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Abstract

Hydrophobic, chemically resistant nanofiltration (NF) polymeric meémbranes could provide major
improvements to a wide range of processes, from pharmaceutical manufacturing to hazardous waste
treatment. Here, we report_the fabrication of the“first poly(vinylidene fluoride) (PVDF) NF
membranes retaining théir hydrophobicity and surface€hemistry. This was achieved by incorporating
in the polymer 2D¢siloxene, which'induce a compaction of the!PVDF chains, resulting in low free
volume and a highly ordered microstructure: Siloxene nanosheets were obtained from deintercalation
of Ca from CaSi; using, HCI, followed by exfoliation and size fractionation, with average lateral
diménsionof 1 ~ 2 pm and thickness of 3= 4 nm. The resulting membranes, containing 0.075 wt.%
of siloxeng, have a pure water permeance of 22 = 2 L m™ h'! bar! and molecular weight cut-off
(MWCO) of 530 Da» The same membrane also showed stable hexane permeance of 11 L m™ h'! bar
! for 24 h with MWICO of around 535 Da. These results supersede the performance of commercial
NF membranes, expanding the potential application of nanofiltration to processes requiring stable,

chemically resistant and hydrophobic nanofiltration membranes.
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1. Introduction

Nanofiltration (NF) membranes are widely used in a range of separation processes such as
water/wastewater treatment, food processing, chemical transformations, textile manufacturing,
pharmaceutical production and others [1]. This success is due to a range of characteristics, including
high permeance, molecular-scale molecular weight cut-off (MWCO), low energy consumption and
operation costs [2]. Most commercial NF membranes are thin film‘compositey(TFC) membranes
composed of a thin cross-linked polyamide (PA) separation layer obtained via interfacial-
polymerisation deposited on a microporous polysulfone mé€mbrane support, which is cast on non-
woven fabric [1, 3]. PA TFC membranes, however, suffer from a number of limitations, particularly
low stability to chlorine [4-6], and selectivity-permeability, trade<off [7]. In contrast, polyvinylidene
fluoride (PVDF), one of the most commonly used polymeriec, membrane materials with inherent
hydrophobicity, possesses excellent chemical resistance, thermal stability, and mechanical strength
[8, 9]. Due to these properties, PVDF membranesynow occupy a large market share of commercial
microfiltration (MF) and ultrafiltration (UF) ‘membranesjfor applications such as drinking water
production, pre-treatment for RO systems and‘ wastewater treatment, gas-liquid absorption and
membrane distillation [9, 10]. In most cases, PVDF membranes are hydrophilized for better
performance in water treatment, There is, however, no commercial PVDF NF membrane available in

the markets

Cureeént research on fabrication of PVDE, NF membranes can be grouped into two categories, i.e.,
surface modification and blending modification. In the former, TFC membranes are obtained by
forming a NFseparation layeron top of'a PVDF UF support via techniques such as surface coating
[3, 11], grafting[ 12], eleetrospinning [ 13], interfacial polymerization [14], cross-linking [15], plasma
treatment [ 16] or electret treatment [17]. For the latter, additives such as functionalized nanomaterials
[18, 19] and surfactants {20] have been employed to prepare PVDF NF mixed-matrix membranes
(MMMs). In the former case, the PVDF support does not contribute to the NF rejection performance,
whereas the majority of the resulting MMMs are more hydrophilic than the bare PVDF membranes.
In both cases, the inherent inertness of PVDF is not fully utilized, limiting the potential applications

of PVDF NF membranes in harsh conditions e.g., chlorine cleaning or organic solvent nanofiltration.



In this work, a two-dimensional (2D) nanomaterial, siloxene, was used as additive to prepare PVDF
NF membranes without compromising the advantageous properties of PVDF material. Siloxene,
prepared by deintercalation of Ca from CaSiz, has a 2D corrugated structure composed of Sis rings
interconnected by Si-O-Si bridges and terminated with hydroxyl groups [21, 22]. Thus far, research
on siloxene has focused on its potential applications in photocatalysis, semi-conductors, anodes in
batteries, electrodes for supercapacitors, etc. [21-24], but not as additives in membrane-based
separations. Compared to graphene and graphene oxide, siloxene dlso have a 2D structure, but are
structurally amorphous with good flexibility [21, 22]. Here, §iloxene were introduced as an inert
additive to alter the internal arrangement of polymer chains in PV DE membranes. The NF feasibility
of the PVDF/siloxene mixed matrix membranes (named as PV Si) was assessed by filtrating a series
of dye and salt in aqueous and organic solvent solutions using a erossflow filtration setup. It was
found that the addition of siloxene successfully extended the application of PVDF membtanes to both
water and organic solvent NF separations,hscomparable to commetcial NF membranes, without

compromising the advantageous surface and physicalproperties of PVDF memibrane.
2. Materials and methods

2.1 Materials

Calcium silicide (CaSi», technical gradeypSigma-Aldrich)yhydrochloric acid solution (HCI, purity =
37%, VWR) and acetone (purity = 99%, VWR) were eémployed for siloxene synthesis. Polyvinylidene
fluoride (PVDF, average Mw.~ 534,000 gumol!, Sigma Aldrich) and N-Methyl-2-pyrrolidone (NMP,
purity >99%, Acros Organies) were used for membrane preparation. Various dyes along with four
salts (as summarized in Table'SS in the Supporting Information) were used to evaluate the rejection
performance of membranes in water and n-hexane (purity > 95%, Fisher Scientific). All the chemicals
were used as received. Deionized (DI) water and ultrapure water (resistivity of 18 MQ cm!) were
produced using Purelab® Chorus 1 Complete water purification system (Elga LabWater, Veolia
Water Systems LTD).



2.2 Preparation and characterisation of siloxene

The 2D siloxene nanosheets were synthesized by topochemical transformation of CaSiz in HCI (Fig.
S7 in the Supporting Information) [22]. Briefly, 1 g of CaSi> powder was mixed with 100 mL of 37%
HCI solution at 0 °C for 4 days. During the reaction, Ca was deintercalated from layered CaSi> and
the color of the mixture was changed from black to green. After the reaction, the resultant layered
siloxene product was washed with acetone and DI water, followed by &xfoliation in an ultrasound
bath (40 kHz, Cole-Parmer). The obtained siloxene were then subjected to centrifugation at different

speeds to achieve desirable size and thickness.

The nanosheet morphology with elemental mapping wasdnvestigated'by high-resolution TEM (JEM-
2100Plus, JEOL) with EDS detector (X-Max detector,) Oxford, Instruments) and"SAED was also
obtained. The average thickness of the nanosheets was measured by AFM (Asylum Research Jupiter
XR, Oxford Instruments). FTIR analysis was performed on'siloxene-embedded KBr pellets using a
Frontier FTIR spectrometer (Perkin Elmer) and’Raman spectra were recerded with a RM 1000 Raman
Microscope (Renishaw) at 532 nm. XRD (D8-Advance PXRD, Bruker) with Cu Ka1 radiation source
was operated at 40 kV and@0"mA (0.015° step size) to examine the crystallinity and phase of the
siloxene powders. XPS was performed using a K-alpha+ spectrometer (7hermo Fisher Scientific)
with survey scans recorded at, 150 eV (1 eV step size) and high-resolution scans at 40 eV (0.1 eV step

size).

2.4 Preparation of PVSi membranes

The mixed-matrix PVDFNF membranes wereprepared using the phase inversion technique. Siloxene
was first dispersed,in NMP with controlled concentration by solvent exchange, after which a certain
amount of PVDFwas dissolvedin the nanosheet suspension to prepare dope solutions with different
compositions, as shown in"Table 1. The dope solution was left overnight to de-gas, and the dope
solution was then cast on a glass plate with thickness of 50 pm. The nascent polymer film was exposed
to air for 15 s to let solvent partially evaporate. The cast film was then immersed in a water

coagulation bath. Water was changed regularly to remove any residual solvent.



Table 1. Dope compositions for the PVDF/siloxene mixed matrix membranes.

Membranes PVDF (wt.%) NMP (wt.%) Siloxene (wt.%)
PVSi-0 17.500 82.500 0
PVSi-025 17.500 82.475 0.025
PVSi-050 17.500 82.450 0.050
PVSi-075 17.500 82.425 0.075
PVSi-100 17.500 82.400 0.100
PVSi-150 17.500 82.350 0.150

2.5 Characterization of PVSi membranes
The membrane cross-sectional morphologies wer€ investigatedyby FE-SEM (JSM=6301E, JEOL).
Membrane samples were fractured in liquid nitrogen to tetainytheir ctoss-section structures. All the

samples were sputter-coated with chromium of 10 nm thickness prier to SEM observation.

Hydrophilicity of the membranes was assessed using water contact angleigoniometer (OCA15, Date
Physics) in sessile mode at room temperaturey, 1 L droplets of water were used and the values

reported are the averageOf ten measurements at different positions.

The surface zeta potential of each membrane samplezwas measured using a Zetasizer Nano (ZS,
Malvern Instruments Ltd.) with the surface Gaccessory; at neutral pH = 7.0. A tracer solution was
prepared by adding a low, concentration of polystyrene in 10 mM NacCl solution. Each sample was

measured atleast three times and the'reported values were the average of the measurements.

The surface roughness of the.membrane samples was assessed by AFM (AFM Multimode IIIA,

Bruker) in tapping mode over scan areas of 5 x 5 um?.

ATR-FTIR (Frontier, Perkin Elmer) was employed to characterize the chemical bonds on the
membrane surface. The spectra were collected in the wavenumber range of 4000 to 600 cm by

accumulating 10 scans at a resolution of 4 cm!.



The distributions of siloxene on membrane surfaces were investigated by Raman mapping (RM1000
with inVia system, Renishaw) at 532 nm [25]. Areas of 100 x 100 um? were scanned on each

membrane sample with the line mapping technique.

XRD (D8-Advance PXRD, Bruker) with Cu Kal radiation source (1.5406 A) was operated at 40 kV
and 40 mA (0.015° step size) to examine the compactness of the PVSidmembrane samples. The
obtained spectra were analyzed using CrystalDiffract software (Crystd@lMaker Software Ltd, UK). 20
values are reported in Table 3 with 4 significant figures for ease of readability, whereas the original

values have 6.

The melting behavior of each membrane sampleswas characterized using differential scanning
calorimetry (DSC Q20, TA Instruments). The samples‘were heated ftom room temperature (~ 20 °C)
to 220 °C with a ramping rate of 10 °C min’'. The percentage erystallinity of PVDF in€ach sample

was determined by

crystallinity (%) = “2m x 100% (1)

AHY,

where AH,, is the enthalpy associated, with membrane melting and AH°,, is the theoretical melting
enthalpy of 100% erystalline PVDF; which is 104.7 J'g:'. The reported data were the average of three

measurements taking from the same' membrane sample.

The dynamic mechanical properties of the membrane samples were analyzed using dynamic thermo-
mechanical analysis (DMAL, Mettler Toledo) in auto-tension mode. The samples were cut into 20 x
5 mm? strips. The sample strips were heated from — 80 °C to 145 °C with ramping rate of 3 °C min'!

in air. The data recorded were the average of three measurements.

2.6 Performance of PVSi membranes

Pure water and hexane permeation tests were conducted using a dead-end filtration cell (Sterlitech
Corporation) connected with a 5 L feed tank. The operating pressure was fixed at 2 bar with
compressed air. All the samples were compacted for 3 h prior to sample collection. The permeance,

K (L m! h'! bar!), of the membrane was calculated by using Equation 2:



v
K= AtApA (2)

where K is the permeance, V' is the permeate volume, 4 is the effective membrane area (i.e., 14.6
cm?), At is the time for permeate collection and Ap is the operating pressure (i.e., 2 bar). After the
pure water or solvent test, the membrane sample was transferred into a cross-flow cell for the rejection
tests of different dyes and salts. The concentrations of all the dye feed solutions were 0.01 g L,
whereas the concentrations of salt solutions were 1 g L' except fordNaCl, whieh was 2 g L'!. The
concentrations of dyes and salts in the feed, permeate and retentate solutions,were measured by UV-
visible spectrophotometer (Cary 100, Agilent) and conductivity. meter (Thermo Fisher), respectively.
The rejection of the tracer was calculated using Equation 3:

R = (1 —E—i) x 100% 3)

where R is the rejection, C, and Cr are the tracer concentrations in the permeate and feed solutions,

respectively. The mass balance for each rejection testawas also calculated according to

mass balance (%) = % X 100% (4)

where C. is the tracer concentration in the retentate solution, V,, V- and Vrare the volume of permeate,
retentate and_feed solutions, respectively. Representative UV-vis spectra and photographs of feed,
retentaté and permeate can be found in Fig. S8. For all the filtration/separation tests, at least three

samples were tested for each membrane and,the average value was recorded.
2.7 Estimation of dyes hydrated radii

The chemical structures of the dyes were first drawn using ChemDraw Professional 19.1
(PerkinElmer) and thenimpotted into Chem3D. The CAA of each structure was computed using the
Molecular Mechanics 2 Minimize Energy method which considers a sphere with a radius of 1.4 A.
Minimum root mean square gradient was set to be 0.1. The hydrated radius of each dye was then

estimated based on the correlation between CAA and hydrated radii [26, 27].

3. Results and discussion



3.1 Characterization of siloxene

The 2D siloxene were synthesized by deintercalation of Ca from CaSi> using HCI, followed by
exfoliation and size fractionation. The morphological characteristics of the exfoliated siloxene were
studied by transmission electron microscopy (TEM). Fig. 1a and Fig. 1b show that the nanosheets

have an average lateral dimension of 1 ~ 2 um and have a high degree of transparency, uniform and

homogeneous contrast, which indicate their ultrathin nature. Few, iloxene were also

observed, likely due to the surface tension of the solvent pulling into close contact during

observations from TEI
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interconnected by Si—O idges.[31, 32] The broad band around 3400 cm™! is attributed to the
hydroxyl groups at the edges and surface of the siloxene formed by oxidation and hydroxylation
during the synthesis reaction.[22, 32] Raman spectrum of siloxene is displayed in Fig. 2b, which
clearly shows the presence of Si—Si vibrations (370 cm™ and 517 cm™), Si—O vibration (494 cm)

and Si—H vibrations (638 cm™', and 733 cm™) [21, 22]. The peaks at 370 cm and 517 cm™! and the

small shoulder at ~ 410 cm™! are ascribed to the corrugated Si (111) planes in siloxene [33]. X-ray
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diffraction (XRD) was performed to analyze the potential crystal structure of siloxene. The XRD
pattern in Fig. 2c shows no sharp diffraction peaks, which coincides with the amorphous nature of
siloxene detected by SAED. On the other hand, two broad peaks at 24.3° and 47.5° are characteristic
2D peaks, corresponding to the Si (100) and (110) planes [31, 34]. This might be explained by the re-
stacking of nanosheets in the dry and powdered siloxene sample. Therefore, the XRD data suggested
that the synthesized siloxene product was successfully exfoliated into individual nanosheets, which

were restacked as a-few-layer units [30].
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Fig. 2. Spectra of siloxene: (2),FTIR; (b) Raman; (c) XRD; (d) XPS survey scan; XPS high-resolution scans of (e) Si 2p

and(f) O Is.

X-ray photoelectron spectroscopy (XPS) was performed to investigate the chemical states of the
elements in siloxene. The survey scan of siloxene in Fig. 2d shows the presence of silicon (102.3 eV
and 153.8 eV), oxygen(532.7€V) and adsorbed carbon impurities (284.7 eV). High-resolution scans
of Si 2p and O 1s were also conducted to study the oxidation state of Si. The core-level spectrum of
Si 2p is presented in Fig. 2e and has two peaks at 100.1 eV and 103.1 eV corresponding to Si of 2D
network and oxidized Si, respectively [31]. In addition, four peaks could be deconvoluted from the
Si 2p spectrum at binding energies of 99.4 eV, 100.4 eV, 102.6 eV and 103.4 eV, which are assigned

to Si°%, Si'*, Si** and Si** oxidation states, respectively [35]. Fig. 2f displays the high-resolution scan

10



of O Is with a peak at 532.7 eV referring to the Si-O bond. The results of XPS analysis provides
direct evidence that the Si in the nanosheets are connected by Si-O-Si bridges and terminated with

hydroxyl functional groups,[21, 22] confirming the integrity of the siloxene after exfoliation.
3.2 Characterization of PVSi membranes

The obtained siloxene was employed as an additive to prepare PVDF mixe@ matrix membranes. The
pure PVDF membrane control sample is named as PVSi-0, and the MMMs are labelled as PVSi-025,
PVSi-050, PVSi-075, PVSi-100 and PVSi-150 corresponding to the diffetent loadings of siloxene
(0.025,0.01, 0.075, 0.1 and 0.15 wt.%). Fig. 3a shows the fieldiemission scanning,electron microcopy
(FESEM) micrograph of the overall cross-sectional strueture of PViSi-075, which is répresentative of
all other PVSi membranes (Fig. S1 in the Supperting Information), all (with or without, silexene
addition) possessing a similar asymmetric structure [36, 37]. Generallyjthe membranes are composed
of a porous sublayer containing macrovaids [37] extending from the skin layer to the bottom and a ~
100 nm dense top layer (Fig. 3a) with an overall thickness of around 20 £,1 um (analyzed with Image

D).
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Fig. 3. Characterizations of PVSi-075 membrane: (a) FESEM micrograph of membrane cross section; (b) Raman mapping
of the distribution of siloxene on membrane surface (the bright pixels represent the location of siloxene); (¢) AFM

micrograph of membrane surface; (d) FTIR-ATR spectrum and (e) XRD spectrum.

When investigating MMMs, the distribution of inorganic additives in the polymer matrix is crucial
since fillers tend to form agglomerates leading to phase separation and hénce, poor properties and
performance [38, 39]. Here the distribution of siloxene in the PVSi mémbraneswas investigated via
Raman mapping (Fig. 3b and Fig. S2 in the Supporting Information), whereithe Raman intensity at ~
519 cm™! was marked as bright spots. Larger amounts ofisiloxene were detected on the PVSi
membranes’ surface as the siloxene loading increaséd. In addition, large ‘agglomerates of the
nanosheets were observed for PVSi-100 and PVSi=150 samples, suggesting that there is asthreshold
loading of siloxene in PVDF membrane beyond which agglomeration occurs, in agreement with most
literature on MMM s [25]. The existencelof siloxene agglomerates on the membrane’s surface would
decrease the compatibility between the polymer and the nanosheets, which, in turn, could lead to a
heterogenous distribution of the inorganic fillets and the formation of defects/voids.[9, 40] In MMMs
using other 2D materials,this has resulted in an inereasedn solventiflux but reduction in the rejection
performance [25], asfindeed observed for the PVSi=100 and PVSi-150 membranes, as discussed in

the following section.

The AEM micrographsyin Fig. 3¢ and in"Fig. S3 in the Supporting Information show the surface
morphologics of PVSt membranes."As summarized in Table 1, there is no obvious change in the
membranes’ surface roughness upon addition of different amounts of siloxene. Similarly, the addition
of siloxene did not modify the'wetting behavior, surface charge, melting temperature nor degree of
crystallinity compared to the pure PVDF membrane. This is critical, as the sought-after characteristics
of PVDF (chemical inertness, negative surface charge and high contact angle) are preserved with the
addition of siloxene, which, however, enables making PVDF membranes in the nanofiltration range.
Compared to other membrane samples, PVSi-075 showed a slight difference, including relatively
lower contact angle and surface roughness, but higher surface zeta potential, melting temperature and
crystallinity degree. However, the data are all within experimental error and no definite relationships

could be established between the siloxene loading amount and the physical properties of the

12



membranes. On the other hand, Young’s Modulus and storage modulus (Table 2) of the PVSi
membrane show a clear increasing trend as the siloxene loading amount increases. In particular, with
the maximum 0.15 wt.% siloxene added, the Young’s modulus and storage modulus increased from
63.1 £ 0.8 MPa to 94.0 + 2.2 MPa and from 62.7 + 0.8 MPa to 93.7 + 2.2 MPa, respectively. Similar
findings have been reported for other PVDF MMMs [8, 41].

Table 2. Summary of the physical properties of PVSi membranes.

Sample Water Surface Ra Rq Melting Degree of Young’s Storage
Contact Zeta (nm) (nm) Temperature * Crystallinity Modulus Modulus
Angle Potential O (%) (MPa) (MPa)
© (mV)

PVSi-0 85+2 -709+3 11.6+1.5 147+1.5 147 +2 55+1 63:1+£0.8, 62.7+0.8
PVSi-025 83+2 -73.3+4 11.8+1.2 147+1.6 146 + 1 54+3 644+33 64.0+3.4
PVSi-050 82+2 -723+3 105+1.3 13.5+1.5 146 £ 1 53+ 3 71.7+£09 1 71.3+0.9
PVSi-075 79+£3 -71.7+3 10.8+1.1 13.8+1.3 148 +3 55+3 72.1+£09 “71.7+09
PVSi-100 84 +2 -722+3 10.6+0.5 133+£0.5 147+2 56+ 1 782+13 778+12
PVSi-150  85+2 71.6+4 11.6+£2.7 14.6%3.1 146 + 1 56+3 94.0+22 93.7+22

Attenuated total refle€tion FTIR'(ATR-FTIR) on the PVSi membranes was conducted to study the
surface chemistry. As shown in Fig. 3d and Fig. S4 in the Supporting Information, all the membrane
samples showsmainly the typical spectra of PVDE. For example, the characteristic peaks at 1403 cm-
"'and 1480 cm'! are‘assigned to the —CE; deformation and stretching vibration bonds [42]. The bands
at 976 em!, 762 cm™! and 614 cm™! are the chatracteristic of a phase absorption, and B phase can be
identified from the peak at 839 em™! and the shoulder at 1277 cm! [43]. Comparing all the spectra
(Fig. S4 in the Suppotting Information), a small new peak at 1655 cm™ appeared in the spectra of
sample PVSi-075, PVSi-100.and PVSi-150, and it could be ascribed to the Si—OH stretching vibration.
Meanwhile, the absence of the v(OH) vibration in siloxene at 3400 cm™! indicates that the addition of
siloxene had little effect on the surface hydrophobicity of PVSi membranes, which is consistent with
the water contact angle data in Table 1. In contrast, the surface chemistry of the PVSi MMMs were
not changed by the incorporation of nanosheets, which means that the chemical resistance of PVDF

material is successfully retained upon the addition of siloxene.
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Fig. 4. XRD patterns of all PVSi membrane,samples:

XRD was employed to investigate the effect of siloxene on the PVDE polymer at the molecular scale,
hence, to evaluate chain ordering in the mixed matrix membranes. The XRD patterns of all the PV Si
membranes are shown indig. 4, and the interpretation of the patterns.is summarised in Table 2 (all
the data listed in Table Shin the Supporting Information). The three intense diffraction peaks at 18.3°,
19.9° and 26.5° appearing in all the membrane samples eorrespond to a-phase PVDF crystal [41, 43]
The two bread XRD,peaks of siloxene at 24.3° and,47.5% could not be clearly observed for any of the
PVSismembrane samples due to ‘overlapping of the peaks (Fig. 4). As shown in Table 2, there are
only tiny changes in the 2@ location of the PVSi membranes for (020) and (110) peaks, whereas the
26 of the (021) peak shifts tohigher values as the siloxene loading amount increases. The d-spacing
values for each diffraction peak of all the PV Si membranes have been calculated since d-spacing can
provide a possible approach, to‘evaluate the inter-segmental distance between polymer backbones,
i.e., a tighter polymer chain structure normally has a smaller d-spacing value [44] It has also been
found that polymers with smaller d-spacing tend to have less fractional free volume [45]. As shown
in Table 3, the PVSi-075 membrane possesses the smallest d-spacing of 3.30 A for the PVDF a-phase
(021) plane compared to other membranes, suggesting that the PVSi-075 membrane has the tightest
(most compacted) structure. For a deeper investigation, the chain ordering of the PVSi membranes

were further analysed in term of the half-width to height ratio (HW/H) of the diffraction peak (Table
14



2), which reflects the chain ordering in the polymer matrix [46]. Smaller HW/H values mean higher
chain ordering. Generally, the PVDF polymer chains inside the PVSi membranes became more
ordered in the (020) and (021) planes with increasing siloxene loading. In particular, the PVSi-075
membrane shows the highest ordering of polymer chains in the (110) plane with the smallest HW/H
value of 0.002. Both the smallest d-spacing value for the (021) plane and the smallest HW/H value
for the (110) plane suggest that the PVSi-075 membrane has the most compacted polymer chain
structure with least fractional free volume and highest chain ordering at,the molecular scale. Such
chain structure highly contributes to the filtration performancefof PVSi-075 membranes, which will
be discussed in the following section. The potential meolecular mteraction between siloxene and
PVDF polymer could be hydrogen bonding between hydroxyl group from the nanosheetsiand fluorine
atoms from PVDF [47] and dipole-dipole attraction between oxygen atoms of siloxene and C—H

groups of the polymer [48].

Table 3. XRD pattern analysis of PVSi membranes.

Sample (020) (110) (021)

Name 20 ©) d—sl()ziing HW/H? 20 ©) d-s;()g;ing HW/H 20°) d—s;()g;ing HW/H

PVSi-0 18.31 4.84 0.008 19.94 4.44 0.004 26.54 3.38 0.012
PVSi-025  18.31 4.84 0.007 19.94 4.44 0.004 26.65 3.34 0.010
PVSi-050 1832 4.84 0.006 19.94 4.44 0.004 26.72 3.33 0.009
PVSi-075 ~ 18.32 4.83 0.005 19.95 4.43 0.002 26.97 3.30 0.007
PVSi-100 ,18.32 483 0.005 19:95 4.43 0.003 26.78 332 0.007
PVSi-1507 18.32 4.83 0.005 19.95 4.43 0.003 26.81 332 0.007

?: ratio of half-width to height.

3.3 Filtration performance of PVSi membranes

NF membranes are typically able to reject solutes with molecular weight below 1000 Da, so the NF
feasibility of the PVSi membranes was first assessed by filtration of Rose Bengal dye (RB, Mw =
1017.64 Da) solution. Fig. 5a compares the water permeances and dye rejections of RB for all PV Si

membranes (mass balance above 95% for all tests). It is observed that the addition of siloxene first
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decreases the water permeance of the PVSi membranes and then increases slightly after the loading
amount was more than 0.075 wt.%. However, such permeance increase is marginal and therefore any
further increase in loading is not beneficial. The PVSi-0 (pristine PVDF) membrane shows the highest
water permeance of 100 +2 L m! h'! bar!, while PVSi-075 has the lowest water permeance of 22 +

2 L m! h'! bar'!. On the other hand, the filtration results indicate that the RB rejection improved from

52 + 1% (PVSi-0) to 94 + 3% (PVSi-075). It should be noted that me with loadings higher

than 0.075 wt.% (PVSi-100, PVSi-150) show relatively poor cibility, which could be
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Fig. 5. Filtration performance Si membranes: (a) pure water permeance (columns) and RB rejection (orange dots;
lines do not indicate trends but only to provide visual guide) for all the PVSi membranes; (b) rejection of PVSi-075
membrane for various dyes and salts in water (red dotted line refers to 90% rejection; the inset table summarizes the

molecular weight of each tracer; mass balance has been calculated for all the rejection tests and was above 95% for all

the tests).
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The NF performance of the PVSi-075 membrane was further evaluated by using a series of dyes with
different molecular weights ranging from 58.44 to 1017.64 Da. Fig. 5b shows that the PVSi-075
membrane displays very high rejections (> 94 %) for RB, Reactive Black 5 (RB5), Brilliant Blue
(BB), Direct Red 23 (DR23) and Congo Red (CR) dyes, slightly lower rejection for Acid Red 1 (AR1)
(87 £2 %) and low rejection (68 £ 1 %) for Methyl Orange (MO). These data suggest that the MWCO
of the PVSi-075 membrane is around 530 Da. It is worth noting that the adsorption of the dyes into
the membrane is negligible since the mass balance for all the testsdare more than 95% (Table S2 in
the Supporting Information). Calibration curves for the measutements are reperted in Fig. S5 in the

Supporting Information.

Generally, size (steric) exclusion and Donnan (charge) exelusionjare the main rejection mechanisms
in NF [49, 50]. As all the membranes have comparable negative surface zeta potential, regardless of
siloxene loading, they will have similatielectrostatic repulsions for the same dye. As such, while
charge rejection is likely to occur, given the megative charge of the dyes tested, any difference between
the membranes can be convincingly attributed, to'size réjection. The PVSi-075 membrane exhibits
higher rejection for CR (Mw = 696:66 Da, R = 98 + 2 %) with lower molecular weight compared to
RB (Mw = 1017.64 Da, R =94 + 3 %). Careful considerations including the dye structures in relation
to their shape, flexibility and compactness are required'te explain the observed membrane rejections.
To this aimgrthe hydrated radius (Rh), which réflects the apparent size (physical size) of the dye
molecule [51], has been considered. Several methods have been used to estimate the hydrated radii
of dyesusing,a correlation between more easily obtainable size parameters (e.g., Stokes and crystal
radius) [26,°52] and physical parameters (e.g., viscosity with hydration radius) [53, 54]. Solute
transport is strongly hindered when the pore size of a membrane is smaller than the hydrated
radius.[55] Connolly Accessible Area (CAA) is defined as the locus of the center of the solvent
molecule while it is rolled around the probe molecule’s van der Waals surface [56, 57]. A correlation
(Fig. S6 in the Supporting Information) was established between CAA and the hydrated radii of
various dye molecules (Table S3 in the Supporting Information) [51, 58]. The hydrated radii of the
dyes used in this work were then estimated from this correlation, as summarized in Table S4 in the
Supporting Information. As shown in Fig. 6, compared to RB5, BB, DR23 and CR, Rose Bengal has

a smaller hydrated radius although it has the largest molecular weight among all the dyes (insert table
17



in Fig. 5b). Moreover, a closer look at the structure of the dyes reveals that the presence of
centered/close conjugated rings reduces the flexibility of the molecules. This suggests that RB, AR1
and MO have almost spherical shape, whereas the other dyes are more elongated. According to Fig.

6, the cut-off of the PVSi-075 membrane corresponds to the hydrated radius of 5.89 A.
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hexane as a non-polar solvent was further

Fig. 6. Dye rejections (blue) of PVSi-075 membrane ba

from CAA (red).

The separation perfo 5 membrane

studied in terms jection. The results revealed that pure hexane

 rejection for Hexaphenylbenzene (Mw = 534.69 Da). These data
suggest that the MW Si-075 membrane in hexane could be around 535 Da, which is
similar to the MWCO in v (530 Da). Considering the different structure of the tracers, the results
indicate that there is nearly no change to the structure of the PVSi-075 membrane in hexane and

therefore the membrane is a very promising candidate for organic solvent nanofiltration application

involving non-polar solvents.
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The desalination performance of the PVSi-075 membrane was also investigated by the filtration of
monovalent (NaCl) and divalent salts (NaxSO4, MgSO4 and MgCly). As shown in Fig. 5b and Table
S2 in the Supporting Information, the PV Si-075 membrane showed retention between 15 ~ 44 % for
the studied salts. The results for salt rejection tests followed the order of NaxSO4 > MgSO4 > MgCl
> NaCl. This observation could be explained by size exclusion effect [62]. Similar results have been
reported in the literature for other NF membranes [63-65]. Compared with NaCl, the divalent salts
NazS04, MgSO4 and MgCl» possess larger molecular sizes [26, 27]4 thus providing higher resistance
to passage through the membrane. The monovalent over divalént ion sclectivity () is of interest for
NF applications to allow the retention of divalent ions withouttheneed to pay for the.osmotic pressure
penalty of NaCl [66], The a value for the PVSi-078 membrane is 1.39 which 1s comparable with
literature values for TFC NF membranes [66]. The mass balance for the salt rejection experiments

was above 95% for all samples.

4. Conclusions

This paper demonstrates the suceessful prepasation of PVDF/siloxene mixed matrix NF membranes
with good pure water permeance and remarkable dye rejection in water and in hexane. The dye
filtration results revealed that among all, the compositions tested, only PVSi-075 showed NF
performance where the RB rejection was above 90% with pure water permeance of 22 +2 L m! h'!
bar!. The MWCO of.the PVSi-075 membrane is determined to be around 530 Da. Furthermore, the
PVSi-075 membrane showed stable hexane permeance of 11 L m™ h'! bar! for 24 h. Such outstanding
performance could be attributed to the polymer chains becoming highly compacted with low
fractional free volume and high ordering caused by the introduction of siloxene. In particular, the
surface and physical properties of PVDF membranes were successfully retained upon the addition of
siloxene, which shows the promise of extending the use of PVDF membranes to nanofiltration

processes, especially in harsh environments.
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