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Abstract

This contribution focuses on understanding the effect of magnetic field intensity on the performance of
novel hydrophilic and hydrophobic mixed matrix membranes (MMMs). The hydrophilic MMMs were
made up of polymeric nanoparticles (PNPs) that were synthesized through polymerization-induced self-
assembly (PISA) and iron oxide nanoparticles prepared in presence of poly (methacrylic acid)-b-
polyquaternized (2-dimethylamino)ethyl methacrylate. The hydrophobic MMMs were prepared by the
addition of iron oxide nanoparticles with different surface properties to a linear poly (methacrylic acid)-b-
poly (methylmethacrylate) diblock copolymer dissolved in tetrahydrofuran (THF). Three different types
of hydrophilic membranes were prepared with polymeric nanoparticles of different morphologies
(spherical, vermicular and vesicular). In case of the hydrophobic membranes, six different membranes
containing different iron oxide core coated with different stabilizers such as poly (methacrylic acid),
quaternized poly(2-dimethylamino)ethyl methacrylate and meso-2,3-dimercaptosuccinic acid were
prepared. An external magnetic field with intensity values up to 1.15 T was used for the permeation
studies and the results were compared with those obtained in the absence of magnetic field. The collected
data indicate an increase in the water flux of up to 16% and 29% under the magnetic field for
hydrophobic and hydrophilic membranes, respectively. The STEM analyses suggest that the magnetic
nanoparticles move within the membrane structure during the application of the magnetic field. This
displacement/rearrangement causes constant changes in the membrane structure (structure of the active
layer) and consequently on the membrane permeability. These results suggest that the application of the
magnetic field could be used as a pretreatment step to obtain high flux membranes.

Keywords: Polymerization-induced self-assembly, Magnetic nanoparticles, Non-solvent induced phase
separation, Block copolymers, Membrane permeability, Magnetic field

1. Introduction

The fabrication of novel functional materials with complementary properties from organic and inorganic
building blocks has attracted a major attention in the field of separation science[ 1-3]. Hybrid materials in



the form of membranes have better chemical and pressure stability due to the presence of inorganic
nanoparticles (INPs) and excellent flexibility due to the high structural versatility of polymer matrix or
their building blocks[4]. The successful application of these nanocomposite membranes depends on the
organic and inorganic components, as well as the chemical interaction between them. Previously various
types of INPs such as MgO, TiO,, Fe,Os, and Fe;O4 have been incorporated in the development of
nanocomposite membranes[5—-23].

Iron oxide nanoparticles are versatile nano-platforms which are mainly used in sensors, smart devices,
catalysis, bioseparation, magnetically controlled drug delivery, magnetic resonance imaging (MRI), as
well as in water treatment[24—-30]. There are several references in the literature describing the preparation
of mixed matrix membrane membranes using INPs to enhance their hydrophilicity, reduce the surface
roughness and, thereby, improve the performance of membranes for liquid and gas separations[15,31-33].

However, only a few references in the literature explore the magnetic properties of the incorporated INPs
for separation applications. Himstedt et al.[34] developed a magnetoresponsive nanofiltration membrane
by grafting a magnetically responsive nanolayer consisting of hydrophilic poly(2-hydroxyethyl
methacrylate) (PHEMA) chains, grown from the surface of a thin film nanofiltration membrane by
surface-initiated atom transfer radical polymerization (SI-ATRP). Superparamagnetic materials were
attached to chain ends, and an oscillating magnetic field was applied, producing the oscillation of the
chains. Incorporation of NPs enhanced fouling resistance and reduced cake formation during filtration by
disrupting the concentration polarization boundary layer. Later, Yang et al.[35] used the modified Gabriel
synthesis procedure to attach superparamagnetic nanoparticles to the chain ends of PHEMA, and the
membrane performance was studied using CaCl, and MgSO, filtration. It was found that salt rejection of
the membrane, under an alternate magnetic field, increased compared to membrane filtration in the
absence of an external magnetic field. This increase was greater for higher densities of attached INPs.

Santos et al.[36] used supported magnetic ionic liquid membranes for CO, separation using PVDF as
porous support. There was an increase in gas permeability for CO,, N,, and air. This was related to the
decrease of the viscosity of the ionic liquid, in the presence of an external magnetic field. Recently,
Gebreyohannes et al.[23] used superparamagnetic ferric oxide NPs coated with polyethylene glycol
dispersed in PVDF matrix. The INPs were used as an enzyme carrier, as well as, nanofillers in the
membranes which were reversibly magnetizable due to the presence of the superparamagnetic iron oxide
nanoparticles. These nanocomposite membranes were used in bioreactor showing a 75% reduction in
membrane filtration resistance, due to reduced pore clogging resultant from the use of magnetic
nanoparticles with immobilized enzyme.

In our previous work[37], we have demonstrated the possibility of making novel block copolymer based
hydrophilic mixed matrix membranes made from polymeric nanoparticles of different morphologies
(spheres, worms, and vesicles) using the polymerization induced self-assembly (PISA) technique and iron
oxide nanoparticles with positive surface charge (iron oxide core coated with quaternized poly(2-
dimethylamino)ethyl methacrylate)). The primary purpose to add the INPs was to enhance the mechanical
stability of the active layer made up of block copolymer via opposite electrostatic charges (PNPs with
negative surface charge and INPs with positive surface charge). Later, we demonstrated[38] the
fabrication of hydrophobic mixed matrix membranes from simple linear diblock copolymer (PMAA-b-
PMMA) and iron oxide nanoparticles coated with different types of stabilizers (PMMA4;, PMAA,;-b-



PQDMAEMAj5, and DMSA). The polymeric particles of linear block copolymer in casting solution were
produced using iron oxide NPs dispersed in water followed by preparing the membranes via both tape
casting and spin coating technique by non-solvent induced phase separation.The goal of the current work
is to explore the performance of these hydrophilic and hydrophobic mixed matrix membranes under
different magnetic field intensities. Analysis of the magnetic field effect on membrane performance was
accomplished, based on the hydraulic permeability at pH 7.1, and interpreted based on the influence of
the magnetic field on permeate flux and on the relaxation behavior of the membrane after exposure to the
magnetic field.

2. Experimental

2.1. Materials

Methacrylic acid (contain 250 ppm of MEHQ as inhibitor, 99%), methyl methacrylate (contain < 30 ppm
MEHQ as inhibitor, 99%), 4-cyano-4 (phenylcarbonothioylthio) pentanoic acid (>97%), 4,4’-azobis(4-
cyanovaleric acid) (ACVA; 98%), 2-dimethylaminoethyl methacrylate (contains 700-1000 ppm of
monomethyl ether hydro-quinone as inhibitor, 98%), methyl iodide, tetrahydrofuran (THF), iron(III)
chloride hexahydrate (97%, Reagent grade), iron(II) chloride tetrahydrate (> 99%), ammonium
hydroxide(28 %), Triethylene glycol (99%) and meso-2, 3-dimercaptosuccinic acid (98%) were
purchased from Sigma-Aldrich and were used as received. NMR solvents, CD;0D, CDClI; and D,0,
were purchased from Eurisotop, Saint Aubin, France.

2.2. Membrane Fabrication and Characterization

The hydrophilic mixed matrix membranes were prepared following the method described by Upadhyaya
et al.[37]. The nanocomposite membranes were prepared from poly(methacrylic acid)-b-poly(methyl
methacrylate) (PMAA-b-PMMA) of different morphologies such as spheres (PMAA4-b-PMMA i55;
Polydispersity Index, P= 1.06, Number Average Molecular weight, M;=19.5 kg/mol), worms (PMAA,-
b-PMMA 7; D= 1.08, M;=27.4 kg/mol ) and vesicles (PMAA4;-b-PMMA;54; D= 1.24, M,=28.4 kg/mol)
synthesized via polymerization induced self-assembly (PISA) and iron oxide nanoparticles coated with
quaternized poly(2-dimethylamino)ethyl methacrylate. The casting solutions were then spin coated on
microporous nylon support.

The hydrophobic mixed matrix membranes were prepared following the method described by Upadhyaya
et al.[38]. The membranes made by using a mixture of a linear diblock copolymer (poly(methacrylic
acid)-b-poly(methylmethacrylate); PMAA,,-b-PMMA; B = 1.02 M= 10.1 kgmol™!) and magnetic iron
oxide nanoparticles. The well-defined linear diblock copolymer of poly(methacrylic acid)-b-poly(methyl
methacrylate) was synthesized using RAFT polymerization. The iron—oxide cores employed here were
prepared using 3 different types of stabilizers (PMAA4;, PMAA,;-b-PQDMAEMA;, and meso-2,3-
dimercaptosuccinic acid). The membranes were prepared from casting solutions containing the diblock
copolymer dissolved in THF, forming the PNPs by the addition of 0.35 mL of water containing dispersed
iron oxide nanoparticles. Membranes were casted using either traditional tape casting or spin coating
methods on microporous nylon support. Figure 1shows the schematic preparation of both hydrophilic and
hydrophobic membranes using PNPs and INPs.



Membrane top surface and cross section before and after filtration were observed by scanning electron
microscopy (SEM). The SEM images were obtained using a Hitachi S4800 operating under 0.1 kV to 30
kV working voltage. To prepare the SEM samples, the membranes on nylon film were frozen in liquid
nitrogen for 10 min followed by sectioning.
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Fig. 1. Schematic representation of the fabrication of hydrophilic and hydrophobic membranes (Adapted from Ref
37 and 38)

To analyze the effect of magnetic field on membranes, atomic force microscopy (AFM) and scanning
transmission electron microscopy (STEM) analysis were carried out. AFM images were obtained with a
Pico SPM 1I provided by Molecular Imaging. The image was controlled by the PicoView 1.10 software.
The experiments were all carried out in tapping mode. The types of tips used were PPS-FMR purchased
from Nanosensors with a frequency resonance between 45 and 115 kHz and a force constant between 0.5
and 9.5 N/m. Gwyddion 2.25 software was used to treat the images.

High Angle Annular Dark Field (HAADF) images were obtained with a Technai F30 (FEI) microscope,
equipped with a Fischione HAADF detector at 300 keV working voltage, in STEM mode. Also, in order
to elucidate about the chemical composition of the materials, X-ray Energy Dispersive spectra (EDS)
were obtained with an EDAX detector. In order to follow structural changes induced by the magnetic
field at the same membrane spot, STEM analysis were not conducted with the membranes used in
filtration experiments. Instead, the membranes were formed at a specific copper grid for STEM analysis.
A diluted solution (10 times) of the original casting solution, which contains 1 mL of spherical particles
in water with a concentration of 6.7 mg/mL and 2.1 mL of INPs in water, was cast on the top of a grid
surface and then let to dry. Afterwards, 3 to 4 square sections on grids were marked and images were
obtained without the presence of magnetic field and immediately upon exposure (to avoid analysis in the



presence of magnetic relaxation) for 30 min to magnetic field conditions equal to those experienced by
the membrane along the filtration process, i.e. perpendicularly to the surface with magnetic field strengths
from 0.2 T to 1.15 T. The TEM images acquired before and after magnetic field were obtained from the
observation of the same square sections For magnetic relaxation studies, sample preparation was carried
out as mentioned before. The grid was exposed to 1.15 T for 30 min and imaged immediately upon
removal of the magnetic field (relaxation time of 0 min) and at different time intervals along the
relaxation time for comparative analysis.

2.3. Filtration experiments under magnetic field

The filtration tests were carried out in two different operation modes: dead-end and cross-flow filtration,
at transmembrane pressures between 1 and 4 bar. All filtration experiments were repeated for three times.
Error analysis was performed and the error bars were incorporated in the plots.

In experiments carried out in dead-end filtration mode, the membrane (diameter, d=2.5 cm and area of
4.9x10* m?) was placed in a 10 mL dead end type filtration cell (Amicon 8010 stirred cell). Then, the
filtration cell was connected to a water reservoir and compressed nitrogen. The flux and permeability
were calculated based on Darcy’s law [39] using Eq. (1) and, (2), where V,, is the permeate volume
collected, t is time, S is the membrane surface area, and AP is the pressure difference.

Flux (J,) =V,/(t*S) (L.h'.m?) Eq (1)
Permeability (LP) =],/ AP (L.h'.m2bar") Eq (2)

The cross-flow mode filtration experiments were conducted in a homemade cross-flow cell comprising
retentate and permeate inlet and outlet connections for feed/retentate recirculation and permeate sampling
and recirculation to the retentate side (area of the membrane, S = 2.3 cm x 1.2 cm) (see Fig.2). The mass
of the water permeating the membrane (permeate) was recorded by a balance connected to the
SartoConnect software at regular time intervals. All dead-end and cross-flow filtration experiments were
performed at room temperature (in a temperature-controlled room, T=22 + 1 °C) with dust free ultra pure
water, filtered through a 400-micron filter. Before the filtration experiments, the membranes were
exposed to increasing and decreasing transmembrane pressure cycles up to 4 bar for structural
stabilization, as well as to eliminate the possibility of structural compaction and effects on particle
arrangement due to pressure along the filtration experiments, in all types of hydrophilic and hydrophobic
prepared membranes.

Dead-end mode filtration experiments were conducted in the absence and presence of an external
magnetic field oriented perpendicularly to the membrane surface. The permeation experiments (cross-
flow) were performed in the presence of a uniform magnetic field through the membrane thickness. In the
initial studies, dead-end and cross-flow filtration experiments in the presence of magnetic field were
carried out by placing a simple neodymium magnet at the bottom of the filtration cell, allowing for
magnetic field intensities up to 0.15 T at the membrane top surface.

The experiments in the cross-flow cell were extended to higher magnetic field strengths (up to a
maximum magnetic field of 1.15 T, limited by the minimum pole distance required to fit the cross-flow
cell). Filtration experiments at higher magnetic field intensities were possible by placing the cross-flow



cell within the poles of a GMW Dipole Electromagnet (Model 3473-70, USA). Both, dead-end and cross-
flow filtrations were performed at lower magnetic field intensities, i.e. up to 0.15 T to compare the
influence of magnetic field on the two filtration modes. Fig.2 shows the setup used for cross-flow
filtration by placing the module between the poles of an electromagnet.
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Fig. 2. Schematic representation of cross-flow filtration setup without retentate recycle.

3. Results and Discussion

3.1. Performance of hydrophilic MMMs containing sphere-, worm-, and vesicle-like
structured top layers

At the early stage, filtration experiments were carried out at low magnetic field intensities (up to 0.15 T)
using the Amicon cell coupled to a neodymium magnet. The permeate fluxes obtained with hydrophilic
membranes containing sphere, worm and vesicle-like structured top layers at variable transmembrane
pressures from 1 to 4 bar are represented in Fig.3. For the membrane with spherical like structured top
layer, the permeate flux without magnetic field was about 375.3 L.h''.m" at a transmembrane pressure of
4 bar . This value increased to 420.3 L.h"'.m™ at the same transmembrane pressure and a magnetic field
strength of 0.15 T, corresponding to about 12% increase in the permeate flux value. The membranes made
from vesicles and worm-like micelles showed the same behavior, but the effect of magnetic field on the
membrane hydraulic permeability was lower. The membranes with vesicle-like and worm-like structured
top layers showed 9.5 % and 2.3% increase in the permeate fluxes, respectively. The membranes with
worm-like micellar structured top layer depicted the lowest increase in the flux, which was most probably
due to their compact structure and the high entanglement of the vermicular structures.

The comparison between the permeate fluxes obtained by using the dead-end and the cross-flow filtration
set-ups carried out by varying the magnetic field intensity from 0 to 0.15 T using neodymium magnets,



and GPW dipole electromagnet system is shown as Supplementary Information (SI) in Tables S1, S2, and
S3. The results show similar behavior for all transmembrane pressures and magnetic field intensities
applied, irrespective of the operation mode used.
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Fig. 3. Permeate flux values obtained for membranes with (A) spherical (B) vermicular (C) vesicular structured top
layers, in dead-end mode, in the absence and presence of magnetic field at intensities up to 0.15 T.

3.2. Performance of hydrophilic MMMs under higher magnetic field intensity, cross-flow
filtration

The evolution of the permeate flux in the presence of magnetic field strength up to 0.4 T with a cross-
flow configuration is shown in Fig. S1. Similarly to that observed for filtrations carried out in dead-end
mode, filtrations in cross-flow mode conducted in the presence of a magnetic field led to an increase of
the permeate flux of 21.2%, 18.2% and 3.2 %, at 0.4 T, for the membranes with sphere, vesicle, and
worm-like structured top layers, respectively. Fig.4 illustrates the variation of the permeate water fluxes
versus transmembrane pressure when exposed to higher magnetic field strengths of 0.8 T and 1.15 T, at
298.15 K. These results show that, when the magnetic field is increased to the maximum limit achievable
in this set-up, i.e., 1.15 T, the membranes with sphere-like structured top layers show a 29.4% increase in
the permeate flux, whereas membranes with vesicular structure show an increase of 24.8%.
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Fig. 4. Permeate flux profiles obtained for membranes with (A) sphere-like structured top layer (B) vesicle-like
structured top layer based membranes, in cross-flow mode, in the absence and presence of magnetic field with
intensities up to 1.15 T.



The increase of the hydraulic permeability of the three membrane types (for a magnetic field up to 0.4 T)
due to the magnetic field is shown in Fig.S2. Also, it can be seen that in all cases, the hydraulic
permeability remained constant at increasing transmembrane pressures evidencing the excellent structural
stability of the membranes during each experiment at constant magnetic field. The increase of hydraulic
permeability observed is exclusively ascribed to the changes in the magnetic field intensity and/or time
that the membranes are exposed to the magnetic field.

3.3. Variations in the structural configuration of membranes under magnetic field

The increase in permeate fluxes may be due to magnetic induced changes in the hydrophilicity of the
membranes [7,40—42], local heating created by a magnetic field [43] or rearrangement of organic and
inorganic building blocks of the membrane itself. Contact angle measurements of the membranes before
and after filtration under magnetic field revealed that there were no changes in hydrophilicity of the
membranes (contact angle = 46°). Long-term experiments were conducted to check possible magnetic
induced local temperature changes at the membrane. These experiments were performed by exposing the
membrane at the maximum magnetic field intensity (1.15 T) while immersed in a small volume of water
(5 mL) for 50 h. No change of the temperature in the water bath was noticed (296 K) thus the assumption
of local heating was reasonably eliminated. Therefore, the sole reason for the observed changes in the
permeate flux values is the magnetically induced rearrangement of the INPs within the membrane
structure, causing variations in the membrane top layer porosity and consequently increasing the permeate
flux. To confirm this hypothesis, the membranes were analyzed using AFM before and after filtration in
the absence of magnetic field (0 T) and in the presence of magnetic field intensities of 0.4 T and 1.15 T.
The AFM images obtained, shown in Fig.S3 and Fig.S4, do not evidence for the presence of structural
changes occurring on the membrane top surface.

The structural changes induced by the magnetic field on the membrane top layer were evidenced by
scanning transmission electron microscopy (STEM). A comparative analysis of STEM images obtained
for the same membrane spot upon exposure to different magnetic field intensities revealed the presence of
a magnetic induced INP clustering. INP clustering is denoted by the increase of bright regions
(corresponding to the INPs) observed, whose dimension increases with the increase of the magnetic field
intensity. Since these INPs are attached to PNPs, INP clustering is expected to be followed by
rearrangements of PNPs which could be the reason for small compaction effect showed in Fig.S3B. These
magnetic induced particle clustering effects seem to alter the porosity of the compact layer and, thereby,
lead to an increase in the permeate flux.

The structural changes induced by the magnetic field on the membrane top layer were evidenced by
scanning transmission electron microscopy (STEM). A comparative analysis of STEM images obtained
for the same membrane spot upon exposure to different magnetic field intensities revealed the presence of
a magnetic induced displacement of the INPs with consequent change of the uniform distribution of the
INPs at the membrane surface (Fig. 5). Such effect is revealed in STEM images by the increase of the
dimension of brighter regions as the magnetic field was increased. The chemical nature of the brighter
regions was analysed by EDS (Fig.S5) and confirmed to correspond to the iron oxide nanoparticles
(INPs). The EDS image clearly indicate the local increase in concentration of the iron oxide nanoparticles
as the magnetic field across the membrane increased. Therefore, the enlargement of the brighter regions
observed suggests that the magnetic field induced the formation of INP clustering, which is stronger as



the magnetic field was increased from 0 T to 1.15 T (Fig. 5 A to Fig.5 E). As reported in the literature
[44-49], the superparamagnetic nanoparticles attain the configuration of superparamagnetic nanoparticle
clusters (e.g. chains, rods and aggregates) during the application of the magnetic field. This is due to
magnetic dipole-dipole attractions between particles under the applied magnetic field. Kralj and Makovec
[46] and Fermigier et al.[44] expressed the maximum attraction of magnetic dipolar interaction relative to
the dissociative thermal energy (kT) by a dimensionless dipole strength “A” (Eq.3), which is directly
proportional to the diameter of INPs and to the strength of the applied magnetic field. Higher values of A,
promote the presence of lateral interactions between adjacent INP chains leading to the formation of
larger INP structures, such as bundles and clusters[50-52].

Umax

3
= A= (ug(3) HO)/9KT Eq (3)

Unax 1s @ maximum potential energy of interaction between two spheres (2 INPs) with identical magnetic
moments, k is Boltzmann constant, T is temperature, d is diameter of the INPs, y is magnetic
susceptibility, 1, is magnetic permeability and H is magnetic field.

Fig. 5. STEM-HAADF images of a sphere-like structured top layer with INPs acquired immediately upon exposure
to magnetic field intensities of (A) No field, (B) 0.2 T, (C) 0.4 T, (D) 0.6 T and (E) 1.15 T. (Red zones showing
some of the agglomeration spotted).

Beratoni et al.[48] studied the dependence of the clustering of superparamagnetic nanoparticles on the
particle size. These authors showed that magnetic dipole-dipole forces predominate in interactions
between larger particles favoring the formation of INP chains aligned according to the magnetic field
direction. The formation of INP chains is less clear for smaller particles once dipole-dipole and van der



Waal forces are comparable. Clustering of small particles are still visible in presence of a polymer[47],
which attenuates the electrostatic interactions between particles. This theory was also supported by the
work of Torre and coworkers[53] who used magnetic force microscopy (MFM) imaging to understand the
process of clustering of small INPs under magnetic field and prove the theory of dipole-dipole interaction
responsible for magnetic clustering.

In the present work, the INPs are attached and interspaced by polymer nanoparticles (PNPs). However, it
is noteworthy that the INP aggregates shown in STEM images do not evidence for the presence of the
INP magnetic alignment. The absence of chain structures may be either explained by the prevalence of
electrostatic interactions despite the presence of PNPs or by the misalignment of the INPs immediately
after the magnetic field removal. Furthermore, INP clustering is expected to be followed by
rearrangements of PNPs. These magnetic induced particle clustering effects seem to alter the pore size
distribution of the compact layer thereby leading to an increase in the permeate flux.

3.4. Effect of the magnetic field on the permeate flux for hydrophilic MMMs

The membranes with spherical and vesicle-like structured top layers were subjected to different magnetic
field intensities keeping constant the operation time and the transmembrane pressure. Fig.6 shows the
permeate fluxes obtained using membranes with sphere and vesicle-like structured top layers at increasing
magnetic field intensity up to 1.15 T and at different transmembrane pressures (1, 2 and 3 bar). Fig.6A
shows the response of the membrane with a sphere-like structured top layer at various transmembrane
pressures varying from 1 to 3 bar, whereas Fig.6B illustrates the same response at 3 bar of transmembrane
pressure (a zoom in on Fig.6A). Figures 6C and D show the magnetic behavior of the permeate fluxes
obtained using membranes with the vesicle-like structured top layer. The permeate fluxes obtained show
that both membranes exhibited a change of magnetic dependence regime observed at ca. 0.4 T. After an
initial steep increase, seen at lower magnetic field intensities (up to 0.4 T), the magnetic dependence of
the permeate fluxes slows down, leading to a milder increase of permeate fluxes in the higher magnetic
field range (> 0.4 T). In the case of membranes with sphere-like structured top layers, the change in the
permeate flux reached up to 21.2% and 29.4% at 0.4 T and 1.15 T, respectively. The permeate flux
profiles seem to tend to a constant value for magnetic field intensities higher than 1.15 T, becoming
independent from the magnetic field. However, this effect could not be confirmed in this work since the
experimental set-up does not allow the development of experiments at higher field strength. The steeper
and the milder permeate flux increase are clearly expressed by the slopes of the permeate flux data in the
range of 0 to 0.4 T and 0.4 T to 1.15 T (Fig.6B and 6D). A comparative analysis of the slopes calculated
in these two intervals shows a decrease of ca. 80% in the magnetic dependence of the permeate flux at
higher magnetic fields, for both membrane types. Identical behavior was observed at lower
transmembrane pressures (1 and 2 bar, see Fig.6A and 6C). The calculated slope values are presented in
Table S4 (SI).
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Fig. 6. Variation of the permeate flux versus magnetic field intensity at different transmembrane pressures for
membranes with (A) sphere-like structured top layer and (C) vesicle-like structured top layers. The profiles obtained
at transmembrane pressure of 3 bar are zoomed for membranes with (B) sphere-like structured top layer and (D)
vesicle-like structured top layer.

3.5. Magnetic relaxation studies of hydrophilic MMMs

Magnetic relaxation experiments were carried out at a transmembrane pressure of 3 bar using membranes
with a sphere and vesicle-like structured top layer to determine the ability of these membranes to return to
their original performance after removal of the magnetic field. The results presented in Fig.7 show that
after switching off the magnetic field, the permeate fluxes exhibit a fast decrease during the first 10 h,
with the recovery of ca. 24.5% and 39.4% of the original permeate fluxes (permeate flux value
corresponding to the unmodified membrane at 3 bar of TMP) for the sphere and vesicle-like membranes,
respectively. After 10 h of relaxation, the decline of permeate fluxes became slower and after 72 h, the
permeate fluxes reached constant values of 337 L.h"'.m for membranes with a sphere-like top layers and
285.3 L.h'".m? for membranes with a vesicle-like top layers. It is noteworthy that the final permeate
fluxes after complete relaxation (337 L.h'".m> and 285.3 L.h-'.m"? for membranes with sphere and vesicle-
like structured top layer, respectively) were higher than the original permeate fluxes (282.9 L.h-".m? and
257.2 L.h''.m? for membranes with sphere and vesicle-like structured top layer, respectively), i.e. those
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obtained before the exposure of the membranes to the magnetic field. These results suggest that the
changes in membrane porosity induced by the magnetic field are not entirely recovered after removal of
the magnetic field, leading to membranes with a different structural configuration and improved permeate
fluxes. Also, it is important to highlight that despite the long relaxation time, the decrease of the permeate
flux observed immediately after the removal of the magnetic field evidences that the membrane structural
recovery takes place as soon as the magnetic field is switched off.
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Fig. 7. Magnetic relaxation curve obtained for membranes with (A) sphere-like structured top layer and (B) vesicle-
like structured top layer carried out at a transmembrane pressure of 3 bar after removal of magnetic field intensity of
L.LIST.

The changes observed along the magnetic relaxation were also followed by STEM-HAADF analysis
which provided images of the structural evolution of the sphere like structured top layered surfaces along
the relaxation time which are shown in Fig. 8 A to E. The STEM-HAADF images showed the occurrence
of significant structural changes along the first 10 h of relaxation, expressed by the surface recoverage
with the INPs particles, much possibly as a consequence of the partial desintegration of the particle
aggregates (previously formed in the presence of magnetic field). Additional structural changes from 20 h
to 50 h of relaxation time are less notorious and absent for relaxation times higher than 50 h, suggesting
the attainance of a structural stabilization. A comparative analysis of STEM-HAADF images obtained for
the membranes before exposure to the magnetic field (Fig. 5SA) and upon a relaxation time (Fig. 8 E)
shows that the initial structure of the membrane top layer is not totally recovered, evidencing that
magnetic induced structural changes are partially irreversible. The structural behaviour exhibited by the
membrane top layer along the relaxation time perfectly agrees with the recovery profile of the permeate
fluxes observed along this period. These results confirm that the decrease of the permeate flux along the
magnetic relaxation is associated to progressive redistribution of the membrane surface with the particles.
As referred above, the most significant structural surface recovery occurs along the first 10 h of
relaxation, where the decline of the permeate flux is more accentuated. The less significant permeate flux
changes after this period follow the lower structural rearrangments observed at later stages of the
magnetic relaxation.
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Fig. 8. STEM-HAADF images of a sphere-like structured top layer with INPs after a magnetic relaxation time of
(A)0h, (B) 10 h, (C) 20 h, (D) 50 h and (E) 70 h.

3.6. Performance of hydrophobic MMMs under magnetic field

In our previous work [38] we have demonstrated the preparation, characterization, and filtration under
magnetic field for the hydrophobic mixed matrix membranes prepared by non-solvent induced phase
separation (NIPS) technique. Table 1 shows the percentage change in flux under magnetic field for
membranes made through tape casting and spin coating procedures. From the STEM images (Fig.S6 in
SI), magnetic induced rearrangements of INPs can be observed in a similar fashion as seen in the
hydrophilic membranes. The resultant aggregation of the INPs translates into changes in the porosity
during the application of the magnetic field, and therefore into a change in the overall permeate flux
value. The percentage increase in permeate fluxes of hydrophobic membranes is detailed in Table 1. The
increase in flux is doubled for the membranes with DMSA INPs compared to the membranes with
PMAA,; coated INPs. This could be related with higher magnetization value of DMSA-coated INPs
compared to others forcing them to aggregate more hence changing more accentuatedly the overall
porosity. However, it was not possible to obtain higher permeate flux changes because in this case the
INPs are dispersed in the dense polymer matrix which restricts the movement of the INPs compared that
in the nanoporous hydrophilic membranes prepared from individual PNPs. This is also further confirmed
when comparing the same type of INPs (i.e. PMAA,;-b-PQDMAEMA5,) embedded in the polymeric
matrix (hydrophobic membranes) and at the membrane surface (hydrophilic membranes). The presence of
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INPs in the nanoporous hydrophilic membranes results in an increase of 29.4% versus 9.4% in the
hydrophobic membranes.

Table 1. The performance of hydrophobic MMMs under magnetic field prepared through NIPS
technique.

Membrane Type of stabilizer used for INPs | Fluxat0 T Fluxat 1.15 T Flux change
type coating (L.h''.m?2) (L.h'".m?2) (%)
Tape casting PMAA,; 99.7 108.8 8.3
PMAA;-b-PQDMAEMA 136.9 151.1 9.4
DMSA 104.0 124.0 16.1
Spin coating PMAA,; 205.9 228.3 9.8
PMAA,;-b-PQDMAEMA 5, 166.3 186.5 10.8
DMSA 155.5 186.9 16.8

3.7. Effect of magnetic field on the permeate flux and relaxation studies of hydrophobic
MMMs prepared by tape casting

The percentage increase in permeate fluxes versus magnetic field intensity showed the same trend as
previously observed with the hydrophilic membranes prepared with particles prepared through PISA
technique. The behavior of the tape casted membranes containing PMAAy;, PMAA4;-b-PQDMAEMA;,
and DMSA-coated INPs are shown in Fig.9. The membranes showed an initial steep increase in permeate
flux value as the magnetic field reaches the 0.2 T followed by a milder increase in flux confirming the
two regimes of permeate flux increase. When a magnetic field is applied, the INP structure tends to
rearrange, changing the porosity of the membrane top layer. As the magnetic field strength was increased
to a higher value, the movement of INPs particles will be restricted at later stages by the density of the
polymer matrix retarding/limiting the increase of permeate flux. The steeper and the milder permeate flux
increase are clearly expressed by the slopes of the curve in the 0 to 0.2 T and 0.2 T to 1.15 T intervals.
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Fig. 9. Variation of the permeate flux versus magnetic field for tape cast membranes containing (A) PMAA,; (B)
PMAA,;-b-PQDMAEMA;, (C) DMSA-coated iron oxide nanoparticles at transmembrane pressure of 4 bar.

To find out the ability of hydrophobic membranes to recover their original flux, magnetic relaxation
experiments were carried out at a transmembrane pressure of 4 bar. The results obtained presented in
Fig.10 showed to be similar to those obtained with the hydrophilic membranes where a fast decrease of
permeate flux was observed (up to 10 h) after removal of the magnetic field. The membranes containing
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PMAA,4; and PMAA4;-b-PQDMAEMA;, coated INPs exhibited a recovery (in comparison with flux
value of unmodified membranes) of ca. 29.6% and 23.2% after 10 h whereas membranes containing
DMSA-coated nanoparticles displayed a recovery of 4% during the same time interval. After 10 h of
experiment, the decline in the permeate flux became slower and reached a stationary zone, with constant
values of 105.6 L.h'.m?2, 147.8 L.h"".m?2 and 123.0 L.h"'.m? for membranes with PMAA,;, PMAA4;-b-
PQDMAEMA s, and DMSA-coated INPs, respectively.
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Fig. 10. Magnetic relaxation curve obtained for membranes containing (A) PMAA,; (B) PMAA4;-b-PQDMAEMA 5,
(C) DMSA-coated iron oxide nanoparticles at 4 bar of transmembrane pressure with a magnetic field intensity of
1.LIST.

The permeate fluxes of membranes with DMSA-coated INPs stabilize after a shorter time upon removal
of the magnetic field, exhibiting a decrease of only one unit, which results in a larger deviation from the
permeate flux value obtained before the magnetic field (i.e. the original permeate flux) (Fig.10C). The
reason for this minute change in the permeate flux after removal of the magnetic field is probably due to
the higher saturation magnetization of the DMSA-coated nanoparticles (65 emu/g) compared to the other
INPs (around 10-12 emu/g) used in this work. When the magnetic field is applied, the magnetic
nanoparticles move within the mixed matrix membrane and tend to aggregate due to magnetic attraction,
thus porosity of the membrane increases. When the magnetic field is removed, the iron particles become
completely nonmagnetic, that restricts further movement, freezing the created pores and hampering
further recovery of the permeate flux value.

4. Conclusions

This work shows the effect of magnetic field on the performance of novel block copolymer based
hydrophilic and hydrophobic mixed matrix membranes under magnetic field intensities varying from 0 T
to 1.15 T. An increase of about 24% to 29% in the permeate flux has been observed in hydrophilic
membranes with vesicular and spherical structured top layers, whereas membranes with worm-like
structured top layers did not show a significant response to the magnetic field. The limited responsive
capacity of membranes with worm-like structured top layers may be explained by the presence of a
compact top layer structure and a higher entanglement of the PNPs. The impact of magnetic field on the
performance of hydrophobic membranes was smaller, with the permeate fluxes increasing from 8% to
16% in the presence of a magnetic field intensity of 1.15 T. The microscopic sample analysis performed
for both hydrophobic and hydrophilic membranes revealed that the increase of permeate fluxes are due to
changes in the porosity of membrane top layer caused by magnetically induced INPs clustering effects.
The permeate flux profiles at increasing magnetic field intensities revealed the presence of distinct

15



permeate flux regimes. The initial region was characterized by a steep change in the permeate flux
followed by a region at higher magnetic field intensities, where permeate flux changes were lower. The
transition between these two regimes was found to occur at 0.4 T for hydrophilic membranes and 0.2 T
for hydrophobic membranes.

The magnetic relaxation studies of both sets of membranes revealed that, once the permeate fluxes
increase with the magnetic field, the original flux cannot be totally restored after removal of the magnetic
field due to the permanent structural changes in the membrane. The hydrophobic membrane containing
DMSA-coated INPs showed a higher sensitivity to the magnetic field than the other hydrophobic
membranes studied while exhibiting quicker and smaller relaxation of the permeate fluxes. This faster
relaxation may be related to the higher saturation magnetization value of the superparamagnetic INPs.

Application of the magnetic field to these membranes can act as a preliminary processing condition
leading to a flux increase due to changes induced in the porosity of the compact top layer. The addition of
INPs also fulfills the requirements of increasing the mechanical strength of the top layer, to withstand
higher pressure or flow rates for separation processes. These membranes demonstrated some capacity to
respond reversibly to the magnetic field, which may allow for the magnetic modulation of the membrane
performance, i.e. solute permeability and fouling effects. These aspects will be analyzed and discussed in
forthcoming papers.
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Fig. 5. STEM-HAADF images of a sphere-like structured top layer with INPs acquired immediately upon exposure
to magnetic field intensities of (A) No field, (B) 0.2 T, (C) 0.4 T, (D) 0.6 T and (E) 1.15 T. (Red zones showing
some of the agglomeration spotted).
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Fig. 8. STEM-HAADF images of a sphere-like structured top layer with INPs after a magnetic relaxation time of
(A)0h, (B)10h, (C)20h, (D)50hand (E) 70 h.
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Fig. S1. Permeate flux values obtained for membranes containing (A) spherical (B) vermicular and (C) vesicular
structured top layers, in cross-flow mode, in the absence and presence of magnetic field intensities up to 0.4 T.
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top layers, in cross-flow mode, in the absence and presence of magnetic field intensities up to 0.4 T.
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Fig. S3. The AFM images of the membranes with sphere-like structured top layers acquired (A) before and (B) after
applying the magnetic field at 1.15T.
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Fig. S4. The AFM images of a membrane sample containing a sphere-like structured top layer with INPs acquired
under (A) No magnetic field and in the presence of (B) 0.4 T and (C) 1.15 T magnetic field intensity.
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Fig. S6. STEM analysis of copolymer nanoparticle solution containing DMSA-coated iron oxide nanoparticles (A)
no magnetic field (B) magnetic field at 0.4 T.



Table 1. The performance of hydrophobic MMMs under magnetic field prepared through NIPS
technique.

Membrane Type of stabilizer used for INPs | FluxatOT Fluxat1.15T Flux change
type coating (L.h't.m?2) (L.h't.m?2) (%)
Tape casting PMAA,; 99.7 108.8 8.3
PMAA7-b-PQDMAEMA, 136.9 151.1 9.4
DMSA 104.0 124.0 16.1
Spin coating PMAA,; 205.9 228.3 9.8
PMAA7-b-PQDMAEMA, 166.3 186.5 10.8
DMSA 155.5 186.9 16.8

Table S1. Comparison of the filtration fluxes, J, obtained in dead-end filtration and cross-flow filtration
for membranes with sphere-like structured top layer

Pressure 0.05T 0.05T 015T 015T

(bar) Dead-end Cross-flow Dead-end Cross-flow
‘]V ‘]V \]v ‘]V

(L.h't.m2) (L.h't.m2) (L.h"t.m2) (L.h'tm2)

1 99.9 100.4 105.6 108.9

2 198.7 199.2 210.6 211.9

3 297.6 296.3 314.6 3135

4 396.6 393.3 420.3 423.6

Table S2. Comparison of the filtration fluxes, J, obtained in dead-end filtration and cross-flow filtration
for membranes with worm-like structured top layer

Pressure 005T 0.05T 015T 015T

(bar) Dead-end Cross-flow Dead-end Cross-flow
Jy Jy Jy Jy
(L.h'tm2) (L.h'tm2) (L.h"tm2) (L.h't.m?)
1 54.2 57.2 54.8 54.1

2 106.7 104.9 107.8 108.8

3 160.8 162.3 162.9 161.6

4 216.5 215.5 219.6 220.0



Table S3. Comparison of the filtration fluxes, J, obtained in dead-end filtration and cross-flow filtration
for membranes with vesicle-like structured top layer

Pressure 0.05T 0.05T 015T 0.15T

(bar) Dead-end Cross-flow Dead-end Cross-flow
Jy dy Jy dy

(L.h'tm2) (L.h'tm2) (L.h"tm2) (L.h't.m?)

1 88.6 88.8 93.7 94.05

2 175.6 173.6 187.0 188.1

3 265.2 267.1 279.7 279.5

4 354.9 356.6 375.8 374.9

Table S4. Effect of magnetic field on permeate flux: slope and R? values for membrane with sphere-like
and vesicle-like structured top layer at a transmembrane pressure of 1 and 2 bar.

Membrane Type Transmembrane Magnetic field Slope R?
pressure
(bar)
Sphere-like structured 1 0to04T 48.3 0.94
top layer 04t01.15T 10.6 0.98
2 0t0 04T 89.2 0.94
04t01.15T 20.6 0.99
Vesicle-like structured 1 0to04T 36.0 0.97
top layer 04t01.15T 7.3 0.99
2 0to04T 73.5 0.97
04t01.15T 145 0.99
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Table S1. Comparison of the filtration fluxes, J, obtained in dead-end filtration and cross-flow filtration for
membranes with sphere-like structured top layer

Pressure 0.05T 0.05T 015T 015T

(bar) Dead-end Cross-flow Dead-end Cross-flow
‘]V ‘]V \]v ‘JV

(L.h"t.m2) (L.h't.m2) (L.h't.m2) (L.h'tm2)

1 99.9 100.4 105.6 108.9

2 198.7 199.2 210.6 211.9

3 297.6 296.3 314.6 3135

4 396.6 393.3 420.3 423.6

Table S2. Comparison of the filtration fluxes, J, obtained in dead-end filtration and cross-flow filtration for
membranes with worm-like structured top layer

Pressure 005T 005T 015T 015T

(bar) Dead-end Cross-flow Dead-end Cross-flow
‘]V ‘]V \]v ‘]V
(L.h"t.m2) (L.h't.m2) (L.h"t.m2) (L.h'tm2)
1 54.2 57.2 54.8 54.1

2 106.7 104.9 107.8 108.8

3 160.8 162.3 162.9 161.6

4 216.5 2155 219.6 220.0



Table S3. Comparison of the filtration fluxes, J, obtained in dead-end filtration and cross-flow filtration for
membranes with vesicle-like structured top layer

Pressure 0.05T 0.05T 015T 015T
(bar) Dead-end Cross-flow Dead-end Cross-flow
Jv Jv Jv Jy
(L.h"t.m2) (L.h't.m2) (L.h't.m2) (L.h'tm2)
1 88.6 88.8 93.7 94.05
2 175.6 173.6 187.0 188.1
3 265.2 267.1 279.7 279.5
4 354.9 356.6 375.8 374.9
480 F A" No magnetic field ' ' ' = 240 A-No magnetic field ' ' ' 400 [-A-No magnetic field ' ' AE]
B- 0.1T, 8.1% change in flux 4D B-0.1T 199% change in flux B-0.1T, 6.8% change in flux D
420|C-0.2T, 15.3% change in flux oc| 210 (02T 250t change in flux 1 350 [C-0-2T, 10.1% change in flux (B:
k) D- 0.3T, 18.8% change in flux Bl D-0.3T 2.9% change in flux < D-0.3T, 13.7% change in flux @A
-E 360 |.E- 0.4T, 21.2% change in flu/@A, r\.lE 180 'E-O.'4T,Y 320 change in flux R -E 300 | E-0.4T, 18.2% change in flux i
< 300} : 1o -150f e :
= 300 ch _C 250 F
o 240} 1 120t 1 =200t
> ~—
~ 180} 15 90} { S1s0]
120 & 1 60t {1 100 & :
60 . . . . . A E 30 L ) ) ) ) ) ‘B 50— 1 1 1 L L \C
1.0 15 20 25 30 35 40 10 15 20 25 30 35 40 10 15 20 25 30 35 40
Pressure (bar) Pressure (bar) Pressure (bar)

Fig. S1. Permeate flux values obtained for membranes containing (A) spherical (B) vermicular and (C) vesicular
structured top layers, in cross-flow mode, in the absence and presence of magnetic field intensities up to 0.4 T.
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Fig. S2. Hydraulic permeability profile obtained for membranes containing sphere, worm and vesicle-like structured

top layers, in cross-flow mode, in the absence and presence of magnetic field intensities up to 0.4 T.
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Fig. S3. The AFM images of the membranes (after filtration) with sphere-like structured top layers acquired (A)
before and (B) after applying the magnetic field at 1.15T.
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Fig. S5. STEM-HAADF (A, B, C and D) and respective EDS (E, F, G and H) images of a sphere-like structured top
layer with INPs acquired immediately upon exposure to magnetic field intensities of: (A and E) No field, (B and F)
04T, (Cand G) 0.6 T and (D and H) 1.15 T. (Red zones correspond to the regions analyzed by EDS probe)



Table S4. Effect of magnetic field on the permeate flux: slope and R? values for membrane with sphere-like and
vesicle-like structured top layer at a transmembrane pressure of 1 and 2 bar.

Membrane Type Transmembrane Magnetic field Slope R?
pressure
(bar)
Sphere-like structured 1 0t004T 48.3 0.94
top layer 04t01.15T 10.6 0.98
2 0to04T 89.2 0.94
04t01.15T 20.6 0.99
Vesicle-like structured 1 0to04T 36.0 0.97
top layer 04t01.15T 7.3 0.99
2 0t004T 735 0.97
04t01.15T 14.5 0.99

Fig. S6. STEM analysis of copolymer nanoparticle solution containing DMSA-coated iron oxide nanoparticles (A)
no magnetic field (B) magnetic field at 0.4 T.



