

Unlike the adsorbents above, the magnetic molecularly imprinted polymer (MMIP) is an
adsorbent with specific adsorption to specific substances [13]. Additionally, the MMIP has
good physical and chemical stability, high specificity, easy separation and outstanding
performance [14-17]. These render MMIP apply to several fields, such as solid-phase
extraction, drug delivery, medical diagnostics, and environmental protection [18, 19].

Unfortunately, the current studies on MMIP using biomacromolecules as the templates such



as proteins, show unsatisfactory specific recognition ability owing to the significant
impediments to mass transfer and the intricate structural composition [20]. Therefore, to
obtain the desired biomacromolecule magnetic imprinted polymer (BMIP), the free radical
polymerization (FRP) method was used to prepare BMIP [21-24]. For example, Xu et al.
reported a novel MIP based on carbon-carbon double bond (C=C) functionalized
nanoparticles for the exceptionally specific extraction of lysozyme[25], and the modification
of C=C could effectively improve the adsorption capacity neai'y twice [26, 27]. Besides,
Zeng et al. developed a MIP with C=C selective direc.ea pulymerization on the SiO, shell
surface for dopamine detection [28], and the moliied C=C endowed MIP sensor a
satisfactory detection limit in a wide linear ran3c w-.r dopamine concentration [29]. In a word,
the copolymerization of C=C with fu.~t'onal monomers can guide the precise surface
polymerization and improve the imp~.. ting efficiency [30].

In this study, a novel C=C poiymerization-oriented core-shell structure MMIP was
prepared for specific ads~rpti.n of protein and its homologous substances to improve
membrane permeate 1,"x. T.1e morphology and composition of MMIP were investigated by
scanning electron microscope (SEM), Fourier transforms infrared spectrometry (FT-IR),
vibrating sample magnetometer (VSM), energy dispersive x-ray spectroscopy (EDX), etc.
Subsequently, the adsorption properties of MMIP such as capacity, selectivity, reusability,
Kinetics, thermodynamics and isotherms were systematically investigated. Further, the density
functional theory (DFT) was used to elucidate the oriented polymerization and adsorption

mechanisms. Finally, the effects of MMIP on filtration behaviors were evaluated. To the best



of our knowledge, this is the first study on using MMIP to specifically adsorb protein-based
membrane foulants and improve membrane flux, and it is expected to provide deep insights
into the oriented polymerization of MMIP and the effects of MMIP on membrane flux

promotion.

2. Materials and methods
2.1. Materials

Bovine serum albumin (BSA, M,, = 66.4 kDa, pl = 4.2}, Fe3O, nanoparticles, sodium
dodecyl sulfate (SDS), N, N-methylenebis acrylan.:?c (MBA), N-Isopropyl acrylamide,
tetraethyl orthosilicate (TEOS), acrylic acid, a4 ', N, N', N'-tetramethylethylenediamine
(TEMED) were purchased by Adamas ke~cent Co., Ltd (Shanghai, China). Absolute ethanol,
ammonium hydroxide (NH3-H,O, 2C°4, \//w), acetic acid (HAc) and ammonium persulfate
(APS) were sourced from Sinc; hariii Chemical Reagent Co., Ltd (Shanghai, China). The
Polyvinylidene fluoride (PY/DF, membranes were acquired from Shanghai Sinap Membranes
Separation Technolcyy Cu., td (Shanghai, China).
2.2. Preparation of MMIP
2.2.1. Preparation of Fe;04@Si0,

The Fe3O,4 nanoparticles (NPs) were firstly suspended in 1 M HCI aqueous solution and
ultrasonicated for 20 min, and then were washed with deionized water. The washed Fe3O,
was dispersed in a 200 mL mixed solvent system (ethanol: water = 4: 1, v/v) and thoroughly

dispersed under ultrasonic conditions. Following, 10 mL NH3-H,O and 10 mL of TEOS were



added drop by drop and the reaction was stirred for 10 h at 25 °C. After that, the product was
sufficiently washed with deionized water and dried under vacuum. Finally, the magnetic
composite microspheres of FesO,@SiO, were obtained.

2.2.2. Preparation of MMIP

The Fe;0,@SiO, NPs (10 g) were firstly mixed with 200 mL ethyl alcohol, followed by
adding 10 mL acrylic acid, and then reacted for 6 h at 25 °C. Finally, the magnetic composite
microspheres of Fe;0,@SiO,@C=C were collected after reptated ethanol washing and
vacuum-drying.

Secondly, the MMIP was prepared as follows: 1) BCA (2 g) as the template molecule, 2) N-
isopropyl acrylamide (10 g) as the functional mc:-orier, and 3) MBA (3 g) as the Cross-linker
were mixed in 200 mL phosphate buffe. <ailine (PBS, pH = 6.2, 10 mM). Afterward, 10 g
magnetic composite microspheres =7 Fc;0.@Si0,@C=C were dispersed into the above
solutions and shaken the mixturc for < h at 25 °C. The APS and TEMED were then added to
the solution and reacted ''nde. nitrogen protection for 24 h. Subsequently, the obtained
product was alternatci, cic2iied by water and 10 % (W/V) SDS-10 % (V/V) HAc solution to
remove template molecules until the supernatant could not detect the absorption light of BSA
by using UV-vis spectrophotometry, and the template elution step was completed. Ultimately,
the core-shell MMIP was obtained after being vacuum-dried. The MNIP was the same as the
MMIP preparation procedure but without adding the template proteins.

2.3. Characterization

BSA content was quantified by UV-vis spectrophotometer UV-4802S (Unico, China).



Soluble microbial products (SMPs) were obtained through a modified thermal extraction
method [31]. Proteins and polysaccharides in SMPs were measured using the bicinchoninic
acid assay (BCA) with BSA and anthrone method with glucose as a standard, respectively.
Scanning Electronic Microscopy (SEM) was used to observe the morphology of adsorbents
(Hitachi, Japan). Fourier Transform Infrared Spectroscopy (FT-IR) spectra in KBr were
recorded on a Nicolet 380 (Thermal Fisher, USA). Vibrating Sample Magnetometer (VSM)
was used to study the magnetic properties (Quantum Desig1, L5A). The surface area tests
were measured by Brunner-Emmet-Teller (BET, Micicrieritics, USA). The filtration
resistance was assessed by a terminal filtration sys.~ni (SCM Ultrafiltration Cup, Sinap,
China).

2.4. Batch tests

For the kinetic and thermodynami~ ~xpcriments, the batch adsorption tests were conducted
using BSA solutions. 50 mg of c1soruents and 10 mL BSA solution at the range of 0.2 - 1.6
mg/mL were mixed at diffrrem temperatures (25, 35 and 45 °C). After necessary incubation
(15 - 720 min) and :noanctic separation, the supernatant was immediately analyzed using a
UV-vis spectrometer at 280 nm.

For the application experiment, the batch adsorption tests were carried out using SMPs
derived from a functioning membrane bioreactor. 30 mg adsorbents were added into 150 mL
SMPs solution and incubated at 25 °C. After incubation, the proteins in SMPs were
immediately determined by the BCA method, and the polysaccharides were measured by the

anthrone-sulfuric acid colorimetry method [32].



For the reusability experiment, four repeated adsorption-desorption experiments were
performed to evaluate the regenerative property. Adsorption: 50 mg of adsorbents and 10 mL
BSA solution at a concentration of 1.2 mg/mL were mixed at 25 °C for 120 min. Desorption:
the adsorbed adsorbents were alternately eluted by water and 10 % (W/V) SDS-10 % (V/V)
HAC solution for desorption until the elution could not detected BSA. The BSA concentration
was also analyzed using a UV-vis spectrometer at 280 nm.

The adsorption capacity Q (mg/g) of MMIP or MNIP was calc Jlated as follows:
Q=(Co-C) V/m Eq.(1)

The imprinting factor (IF) was employed to asses. the specificity of MMIP depending on

the following equation [33]:

IF = Qumr/Qune  Eq. (2)

2.5. DFT calculations

The DFT computations were c7.o laed with Vienna Ab initio Simulation Package (VASP).
Additionally, the electronic u~ns:*y of Fe;0,@SiO,@C=C nanoparticle was also calculated
by using VASP. First. w2 co)structed the structure of the materials. Since the exact structure
of Fe;0,@SiO, was coi..plicated, we replaced it with inert H to simplify the calculations. We
then optimized the structure using VASP, and the resulting CONTCAR was converted to a
new POSCAR for the next step of the calculation. In the next step, a static calculation was
performed to obtain the charge density file CHGCAR. The VESTA software was used to
process the file, which resulted in the charge distribution and two-dimensional charge density
plot of C=C modified materials.

2.6. Determination of the membrane filtration resistance



The specific filtration resistance (SFR) was determined under a pressure of 0.03 MPa on a

terminal filtration system which was composed of a 350 mL SCM ultrafiltration cup, a

magnetic stirring paddle and a 32 cm? PVDF membrane. 30 mg MMIP or MNIP were

introduced into 150 mL SMPs solution and mixed at 200 rpm. The weight of the permeate

was determined on a balance. Furthermore, the filtration resistance was calculated as follows:

nJ
Nomenclature o/
Co initial of protein  concentration K, p.eudo-second-order rate constants
(mg/mL) (9/mg min)
Ce equilibrium of protein concentau.on K.  Elovich rate constants
(mg/mL)
A% volume of the initial protcir sciution Ae  Elovich kinetics constant
(mL)
m quality of MMIP or MNIP in the K; Langmuir model constants (L/mQ)
sample (mg)
Qmmrp  adsorption capz:.tes of MMIP (mg/g) Ky  Freundlich constants
Qmnip  adsorption capacities of MNIP (mg/g) nr  Freundlich constants
R filtration resistance (m™) o adsorption enthalpy constants
n kinematic viscosity (mPa-S) S capacity of the adsorbent constants
AP drop of pressure (Pa) A enthalpy change (kJ/mol)




] permeate velocity (m’/ (m*-S)) ~g® entropy change (J/mol K)

qt adsorption capacities at time t (min) A Gibbs free energy change (kJ/mol)
Go
Je equilibrium  adsorption  capacities Kp  equilibrium constants
(mg/g)

Jdm maximum adsorption capacity (mg/g) R constant (8.314 J/mol K)
K4 pseudo-first-order kinetics rate T absolrr:~ teaaperature (K)

constants (L/mg)

*The definition and description of symbols in the fortaula> are uniformly listed in this table.

3. Results and discussion
3.1. Preparation

For the purpose of obtaining u.» dcsired MMIP, the C=C oriented polymerization was
fulfilled according to schem. 1. irstly, the FesO4 NPs were wrapped with SiO, to get the
hybrid carriers of Fe3O4 2Si), NPs, which was beneficial to the subsequent functionalization
and protected Fe3O4 NFZ from aggregating and oxidating [34]. Secondly, the C=C monolayer
was further introduced on the Fe;O,@SiO, using acrylic acid. Following, the functional
monomers were oriented on the hybrid carriers of Fes0,@SiO,@C=C NPs by C=C directed
polymerization. Meanwhile, the carboxyl group on BSA and the amine group on N-isopropyl
acrylamide were bonded with hydrogen-bonding or covalent-bonding, allowing the template
sites to be uniformly distributed on the polymer surface and improve the adsorption

accessibility and adsorption rate. Similar reports have been documented by Kan et al. [35].




Finally, the template molecules were removed under acidic conditions by breaking the

hydrogen-bonding or covalent-bonding [36], and the desired MMIP was obtained for use.
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Scheme 1: Preparation and mechanism of ZZ- C | ~lymerization-oriented MMIP

Since the C=C-orientation plaved 2 :rucial role in the preparation of MMIP, the charge
distribution (Fig. 2a) and chary. density (Fig. 2b) of Fe30,@SiO,@C=C were investigated to
elucidate the directional *nechanism by DFT. It is evident from Fig. 2b that the charge density
of oxygen-containing orcups (0.4), such as carbonyl, carboxyl, and hydroxyl groups, was
higher than that of C=C (0.34), which was due to the free radicals preferentially attack
functional groups with high charge density [37]. However, the electronegativity of oxygen
atom enabled it to attract the surrounding electrons more strongly (particularly the shared
electron pairs), leading to a significant electron cloud polarization effect [38]. The charge
distribution of oxygen-containing groups stabilized the shared electrons, and the oxygen-

containing groups were less likely to be attacked by free radicals compared to C=C bonds.



Consequently, the chain polymerization reactions initiated by free radicals mainly occurred on

C=C bonds, producing the desired MMIP.

a

Fig. 1. Charge distribution (a) and charge denzi*y (b) of Fes0,@SiO,@C=C (In order to
simplify the calculations, we replaced the i,%n carrier of Fe;0,@SiO, with inert H, C1 and
C3 represent the two carbon atoms i C=C vond, red represents O, white represents H, and

black represents C.)

3.2. Characterization
3.2.1. SEM and BET

The surface morphologies of Fe;04, Fe;04@Si0,, MMIP and MNIP were characterized by
SEM (Fig. 2). It could be observed that the Fe;O4 NPs had a uniform particle size of around
30 nm (Fig. 2a). After silica coating, the particle size of Fe;04@SiO, NPs (Fig. 2b) increased
significantly and shaped as agglomerate spheres with smooth surfaces. After oriented
polymerization, the MMIP and MNIP (Fig. 2c and Fig. 2d) were well prepared and shaped as

more porous agglomerates with rough surfaces.
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Fig. 2: SEM images of Fe304 (), Fes047 0, (b), MMIP (c) and MNIP (d). Experimental

conditions: Mag = 50 KX, EHT =10.20 KV.

Also, the BET specific surfa.~ areas of Fe;04, MMIP and MNIP were measured using N;
adsorption-desorption metnod. It can be seen from Fig. 3 that all the N, physisorption
isotherms presented an ar sorption hysteresis loop belonging to isotherm IV [39], suggesting
the presence of mesopores (2-50 nm) in the polymers. Moreover, the BET surface area of
MMIP (94.28 m?/g) was higher than that of MNIP (86.22 m?%g) and Fe;O4 (65.33 m?/g),
which might be attributed to the imprinting cavities of MMIP. These morphological
characteristics facilitated more binding sites, producing the higher adsorption capacities for

MMIP.
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Fig. 3: The N, physisorption isotherms of Fe;O4 (a), MMIP (b) and MNIP (¢)

3.2.2. FT-IR and EDX

The chemical compositions of carriers, MMIP and 1."™(P were identified by FT-IR, and the
results are illustrated in Fig. 4b. The peaks at 567 cra™ and 634 cm™ were assigned to the Fe-
O stretching vibration. The peaks at 79, ~'n™ and 1082 cm™ were assigned to the bending
vibration and stretching vibration ¢ 5.-O-Si, respectively, suggesting that the SiO; is
successfully coated on the Fe.C- Nrs. Moreover, two characteristic absorption peaks of -
COOH at 1402 cm™ ard 922 cm™ appeared on the Fe;0,@SiO, but not for the
Fes0,@Si0,@C=C, p. .25 that the -COOH was introduced when coating silica, which has a
significant impact on the subsequent functional C=C modification. Additionally, the shapes of
FT-IR spectra of MMIP and MNIP in Fig. 4c confirmed that the peak at 1698 cm™ of C=C
disappeared, indicating the functional monomer was polymerized by C=C orientation. Besides,
the MMIP and MNIP had the same shape of FT-IR spectra, suggesting the complete removal
of protein templates.

EDX was also used to study the elemental composition of MMIP (Fig. 4a), and the



elements of Fe, O, C, and Si in MMIP were 42.3%, 34.1%, 14.0%, and 9.0%, respectively.
The EDX results reconfirmed: (1) The Fe;O4 NPs were the main component of MMIP and
fabricated its fast separation; (2) The SiO, layers were successfully coated and benefitted the
sequent functionalization, simultaneously, protecting the Fe3O, NPs from aggregating and

oxidating; (3) The organic imprinting layers were successfully polymerized in MMIP.
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Fig. 4: EDX of MMIP (a), FT-IR spectra of Fe304, Fe3C 1@ 2:0,, and Fe30,@SiO,@C=C (b),

FT-IR spectra of MMIP and MNIP (c)

3.2.3. Magnetic properties analysis

The magnetic properties of FesC,, MiAIP and MNIP were characterized using VSM. As
illustrated in Fig. 5, their saturat."\n magnetization values were 63.12, 47.13 and 49.52 emu/g,
respectively. Also, there were n.. remanence and coercivity of them, indicating that they were
all super-magnetic. ocmp2ied with FesO4, the MMIP exhibited a reduction in saturation
magnetization by approximately 15.99 emu/g due to the presence of the silica coating. Similar
results were reported by Zhang et al. [40, 41], and they found that the saturation
magnetization of 14.8 emu/g enabled the rapid separation of Lyz-MMIP from aqueous
solution by an external magnetic field within 30 s. Therefore, the saturation magnetization of
47.13 emu/g was sufficient for MMIP to be separated from complex environments in practical

engineering applications.
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3.3. Adsorption kinetics

The effect of time on the adsorption of BYA w MMIP and MNIP is given in Fig. 6. Fast
adsorption of both polymers initially occ.red within 0-30 min, then slowed down from 30-
120 min, and finally reached equil:L-tuii. The initial fast adsorption rate was due to the
numerous unoccupied adsorptic: sitcs on the MMIP. With the adsorption sites gradually
occupied by BSA, the adsontio.. rate decreased until the adsorption reached equilibrium. The
equilibrium adsorptio.. c.gacity of MMIP to BSA reached approximately 35.90 mg/g,
significantly surpassing that of MNIP (16.30 mg/g). This difference can be attributed to the

abundant specific adsorption sites on MMIP.
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Fig. 6: The kinetic curves of BSA adsorption on MMIP ara  ANIP. Experimental conditions:
50 mg of MMIP or MNIP were added in 10 mL of BZ~. ni.osphate buffer (pH = 6.2, 10 mM)

at a concentration of 1.2 mg/mL, and then were j=.."1pated at 25 °C.

Kinetic studies are crucial due to ti.» valuavole information they can reveal about adsorption
rate and adsorption mechanism [47, < 31. The kinetic adsorption data were investigated using
Pseudo-first-order, Pseudo-secu~d-order and Elovich models. The models were described as

follows:

Pseudo-first-order: In(.;, — q;) = Inq, — K4t Eq.(4)

t 1 t Eq. (5)
Pseudo-second-order: — = > —
q: KZ de qe

Elovich: q;, = K.Int + A, Eq. (6)

The kinetic parameters were calculated and presented in Table 1. It can be found that the
pseudo-second-order model fitted better with the experiment data in sync with the best g
values, suggesting that the chemical interaction between BSA and MMIP was probably the

rate-limiting step and dominated the adsorption reaction. The detailed adsorption mechanism



will be further discussed by DFT in section 3.7.

Table 1: The kinetic parameters of BSA adsorption on MMIP and MNIP

Pseudo-first-order model | Pseudo-second-order model | Elovich model
Adsorbent | g K1y e K, (9/mg
R? R? Ae Ke R?
(mg/g) | (L/mg) (mg/g) | min)
MMIP 35.86 0.0498 | 0.976 | 35.90 0.0056 7999 | 14.86 | 3.5925 | 0.856
MNIP 16.56 0.0426 | 0.971 | 16.30 0.0245 17998 5.64 | 1.8563 | 0.841
B .

3.4. Adsorption isotherms

The adsorption effects of MMIP and M. TP on BSA at different concentrations were

evaluated and shown in Fig. 7. Both adsorp..on curves of MMIP and MNIP showed a sharp

increase followed by a gradual plawe w. The saturated BSA adsorption capacities of MMIP

and MNIP reached approximat ly 55.90 mg/g and 16.30 mg/g, respectively. In other words, it

is stated that the adsorptiz:> 0. MMIP for BSA is selective (IFgsa=2.2). It may be aroused by

the weak chemical intera: tion between MMIP and BSA. The specific adsorption mechanism

will be comprehensively below revealed by DFT calculations.

The adsorption data were further fitted using Langmuir, Freundlich and Temkin models,

and the parameters calculated from isotherm models were listed in Table 2.

1

Langmuir: — =

de

1

K1 qmCe

1

Freundlich: g, = KyC.’

1
dm

Eq. (7)

Eq. (8)




Temkin: q. = alnf + alnC, Eq. (9)
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Fig. 7: The adsorption isotherms of BSA on MMIP ana [ ANIP. Experimental conditions: 50
mg of MMIP or MNIP were added in 10 mL of BSA phosphate buffer (pH = 6.2, 10 mM) at a
range of 0.2 - 1.6 mg/mL for 120 min, and thei. were incubated at 25 °C.

Table 2: The isotherm parameters of BSA au.orption on MMIP and MNIP

Langmuir model Freundlich model Temkin model
Adsorbent

an(mglg) [ KL mg) [RZ |Ke [ne [RE |« [p  [R

MMIP 36.90 12,2182 0.941 | 33.37 | 3.589 | 0.953 | 7.846 | 72.15 | 0.961
|

MNIP 18.45 71.0148 0.972 | 14.28 | 2.641 | 0.893 | 4.147 | 32.13 | 0.953
|

It can be observed from Table 2 that the Temkin model (R* = 0.961) fitted much better with
the experiment data of MMIP than other models. Since the Temkin isotherm is derived from
the Langmuir isotherm, it is stated that the adsorption process was a monolayer adsorption,
and occurred on the surface of adsorbents. Additionally, the adsorption heat decreased

linearly with the adsorption amount increasing, and the binding energy was uniformly



distributed. Moreover, the higher f value of MMIP, which was considered as a constant
related to the adsorption potential in Temkin model, indicated a stronger adsorbent-adsorbate
interaction between MMIP and BSA [44, 45].
3.5. Adsorption thermodynamics

The effect of temperature (from 25 to 45 °C) on BSA adsorption by MMIP and MNIP was
investigated, and the thermodynamic parameters such as 2H®, 2S® and 2G® were calculated
through Eq. (10)-Eq. (10). The results were summarized in Te¢ble ..

_ 4. Eq. (10)

AH@_I_ AS® Eq.(11)

anD: — RT R

AG®=AH®-TAS® Eq.(12)

Table 3: The thermodynamic paramet~rs of bBSA adsorption on MMIP and MNIP

T(°C) | qc (mg/g) | Kp 1% /mol) | 4S® (I/mol K) | 2G® (kJ/mol)

MMIP | 25 35.0 42424 | .15 65.21 9.291
— ]

35 39.0 4° 44, 9.943

45 42.6 ;ﬁ. 30 -10.595
MNIP | 25 15.0 [ 16.216 | 8.379 51.27 -6.907

35 16.6 18.103 7.419

45 20.2 22.469 7.932

Experimental conditions: 50 mg of MMIP or MNIPs were added in 10 mL of BSA
phosphate buffer (pH = 6.2, 10 mM) at a concentration of 1.2 mg/mL for 120 min, and then

were incubated at 25, 35 and 45 °C.



It can be seen from Table 3 that the adsorption capacities of MMIP and MNIP both
exhibited an upward trend as the temperature increasing, indicating the BSA adsorption on
MMIP or MNIP was an endothermic process. The negative values of AG® indicated that the
BSA adsorption on MMIP or MNIP was spontaneous. A lower AG® was obtained at a higher
temperature, suggesting the higher temperature was more conducive to the adsorption. The
positive AH® value also revealed that the adsorption process vzas endothermic. Additionally,
a positive 2S© value suggested an increase in randomnes: at the interfaces between the
adsorbent and adsorbate.

3.6. The reusability of MMIP

In order to test the reusability of MMIP, fcu. rereated adsorption-desorption experiments
were performed and the results were pre-ided in Fig. 8. It was noticed that the adsorption
capacity of MMIP remained approx .. ately 88.49% even after four successive recycles. The
marginal decrease of 11.51% m. v be aroused by the breakdown or block of a few binding
sites [46]. Additionally, th~ Si(:, layers could protect the Fe3O4 NPs from aggregating and
oxidating, and the !nl11" could also be rapidly separated and recovered by an external
magnetic field after four cycles of adsorption-desorption. These findings proved that the

MMIP had great potential for practical applications.
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Fig. 8: Reusability of MMIP. Experimental cond:i:ons: 50 mg of MMIP or MNIP were added
in 10 mL of BSA phosphate buffer (pH = 5.2, 10 mM) at a concentration of 1.2 mg/ mL , and

then were incubated at 25 °C for 120 .nin.

3.7. The adsorption mechanis..»s by DFT

The adsorption mech~.msms between MMIP and protein were further revealed by DFT
calculations. As illustrate | in Fig. 9a, the five possible interaction pathways were proposed,
and the corresponding binding energy values were calculated (Fig. 9b). It could be observed
that the pathway 5 exhibited a significantly positive binding energy value, stating that there
was a lower likelihood of forming covalent-bonding between carboxyl group on protein and
amine group on MMIP. On the other hand, the binding energy values of hydrogen bonds from
pathways 1, 2, 3 and 4 were all negative, demonstrating the thermodynamic feasibility of

forming these four types of hydrogen bonds. Moreover, the binding energy of pathway 3 was



the lowest, and simultaneously formed two hydrogen bonds between protein and MMIP,
which could be assumed that the binding mechanism of MMIP to protein was dominated by

hydrogen-bonding, as well as potentially formed multiple hydrogen bonds between the

molecules. This conclusion was consistent with Liu et. al [47].
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Fig. 9: The five poss.ui= n.toraction pathways and binding energy values between MMIP and

protein (i-Pr represents isopropyl, ORA represents the Fe;04@SiO,, RBSA represents the

simplified protein structure)

3.8. Evaluation of membrane permeate flux

Selective adsorption tests were further conducted to evaluate the applicability of MMIP on

SMPs reduction and the effects on membrane filtration resistance, and the results are shown



in Fig. 10. It can be seen from Fig. 10a that the adsorption capacities of MMIP and MNIP to
protein were 21.2 mg/g and 12.4 mg/g, respectively. Obviously, the MMIP exhibited much
higher selectivity for protein-type substances (IFproein=1.71) and similarly lower capacity for
polysaccharide-type substances than that of MNIP. As revealed by DFT, the high and specific
adsorption capacity of MMIP for protein might be attributed to hydrogen-bonding, and the
non-specific adsorption of polysaccharide was aroused by el~ctrostatic incorporation. As a
result, the non-specific adsorption of polysaccharide and tk= sp cific adsorption of protein
facilitated MMIP in effectively decreasing membrane res..iance and improving membrane
flux. Compared to the control group of SMPs, the fili. ~t.on resistance of MMIP was reduced
by 91.6%, while the filtration resistance of MM w-.s only reduced by 72.3%. In other words,
the MMIP could effectively improve 91..%, of membrane flux. These results confirmed that
the specific adsorption of MMIP fr., nrctein could effectively reduce protein-type membrane

fouling and improve membrane per.™eate flux.
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Fig. 10: The adsorption capacities of MMIP and MNIP to SMPs (a) and the effect on filtration
resistance (b). Experimental conditions: 30 mg of MMIP or MNIP were added into 150 mL

SMP solution and incubated at 25 °C, and the terminal filter was determined under 0.03 MPa



at 200 rpm.

4. Conclusion

In this study, a novel C=C polymerization-oriented core-shell MMIP was successfully
prepared and applied to enhance membrane flux through selective adsorption of protein-type
foulants. The main findings are shown below: (1) Specific ads« rption capacity: The C=C-
oriented polymerization of the imprinting layer could enccw MMIP with a good specific
adsorption capacity for BSA (35.9 mg/g, IF =2.2) .~u a high adsorption to homologous
proteins from SMPs (21.2 mg/g); (2) Membrane “ (. improvement: The SFR tests proved the
MMIP could significantly promote the m.mbrane flux; (3) Adsorption mechanisms: The
chemical interaction was the rate-'.~iti.g step, and DFT calculations revealed that the
hydrogen-bonding contributed tc the adsorption of MMIP to protein. The results obtained from
this study confirmed that the MNP had the ability to reduce protein-type membrane fouling and
improved membrane 2. ea2 ux effectively.
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