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Abstract
An effective single-step polymerization was followed for the synthesis of hydrophilicP(MBAm-co-MAA)
microspheres. The distillation-precipitation polymerization (DPP) technique utilized N,N -
methylenebis(acrylamide) (MBAm) as a crosslinker, methacrylic acid (MAA) as a monomer, solvent acetonitrile
(ACN) and an initiator 2,2-azobisisobutyronitrile (AIBN) for synthesizing the P(MBAm-co-MAA) polymer
particle.Simultaneously, in the reaction system, the polymer particles were formed as a precipitateand acetonitrile
from the reaction was distilled out. The reaction takes placewithoutaddition of any surfactant or stabilizers. The
morphology of the resultant microspheres, which were characterized by �eld emission scanning electron
microscopy (FESEM), transmission electron microscopy (TEM), attenuated total re�ectance fourier-transform
infrared spectroscopy (ATR-FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA)and Brunauer-
Emmett-Teller (BET) analysis.These microspheres were used as an additive for improving the performance of the
fabricated membrane. The modi�ed membranes showed increased hydrophilicity, porosity and water
uptake.Membranes also exhibitedimproved permeability (63.7 Lh-1m-2bar-1), �ux recovery ratio (80.7%)andthe
highest protein rejection values of 94.8% (bovine serum albumin), 68.4% (pepsin), 86.9% (egg albumin) were
observed. Therefore, the as-prepared membrane can potentially beusedfor protein removal from industrial
wastewater.

Highlights
The single-step distillation precipitation polymerization (DPP) technique was used to synthesizethe
hydrophilicP(MBAm-co-MAA) microspheres.

ThePPSU/P(MBAm-co-MAA) �at sheetmembranes were prepared by immersion precipitation method.

The polymeric particle immobilized composite ultra�ltration membrane showed excellent hydrophilicity and
antifouling nature.

Prepared composite membrane exhibited improvedpermeation and the protein rejection tendency, as
compared to the neat membrane.

Introduction
Proteins are bio-macromolecules having complex primary, secondary, tertiary and quaternary structures
(Jeevanandam et al. 2019). Other than dilute or complex mixture, these molecules are inherently unstable and
undergoes denaturation by heating, solvents and shearing (Cui 2005). The complexity of protein structure and
properties, many sequence varieties and folding makes it di�cult for protein separation (Kumar et al. 2015).
Several conventional methods are used to separate proteins, such as a�nity separation, liquid-liquid phase
separation, electrophoretic and magnetic separation, etc.There are some limitations to the processes mentioned
above, such as less e�ciency, impurities, following complex steps for separation, thus making it di�cult to follow
these methods (Jeevanandam et al. 2019).

Membrane technology gave a breakthrough for separation performances. In recent years, with the increase of
severe water contamination due to rapid urbanization and industrialization, the separation of protein from food
and bio-related industrial wastes provokes serious environmental concerns and the need to reuse e�cient
materials. The presence of proteins may spike the chemical oxygen demand (COD) and biological oxygen
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demand (BOD) in the e�uents of the surface water (Krishnamoorthy et al. 2011). Among various types of
membranes, Ultra�ltration (UF) is extensively used in protein separation due to its separation ability based on
size, charge, protein solubility, adsorption characteristics, a biological a�nity for other molecules and also have
the advantages of low cost, simple operationand environmental adaptability. It is a promising tool for the
separation of protein in various �elds like dairy(Muthukumaran et al. 2004), biotechnology(van Reis &Zydney
2001), medical(Bauser et al. 1986), food(Dau�n et al. 2001) and beverage industries (Muqeet et al. 2020). For
example, dairy industries producea total organic load of about 80% while cleaning the equipment, which consists
of various contaminants likemilk liquor diluted in water, fat, carbohydrates, proteins and salts that go into the
water stream (Brião &Tavares 2012). The signi�cant amount of whey produced in dairy industries consists of
valuable nutrientsand it is discharged into the rivers from the industries, leading to a serious environmental issue.
Hence, removal ofproteins from the wastewater is of major environmental and economic
alternative(Vedadghavami et al. 2018). In biotechnology, protein-virus separation, protein
production/concentration and improving the protein transmission in the puri�cation of vaccine which can be
used in the biopharmaceuticals, sterile �ltration of protein solutions, amino acids, etc (van Reis &Zydney 2001).
In all these areas, protein fouling is of major concern in all the industries, which causes poor e�ciency in the
permeation and separation. Considering the structure and properties of proteins and the fouling behavior of the
ultra�ltration membrane, removal of protein or the separating individual proteins during production or from
industrial wastewater is a hot topic forthe present situation. Jayalakshmi et al. (Jayalakshmi et al. 2012)
prepared cellulose acetate/epoxidated polyethersulfoneultra�ltration membrane, which showed enhanced
separation e�ciency of bovine serum albumin, pepsin, trypsin and egg albumin proteins as well as good fouling
propensity. Krishnamoorthy et al. (Krishnamoorthy et al. 2011) fabricated cellulose acetate/poly(vinyl chloride)
blend UF membranes, where PEG was used as an additive. The lower rejection of bovine serum albumin, egg
albumin, trypsin and pepsin showed in the presence of an additive and �ux is higher for the blend membranes.

The protein transport can be controlled by varying the charge on its surface and the extent of the charge present
on the membrane matrix/interfaces. Thus, intensive research is in progress on protein transmission and rejection
using polyphenylsulfone (PPSU) membranes. However, not much focus was given to PPSU for UF
applicationsand present investigations are aimed to con�rm the reliability of the process of PPSU ultra�ltration in
protein separation (Kumar et al. 2021, Lawrence Arockiasamy et al. 2013, Rajesh et al. 2011). UF membranes are
often prone to fouling by non-speci�c protein adsorption on the surface of the membrane through electrostatic
interactions or hydrophobic nature. Considering numerous factors during the separation process, membrane
fouling plays a vital roleand multiple practical applications have been employed to resist fouling. Currently,
researchers are involved in the preparation of high �ux performance with fouling resistantpolymeric ultra�ltration
membrane(Moideen K et al. 2016). During protein separation, protein adsorption is a major concern and one of
the promising alternate methods is to use non-fouling materials such as hydrophilic core microsphere polymeric
particles.

Polymeric microspheres are attracting the attention of researchersfor wide range of applications, including
chromatographic separation (Wang et al. 2003), biotechnology (Ma &Su 2013), medicine (Saralidze et al. 2010)
and chemical industries(Hua et al. 2013). Depending upon the application, controlled polymer microstructure, i.e.,
its micrometer and submicrometer size range, is of major interest(Liu et al. 2007). Such polymeric particles can
be synthesized by various techniques including emulsion polymerization(Kureha et al. 2017), suspension
polymerization(Lv &Li 2020) and dispersion polymerization(Liu et al. 2020) to form different polymeric particles
such as core-shell, microdomain, hollow sphere, core corona and interpenetrating polymer network(Huang et al.
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2010). Emulsion polymerization and dispersion polymerization are time-consuming processes and are used for
the synthesis of polymeric microspheres. To avoid particle agglomeration, these above processes utilize suitable
surfactants in an aqueous solution and to stabilize the polymeric phase, stabilizers are used in theorganic
solutions. Precipitation polymerization is a method to get polymeric microspheres with uniform shape and size,
leading to narrow dispersion and it is free of surfactants and stabilizers. The main limitation of this method is
di�cult to get a hydrophilic polymer microsphere with monodisperse proper spherical size and shape. Also it is
not appropriate for large-scale preparations (Bai et al. 2006a, Bai et al. 2006b). During microsphere production, it
is more often facing a problem of removing the surfactant or stabilizers and these give rise to the impure
products and enhance fabrication cost. Considering all these limitations, Yang and Huang established the
distillation-precipitationmethod as a novel approach to synthesize the uniform-sized and uniform-shaped
polymeric microspheres,free of any surfactant or stabilizers (Liu et al. 2017, Wang et al. 2017).

Distillation-precipitation polymerization (DPP) is a novel techniqueimplemented in the large-scale production of
cross-linked polymer nano/microparticles. Since e�cient mixing of reactants using re�uxing solvents, acetonitrile
(ACN) is preferred, than protic solvents like ethanol or methanol, which forms aggregates through hydrogen
bonding.The reaction temperature plays asigni�cant role and it can be easily controlled. This leads to the e�cient
production of the core/shell microspheres with polymer shell (Ibrahim et al. 2017a, Wang et al. 2017). Nowadays,
monodisperse functional polymeric particles have been found broad application as protein carriers in the �eld of
immunodiagnostic arrays, in solid-phase peptide synthesis as insoluble support and stationary phase for
chromatography and catalysis. Such uniform polymer shells provide an e�cient functional group that can be
utilized in the application of protein separation (Li et al. 2005).

Wang et al. (Wang et al. 2017) fabricated Fe3O4@SiO2@pVBC@IL magnetic composite polymer particles
wheremagnetic Fe3O4 coremicrosphere and an imidazolium modi�ed poly-4-vinyl benzyl chloride (PVBC) shell
prepared via the DPP method. Itshowed higher e�cacy and good selectivity in the hemoglobin isolation from a
mixture of protein and human blood samples. It is also used before proteomic analysis to isolate high abundant
protein from the given samples. Ma et al. (Ma et al. 2011) developed a magnetic microsphere
(Fe3O4)/poly(methacrylic acid) (PMAA) hybrid hydrophilic polymer particlethat was synthesized through
encapsulating γ-methacryloxypropyltrimethoxysilane (MPS)-modi�ed magnetite colloid nanocrystal clusters
(MCNCs) with cross-linked PMAA shell by distillation precipitation polymerization method. Prepared core-shell
possesses excellent morphology and good pH sensitivity. The number of carboxylic groups present in the core-
shell with bioactive molecules can be easily functionalized, which results in a higher potential in bioseparation
and biomedical application. Han et al.(Han et al. 2019) synthesized polymeric microspheres SiO2 coated Fe3O4

magnetic core and Ni2+ immobilized cross-linked poly(N-isopropyl acrylamide-co-propylimidazole)shell via DPP
method. The microsphere has a good adsorption capacity. The Ni2+ cations give docking sites for histidine and
show a higher bromelain proteolytic enzyme separation with a binding capacity of 198 mgg− 1. The utilization of
polymeric microsphere has anexcellent opportunity for protein separation.

Based on the above observations, in our present work,the distillation-precipitation polymerization technique was
followed to synthesize P(MBAm-co-MAA) polymer particles using a monomer N,N - methylenebis(acrylamide)
(MBAm) as a crosslinker, methacrylic acid (MAA) as a monomer, solvent acetonitrile (ACN) and an initiator 2,2-
azobisisobutyronitrile (AIBN). The prepared microspheres were characterized byattenuated total re�ectance
fourier-transform infrared spectroscopy (ATR- FTIR),transmission electron microscopy (TEM), �eld emission
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scanning electron microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDX), thermogravimetric analysis
(TGA), X-ray diffraction (XRD),particle size andzeta potential studies. The neat PPSU and PPSU/P(MBAm-co-
MAA) composite membranes were fabricated with different dosages of polymer particlesvia immersion
precipitation process. The prepared membranes were investigatedusing FESEM, EDX,water uptake capacity,
contact angle, porosity,zeta potential, pure water �ux studies and antifouling studies. Also, the as-prepared
membranes were evaluated for the individual protein permeation and separation e�cacy.

Experimental Section
Materials

Polyphenylsulfone (PPSU of Molecular weight (MW) ~ 50,000 gmol− 1) Radel R-5000 was procured by Solvay
Advanced polymer, Belgium. N-methylpyrrolidone (NMP, 99.8%) and acetonitrile (ACN, 99.9%) solvents were
purchased from Loba Chemie Pvt. Ltd., India. Polyvinylpyrrolidone (PVP K-30), N,N -methylenebis(acrylamide)
(MBAm, 99%), methacrylic acid (MAA, 99%), azobisisobutyronitrile (AIBN, 98%) from Sigma Aldrich, India, Bovine
Serum Albumin (BSA, 98%, MW ~ 66 kDa) from HiMedia Laboratories Pvt. Ltd., India. Egg albumin (EA, MW ~ 44
kDa) and pepsin (PP, MW ~ 34 kDa) were obtained from Central Drug House (P) Ltd., India.

Synthesis of P(MBAm-co-MAA) microspheres

The synthesis of hydrophilic P(MBAm-co-MAA) microspheres by distillation-precipitation polymerization were
followed according to the literature (Liu et al. 2016). Brie�y, MBAm (1.0 g, 6.4 mmol), MAA (0.053 mL, 0.055 g,
0.63 mmol), and AIBN (0.0225 g, 0.13 mmol) were dissolved in ACN (100 mL) in a dried 250 mL round bottom
�ask. Nitrogen gas was purged for 10 min and the RBF was connected with a Dean-Stark receiver and the
condenser. The reaction temperature was slowly raised to 75˚C (10 min) with continuous stirring using Remi
magnetic stirrer with hotplate, 2 MLH at 500 rpm. The reaction was kept under re�ux and the temperature was
gradually increased ~ 110˚C. Then, half of the solvent was distilled off from the reaction mixture within 2h. After
the polymerization, the �ask was removed and the obtained product was puri�ed by centrifugation to remove the
residual oligomers and unreacted monomers by ACN. The synthetic route of the reaction is as shown below in
Fig. 1.

Figure-1

Fabrication of the ultra�ltration membranes 
For the preparation of PPSU/P(MBAm-co-MAA) �at sheet membranes, the immersion precipitation method was
employed. Table 1 follows the composition of the dope solution. Initially, the calculated amount of 0.1 g, 0.2 g,
0.3 g of P(MBAm-co-MAA) was dispersed in NMP solvent by ultrasonication (40 kHz, 60W spectra lab) for 30
min, further addition of the microsphere leads to agglomeration and make the dope solution more viscous. To the
above-dispersed solution, the PPSU and PVP were added and continuously stirred for 24 h, then degassing of the
dope solution was allowed for about 20 min to remove the air bubbles. Thus obtained air bubble-free dope
solution was cast over a glass plate using 100 µm steel rod using membrane casting equipment (automatic K-
202 control coater) and gently immersed in the deionized water (coagulation bath) for 24 h at room temperature
for complete phase inversion with periodic changing of deionized water to remove residual solvents(Hebbar et al.
2014).
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Table-1

Characterization of the synthesized P(MBAm-co-MAA) microspheres

The functional group present in MBAm, MAA and P(MBAm-co-MAA) polymer particle was identi�ed by attenuated
total re�ectance fourier-transform infrared spectroscopy (ATR- FTIR), using a Bruker IR spectrophotometer in the
range of 4000 − 500 cm− 1. Transmission electron microscopy (TEM) and �eld emission scanning electron
microscopy (FESEM) are the microscopic techniques used to analyze the structural morphology of the
synthesized P(MBAm-co-MAA) microspheres using JEOL JEM-2200 FS and Carl Zeiss AG, Model: Gemini SEM
300 instruments respectively. Also, before commencing the FESEM analysis, the samples were dried and were
smeared with gold using a sputtering device to avoid charging. The elemental composition was analyzed using
energy-dispersive X-ray spectroscopy (EDX) (EDAX-AMETEK). The thermogravimetric analysis (TGA) (Perkin
Elmer 4000) was performed under nitrogen atmosphere by heating samples at a rate of 10˚C min− 1 from
25˚-800˚C. The surface area, mean pore radius and pore volume were assessed using the Bruner-Emmet-Teller
(BET). The polymer particle’s zeta potential and hydrodynamic diameter were analyzed using a nanoparticles
analyzer (Anton Paar). The synthesized P(MBAm-co-MAA) particles was investigated using XRD analysis
(Malvern PANalytical: Empyrean X-ray diffractometer in the range of 5 to 80˚ using Cu Kα as an X-ray source).

Membrane Characterization

The cross-sectional morphology of the membrane was analyzed by �eld emission scanning electron microscopy
(FESEM) using an instrument Carl Zeiss AG, Model: Gemini SEM 300 and the elemental composition or chemical
characterization of the membrane was done using energy-dispersive X-ray spectroscopy (EDX) (EDAX: AMETEK).
The surface topography of the prepared pristine and PPSU/P(MBAm-co-MAA) membranes was analyzed using
the Bruker nanoscope multimode 8 Atomic force microscopy (AFM) instrument. To conduct the AFM analysis by
tapping mode, dry membrane samples were placed on a surface with a scan area of 2 µm2. To analyze the
surface roughness parameters like average roughness (Ra), root mean square roughness (Rq) and roughness
maximum (Rmax) nanoscope analysis software was used(Kumar et al. 2019, Moideen et al. 2018). The changes
in the surface hydrophilic nature of the prepared membrane were observed using the Kruss drop shape analyzer
DS-100 instrument by the sessile drop method(Hebbar et al. 2017). To get the precise value, an average of three
different locations of each sample was taken for analysis(Shenvi et al. 2016). To identify the elements present
within the membrane was characterized using X-ray photoelectron spectroscopy using X-ray source (Al Kα
radiation) with a take-off angle of 20˚. The electrokinetic analyzer (Surpass Anton Paar) was used to measure the
Zeta potential of the membrane surface using the background electrolyte of 0.001 M KCl, 0.1 M of HCl and 0.1 M
of NaOH are used for changing the pH.

The water content of the as-prepared pristine and composite membranes (2 cm2) was determined by dipping the
membranes in distilled water for 24 h. The wet membranes weight was noted after removing excess water using
blotting paper. Then the wet membranes were dried at 60 ˚C till constant weight and dry weights were determined
(Nayak et al. 2017, Nayak et al. 2018). The equation for percentage water content was calculated as follows,

%Wateruptake =
Ww − Wd

Ww X100( )
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1
Where ‘Ww’ and ‘Wd’ are the wet weight and the dry weight of the membrane respectively. The porosity (ϵ) in
percentage is given in an equation as follows,

∈ (%) =
(Ww − Wd)

Aldw X100

2
Where ‘l’ is the thickness of the membrane (m), ‘A’ is the membrane area (m2) and ‘dw’ is the pure water density

(0.998 g cm− 3).

The MWCO gives the idea of pore size distribution and retention capabilities of the membrane provide a clear
picture of the �ltration and separation performances. It is interpretated as the lowest molecular weight of the
solute having rejection above 90%. The MWCO of the membrane can be determined by the following procedure
(Ibrahim et al. 2018). In brief, polyethylene glycol (PEG) of different molecular weights of 2000, 4000, 6000,
10000 and 20000 Da were chosen. The �ltration studies were performed using 100 ppm of individual PEG
solutions at 2 bar pressure. The concentrations of PEG feed and permeate was analyzed using TOC-L SHIMADZU
TOC analyzer. The MWCO rejection percentage was determined by the following equation,

Rejection% = 1 −
Cp
Cf x100

3
Where ‘Cp’ and ‘Cf’ are the concentration of permeate and feed polyethylene glycol samples respectively.

The �ltration experiments were performed by utilizing a lab-scale cross-�ow �ltration setup. The membrane of the
effective surface area of 28.27 cm2 was chosen. Initially, the pure water permeation of the membranes was
subjected to 30 min compaction at 3 bar pressure followed by measuring the �ux for 100 min at 2 bar pressure. It
was calculated by the following equation,

Qw1 =
q

AΔt

4
Where ‘Qw1’ (Lm− 2 h− 1) is the pure water �ux (PWF), ‘q’ is the permeate water collected (L) for ‘∆t’(h) is time taken

using the surface area of the membrane ‘A’ (m2).

The prepared membrane showed antifouling character and was determined according to the literature(Zhang et
al. 2013). In brief, the membrane was subjected to 30 min compaction at 3 bar pressure, then pure water
permeation for 100 min at 2 bar pressure was determined ‘Qw1’ (Lm− 2 h− 1). The solution of 800 ppm of BSA was
prepared and protein �ux for about 100 min at 2 bar pressure was noted, where BSA was chosen as a model
protein foulant, which gives ‘Qp’ (Lm− 2 h− 1). After BSA �ltration, the membrane was taken out from the set-up
and washed with continuous distilled water for 10 min and again pure water permeation study was performed
and noted as, ‘Qw2’ (Lm− 2 h− 1) for 100 min at 2 bar pressure. The resistance for membrane fouling was
calculated by �ux recovery ratio (FRR) as follows(Ibrahim et al. 2020b),

( )
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FRR(%) =
Qw2
Qw1 x100

5
The fouling nature of the membranes were further studied in terms of total fouling ratio (Rt), reversible fouling
ratio (Rr) and irreversible fouling ratio (Rir) by the following equations,

Rr(%) =
Qw2 − Qp

Qw1 x100

6

Rir(%) =
Qw1 − Qw2

Qw1 x100

7

Rt(%) =
Qw1 − Qp

Qw1 x100

8
The 500 ppm solution of individual proteins such as bovine serum albumin (BSA), egg albumin (EA), and pepsin
(PP) were dissolved in phosphate buffer (0.05 M, pH 7.2) and were prepared(Glazer et al. 1973). Each protein
solution was taken in a feed tank and passed through all the pristine and composite membranes separately at 2
bar pressure. The collected feed and permeate were analyzed by a Analytik Jena SPECORD S 600 UV-Visible
Spectrometer equipment for BSA (280 nm) and EA (280 nm), PP (275 nm). The protein �ux of individual proteins
was noted for 100 min at 2 bar pressure. The equation for rejection percentage is as follows,

%R = 1 −
Cp
Cf x10

9
Where ‘Cf’ and ‘Cp’ are the feed concentration and the permeate concentration of individual protein solution
respectively.

Results And Discussions
Characterization of P(MBAm-co-MAA) microspheres

The ATR-FTIR spectra of MBAm, MAA and P(MBAm-co-MAA) are represented in Fig. 2. The peaks for MBAm at
3308, 1657, 1626 and 1543 cm− 1 were attributed to the N-H stretching, amide C = O, alkene C = C stretching
vibrations and bending vibrations of NH-CO respectively (Ibrahim et al. 2020a). The MAA exhibits peaks at 1631
cm− 1 corresponds to vinyl functional group, 1201 cm− 1ascribed to C-O stretching vibrations and 1375 cm− 

1represents stretching vibrations of O-Hcarboxylic group. The synthesized P(MBAm-co-MAA) polymer particle
showed the peaks at 1653 cm− 1 corresponds to C = O stretching, 1530 cm− 1forNH-CO stretching,3329 cm− 1forN-
H stretching and also, 1219 and 1384 cm− 1 represents stretching vibrations of C-O group and stretching

( )

( )
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vibrations of O-Hcarboxylic group respectively(Liu et al. 2016). The peaks of 1626 cm− 1 of C = C of MBAm and
1631 cm− 1 of C = C of MAA were not observed in P(MBAm-co-MAA), which con�rmed the complete
polymerization reaction. To characterize the morphology of the synthesized P(MBAm-co-MAA) particles, FESEM
and TEM were employed, as shown in Fig. 3. The particles are approximately spherical with a rough surface of
diameter ~ 300 nm. The plausible reason is that during polymerization, the ability of the remaining C = C on the
surface of P(MBAm-co-MAA) was not e�cient enough from the solution to form bonds with newly formed
oligomers, which results in the morphology of cauli�ower-like particles with the rough surface (Liu et al. 2007, Liu
et al. 2018b).The presence of elements such as carbon, oxygen and nitrogen were analyzed and con�rmed by
EDX and elemental mapping as shown in Fig. 4. The atomic weight percentage of the elements is 79.80%,
13.05% and 7.15% for carbon, nitrogen and oxygen, respectively. The selected area electron diffraction (SAED)
image consists of diffused rings proved the amorphous nature of the prepared polymer particle shown in Fig. 3d.

Figure-2

Figure-3

Figure-4

The XRD analysis spectra of the synthesized P(MBAm-co-MAA) particle is as shown in Fig. 5a. The XRD pattern
shows that the synthesized particle is amorphous in nature. The same XRD pattern was reported elsewhere (Jyoti
et al. 2021). The amorphous nature of the materials is also proved by the SAED pattern mentioned in Fig. 3d. The
adsorption-desorption isotherm for the microsphere was investigated by Brunauer-Emmett-Teller (BET) is as
shown in Fig. 5b. From nitrogen adsorption-desorption isotherm, we can conclude that the synthesized particle
represents a type IV isotherm with a H3 hysteresis loop. According to theInternational Union of Pure and Applied
Chemistry classi�cations, the prepared microspheres consist of both microporous and mesoporous nature, which
infers a slit-shaped pore is present(Faheem et al. 2019, Li et al. 2017). The particles BET surface area, pore radius
and pore volume were 50.42 m2g− 1, 0.70 nm and 0.10 ccg− 1, respectively. The adsorption curves of the
synthesized particle are not closed, the plausible reason behind it is the swelling phenomena of the polymeric
particle (Yang et al. 2018). The surface charge of the polymer particle exhibited − 39.4 mV, as shown in Fig. 5c.
This is due to the -COOH group present in the synthesized P(MBAm-co-MAA). The hydrodynamic diameter of the
particles was 406.3 nm which has been presented in Fig. 5d slightly higher than the size measured in the TEM.
When the polymeric particles dissolve in the suitable solvents, they will get swollen and in a dry state, they will get
collapsed (Ma et al. 2011).The thermal stability of the synthesized P(MBAm-co-MAA) was analyzed by TG
analysisand shown in Fig. 5e. The TGA curve exhibits threestages of weight loss. The �rst stage below 130˚C is
due to the removal of residual adsorbed moisture in the polymer. The second signi�cant stage between 242.4˚C
− 400˚C corresponds to the decomposition of remaining carboxylic and amine groups of MBAm and the third
stage between 400˚C-487.79˚C corresponds to the main polymer chain decomposition.

Figure-5

Characterization of the prepared membrane 

The cross-sectional membrane morphology is shown in Fig. 6. The neat (M-0) membrane has less vertical
microvoids and few horizontal macro voids. As the dosage of the polymeric particles increases, there was an
increase in vertical microvoids, which is visible in M-1 and M-2 membranes. The vertical microvoids extend up to
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the bottom of the membrane lead to the ease of water �ow than the horizontal macrovoids. This can be
attributed to the hydrophilic carboxylic group and amide group present in the microsphere. However, for the M-3
membrane, the �nger-like voids throughout the membrane and spongy nature at the bottom of the membrane
slightly resist the water �ow as compared to the M-2 membrane. This is due to the decrease in the hydrophilic
nature of the membrane. The incorporation of the polymer particle can be con�rmed by EDX and the elemental
mapping as shown in Fig. 7. Carbon, nitrogen and oxygen on the membrane matrix M-2 con�rm the incorporation
of polymer particles and the presence of a sulfur element is due to the PPSU polymer used to prepare the
membrane.To further validate the existence of microsphere in the membrane matrix was examined by XPS
analysis as shown in Fig. 8a, the characteristic binding energy peaks for S 2p, C 1s, N 1s and O 1s at 166.43 eV,
282.94 eV, 398.31 eVand 531.69 eV respectively are noted. These values correlate with the literature(Ibrahim et al.
2017b). The charge present on the membrane in�uences the separation e�cacy of the ultra�ltration membrane.
The negative charge in all the membranes is more than the M-0, as shown in Fig. 8b, attributes to the carboxylic
group present on the membrane matrix. The carboxylate ions are protonated as the pH decreases towards the
acidic side, which causes shrinkage in the double layer thickness. The isoelectric point (IEP) 2.10, 2.22,2.25, 1.93
for M-0, M-1, M-2 and M-3 respectively. The Molecular cutoff of the membrane M-2 is 18107 Da, shows it is an
ultra�ltration membrane in Fig. 8c.

Figure-6

Figure-7

Figure-8

The effect of the synthesized P(MBAm-co-MAA) particle on the contact angle, water uptake capacity, and porosity
of the prepared membrane is presented in Table 2. By increasing the addition of P(MBAm-co-MAA) particles, the
porosity was gradually improved and it was enhanced by 37.8% for the M-1 membrane as compared to the M-0
membrane. The maximum porosity was observed at 72.6% for the M-2 membrane. The same trend was observed
for the water uptake of the composite membrane. The hydrophilicity of the microsphere leads to an increase in
the demixing rate between the solvent and non-solvent which is responsible for the porous structure of the
membrane. However, the porosity decreased with 0.3 g of P(MBAm-co-MAA) particle, the same trend was
observed in the contact angle as well as the water uptake. This can be attributed to the addition of a higher
dosage of microspheres, which leads to agglomeration and make the dope solution more viscous. The contact
angle of the composite membrane was reduced with the addition of P(MBAm-co-MAA) particles having
carboxylic groups of MAAand amide groups of MBAm. The M-2 membrane has the lowest contact angle of 69.9˚
compared to 87.3˚in M-0 membrane.

Table-2

The AFM 3D images in Fig. 9 of the membrane were analyzed in theAFM instrument(Model Bruker nanoscope
multimode 8) to observe the membrane topology. Using scan area of 2 µm2 with the tapping mode following
parameters were studied such as average roughness (Ra), root mean square roughness (Rq) and roughness
maximum (Rmax)given in Table 3 and analyzed surface roughness by the Nanoscope analysis software. The
average roughness of the membrane (Ra), root mean square roughness (Rq) and maximum roughness depth
(Rmax) increased in the composite membrane compared to M-0 which indicates that the presence of more
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cavities and surface roughness, promotes permeation of the composite membrane (Isloor et al. 2019). Riedl et al.
(Riedl et al. 1998) explained that a loose fouling layer was formed at the rough membrane surface causing lower
�ow resistance compare to smooth surface with dense fouling layers. Addition of P(MBAm-co-MAA) polymer
particle increases the hydrophilicity of the membrane helps to attract water molecule compared to pristine M-0
membrane and thus lower contact angle improved the antifouling character of the membrane (Liu et al. 2018a).

Figure-9

Table-3

The composite membranes showedan increase in the pure water permeability as the microspheres concentration
increases as shown in Fig. 8d. The M-2 membrane exhibited maximum permeability compared to the M-
0membrane. The increase in permeability may be attributed to the porosity and the hydrophilicity of the
membranes and it follows the same trend. The highest pure water permeability showed by M-2 was 63.7 Lh− 1m− 

2bar− 1which was more than pristine 35.3Lh− 1m− 2 bar − 1 and the �ux of M-2 and M-0 was 127.4 Lm− 2h− 1 and
70.6 L m− 2h− 1 respectively. AFM results also con�rmed the membrane surface favors for pure water permeation
as shown in Fig. 9. The antifouling capacity of the prepared membrane is shown in Fig. 10a. The time-dependent
study was performed to analyze the antifouling nature using BSA. Initially, pure water �ux was determined for
100 min and observed thatthe �ux of the membrane was slightly declined which was due to the mechanical
deformation. Further on continuing the �ltration studies with BSA, a sudden decrease in the �ux was observed.
The BSA protein molecules adsorbed on the surface of the membrane blocked the membrane pores and the �ux
declined gradually. Then the membrane were washed in running tap water and again pure water �ux were
measured. The �ux obtained after BSA studies was slightly improved and all these fouling capacities of the
prepared membrane were analyzed in terms of fouling parameters such as �ux recovery ratio (FRR), total fouling
(Rt), reversible fouling (Rr), irreversible fouling (Rirr) as shown in Fig. 10b. All these parameters infer that the
addition of polymer particles helps in forming the hydration layer above the membrane, leading to the decrease in
the adsorption of foulants. The protein-membrane interactions affect the irreversible adsorption on the
membrane surface and within pores. The detailed fouling parameters were given in Table 4. The recycling
capacity of the hybrid membrane wereevaluated by calculating the �ux recovery ratio (FRR) which increases up
to 85.2% for M-2 than M-0 of 50.4%. The total fouling of the membrane decreased from 60.7–37.7% for M-0 and
M-2 respectively. The same trend was followed by irreversible fouling by 49.5–14.7% for M-0 and M-2
respectively. For reversible fouling, the M-0 membrane shown 11.2% after adding the polymer particles, it
increased to 22.9% for the M-2 membrane. These studies showed the improvement of the antifouling nature of
the membrane.

Figure-10

Figure-11

Table-4

Table-5

The separation of protein from the water is of great importance and it is possible by exploiting repulsive
electrostatic interactions. Hence, it is always helpful for protein separation by considering the combination of
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charge and size-based selectivity for improving the performances of the membrane (Kumar &Ulbricht 2013). In
the present work,egg albumin (EA),bovine serum albumin (BSA) andpepsin (PP) proteins were evaluated. The M-
2composite membraneexhibited the highest rejection of 94.8%, 68.4%, and 86.9% for BSA, PP and EA,
respectively. The higher molecular weight of BSA showedmaximum rejection which was more thanEA and PP, i.e.,
following the size-exclusion principle the lower molecular weight molecules will pass through the membrane
easily. The higher addition of polymer particles up to the M-2 membrane exhibited maximum protein rejection as
shown in Fig. 11a, which follows the porosity and hydrophilicity trend. The IEP of BSA (4.5-5.0) (Phan et al.
2015), PP (~ 1) (Sepelyak et al. 1984), andEA (4.8) (Del�ya et al. 2016) whereproteins are positively charged at
below IEP and negatively charged atabove IEP. The electrostatic repulsion occurs between proteins and the
membrane surface possesses a negative charge at a neutral pH. Hence, the composite membranes showed
maximum rejection at neutral pH. The zeta potential analysis of the membrane presented in Fig. 8brevealsthat,
the negative charge of the membrane at neutral pH directly re�ects in the protein rejection (Jafar Mazumder et al.
2020). The detailed studies of proteins such as BSA, EAand PP permeation �ux are shown in Fig. 11b, 11c,
11dand given in Table 5. The maximum permeability of the M-2 membrane is due to its highest hydrophilic and
porosity nature. The presence of hydrophilic carboxylic and amide groups in the microsphere on the membrane's
active surface attracts more water molecules leavingbehind proteinmolecules. In addition, as the porosity
increases, the lower molecular weight of the protein molecule will easily pass through the membrane than the
higher molecular weight.

Conclusions
Single-step synthesis of polymer particles of P(MBAm-co-MAA) microspheres using the distillation precipitation
polymerization (DPP) technique and incorporated into the PPSU ultra�ltration membranes. Among the neat and
composite membranes, the composite membranes have higher hydrophilicity and porosity than the neat
membrane, which in�uences on the membrane performances. The addition of polymer particles affects
membrane hydrophilic nature, indicating a slight decrease in the contact angle from 87.3˚ of M-0 to 69.9˚ in the
M-2 membrane, attributed to the hydrophilic carboxylicand amide group present in the microsphere on the
polymer matrix. The highest PWF of the membrane M-2 (127.4 Lm-2h-1) than M-0 (70.6 Lm-2h-1) and the �ux
recovery ratio increased from 50.4–80.7% of M-0 and M-2 membrane, respectively. Compared to neat membranes
rejections of 68.6% (BSA), 36.2% (egg albumin) and 40.1% (pepsin), M-2 membranes showed the much-improved
rejections of 94.8% (BSA), 86.9% (egg albumin) and 68.4% (pepsin). Considering all the improved properties of
the prepared PPSU/P(MBAm-co-MAA) composite membrane, we can conclude that fabricated new membranes
are promising for protein rejection application.
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Tables
Table 1 Composition of different dope solutions

Membranes PPSU 

(g)

NMP

(g)

PVP 

(g)

P(MBAm-co-MAA)

(g)

M-0 20.0 79.0 1 0

M-1 20.0 78.9 1 0.1

M-2 20.0 78.8 1 0.2

M-3 20.0 78.7 1 0.3

Table 2 Contact angle, water uptake and porosity of the membrane

Membranes Contact angle 

(˚)

Water uptake 

(%)

Porosity 

(%)

M-0 87.3 43.0 34.7

M-1 73.0 63.6 60.3

M-2 69.9 67.1 72.6

M-3 75.9 67.0 65.0

Table 3 Detailed parameters of AFM surface roughness of the membrane M-0, M-1, M-2, M-3
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Membrane Image surface area 

(µm2)

Surface area difference 

(%)

Roughness

Image Ra 

(nm)

Image Rq

(nm)

Image Rmax (nm)

M-0 24.4 2.0 7.2 9.9 126

M-1 99.5 0.7 12.7 18.4 241

M-2 96.1 4.0 23.7 31.9 421

M-3 101 0.6 14.2 20.4 234

Table 4 Detailed experimental studies of the membrane antifouling nature at 2 bar pressure

Membranes Water    
 permeability          
  (L m-2h-1bar-1)    
(Qw1)

BSA            
permeability              
(L m-2h-1bar-1)      
 (Qw1)

Water
permeability    
(L m-2h-1bar-1)
(Qw1)

FRR

 (%)

Rt   
     

(%)

Rr    
    

(%)

Rir 

(%)

M-0 35.7 14.0 18.0 50.4 60.7 11.2 49.5

M-1 43.9 25.2 32.3 73.5 42.6 16.1 26.4

M-2 60.0 37.4 51.2 85.2 37.7 22.9 14.7

M-3 49.7 29.9 40.2 80.7 39.9 20.6 19.2

Table 5 Protein rejection and permeation studies of the membrane at 2 bar pressure

Membranes BSA rejection
(%)

BSA permeability
   (L m-2h-1bar-1)

Pepsin
rejection
(%)

Pepsin
permeability (L
m-2h-1bar-1)

Egg    
albumin
rejection
    (%)

Egg albumin
permeability (L
m-2h-1bar-1)

M-0 68.6 21.4 36.2 41.0 40.1 33.1

M-1 87.4 33.2 47.8 45.2 49.8 36.9

M-2 94.8 59.2 68.4 87.3 86.9 71.0

M-3 85.2 37.6 48.2 65.6 79.1 61.7

Figures
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Figure 1

Synthetic route of the P(MBAm-co-MAA) microsphere
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Figure 2

The ATR-FTIR spectra of (a) MBAm, (b) MAA and (c) P(MBAm-co-MAA) polymer particle. ATR-FTIR spectra were
recorded using a pinch of as it is samples were directly analyzed using an instrument in the range of 4000-500
cm-1
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Figure 3

(a) FESEM images of P(MBAm-co-MAA) with the resolution of 2 µm and magni�cation of 10.00 KX at 1.00 kV, (b)
TEM image of P(MBAm-co-MAA) with the resolution of 20 nm and magni�cation of 8000 x at 200 kV without
staining the samples, (c) TEM image of the single-particle size of P(MBAm-co-MAA) with the resolution of 200
nm and magni�cation of 80000 x at 200 kV without staining the samples, (d) SAED pattern of P(MBAm-co-MAA)
with of resolution of 5 1/nm at 200 kV and camera length 300 mm
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Figure 4

(a, b, c) Elemental mapping of P(MBAm-co-MAA) of Carbon, Nitrogen and Oxygen respectively with the resolution
of 5 µm respectively, (d) EDX of P(MBAm-co-MAA) polymer particle
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Figure 5

(a) XRD of P(MBAm-co-MAA) was recorded in the range of 5-80˚, (b) BET isotherm plot for nitrogen adsorption
and the inset represents the BET surface area and distribution of pore size, (c) Zeta potential of P(MBAM-co-
MAA) polymer particle, (d) Hydrodynamic diameter of P(MBAm-co-MAA) microsphere (e) TGA of P(MBAm-co-
MAA) polymer particle
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Figure 6

The cross-sectional FESEM images of the membrane: (a) M-0, (b) M-1, (c) M-2, (d) M-3
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Figure 7

Elemental mapping of the membrane M-2: (a, b, c, d) carbon, nitrogen, oxygen and sulfur, respectively (e) EDX of
the membrane M-2
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Figure 8

(a) XPS of the M-2 membrane sample (b) Zeta potential of the membrane samples M-0, M-1, M-2 and M-3 (c)
Molecular weight cutoff of the membrane M-2 (d) Pure water permeability of the membrane M-0, M-1, M-2 and M-
3 samples at 2 bar pressure
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Figure 9

AFM images of the membrane samples: (a) M-0, (b) M-1, (c) M-2, (d) M-3
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Figure 10

(a) Antifouling studies of the membrane samples, (b) Flux recovery ratio (FRR), total fouling (Rt), Reversible
fouling (Rr), Irreversible fouling (Rirr) at 2 bar pressure
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Figure 11

(a) BSA, egg albumin and pepsin proteins rejection studies of the membrane samples (b, c, d) BSA, egg albumin
and pepsin permeability study, respectively at 2 bar pressure
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