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Abstract

Mixed matrix membranes (MMM) made from hydrophilic fillers incorporated into poly (vinylidene
fluoride) (PVDF) are well known to have improved membrane properties and durability. However,
the contributions from two key steps in MMM fabrication: dope sonication and the addition of a
hydrophilic polymer like poly (vinylpyrrolidone) (PVP), have not been sufficiently highlighted. In
this work, a range of MMM were made by extended dope sonication and stepwise PVVP addition.
The results showed that PVP, popularly referred to as a ‘pore former’, was surprisingly not
responsible for pore formation but functioned rather as a ‘pore connector’ and as an aid to particle
dispersion. While dope sonication resulted in efficient particle dispersion as may be expected, it did
not improve membrane surface wettability as the hydrophilic nanoparticles were completely locked
within the hydrophobic PVDF matrix. Sonication resulted in significant reduction in membrane
porosity but did not change the membrane thermal stability. The addition of PVP, however,
significantly reduced thermal stability as well as the PVDF B-phase mass fraction. The results of
this study provide valuable insights to the effects of dope sonication and PVP addition for
manufacturers and researchers developing low pressure membranes for water treatment

applications.
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1. Introduction

Poly (vinylidene fluoride) (PVDF) membranes are widely used in water treatment and separation
processes. The popularity of these materials derives much from their relatively good chemical,
thermal and mechanical stability [1, 2]. Furthermore, these polymers can be readily processed into
porous membranes for applications as diverse as membrane distillation, membrane bioreactor and
for direct drinking water treatment and waste water reclamation [1]. Their wide commercial
fabrication and application supports ongoing research improvements [1].

PVDF is natively hydrophobic evident from its low critical surface tension (25-28.5 dynes/cm) [2]
resulting in reduced water flux and higher membrane fouling [3] when applied in water treatment in
comparison to less hydrophobic materials such as polyacrylonitrile (critical surface tension 44
dynes/cm [2]). Significant research efforts have been committed towards improving the filtration
performance of PVDF membranes by chemical coating, plasma treatment, polymer grafting,
organic and inorganic nanoparticles blending [4-6]. Direct blending of preformed inorganic
nanoparticles has received significant attention in recent times as a convenient, low cost, scalable
and effective means to improve the filtration performance of hydrophobic polymeric membranes [2,
4,5,7].

When inorganic nanoparticles are incorporated into polymeric membranes to give mixed matrix
membrane (MMM), it is critical that the filler particles are properly dispersed in the polymer matrix
for optimal membrane performance. One common method of achieving good particle dispersion is
the application of sonication. Sonication can be applied to the solvent as well as to the dope in order
to achieve good dispersion of large amount of filler in the membrane [8, 9]. Another feature of
producing high quality MMM s is the addition of a hydrophilic polymer such as poly
(vinylpyrrolidone) (PVP) as a pore former [9-12]. Despite the use of these two techniques for
controlling performance of the PVDF membrane, a systematic investigation into their individual
roles in MMM formation, rather than merely introducing them as constant preparatory recipes such
as were done by Rajabi et. al [9], Liang et. al [13] and Zhang et. al [14] has not been conducted. A
better understanding of the individual effects of PVP addition and dope sonication may result in the
advancement of MMM design and optimization, benefitting commercial water treatment practice.
This work explores the independent effects of dope sonication and the addition of PVP using silica
coated iron oxide nanoparticles as the inorganic phase to advance knowledge in the design and
fabrication of MMM for water treatment applications. Iron oxide nanoparticle (10) was chosen for
this study because of its low cost, biocompatibility, biodegradation and magnetic properties which
allows for interesting magnetic functionalisations for enhancing membrane performance [15-18]. In

addition, magnetic 10 can be easily and conveniently synthesised in the laboratory via the co-
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precipitation or reversed co-precipitation methods [19-21] with the further ease of magnetic
separation from experimental suspension. However, due to 10 significant absorptive capacity for
natural organic matter and other common pollutants in water [22-25], the long term stability of an
10 functionalised membrane under practical fouling conditions is questionable [26]. Consequently,
surface coating with silica to produce more hydrophilic silica coated 10 (SIO) with less affinity for
pollutants was undertaken [27-29]. The hydrophilicity of silica is the result of the abundance of
hydroxyl groups on the material surface. In addition, due to the high free surface energy of silica
and the abundance of silanol (Si-OH) groups supplying hydrogen bonding, water molecules are
easily adsorbed and these, in combination with the silanol groups, enhances the hydrophilicity of
silica materials [30-32].

Although the in-situ generation of nanoparticles aimed at reducing agglomeration has been the
focus of a number of recent reports [33-35], the choice of using the classical addition of preformed
nanoparticles in this work stem from a number of reasons one of which is the simplicity of the
latter. Another reason is the need to avoid undue interference from the complex chemical and
physical interactions that may occur during in-situ nanoparticle generation. Furthermore, in-situ
nanoparticles generation is more restrictive in the choice of nanoparticles, polymer and solvent that
are applicable and it may be less amenable to certain hierarchical or layered nanoparticles
modification such as membrane modification with silica coated iron oxide as reported in this work.
Consequently, the classical addition of preformed nanoparticles remains a more general method for
producing and studying MMM. Another reason, peculiar to this work, for choosing the classical
method is that the addition of preformed, neat inorganic nanoparticles to a hydrophobic polymer
base is prone to poor nanoparticle dispersion [33], and is therefore suitable for the study of the
problem of agglomeration. Nevertheless, since addition of a pore former [34] and effective
dispersion of the polymer and the precursor in solvent media [33] are important for producing
integral membranes by in-situ nanoparticles generation, the results of this study is relevant to both

methods of nanoparticle incorporation.

It may be stated at this point that this research is exploratory in its aim rather than practical in the
sense that the outline and extent of phenomena/processes are sought rather than their optimal
performance conditions. Initial comprehensive development of the outline of phenomena is crucial
for further optimisation of process conditions. The research effort so far in the field of membrane
technology has been focused almost exclusively on optimising process conditions and analysing
novel additives that the full independent import of certain routine recipes were left largely
unexplored. This report intends to bridge this critical knowledge gap to provide more control for

future optimisation.



2. Experimental
2.1. Materials

Iron (11) chloride from Ajax Chemical, ammonia solution (25% v/v) from Merck, tetraethyl
orthosilicate (TEOS) from Sigma, and analytical grade absolute ethanol were used for nanoparticle
synthesis. Solef 1015 PVDF from Solvay and Polyvinylpyrrolidone (PVP), MW 40,000 g/mol, from
Sigma were dried at 60 °C for the membrane fabrications. 1-methyl-2-pyrrilidonone (NMP) from
SigmaAldrich was used as solvent for the dissolution of the polymers. Analytical grade sodium
chloride (NaCl) and poly (oxyethylene) (20) sorbitanmonolaurate (Tween 20), and commercial
sunflower oil were used for emulsion preparation. Milli-Q™ (type 1) water was used for all
chemical synthesis while oil-water emulsion production and all filtration test utilised Elix™ (type
2) water both from a commercial Merck Millipore Integrated Water Purification System. Elix water
had a conductivity of 6.3 uS/cm and no particle was detected when analysed by the dynamic light
scattering (DLS) technique using Malvern zetasizer nano ZS.

2.2. Particle synthesis

10 were produced by the co-precipitation method from Iron (I1) chloride precursor and ammonia
solution following the method of Mahmed et al [21] with a slight modification. Briefly, iron (I1)
chloride was transferred into vigorously boiling Milli-Q water at atmospheric pressure. The system
was heated and magnetically stirred over a hot plate. After dissolution of the iron (11) chloride,
ammonia solution was added drop wise resulting in the precipitation of 10 which was aged for 6
hours with continuous stirring and boiling. Subsequently, the precipitate was washed in Elix water
and was magnetically separated from the washing liquid to give black 10 particles. For the purpose
of silica coating to make SIO particles, the washed precipitate was transferred into a large conical
flask holding a mixture of ethanol, TEOS, ammonia solution and Milli-Q water following a
modified sol-gel process [36]. The suspension was stirred vigorously using an overhead stirrer at
room temperature for 24 h. Thereafter, the magnetic nanoparticles were separated with a bar
magnet, washed, dried at 60°C and then crushed to fine powder to give SIO nanoparticles.

2.3 Particle characterisation

The synthesized nanoparticles were analyzed by X-ray diffraction (XRD), attenuated total
reflectance Fourier transform infra-red (ATR-FTIR) spectroscopy and N2 porosimetry. XRD studies
were conducted using Panalytical X’pert Powder XRD diffractometer operated at 45 kV and 30 mA
and was employed to define the crystalline phase of the produced particles. Based on the XRD data,

the crystallite size of the 10 particles was estimated using the Scherrer equation [21]:

0.914
T = 1
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where T is the crystallite size, A is the X-ray wavelength (1.5406 A), g the line broadening at half
the maximum intensity (FWHM) and 6 the Bragg angle. ATR-FTIR analysis was conducted using
Perkin Elmer FTIR Spectrometer with Universal ATR Diamond/ZnSe crystals operated at an
accumulation of 16 scans and at a resolution of 4 cm™ to identify the presence of the silica coating.
Particle size characterization was conducted via N2 porosimetry to determine Brunauer Emmett
Teller (BET) specific surface area from which the particle size was calculated using the following
expression [37, 38].
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where d is the average particles diameter (nm), S the particles BET surface area (m?/g) and p
particles’ density (g/cmq). The derivation of Equation 2 is provided in the Supplementary Material.
The bulk density of magnetite, 5.1 g/cm?, was used as representative of 10 and SIO powders in this
analysis, assuming a thin silica coating. BET measurements were conducted using Micrometrics
TriStar Surface Area and Porosity Analyser with TriStar 3000 version 6.04 analysis software.

Powders were degassed at 150 °C for 24 h for the analysis.
2.4. Membrane fabrication

Membranes were made by the well-known NIPS procedure with addition of inorganic fillers
following a slight modification of the procedures published by Rajabi et al [9] and Lai et al. [39].
Four sets of PVDF MMM, named PO, P21, P48 and Sonic, were fabricated by dissolving separately
3.75 g of PVDF powder in NMP. Various weight percent (wt.%) of SIO fillers with respect to the
mass of the P\VDF were added to the dissolved polymer after the particles were sonicated in NMP
for 1 h using a probe-type sonicator (Hielscher Ultrasonic Processor UP400S) operated at an
effective power of ~10 W and working frequency of 24 kHz. The compositions of the membranes
for each set are given in Table 1. The mass of NMP used as solvent for each membrane was
approximately 5 times the total mass of solids (PVDF + SIO + PVP). This scheme of variable
solvent amount was adopted in view of the large variation in the amount of added solids in order to
eliminate any potential effect of solvent concentration on the properties of the membranes. Using a
fixed amount of solvent was such that some dope would not form membrane either due to too much
solvent or too little solvent. For the P21 and P48 sets, 0.8 g and 1.8 g of PVP was added to the
PVDF powder respectively, and stirred to dissolution at room temperature using an overhead stirrer
before the addition of the sonicated nanoparticles after which stirring was continued until the dope
appeared homogenous. The dopes were degased by connecting the flask to a vacuum pump until
bubbles had noticeably disappeared. The PO membranes were subjected to a similar treatment as
was P21 and P48 with the sole exception that no PVP was added. Due to the observed significant
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particle aggregation that resulted in visible tear of the membrane during casting, membranes with
filler >10 wt.% were not synthesized for the PO set. For the Sonic set, no PVP was added to the
PVDF powder. Fillers were sonicated in NMP for 1 h before PVDF powder was added and
sonication was continued. At intervals of 45 min, sonication was stopped and the dope stirred by
hand after which sonication was continued. This process was terminated when the dope appeared
homogeneous and free of bubbles. Clear dopes after standing for at least 1 h were cast on glass
plates and underwent phase inversion in Elix water at room temperature. After phase inversion,
membranes were left in fresh Elix water for 24 h at room temperature before they were removed

and stored wet at 4 °C.

Table 1. Membrane compositions,g (wt.% with respect to the mass of PVDF).

Membrane set SIO PVDF PVP NMP Membrane Code
PO 0(0) 3.75(100) 0(0)  23(600) PO_SO
0.15(4) 3.75(100) 0(0)  23(600) PO_S4

0.38(10) 3.75(100) 0(0)  23(600) PO_S10

P21 0(0) 3.75(100) 0.79(21) 23(600) P21 S0
0.15(4) 3.75(100) 0.79(21) 23(600) P21 _S4

0.38(10) 3.75(100) 0.79(21) 23(600) P21 _S10

0.75(20) 3.75(100) 0.79(21) 26(700) P21 _S20

1.88(50) 3.75(100) 0.79(21) 30(800) P21 S50

P48 0 3.75(100) 1.80(48) 26(700) P48 SO
0.15(4) 3.75(100) 1.80(48) 26(700) P48 _S4

0.38(10) 3.75(100) 1.80(48) 30(800) P48 S10

0.75(20) 3.75(100) 1.80(48) 30(800) P48_S20

1.88(50) 3.75(100) 1.80(48)  34(900) P48 S50

Sonic 0 3.75(100) 0(0)  23(600) Sonic_S0
0.15(4) 3.75(100) 0(0)  23(600) Sonic_S4

0.38(10) 3.75(100) 0(0)  23(600) Sonic_S10

0.75(20) 3.75(100) 0(0)  23(600) Sonic_S20

1.88(50) 3.75(100) 0(0)  30(800) Sonic_S50

2.5 Membrane characterisation

Particle dispersion in the MMM was evaluated by optical and scanning electron microscopy (SEM).
For optical microscopy a small rectangular piece of each membrane was placed on a microscope
slide and imaged using Carl Zeiss Axioplan 2 optical microscope in transmission mode using a
fixed scanning objective lens (4x). For SEM, a FEI Quanta 3D FEG electron microscope was used
to observe the material microstructure at 20 kV. Cross-sectional images of membranes were

obtained using JEOL Neoscope JCM-5000 at 10 kV after membranes were snapped following



immersion in liquid nitrogen. All membranes were gold coated before imaging. Polymer crystalline
phase was studied by FTIR analysis under conditions already specified (Section 2.3) on samples

that were dried by exposure to ambient laboratory conditions. A quantitative estimation of the mass
fraction of the B phase with respect to the a phase from the characteristic band of 763 and 840 cm™

for o and B phases respectively was computed using [40]:

F(B) = —£ 3

1.26Aq+Ap
where F(f3) is the mass fraction of 8 phase in a sample of PVDF polymer and A, and Az are
absorption peaks height of the a and P phases corresponding to the characteristics wavenumbers of
763 and 840 cm™ respectively. Thermal gravimetric analysis (TGA) was performed with Mettler
Toledo Thermal Analyser TGA/DSC 1 STARe System under nitrogen flow of 20 mL/min and
steady temperature increment of 10 °C/min until a temperature of 700 °C was reached. To
determine the concentration of pores on the skin layer or membrane surface porosity defined as the
total area of the surface pores detectable on a membrane skin layer divided by the membrane area,
the SEM images of the membrane skin layers were processed using ImageJ

(https://imagej.nih.gov/ij/). Bulk porosities (&) for filler-free membranes were computed using the

following expressions [41]:

My, —M
€= w—d 4

- M
(My—Mg)+ %/,

where My is the mass of a wet piece of membrane (after all surface water was removed using a
paper towel), Mg is the mass of the same piece of membrane after drying at 60 °C for 24 h and pp is
the density of PVDF (1.78 g/cm®) and the density of water was assumed to be 1 g/cm3[41]. N2
porosimetry analysis was conducted as specified in Section 2.3 except that each sample was
degassed at 90 °C for 24 h before analysis.

Membrane contact angles (CA) were measured using Kriiss drop shape analyser — DSA25 under
room temperature of 20 °C using PTFE needle of diameter 0.69 mm. 4.0 pL droplet volume was
placed on a membrane and the CA computed using the Young Laplace fitting method. About 10 cm
long strip of each membrane was used for the wettability experiment with at least five CA
measurements taken along each strip and the results averaged. A dead end filtration test to evaluate
the membrane integrity and filtration performance was conducted using Polypropylene In-Line
holder (PP47) from Adventec as membrane module. A FMI “Q” pump (QG20) from Cerampump
operated at a constant flux of 96 Lm2h* was used for the test. Transmembrane pressure was
measured using logged TPI1665 digital manometer. The filtration test cycles involve membrane
compression to 180 kPa for 10 min by filtering with clean water, and then clean water “pre-fouling’
filtration for 40 mins, 2 h oil emulsion “fouling’ filtration, and *post-fouling’ clean water filtration


https://imagej.nih.gov/ij/

for 40 min. After each emulsion filtration, the membrane was removed from the module and the
membrane selective surface was rinsed under flowing tap water to remove reversible foulants.
Before returning the membrane to the module for the “post-fouling’ water permeation, the module
was rinsed with water, 0.1 M NaOH solution and water consecutively; each rinsing lasting for a
period of 40 min to remove any oil residue. The oil emulsion used as fouling solution was produced
by homogenising 0.5 g sunflower oil and 0.1 g Tween 20 and in 1 litre of Elix water using a
Unidrive X 1000 homogeniser operated at 17,500 rpm for 30 minutes [42]. Oil droplet size was
measured by the DLS technique using Malvern zetasizer nano ZS. Membrane rejection was

evaluated based on turbidity reduction as measured by Hanna Instruments Turbidimeter.
3. Results and Discussion
3.1 Particle characterisation

The XRD patterns for the 10 and SIO powders are shown in Figure 1a. These patterns show well
developed standard Bragg peaks for magnetite (Fe3O4) or maghemite (y-Fe203) at 20 values of 30°
(220), 35° (311), 37° (222), 43° (400), 53° (422), 57° (511) and 63° (440) [21, 43, 44]. However,
the black colour of the 10 powder is suggestive of Fe3Os phase rather than y-Fe.O3 [18]. The
similarity between the two patterns in Figure 1a without a distinct broad peak between 26 20-25° is
indicative of minimal silica influence [21] suggestive of a thin silica shell. Using the Scherrer
Equation (Equation 1) for the (311) peak of the IO XRD pattern, the average crystallite size was
calculated as 20 nm. The FTIR spectra for 10 and S10 synthesized particles are given in Figure 1b.
The major peak between 1160-1000 cm is characteristic of the Si-O-Si bond [31, 45] showing the
presence of silica on SIO, while this peak as expected was not present for 10. The BET surface
areas for 10 and SIO as measured from N2 porosimetry were 38 and 29 m?%/g. The slightly lower
surface area for the SIO may be associated to the probable silica coating of aggregated 10 particles.
Assuming a thin silica coating for SIO and using 5.1 g/cm?, the density of bulk magnetite, as
representative density value for both powders, the computed particle size using Equation 2 is 31 and
41 nm for 10 and SI10O respectively. The BET computed particle size of 31 nm for 10 compares with
the XRD derived average particles crystalline size of 20 nm. The BET surface areas and calculated

particles sizes are summarized in Table 2.
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Figure 1. XRD patterns (a) and FTIR spectra (b) for 10 and SIO powders

Table 2. BET surface areas and particle sizes for synthesized particles

Particle BET specific surface  BET derived particle XRD derived crystalline
area (m?/g) size using Equation 2 size using Equation 1

10 38 31 20

SIO0 29 41 -

3.2 Particle dispersion in membrane
Figure 2 shows optical transmission and SEM images of representative membranes at 4 wt.% and
50 wt.% filler as well as images for the filler free P21_S0 membrane. Optical and SEM images at
other filler proportions are presented in the Supplementary Material (Figures S1 and S2
respectively). Also presented in the Supplementary Material is the SEM cross-sectional images
showing typical asymmetric pore morphology of thin skin layer and spongy substructure (Figure
S.3) [39]. In Figure 2, significant surface inhomogeneity can be observed in the PO_S4 membrane
containing no PVP suggesting severe particle aggregations. The P21 and P48 membranes with 21
wt.% and 48wt .% PVP respectively shows a more homogeneous surface feature under the optical
microscope which can be interpreted as indicating that the addition of PVP aided the dispersion of
the hydrophilic nanoparticles across the PVDF matrix. The Sonic membrane (Fig. 2a) showed very
homogenous surface features comparable with the filler-free membrane (P21_S0) (Figure 2b). The
inhomogeneity in the P21 and P48 membranes becomes more obvious at the higher filler proportion
of 50 wt.% (Figure 2b). The P48 S50 membrane appears to show better homogeneity than the
P21_S50 membrane apparently suggesting that as the concentration of PVP increased (i.e. from 21
to 48 wt.%) the hydrophilic nanoparticles were better dispersed further implying that PVP aids filler
dispersion in membranes. Light could not be transmitted through the Sonic_S50 which seems to
suggest good particle dispersion. This appears to be corroborated by the SEM image of Figure 2c
where the homogenous feature of Sonic_S50 is comparable to that of the filler free P21_S0. The
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intense particle aggregation for the PO_S4 membrane resulted in visible tear on the membrane
during casting, thereby undermining its use as a membrane. Consequently, membranes with filler
>10 wt.% were not produced for the PO set.

500 pm 500 pm
' . —— | O c—

250 pm

Figure 2. Optical transmission microscope images of membranes at filler proportion of 4 wt.%

(a), 50 wt.% (b), and SEM images at 50 wt.% (c). Optical and SEM images for P21_SO
membrane are shown in (b) and (c) respectively.

3.2. Crystalline phase

PVDF is known to exist in about four crystalline forms [46, 47]. The B phase appears to be the most
important as it exhibits important properties such as piezo-, pyro- and ferroelectric effects and has
also been associated with enhanced mechanical strength which is important for developing durable
and integral membranes [39, 40, 48, 49]. The polar B phase has also been associated with PVDF
membranes increased affinity for polar molecules [41] and hence can be valuable in the control of
fouling by non-polar contaminants. A number of procedures have been shown to induce or enhance
the formation of the § phase of PVDF including mechanical treatment and the incorporation of
nanoparticles [49, 50]. Infrared spectroscopy is a common technique for characterizing the
crystalline phase of PVDF. FTIR peaks at 763, 796 and 976 cm™, have been associated with the o
phase while peaks at 840 and 1175 cm™ have been linked to the B phase [41, 51]. Figure 3a is the
FTIR spectra for filler-free membranes showing characteristics band for o and  phases of PVDF as
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well as a band at 1660 cm™ that can be associated with C=0 [52] indicative of the presence of PVP
in P21 and P48 but not in the other two membrane sets. It may be noted that peaks for the a phase
are most prominent for the P48 membrane and least expressed for the PO membrane suggesting that
both PVP addition and dope sonication favoured the development of the o phase of PVDF. The
FTIR spectra for PO, P21, P48 and Sonic membranes are shown in Figure 3b, c, d, and e,
respectively. It can been seen that the addition of the nanoparticles decreased the peak for the a
phase for all membrane sets. In fact, the peaks for the o phase practically disappeared at 20 wt.%
filler for P21, P48 and Sonic sets. For the P21 set, a phase peak was also absent at 4 wt.%.
Consequently, the S1O nanoparticles appear to direct/stabilise the PVDF crystalline structure in
favour of the B phase as has been previously reported for silicates [39, 53]. However, at the higher
filler loading of 50 wt.%, the o phase peak is seen to reappear. This observation may be related to
significant interference with the polymer framework with diminished polymer-polymer

entanglement and altered properties due to the presence of large amount of nanoparticles [54, 55].
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Figure 3. FTIR spectra showing characteristics peaks for a and § phases of PVDF, the Si-O-Si peak
for silica, and the C=0 peak for PVP for membranes with no added filler nanoparticles (a) PO
membranes (b) P21 membranes (c) P48 membranes (d) Sonic membranes (e) and the mass fraction
of PVDF f phase determined from FTIR spectra by Equation 3 (f).

Using Equation 3, the computed B phase mass fractions for the membranes under investigation are
given in Figure 3f. These results suggest that in the absence of inorganic filler, both sonication and

PVP addition reduced the formation of B phase as have been noted with the later showing a more
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significant reduction effect. The addition of 48 wt.% PVP reduced the  phase mass fraction from
0.74 t0 0.50. Zhao et al. [51] has previously reported that the addition of a hydrophilic polymer,
poly(methylmethacrylate)(PMMA), favoured a particular PVDF polymorph. In their work, PMMA
was reported to increase the formation of the  phase while in this work the  phase was observed to
decrease with the addition of the hydrophilic PVP. The difference may be associated with the nature
of solvent used for phase inversion or to specific effect of the hydrophilic polymer itself [51].
However the addition of 4 wt.% inorganic filler assisted in the prevention of B phase reduction,
where 0.71 remained. For the PO and P21 membranes (Figure 3b,c), 4 wt.% filler material resulted
in a polymer film with a B phase concentration of 0.85 and 0.92 respectively. The high value of 0.92
for B phase mass fraction for P21_S4 is consistent with the absence of an o phase peak in Figure 3c.
The same amount of filler material, however, decreased the  phase for the Sonic membrane from
0.70 to 0.55. Further filler addition to 20 wt% increased the  phase for the Sonic membrane to
0.84. The P phase fraction declined at the highest filler composition of 50 wt.%, settling to between
0.67 and 0.83 for P21, P48 and Sonic. The P48 membrane maintained the highest B phase of 0.83 at
the maximum filler composition of 50 wt% indicating its crystalline phase was least affected by the
presence of significant amount of inorganic filler interfering with the PVDF polymer framework
probably due to its higher PVP content.

Figure 3f shows relatively complicated trends in the p phase mass fraction with respect to dope
sonication, nanoparticles and PVP addition demonstrating the complex interaction of the PVDF
polymer crystalline phase to membrane fabrication processes and additives. However, the complex
trends of the  phase mass fraction are not limited to membrane relevant processes [49]. In fact, the
trends in Figure 3f is similar to those published by Sajkiewicz et al [50] for the effects of drawing
temperatures on the proportion of B phase in PVDF samples from different suppliers and under
different rate of drawing. The B phase mass fraction was seen to increase with increasing drawing
temperature at diverse rates for these samples, peaked at some point and subsequently began to
decrease at dissimilar rates at higher drawing temperatures.

3.3. Thermal properties

Several articles published on MMM have shown that the addition of silica nanoparticles and
nanoparticle of other materials can lead to substantial improvement in thermal stability [29, 56, 57].
The results of the thermal stability measured by TGA are given in Figure 4. It can be seen that the
addition 21 wt.% PVP (Figure 4a) led to a significant loss in thermal stability, reducing the onset of
thermal induced weight loss for the filler-free membrane from 440 °C for PO_SO0 to 310 °C for
P21_S0. Initial addition of 4 wt.% filler to P21 increased the thermal degradation temperature from
about 310 °C to about 350 °C while the stability improvement for P48 (Figure S4) was from about

13



295 °C to 340 °C. No significant change in thermal stability was observed for the PO set upon filler
addition up to 10 wt.%. This may be the consequence of the limited integration of the filler material
with the polymer network due to the significant filler aggregation observed earlier (Section 3.2).
The observed improvement in thermal stability for the P21 membrane due to filler addition appears
to correlate with the increase in the proportion of the 3 phases as identified in Figure 3. However,
unlike the B phase mass fraction trend, after the initial improvement in thermal stability with the
addition of 4 wt.% inorganic filler, subsequent increase in the amount of the inorganic particles
does not appear to have significant effect on MMM thermal stability. Nevertheless, it appears that
increasing amount of filler may have had a slight negative effect on thermal stability. However, the
lower profile for the 50 wt.% membrane may be due partly to the filler nanoparticles dehydration
since it is composed of the greatest proportion of filler material. For the Sonic membranes (Figure 4
b), the highest temperature of about 440 °C for the initial onset of thermal weight loss was measured
for the filler-free membrane identical to the PO_SO membrane and there appears to be a gradual but
consistent reduction in thermal stability with increase in the amount of filler unlike the PO set
suggesting better integration of the particles in the polymer network. Decreasing thermal stability of
MMM with increasing particle loading has been previously reported [39] suggesting that the
presence of the filler materials are probably physically interfering with the polymer structural
networks or are catalyzing the decomposition of the composite membrane [39, 54, 55].

It seems that while higher B phase mass fraction favours improved thermal stability, the amount of
the filler nanoparticles when considered in isolation seems to impair thermal stability.
Consequently, membranes with high filler fractions even when they possess appreciable amount of
B phase shows relatively lower thermal stability. The addition of PVP appears to weaken the
membrane thermal stability which can be seen by comparing the temperature for the initial onset of
thermal degradation for PO_SO0 of 440 °C to the reduced values of 310 °C and 295 °C for P21_S0O
and P48_S0 respectively. Since the profile for PO_SO closely matches the profile for Sonic_S0, it

may be concluded that dope sonication had no significant effect on thermal stability.
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Figure 4. TGA weight loss profiles for P21 and PO (a) Sonic (b) membranes. The weight loss profile
for P21_S0 and P48_S0 are included in (b).

4.4. Porosity and pore surface area

Figure 5a shows that the bulk porosity for filler-free membranes computed using Equation 4 ranged
from 68% to 90%. Since the matrix density was assumed to be the density of PVDF (1.78 g/cm?®),
this equation was only applied to the filler-free membranes. From Figure 5a, PO_SO, with no added
PVP, showed a bulk porosity of 86% indicative of a porous membrane and suggestive of rapid
demixing during phase inversion [12]. The addition of 21% PVP only provided a marginal increase
in porosity to 90%. For the higher PVP content of 48%, the porosity appears to shrink to 85%. The
limited beneficial effect of the addition of PVP to the bulk porosity of membranes produced in this
work may be associated with a possible increase in dope viscosity due to the high PVP content [12].
At high PVP concentration, the increased dope viscosity has been reported to reduce the rate of
demixing or solvent/non-solvent interdiffusion during the phase inversion process resulting in a less
porous membrane [12]. In addition, during the demixing process, hydrophilic PVP polymer has
been reported to separate from the hydrophobic polymer (PVDF) and to accumulate in developing
pores and channels (PVVDF-lean regions) [58], a process that is expected to reduce the overall
porosity of the membrane as was the case for P48. Sonication, in the absence of PVP, evidently
resulted in the reduction of membrane bulk porosity as the Sonic_SO0 showed the lowest porosity of
68%. The result may also be associated to the effect of dope viscosity increase due to local high
temperature developed in the dope during the sonication process [59, 60] that may have increased
the rate of solvent evaporation. In addition, the intense energy of the ultrasonic energy [59] may
result in better dissolution of the PVDF polymer due to greater unfolding of the polymer molecular

chains [47]. Well dissolved PVDF has been reported to result in higher dope viscosity [47]. The

15



higher viscosity of the casting dope from sonication is expected to result in limited demixing and
therefore less porous membranes [12].

BET specific surface areas for all membranes studied in this work are shown in Figure 5b. The
specific surface area ranged from 10 m?/g to 30 m?/g showing the degree of porosity within the
PVDF that is accessible by N2 molecules. Specifically, the Sonic membranes showed the least pore
surface area at all filler proportions. These results are consistent with the bulk porosity results
discussed in the previous section where sonication was seen to result in less porous membrane. In
the absence of fillers, the PO membrane is seen to exhibit a higher BET specific surface area than
P21 and P48 membranes but in the presence of filler materials, the effect was reversed and the PO
membranes showed lower pore surface areas than the PVP containing membranes. The lower BET
surface area for P21 and P48 membranes in the absence of fillers may be explained by a possible
trapping of PVVP chains in PVDF pores [58] thereby reducing the surface for N2 absorption. The
subsequent higher BET specific surface area for the PVP containing membranes in the presence of
fillers may have resulted from the contribution to the total surface area provided by the fillers due to
their relatively better dispersion in the presence of PVP (Section 4.1). However, since the fillers
also fill up matrix pores, higher filler amounts did not result in further improvement in the BET
specific surface area except for the Sonic membranes. The addition of nanoparticles could lead to
higher membrane specific surface area due to the contribution to the total surface area provided by
the nanoparticles (SIO BET specific surface area was 29 m?/g ) or it could lead to reduction in the
net surface area if the particles substantially fill up the pores of the polymer matrix [3, 61]. These
two contrary tendencies appear to influence the trend of the membrane pore surface with increasing
amounts of filler. The contribution to the specific surface area from SIO particles for the Sonic
sample may explain its sudden rise in BET specific surface area at 50 wt% filler, especially
considering that the Sonic membranes uniquely had lower surface area compared to membranes
with PVP.
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Figure 6. SEM images of the skin-layer surface of 10 wt.% membranes

The close-up SEM image of the selective surfaces of the membranes at 10 wt.% filler is given in
Figure 6. Images at other filler proportions are provided in Figure S5. The number of visible pores
on the surface of the Sonic membrane is much lower than those of the other three membranes
further indicating that sonication results in reduced membrane porosity. Consistent with the bulk
porosity and the BET specific surface areas, the SEM image indicates that significant amount of
pores can develop in a PVDF membrane in the absence of a pore former like PVP. The surface
porosity for membrane skin layer computed from SEM images is shown in Table 3 as detected and
analysed by ImageJ. The surface porosity values appear to roughly follow a trend similar to the bulk
porosity of Figure 5a. However the porosity is an order of magnitude lower than the bulk PVDF,
which is expected considering the skin layer has a more dense structure to provide the membrane
with its selective function. The Sonic membrane is shown to have the lowest surface porosity
indicative of a less porous membrane while the P21 membrane appears to show the highest surface
porosity except at 20 wt.% filler. The slightly lower surface porosity value of the P48 membrane
even with respect to the PO membrane except at 20 wt% filler once again indicates that high PVP
concentration results in less porous membrane probably due to increase in dope viscosity [12] or
due to pore filling by trapped PVP [58]. The relatively high surface porosity for the PO membrane
can be taken to imply that in the absence of a pore former, significant amount of pores can still
develop in a PVDF membrane. However, it can be observed from Figure 6 that the presence of PVP
appears to result in the development of skin layers with distinct nodular structures [58] and round
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pores though with apparently rougher surface morphology. From Table 3, it appears that the surface
porosity for all membranes appear to increase with added filler with the P48_S20 membrane being
the sole exception to this trend. A possible explanation for the positive correlation between filler
amount and surface porosity is that the presence of fillers provides rigidity for the membrane such
that pore collapse or shrinkage is reduced. Another possible explanation may be the loss of more
surface hydrophilic fillers into the coagulating bath during the phase inversion process as the

amount of initial filler increased resulting in more pores in the membrane structure [62].

Table 3. Surface porosity computed from ImageJ analysis of SEM images

Membrane Surface porosity (%) for various filler concentrations
4 wt.% 10 wt.% 20 wt.% 50 wt.%
PO 3.3 5.4 - -
P21 3.8 5.8 6.7 11.3
P48 2.4 4.5 8.4 6.8
Sonic 0.7 1.1 1.5 3.0

4.5. Membrane wettability

The water CA of the membranes is shown in Figure 7a. Significant fluctuations in measured CA
ranging from about 70 to 90 ° were observed for the membrane at varying filler amounts. Filler
additions appear not to have any discernable effect on the membrane CA, likely because of
interference from membrane roughness and limited filler dispersion as discussed in Section 3.2.
Particle aggregation reduces the effective amount of hydroxyl groups in direct contact with the
water drop [29, 61] and also provide an uneven and rough surface so that part of the water drop
makes no contact with the membrane but is suspended in air resulting in high CA [63]. Overall, it
can be said that the CA for all the membranes based on Figure 7a are similar irrespective of the
amount of hydrophilic additive or ultrasonic treatment. However, during the CA measurement, a
record was kept of the rate of decrease of the CA (CA-d) with time for the membranes. The trends
for this dynamic behavior are presented in Figure 7b. This result shows there is significant
difference in the interactions between the different membrane sets and water which is indicative of
varying wettability properties not captured by static CA results of Figure 7a. The P48 showed CA-d
up to about 2 °/s while the values for the PO membranes were <0.05 °/s. The CA-d is related to the
rate of water penetration into the membrane via capillary action which have been shown to be
dependent on the effective water CA with the substrate [64]. Consequently, it can be said that the
membrane wettability or affinity for water improved considerably with the addition of PVP and
hydrophilic inorganic particles. The relative decrease in the CA-d for the P21_S50 membrane may

be related to poor particle dispersion as shown in Figure 2b. It is likely that the specific effect of
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PVP is to connect the hydrophilic inorganic particles so that water molecules are attracted to
particles further away from the membrane surface [65]. Since the demixing process during phase
inversion result in an interconnected PVDF-lean and PVP-rich regions forming the membrane pore
network [58] it can be expected that the hydrophilic nanoparticles are more likely to be associated
with this PVP interconnected network [65]. In this system, water molecules on the membrane
surface can be rapidly adsorbed into the membrane, being transferred from one particle to the other
with the help of the hydrophilic connectivity provided by PVP polymer chains resulting in the great
water affinity shown by the P21 and P48 membranes but not by PO and Sonic membranes. For the
Sonic membranes, the powerful dispersing effect of ultrasonication locked much of the hydrophilic
particles within the hydrophobic polymeric matrix restricting contact with water. During the phase
inversion process for the Sonic membranes, well dispersed hydrophilic particles on the dope
interface migrated more readily into the non-solvent polar water phase [62] and away from the
hydrophobic PVDF matrix thereby depleting surface hydrophilic particles while well-secured or
“locked” particles remained within the hydrophobic PVDF matrix. The overall effect is that the
Sonic membranes showed limited affinity for water. However, the Sonic membranes showed a
slightly higher CA-d than the PO membranes suggesting that the better particle dispersion for the
Sonic membranes allowed for slightly more water penetration and that some amount of hydrophilic
particles remained on the membrane surface while severe particle aggregation meant that water

penetration was very low for the PO membranes.
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Figure 7. Water contact angle (CA) on membrane taken as the first stable angle before percolation
induced decrease (a) and water contact angle rate of decrease with time due to water penetration into
membrane under capillary action (CA-d) (b). Standard errors for at least five measurements are
specified.
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4.6. Membrane integrity and filtration performance

Operating under constant fluid flux of 96 L/m?/h, the transmembrane pressure (TMP) was recorded
for the evaluation of the membrane filtration performance under dead-end mode. The Sonic
membranes all resulted in very high “‘pre-fouling’ clean water filtration TMP with some TMPs
rising almost instantaneously to over 600 kPa and the tests were consequently terminated as it
exceeded the capacity of the experimental setup. Due to the already mentioned visible tear on the
P0_S4 and PO_S10, these membranes were excluded from the filtration tests. Although the PO_SO
membrane showed reasonable ‘pre-fouling’ clean water TMP of 140 kPa, it failed to achieve a
stable emulsion filtration as its TMP rose rapidly to more than 600 kPa and the filtration test had to
be discontinued. Only the P21 and P48 membranes sustained emulsion and water flux below 600
kPa. These outcomes were not unexpected as integral membranes usually benefit from both
sonication and PVP addition that were eliminated or isolated in this work. The “pre-fouling” and
‘post-fouling’ water flux for the P21 and P48 membranes are shown in Figure 8. It can be seen that
the P21 and P48 membranes permeated clean water at TMP less than 30 kPa underscoring the
positive effect of PVP addition in improving water permeation consistent with their higher CA-d
values. It has also been reported that the presence of PVP results in high interconnectivity of pores
[58] as a consequence of the migration of PVP molecules to PVDF-lean water interface regions
during the phase inversion process and subsequent loss of some of the PVP molecules into the
coagulating bath leaving behind channels connecting membrane pores. The lower TMP for the P21
and P48 membranes may have benefitted from both higher pore connectivity and more hydrophilic
property due to the presence of PVP.

The average TMP for the ‘post-fouling’ constant flux of clean water for oil-emulsion fouled P21
and P48 membranes is given in Figure 8b. The greater proportion of the emulsion oil droplet sizes
ranged from about 10 to 1000 nm (Figure S6). It can be seen in Figure 8 that the addition of
inorganic fillers resulted in an overall significant reduction in the TMP when compared to the filler-
free membrane, a trend that may be associated to the hydrophilic effect of the inorganic fillers.
Improved membrane hydrophilicity due to the presence of inorganic particles resulted in decreased
capillary resistance to water flow [66]. However, the TMPs appear not to reveal a discernable trend
with regards to increasing amount of filler. Nevertheless, a consideration of the turbidity rejection
(Figure 8c) indicates that higher filler fractions seem to result in better membrane rejection.
Increasing MMM rejection with increasing inorganic amount of filler have been previously reported
[17, 57]. 1t was suggested that such a trend benefits from improving hydrophilicity arising from
increasing amount of filler [57]. Hydrophobic impurities in water such as emulsified oil permeate

the membrane pores less readily as hydrophilicity increases thus improving rejection. The rejection
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results may also be indicative that large pores and defects in the MMM were apparently more
effectively blocked by the inorganic particles at higher filler fractions. The standard error for the
P21 membranes were generally very large which may be attributed to the limited homogeneity of
the membranes as previously noted in section 3.2.

Better membrane performance for the PVP containing membranes may potentially result if the
polymer were dissolved at higher temperature as a consequence of a lower viscosity dope rather
than at room temperature as was done in this work. However, one of the specific interests of this
study was to explore the particular effects of PVP addition; future work may study how temperature
enhances the PVP contribution to the membrane integrity. The rejection values for the filler-free
membranes were not given because only limited permeate could be collected as the membrane

fouled extensively and the test had to be terminated.
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Figure 8. Transmembrane pressure at constant water flux of 96 L/m?/h for clean membranes (a), oil
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The effects of PVP addition and dope ultrasonication on hydrophilic nanoparticles dispersion, pore

development and pore connectivity which ultimately determine the membrane wettability and water

permeability are summarized in Figure 9.
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Figure 9. The effects of dope sonication and PVP addition on some of the properties of PVDF
MMM showing pore developments due to nucleation of the polymer lean phase but limited
connectivity (a); severe nanoparticle aggregation due to the hydrophilic nanoparticles
incompatibility with the hydrophobic PVDF (b); pore connectivity arising from PVP migration to
the polymer lean phase during phase inversion and subsequent loss of some of the PVP molecules
into the coagulating bath leaving behind connecting channels (c); limited hydrophilic nanoparticle
dispersion arising from the bridging effect of the hydrophilic PVP (d); good nanoparticle dispersion
but limited interconnection between particles and diminished pore development as a consequence of
dope sonication (e).

23



5. Conclusions

Based on the results of this study, the following conclusions have been drawn on the effect of PVP
addition and dope sonication on the properties of PVDF MMM:

1. Dope sonication is a very effective means of dispersing hydrophilic fillers within hydrophobic
polymer matrix although limited particles dispersion can be achieved by the addition of a
hydrophilic polymer like PVVP.

2. In the absence of inorganic fillers, the PVDF B-phase decreased by 6% upon sonication and by
32% when 48 wt.% of PVP was added. However, at 4 wt.% filler, the highest B-phase mass fraction
of 0.92 was recorded for the P21 membrane while the B-phase for the Sonic membrane reduced to
its lowest value of 0.55 demonstrating membrane crystallinity dependence on dope treatment.

4. PVP addition is shown to result in significant reduction in temperature for the initial onset of
membrane thermal degradation from 440 °C to 295 °C upon addition of 48 wt.% PVP. For PVP
containing membranes, the initial addition of inorganic filler led to substantial improvement in
thermal stability. Sonication did not appear to affect the thermal stability of the membrane but the
addition of fillers to the Sonic membranes resulted in a steady but gradual reduction in the
temperature for the onset of initial thermal degradation.

5. In the absence of PVP, the addition of even large amount of inorganic filler material provided
only minimal improvement in membrane hydrophilicity for the Sonic membrane. However, in the
presence of PVP, the membrane water affinity was enhanced considerably resulting in rapid water
adsorption into the membrane. It is seen that dynamic CA which relates to the rate of CA decrease
rather than static CA is a good measure of membrane wettability.

6. Dope sonication in the absence of PVP results in tight membranes with very low permeation for
water. The presence of both PVVP and inorganic filler resulted in the constant flux permeation of
water at low TMP. Increasing filler amount was seen to result in better turbidity rejection.
Consequently, dope sonication and PVP addition are useful methods to provide more control over
PVDF MMM integrity, homogeneity, crystallinity, thermal stability, porosity and permeability for
water treatment applications. The results of this study provide new data for optimizing MMM
design for water treatment applications.
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