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A B S T R A C T

Membranes are widely used in biomedical applications due to their efficient separations necessary for a variety of 
applications, ranging from pre-treatments to hemofiltration. These membranes often suffer fouling from high- 
concentration biological components, such as blood plasma proteins, which limits the separation performance. 
However, at research level, they are commonly tested using much lower feed concentrations that are not 
representative of real conditions. Developing and testing a membrane under high feed concentrations, analogous 
to those used during practical applications, its fouling resistance can be more realistically assessed.

In this work, siloxene, an easy-to-synthesise hydrophilic, two-dimensional nanomaterial, was successfully 
incorporated as a filler into the polyethersulfone (PES) membrane matrix. At optimised filler loadings of 0.15 wt 
%, porosity rose to 83 %, zeta potential was enhanced to − 35.4 mV and high hydrophilicity was achieved with a 
water contact angle as low as 27◦. Pure water permeance increased from 75 to 147 LMHBar, compared to PES, 
while rejecting ~99 % bovine serum albumin (BSA). Furthermore, the flux recovery ratio increased from 17 % to 
62 %, therefore improving the use of effective membrane area. PES-siloxene membranes showed significant 
improvement in their capability to cope with concentrated biological feeds analogous to human blood plasma 
protein concentration: 80 g L− 1 BSA solution. PES-Siloxene membranes also superseded the performance of 
commercial PES “protein-resistant” membrane and functionalised-graphene oxide in an equivalent matrix, 
highlighted in the literature for its protein antifouling properties. Overall, PES-siloxene MMM results in a low- 
cost, protein-resistant, and biocompatible membrane that maintains high selectivity suitable for biomedical 
applications.

1. Introduction

The need for efficient biological separations has presented expo
nential growth in research on synthetic polymeric membranes within 
biomedical applications, ranging from drug delivery, tissue engineering, 

and artificial organs to diagnostic devices, haemodialysis, hemofiltra
tion, and more [1,2]. Pure polymeric membranes have excellent bio
separation capability due to their structural flexibility, adaptable 
composition, and surface chemistry [3,4]. In particular, poly
ethersulfone (PES) is commonly used to fabricate nanofiltration (NF) 
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and ultrafiltration (UF) membranes, displaying outstanding thermal, 
hydrolytic, and chemical stability, good mechanical properties, moder
ate cost, commercial availability, and relative hydrophilicity, compared 
to other polymers, like polysulfone [5,6]. Moreover, PES features for its 
biocompatibility, imperative in biomedical fields [7]. In certain 
biomedicine processes, such as haemodialysis and hemofiltration, the 
relative hydrophobicity of the membrane material composition leads to 
accelerated fouling due to undesired intermolecular attractions with 
sugars, fats, proteins, biomolecules, cells, and platelets within biological 
samples [8]. Biological fouling of membranes is an ongoing issue due to 
the detrimental impact it has on the membrane's performance and life
time. For instance, naturally, blood plasma proteins bind on the mem
brane surface due to hydrophobic interactions with the non-polar 
sections of the polymeric chain, thus blocking membrane pores and 
thereby affecting the performance [9,10]. Even though PES membranes 
are considered a hydrophilic option, these membranes are still prone to 
this fouling effect, limiting their development in most applications in 
their natural form [11,12]. To overcome this issue, membranes must be 
tested under robust conditions of whole blood, e.g., plasma protein 
content of 60–80 g L− 1 [13], similar to those used in practical applica
tions. To demonstrate their ability to endure high concentrations of 
biological foulants while maintaining sufficient function.

Two-dimensional (2D) nanomaterials such as graphene and its de
rivatives, MXenes, and nanoclays are explored in biomedical studies, 
including protection against infections and diseases, tissue engineering, 
diagnostics, drug delivery and more [14,15]. Moreover, 2D nano
materials have been employed to mitigate membrane fouling either by 
incorporating them as fillers within the membrane matrix or by applying 
them as a thin selective layer to modify the membrane surface. The 
surface modification reduces electrostatic interactions with organic 
foulants by changing the surface morphology, making fouling less likely 
[16–18]. Notably, graphene oxide (GO) has shown excellent biocom
patibility and has been used in haemodialysis membranes. The func
tionalities present in its structure, such as hydroxyl, epoxy, carboxyl and 
carbonyl groups [19,20], enhance hydrophilicity, flux, and solute 
clearance [21], which can lead to better usability in wearable devices 
[22]. The increased membrane hydrophilicity reduces its affinity with 
the proteins, mitigating the fouling at the surface and within its porous 
network [23]. However, while it has been proven that the incorporation 
of GO has a positive effect on tailoring membrane performance, large GO 
loading might agglomerate during membrane fabrication, leading to 
material defects; hence, its loading must be optimised. The presence of 
the aforementioned functional groups in the GO allows for functionali
sation, incorporating additional beneficial molecular structures, 
ensuring less filler material is required while further improving the 
hydrophilicity and avoiding agglomeration [24]. For instance, (3-ami
nopropyl) triethoxysilane (APTS) functionalised graphene oxide (AGO) 
further improved the performance of membranes beyond pure GO. 
Adding hydrophilic amine and ethoxy functional groups to the amphi
philic GO structure enhances the nanomaterial's hydrophilicity and 
surface roughness. AGO has previously been used in a mixed matrix 
along with polyvinylidene fluoride for UF [25] and subsequently in a 
PES matrix capable of NF with reduced membrane fouling [26]. 
Particularly for this application, adding negatively charged hydrophilic 
material to a membrane matrix would be beneficial to reduce the 
accumulation of foulants such as proteins. Plasma proteins are amphi
philic, carrying a net negative charge, and are prone to bind to hydro
phobic surfaces [27]. Hence, increased hydrophilicity and an enhanced 
net negative surface charge will improve the anti-biofouling capabilities 
of the membrane by mimicking the properties of blood vessels [28], 
allowing them to repel the proteins, which are responsible for worsening 
membrane performance in the biomedical context [29].

Among the new materials used as filler in mixed matrix, Siloxene, a 
silicon-based 2D nanosheet, stands out due to its hydrophilicity. More 
recently, it was incorporated into a PVDF matrix to induce compaction 
in PVDF chains, resulting in low free volume and a highly ordered 

microstructure, producing a membrane with NF properties [30], 
yielding a 530 Da molecular weight cut-off (MWCO). Siloxene may be 
favoured over other well-known 2D nanomaterials due to its 2D corru
gated structure made of six-membered Si rings connected via Si-O-Si 
(siloxane) bridges terminated with hydroxy and –H functional 
groups, and its unique structural and chemical properties [31]. With the 
planar structure, polar functional groups, high surface area, and inter
layer spacing, siloxene has made a significant impact across a wide range 
of applications, including electrodes within supercapacitors [32], bat
teries [33], and photocatalysis [34]. Moreover, due to its scalable syn
thesis technique, based on the de-intercalation of CaSi2 with HCl, it 
would be well-suited for the material industrial scale-up. The polar 
siloxane and hydroxy functional groups present in the 2D structure can 
have favourable interactions with hydrogen bond donors and acceptor 
molecules in biological sample matrices, hence increasing water affinity 
and potentially increasing water flux whilst simultaneously reducing 
biofouling. Supported by the known biocompatibility of analogous 
siloxene structures [35], a novel combination of a mixed matrix mem
brane (MMM) of PES and siloxene will help to overcome the drawbacks 
of their use in biomedical applications.

This work aimed to assess the feasibility of PES-siloxene MMMs for 
biomedical applications, such as hemofiltration or biological testing 
pretreatments [36–38], to address challenges related to protein fouling 
or protein interference, respectively, which is an ongoing issue. Herein, 
MMMs were fabricated using non-solvent-induced phase separation 
(NIPS), incorporating siloxene nanofillers into a PES matrix. Pore- 
former, Polyvinylpyrrolidone (PVP), were incorporated into select PES 
and PES-Siloxene membranes to enhance pore formation and membrane 
permeance. Water contact angle, zeta potential, porosity, polyethene 
glycol (PEG) MWCO, surface and cross-section morphology were 
assessed as part of the membrane characterisation. Membrane perfor
mance was evaluated in terms of pure water permeance (PWP), bovine 
serum albumin (BSA) rejection, and flux recovery tests. Reports assess
ing protein rejection and membrane biofouling using BSA often use 
concentrations that are 80–800 times lower than what is present in 
human blood plasma and are incomparable to real-world biomedical 
applications. Therefore, to closely simulate real conditions, this article 
uses an analogous solution of BSA (80 g L− 1) as a substitute for human 
blood plasma. An expectation of ~99 % BSA rejection was set for this 
material to be considered for biomedical separations, to match the 
rejection capacity of current commercial biomedical PES membrane 
options. PES-Siloxene membranes were tested against commercial Bio
max® PES, as well as fabricated PES and PES-AGO membranes, as 
baselines. Biomax® correspond to a UF membrane with high flux and 
low protein binding. Moreover, PES-AGO has been previously evaluated 
in our research group, leading to outstanding antifouling performance, 
achieving a Flux Recovery Ratio (FRR) of 64 % [26] at a low protein 
concentration, and was replicated in this study to measure its perfor
mance with concentrated protein feeds, ensuring a fair comparison can 
be made with siloxene and an already established 2D nanofiller. Alto
gether, the PES-Siloxene MMM developed will provide a low-cost, pro
tein-resistant, and biocompatible membrane that maintains high 
selectivity and enhances the applicability for biomedical separation 
devices. These membranes can withstand the fouling of highly concen
trated analogous protein environments while outperforming commer
cial and literature PES-based membranes.

2. Materials and methods

2.1. Materials

The synthesis of siloxene nanosheets required calcium silicide (CaSi2; 
technical grade, Sigma-Aldrich), sodium hydroxide solution (NaOH; 1 M, 
Sigma-Aldrich), hydrochloric acid solution (HCl; 37 %, Sigma-Aldrich), 
and nylon membrane (pore size 0.45 μm, thickness 100 μm, Cytiva). 
Preparation of MMM required polyethersulfone (PES; 72,000 g mol− 1, 
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flakes, BASF), polyvinylpyrrolidone (PVP; 40,000 g mol− 1, Sigma- 
Aldrich), dimethyl formaldehyde (DMF; ≥ 99.8 %, Sigma-Aldrich), and 
nonwoven fibre support NOVTEXX2471 (Freudenberg Filtration Tech
nologies). Synthesis of functionalised graphene oxide required 3-amino
propyltriethoxysilane (APTS; ≥ 98 %, Sigma-Aldrich) and N, N′- 
dicyclohexylcarbodiimide (DCC; 99 %, Sigma-Aldrich), and graphene 
oxide (GO; 10 mg mL− 1, William Blythe Ltd). Purification of AGO was 
carried out using ethanol (≥ 99.9 %, VWR), chloroform (CHCl3; ≥ 99.5 
%, Sigma-Aldrich) and DMF. Biomax® 50 kDa Membranes (Sigma- 
Aldrich) were used as a commercial PES membrane for comparison. 
Potassium chloride (KCl; ≥ 99.5 %, Honeywell) was used for zeta po
tential measurements. Protein rejection and fouling experiments 
required BSA (~66,000 g mol− 1, Sigma-Aldrich). PEG (300, 3,000, 
10,000, and 35,000 g mol− 1, technical grade, Sigma-Aldrich). All mate
rials were used as received. Chemical structures of PES, siloxene, and 
PVP are depicted in Fig. 1.

2.2. Synthesis and characterisation of 2D filler materials

2D siloxene nanosheets were synthesised in a topochemical de- 
intercalation reaction of CaSi2 and HCl at 0 ◦C [30]. In a typical reac
tion, 3 g of CaSi2 powder was pretreated with 1 M NaOH solution at 
room temperature (24 h) to remove any silicon crystal impurities. The 
product mixture was washed with DI water under vacuum filtration on a 
nylon membrane until the pH was neutral. The purified CaSi2 was then 
dried at 80 ◦C for 12 h.

The dried CaSi2 powder from the previous reaction step was added to 
a double-jacketed reaction flask pre-chilled with 300 mL of concentrated 
HCl solution, stirred vigorously at 0 ◦C for 4 days (black to yellow-green 
colour change). The mixture was then diluted and washed with DI water 
until the pH of the solution was neutral. The crude siloxene product was 
filtered under vacuum through a 10–15 μm sintered funnel lined with a 
porous nylon support membrane. Washing with DI water and acetone 
removed the remaining HCl and CaCl2 impurities. The siloxene was 
dispersed in 350 mL of ultrapure water before being purified by dialysis 
(3,500 Da) in a plastic tank with constant gentle stirring for 48 h. DI 
water was changed every 24 h. The product was diluted to 1 L of ul
trapure water before use, and then the appropriate amount was dried 
when needed. Raman spectra of siloxene powder were collected using a 
Renishaw inVia confocal Raman microscope, using a 532 nm laser. 
Surface morphology images of the 2D siloxene nanosheets were 
collected using scanning electron microscopy (SEM) on a FEI Quanta 
250 FEG-SEM with Gatan 3view. Transition electron microscopy (TEM) 
images were collected using the High Resolution TEM (JEM-2100Plus, 

JEOL). Attenuated total reflectance-Fourier transform infrared (ATR- 
FTIR) analysis was conducted using a Bruker Vertex 70 FTIR system-ATR 
measurements from 4000 to 400 cm− 1.

The comparative AGO was synthesised using a method detailed by 
Luque-Alled et al. [26] and characterised using ATR-FTIR, SEM, and XPS 
analysis as shown in the Supporting Information (2. Synthesis and 
Characterisation of 3-aminopropyltriethoxysilane functionalised Graphene 
Oxide (AGO)).

2.3. Membrane fabrication and characterisation

2.3.1. Membrane fabrication
PES membranes were prepared using the non-solvent induced phase 

separation (NIPS) method, both as neat membranes and with nanofillers 
at various concentrations, as detailed in Table 1. Homogeneous casting 
solutions of PES (20 wt%) in DMF were prepared using a shaker plate for 
at least 12 h to aid solvation. To achieve the evaluated filler percentages 
(0.025–0.250 wt%), 1 wt% siloxene was dispersed in DMF using a 
sonication probe. The corresponding amount of siloxene dispersion was 
added to the PES-DMF solution and stirred magnetically for at least 3 h 
to ensure uniform distribution before casting. The solutions were cast 
using a film casting knife with a 150 μm air gap with a sheer rate of 50 
mm s− 1 on an Elcometer 4340 Automatic Film Applicator. Membranes 
for testing PWP, BSA rejection, and antifouling capabilities were cast 
onto nonwoven fibre support, while it was necessary to cast some 
freestanding membranes for other characterisation purposes. The 
fabricated membranes were immediately immersed in a non-solvent 
coagulation bath containing DI water. After 10 min, the membrane 
was removed from the non-solvent bath, washed with DI water, and then 

n

n

Fig. 1. Illustrations of (a) Polyethersulfone (PES), the base polymer used throughout this study for membrane fabrication; (b) Siloxene, a silicon and oxygen-based 
2D nanomaterial, is used as a nanofiller; (c) Polyvinylpyrrolidone (PVP), the pore-forming additive added to PES and PES-Siloxene membrane.

Table 1 
Composition of casting solutions used to fabricate PES-based MMM.

Membranes Concentration / wt%

PES Siloxene AGO PVP DMF

PES 20.00 – – – 80.000
3PVP 20.00 – – 3.000 77.000
0.025Si 20.00 0.025 – – 79.975
0.050Si 20.00 0.050 – – 79.950
0.100Si 20.00 0.100 – – 79.900
0.150Si 20.00 0.150 – – 79.850
0.250Si 20.00 0.250 – – 79.750
0.150Si_3PVP 20.00 0.150 – 3.00 76.850
0.100AGO 20.00 – 0.10 – 79.900
0.100AGO_3PVP 20.00 – 0.10 3.00 76.900
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stored in DI water until the membranes were evaluated.
A pore-forming agent, PVP, was added to select PES, PES-Siloxene 

and PES-AGO membranes before the nanofillers were added, but after 
their PES-DMF casting solutions were homogeneous. The chosen mem
brane compositions included the base cases PES and PES-AGO, and the 
best performing PES-Siloxene membrane, determined by the hydrophi
licity, surface charge, PWP, and BSA rejection.

A broad range of siloxene loadings was used to identify the favoured 
concentrations exhibiting the best membrane performance. PVP pore- 
formers were added to the PES-Siloxene membrane with the most 
favourable loading to assess any improvements to pore formation and 
permeance. PES-AGO membranes were fabricated to provide a base case 
2D nanomaterial to compare with the PES-Siloxene membranes. PES- 
AGO were previously proven to possess good protein antifouling prop
erties; however, replication was necessary to evaluate their performance 
under high protein concentrations [26].

2.3.2. Membrane characterisation
Surface and cross-section morphology of the membranes was ana

lysed using SEM on FEI Quanta 250 FEG-SEM with Gatan 3view. Cross- 
section images were collected using freestanding (unsupported) mem
branes that were broken via cryo-fracturing in liquid nitrogen.

Effective membrane thickness was measured using a Mitutoyo IP65 
micrometre, taking the average of five points on the membrane casting 
sheet and subtracting the thickness of the support (170 μm).

The porosity (ε, %) of the membranes was measured using a gravi
metric method over an average of three measurements, according to Eq. 
1, where Ww is the weight of the wet membrane, Wd is the weight of the 
dry membrane, ρw is the density of water (0.998 g cm− 3), and ρp is the 
density of the PES polymer (1.370 g cm− 3) [39]. Non-supported mem
branes were cut into approximately 1 cm2 squares and hydrated in DI 
water for at least 1 h. Once removed from the DI water, excess surface 
water was removed using tissue paper before weighing, to assess the 
mass of water uptake in the membrane's pores. These membranes were 
dried in a vacuum oven at 40 ◦C for 2 h. The membranes were then 
weighed again. 

ε =

Ww − Wd
ρw

Ww − Wd
ρw

+
Wd
ρp

× 100

⎛

⎜
⎜
⎝%

⎞

⎟
⎟
⎠ (1) 

Sessile drop measurements were collected using a Biolin Scientific 
Theta Lite optical tensiometer using ultrapure Type 1 water to measure 
the water contact angle. Measurements were made in triplicate.

The surface charge of the membrane was measured as the zeta po
tential using an Electrokinetic Analyser (Anton Paar Surpass3) equipped 
with a film-measuring clamping cell. The measurements were carried 
out using a streaming potential method with a KCl electrolyte solution 
(0.01 M), with a gap height of 100 μm and a pH of ~7. Zeta potential 
(mV) was calculated according to the Helmholtz-Smoluchowski equa
tion (Eq. 2): 

ζ =
dU
dp

×
η

εd × εd0
×

L
A
×

1
R

(2) 

where dU
dp is the gradient of the streaming potential (mV) against the 

differential pressure (600–200, mBar), η is electrolyte viscosity (kg m− 1 

s− 1), εd is the dielectric coefficient of the electrolyte, εd0 is the permit
tivity, L is the streaming channel length (m), A is the cross-section of the 
streaming channel (m), and R is the measuring cell resistance (Ω).

Sponge-like material pore sizes (dpore/m) of the MMMs were 
measured by capillary flow porometry using an IB-FT Porolux™ 1000 
porometer using Porefil® (19.00 mN m− 1) as the wetting liquid [40]. 
The macrovoid-to-sponge-like material ratio was calculated using the 
cross-sectional areas of the macrovoids and sponge-like material taken 
from the SEM analysis.

The rejection (R, %) capability of the membranes and the MWCO for 
the membranes were analysed using PEG molecules with different mo
lecular weights. A mixed solution of PEG (300, 3,000, 10,000 and 
35,000 g mol− 1) was prepared at 1 g L− 1 each in deionised water. PEG 
rejection tests were carried out in a stirred dead-end filtration cell 
(Sterlitech HP4750) at a transmembrane pressure of 4 bar (± 0.05). 
Concentrations of both the PEG feed and permeate were determined 
using Agilent gel permeation chromatography (GPC) with a series of 
columns, PL aquagel− OH 20 8 μm, and a 300 × 7.5 mm (p/n 
PL1120–6830). A 20 μL injection volume was used, at a flow rate of 1 
mL min− 1 and temperature of 35 ◦C, using ultrapure Type 1 water as 
eluent. Rejection was calculated using Eq. 3, where Cp is the permeate 
concentration and Cf is the feed concentration, in g L− 1. Measurements 
were made in triplicate, and an average was taken. 

R =

(

1 −
Cp

Cf

)

×100(%) (3) 

2.3.3. Evaluation of membrane performance
Pure water permeance (PWP, L m− 2 h− 1 bar− 1 (LMHBar)) was 

measured using a stirred dead-end filtration cell (Sterlitech HP4750) 
connected to a pressurised airline. Tests were carried out at room tem
perature with an effective area of 1.27 cm2 and a pressure of 4 (± 0.05) 
bar. Using DI water, permeation was measured until the values reached 
a steady state flux equilibrium. PWP was then calculated according to 
Eq. 4, where V is the permeate volume (L), A is the membrane surface 
area (m2), t is time (h), and p is pressure (bar). 

PWP =

(
V

A×t

)

p
(4) 

Blood plasma proteins are the main components responsible for 
fouling in biomedical separations. These proteins are present at con
centrations ranging from 60 to 80 g L− 1, averaging 72 g L− 1 in a regular 
adult, of which human serum albumin (HSA, 35–40 g L− 1) is the most 
abundant of these proteins [13]. HSA is the smallest of the most abun
dant proteins, yet it is still relatively large with a molecular weight of 69 
kDa, making it a solute that can be sufficiently retained using UF 
membranes, but membrane performance may be diminished due to the 
formation of a thick cake layer resulting from protein fouling. Bovine 
serum albumin (BSA) can be used as an appropriate analogue due to its 
comparable size (66.5 kDa) and properties to human proteins [41]. It is 
worth noting that HSA is overall more hydrophobic than BSA, meaning 
that BSA will more readily foul on a hydrophilic surface. Nevertheless, 
this does suggest that the fouling resistance to HSA of the fabricated 
membranes would be greater than that of BSA.

Reports on BSA protein rejection and fouling studies commonly use a 
BSA concentration of just 1 g L− 1 or lower, which is not representative of 
assessments typically conducted for genuine biomedical applications. 
Therefore, this work uses an analogous solution of BSA at 80 g L− 1 as a 
model solution for human blood plasma [13]. It was chosen to extrap
olate the BSA to match the whole plasma protein concentration rather 
than just match the HSA concentration. This would give a better 
approximation of the fouling a membrane may experience during pro
cesses like hemofiltration, which requires the retention of the albumin 
protein.

Separation tests were carried out in a stirred dead-end filtration cell 
(Sterlitech HP4750) using the same membrane dimensions and condi
tions as the PWP tests, for approximately 2 h. Feed BSA solutions were 
prepared using ultrapure water. The feed and permeate concentrations 
of BSA were measured using a UV–Vis spectrophotometer (Jenway 
7415) at a wavelength of 280 nm. Calibration curves of the BSA feed 
solution can be found in Fig. S5. Rejection (R, %) of both BSA and PEG 
was calculated using Eq. (3).

Membrane antifouling assessments were conducted using a crossflow 
module to reflect practical application testing. The flow rate of the feed 
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solution was 3.1 L h− 1, with a crossflow velocity of 0.590 m s− 1, and a 
feed volume of up to 2 L. This involves measuring the PWP at 4 bar (±
0.05) for 30 min (PWP1) followed by the permeation of the model BSA 
solution (80 g L− 1) for 30 min at 4 bar (± 0.05) (JBSA). The membrane 
was then rinsed with DI water, and the PWP was measured again at 4 bar 
(± 0.05) for 30 min (PWP2). From these values (PWP1, JBSA, and PWP2), 
the fouling parameters can be calculated. Flux recovery ratio (FRR), the 
% of water permeation that is recovered after BSA permeation and 
washing; total flux decline ratio (Rt), the % decline of permeation when 
permeating using a BSA/water feed; reversible flux decline ratio (Rr); 
and irreversible flux decline ratio (Rir), were calculated using Eq.(5), Eq.
(6), Eq.(7), and Eq.(8), respectively: 

FRR =

(
PWP2

PWP1

)

×100 (5) 

Rt =

(

1 −
JBSA

PWP1

)

× 100 (6) 

Rr =

(
PWP2 − JBSA

PWP1

)

×100 (7) 

Rir =

(
PWP1 − PWP2

PWP1

)

×100 (8) 

A long-term BSA permeance experiment was conducted in a stirred 
dead-end filtration cell (Sterlitech HP4750) using the same membrane 
dimensions and conditions as the PWP tests, monitoring 4 h of perme
ation. Tests were carried out using the 80 g L− 1 BSA model solution. 4 h 
was chosen to reflect performance in long-term applications such as 
hemofiltration or haemodialysis, which typically last between 3 and 4 h 
(according to NHS UK) [42].

3. Results and discussion

3.1. Material characterisation

The successful synthesis of the 2D nanomaterials used in this study 
was confirmed using Raman spectroscopy, ATR-FTIR, SEM and XPS 
analysis, as shown in the Supporting Information (Fig. S1 to S4).

3.2. Membrane characterisation

3.2.1. Membrane morphology
The cross-sectional membrane morphology of PES and MMM, in 

Fig. 2, shows that the fabricated membranes displayed an asymmetrical 
structure, with a dense top selective layer, followed by a porous sub- 
layer made up of a sponge-like structure with finger-like macrovoids 
throughout. Cross-sectional images of base PES membranes display that 

Fig. 2. Cross-section SEM images of PES-based membranes: (a) Base PES, (b) PES with PVP pore-former, (c)-(g) PES-Siloxene at different siloxene concentrations, and 
(h) PES-Siloxene with PVP pore-former. Each scale bar is equivalent to 50 μm.
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the macrovoids are short and do not penetrate completely through the 
membrane structure (Fig. 2a) [19].

The addition of siloxene loadings to the PES matrix exhibited slight 
changes in macrovoid structure, characterised by a reduction in void 
width and an increase in their number and length, extending deeper into 
the asymmetric membrane structure (Fig. 2c-g). However, there is no 
obvious difference between the morphologies at different filler con
centrations. It would be expected that the reduction in macrovoids 
would reduce the total mass transfer due to increased resistance from the 
sponge-like structure and an increase in the virtual total path length of 
permeating molecules [43]. An increase in the hydrophilicity imparted 
by the filler can compensate for this, which can reduce the repulsion of 
other hydrophilic molecules, e.g., water, and aid in surface diffusion 
through the inner structure walls of the membrane [43,44].

With the addition of 3 wt% PVP, a pore-forming material, a distinct 
change in the membrane structure was observed (Fig. 2b & 2h). The 
selective skin layer at the surface is visibly much thinner. While the 
overall structure consists of much less sponge-like material, substan
tially more macrovoids and almost doubles in thickness. Visible change 
in the membrane cross-sectional morphology is induced by the very 
hydrophilic composition of the PVP polymer, causing the solvent/non- 
solvent exchange during non-solvent-induced phase separation to 
occur much faster, which generates thin surface layers and larger mac
rovoids [45]. The PVP acts as a polymer surfactant, whereby the 
carbonyl group orients toward the solvent while the alkyl chain orients 
toward the polymer, compressing the PES in solution and reducing its 
hydrodynamic volume; creating larger macrovoids that now cover most 
of the cross-section, and the visibly denser sponge-like composition 
[46]. A reduction in the skin layer at the surface of the membrane with a 
substantial increase in the size and number of the macrovoids should 
reduce the overall mass transfer resistance. Enhancing the permeation 
throughout the dense polymeric surface and diffusion through the 
porous substructure [43]. However, this could substantially reduce 
membrane rejection, a prime example of the permeance and rejection 
trade-off [47].

Surface morphology of the membranes appeared uniform and 
remained consistent across all samples, akin to the dense top layer of the 
cross-section morphology (see Fig. S6d-g). Images of the commercial 
PES Biomax® membranes are reported as well (see Fig. S7 and Fig. S8). 
These membranes exhibit a smooth, dense surface layer, but the porous 

substructure is made up of purely dense sponge-like morphology with no 
macrovoids. Moreover, the dense skin layer at the cross-section surface 
appears more porous than that of the membranes fabricated via NIPS.

Membranes containing PVP pore former are approximately double 
the thickness of the membranes without the pore former, as shown by 
the thickness measurements in Fig. 3a. Again, the PVP takes a more 
effective role in the NIPS process. The increased hydrophilicity, 
compared to PES, ensures more contact with the non-solvent (water) 
phase during the phase inversion process. This creates larger voids that 
increase the thickness of the overall structure [48]. In these cases, the 
filler material has less impact on the resultant cross-sectional 
morphology. The average thickness of most membranes does show a 
trend, yet there is no significant change due to the associated error. 
Nevertheless, the addition of siloxene shows a proportional reduction in 
the average membrane thickness. The average thickness of 0.150Si 
dropped to 21.8 (± 3.8) μm from 28.6 (± 4.3) μm in the PES membrane. 
While there is still a dense skin surface, the reduced thickness of the 
membrane should offer less resistance to water transport during per
meance testing.

The addition of 2D nanosheets to polymer matrices with favourable 
hydrogen bonding interactions induces a better polymer chain organi
sation [49,50]. Interactions between the polymer and the 2D nanosheet 
reduce the interfacial distance between them, promoting a higher 
polymer chain packing, better compatibility and dispersion within the 
membrane matrix, resulting in a reduced thickness upon the addition of 
2D siloxene nanosheets. However, when the siloxene concentration 
increased from 0.15 to 0.25 wt%, the thickness increased, potentially 
suggesting the presence of an optimal concentration and reduced 
effectiveness of siloxene at concentrations around 0.15 wt%. As filler 
concentrations increase, there is the risk of agglomeration in the matrix; 
this is because the highly polar structure of the siloxene forms hydrogen 
bonds with itself, worsening the dispersion and reducing the effective
ness of the siloxene and ultimately increasing the average thickness 
[51]. When siloxene was incorporated into PVDF membranes at con
centrations of 0.10 wt% and above, agglomerates were observed on the 
membrane surface, as previously reported in the literature [30,52]. 
Evidence of siloxene agglomeration in 0.250Si can be observed in 
Fig. S6a-c, where an agglomerated piece of the material is visible inside 
a macrovoid in the substructure. Agglomerated flakes of siloxene were 
not visible in any of the other membrane cross-sectional images due to 

Fig. 3. (a) Thickness of PES and PES-filler MMMs selective layer studied in this work. The selective layer thickness was obtained by subtracting the thickness of the 
nonwoven support from the thickness of the cast membrane, measured in five different points; (b) Porosity (%) of PES and derivative MMMs. A portion of the water- 
saturated membrane was weighed before being completely dried and then weighed again. Inputting the values into Eq. 1, along with the density of PES, resulted in 
the porosity.
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the good dispersion and relatively low content within the membrane.
It is evident from the data displayed in Fig. 3b that the addition of 

small amounts of hydrophilic 2D filler materials to the PES matrix in
creases the porosity. The enhanced hydrogen bonding due to the pres
ence of siloxene throughout the casting solution speeds up the rate of 
inward water diffusion during casting and, therefore, the rate of outward 
solvent diffusion, creating larger and more frequent macrovoids that are 
responsible for increasing porosity [53]. The base PES membrane had a 
porosity of 73 % (± 2 %), rising to 83 % (± 1 %) (0.150Si) with 
increasing addition of siloxene before declining due to siloxene 
agglomeration, reducing its effectiveness. For those membranes with the 
PVP additive, the porosity was higher than their additive-free counter
parts, due to the substantial hydrophilicity of the PVP molecule, 
inducing even faster phase separation [48]. 3PVP had a porosity 
reaching 90 % (± 4 %), whilst 0.150Si_3PVP saw a small comparative 
reduction. Favourable interactions between hydrophilic groups of the 
PVP and the siloxene would slow phase separation, which explains this 
modest change [26]. The increased membrane porosity will facilitate 
mass transfer through the internal structure due to larger macrovoids. 
This offers reduced resistance compared to the sponge-like morphology, 
thereby leading to increased permeance.

Moreover, the sponge-like material size analysis and Macrovoids/ 
Sponge-like material ratios in Table 2 gave some insight into the 
changes seen in the MMMs. As evident by the sponge-like material size 
analysis, there is some statistically significant change between the base 
PES, PES-PVP, PES-Siloxene, and PES-Siloxene-PVP. The actual change 
seems to be minimal, suggesting both materials had little impact on the 
pore size. However, the bigger changes can be seen in the Macrovoids/ 
Sponge-like material ratio, with the PVP-containing membranes having 
a substantial increase in the macrovoids, further confirming the changes 
seen in the SEM images. The PES-Siloxene membranes saw minimal 
change in this analysis, having a similar Macrovoids/Sponge-like ma
terial ratio to the base PES. Moreover, the SEM images show a change to 
the shape of the macrovoids, rather than a change to their size or 
number. A complete summary of the raw data collected from the 
Porolux™ 1000 can be found in Table S1 and Table S2 in the Supporting 
Information.

MWCO can be an effective method to show the rejection capacity and 
information on the pore size of a membrane, where an UF membrane is 
expected to have a MWCO of anywhere between 10 and 100 kDa [54] 
and an NF membrane between 500 and 200 Da [55]. The PEG rejection 
results in Fig. 4 suggest that the PES-Siloxene membranes have a UF 
performance, which can be further supported by the BSA rejection. 
Altogether, the results suggest a cut-off between 35,000 and 65,500 g 
mol− 1, as the BSA shows almost complete rejection. BSA rejections are 
presented fully in a later section, 3.3.1 Pure Water Permeance and 
Membrane Rejection. Although the PEG rejection values are not statisti
cally significant when comparing the average of each rejection result, 
the incorporation of siloxene into the PES matrix caused an initial drop 
in the rejection, but increased as more siloxene was added. To reach a 
level again comparable to the base PES, likely due to the increased 
permeance (3.3.1 Pure Water Permeance and Membrane Rejection), 

initially offering less resistance to the PEG before the increased siloxene 
concentration began to aid rejection. The best performing PES-Siloxene 
membranes (0.150Si and 0.100Si) have circa 10 % rejection for 35,000 
g mol− 1, 9 % rejection for the 10,000 g mol− 1 PEG, and 7 % rejection for 
the 3000 g mol− 1. Both membranes containing PVP saw a decrease in 
the PEG rejection compared to their base counterpart.

Limitations of using the PEG method to assess the MWCO of mem
branes have been discussed in the literature [56,57]. Linear PEGs, coiled 
in solution, tend to unravel when passing through pores, resulting in an 
apparent lower MWCO than what is observed with other probe mole
cules. For instance, rejections above 99 % of dyes of MWs between 700 
and 1400 g mol− 1 have been obtained using PES membranes with a PEG 
MWCO of 4700 g mol− 1 [56]. PEG MWCO 10–20 % lower than those of 
other molecules, e.g., trimethylolpropane ethoxylates have also been 
reported [57]. Nevertheless, the PEG MWCO in Fig. 4 can still distin
guish rejection capacities between membranes, and although the abso
lute values may be underestimated, the results show consistent trends.

3.2.2. Membrane hydrophilicity & surface charge
To evaluate the hydrophilicity of the membranes, contact angle 

measurements were carried out as displayed in Fig. 5a. The base PES 
membrane has a contact angle of 56◦ (±1◦), while siloxene incorporated 
membranes (0.025Si - 0.250Si) exhibited lower contact angles. Mem
brane 0.150Si more than halved the water contact angle to 27◦ (±1◦), 
demonstrating the substantial hydrophilic effect of the siloxene addi
tion, due to increased hydrogen bonding. The addition of hydrophilic 2D 
nanomaterials has previously been shown to reduce the surface rough
ness of polymeric membranes, resulting in a lower water contact angle 
[25,58]. Increasing siloxene concentration from 0.150Si to 0.250Si 
displays a substantial increase in the contact angle, 27◦ (±1◦) to 41◦

(±3◦), respectively, reverting to a value similar to 0.025Si, of 48◦ (±4◦). 
These data and previous trends support the formation of siloxene ag
glomerates, reducing its effectiveness [30]. Commercial PES Biomax® 
measured the highest contact angle of 62◦ (±2◦) of all the measured 
membranes. Overall results show improvements in the hydrophilicity 
shown by the PES-Siloxene membranes over the fabricated and com
mercial PES membranes, which are ideal for facilitating water transport 
whilst reducing biofouling on the membrane's surface, as hydrophilicity 
reduces the aggregation of proteins on the membrane's surface [59].

When pore formers were added to the 3PVP membrane, a negligible 
change was observed compared to the base PES contact angle. However, 
when PVP was added to 0.150Si_3PVP, the contact angle increased to 
46◦ (±1◦), compared to its base comparison 0.150Si. Fig. 2 shows that 
the incorporation of PVP reduces the thickness of the skin layer of the 
asymmetric structure; therefore, there is less hydrophilic material at the 
surface of the membrane, which could cause a reduction in hydrophi
licity [60]. In these instances, it would increase the membrane suscep
tibility to fouling from hydrophobic proteins, leading to a reduction in 
performance due to biofouling blocking membrane pores, reducing 
permeance and causing unwanted retention as materials get trapped in 
the fouling cake, making the membranes unfavourable for biomedical 
applications.

Fig. 5b shows that all of the fabricated membranes have a negative 
zeta potential, which in this instance is preferred as it repels negatively 
charged proteins, such as BSA and HSA, and attracts water molecules. 
There is a clear decrease in zeta potential upon the addition of siloxene 
to the MMMs. Base PES measured a value of − 22.5 (± 0.1) mV compared 
to 0.150Si, which measured − 35.4 (± 0.4) mV. This can be attributed to 
the presence of numerous polar Si-O-Si and OH groups in the siloxene 
nanosheets. Membrane 0.250Si, yet again, shows evidence of aggrega
tion of siloxene due to the significant increase in the zeta potential, 
− 25.8 (± 0.1) mV. Agglomeration reduces the number of functional 
groups available at the edges and surface of the siloxene sheets to affect 
the MMM. Furthermore, a direct correlation between the water contact 
angle and the zeta potential is evidenced. As the zeta potential decreases 
and the negative surface charge increases, the water contact angle 

Table 2 
Size analysis of the MMM sponge-like material and ratio of Macrovoids/Sponge- 
like material in the membrane cross-section.

Membrane Sponge-like material Macrovoids

Мm Macrovoids/sponge-like ratio

PES 0.079 (± 0.007) 0.507
3PVP 0.094 (± 0.006) 3.577
0.025Si 0.080 (± 0.003) 0.395
0.050Si 0.052 (± 0.002) 0.543
0.100Si 0.100 (± 0.014) 0.500
0.150Si 0.085 (± 0.005) 0.404
0.250Si 0.079 (± 0.002) 0.370
0.150Si_3PVP 0.091 (± 0.012) 1.739
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decreases. The polar nature of the water molecules means they are 
attracted to polar surfaces, where hydrogen bonding can more readily 
occur and therefore result in a lower water contact angle. This could also 
potentially benefit the membrane performance, as the negatively 
charged surface will have a stronger attraction to water molecules and 
be more resistant to proteins. Resulting in potentially increased PWP, 
protein rejection and resistance.

3.3. Evaluation of membrane performance

3.3.1. Pure water permeance and membrane rejection
The addition of siloxene to the PES matrix caused the permeance to 

increase gradually, from 74.5 (± 10.5) LMHBar in the base PES mem
brane to 146.7 (± 14.2) LMHBar in membrane 0.150Si (Fig. 6a). The 
increase in water permeance is attributed to a combination of enhanced 
porosity, net surface negativity, increased hydrogen bonding between 
the water and PES-Siloxene matrix (Fig. 7a, Fig. 7c & Fig. 7e). Along 
with deeply penetrating macrovoids membranes caused by the addition 
of fillers to the PES, which facilitates surface diffusion of water through 
the membrane structure rather than absorption. Moreover, the addition 
of hydrophilic nanosheets to the casting solution will cause more rapid 
phase separation during membrane fabrication, making large pores and 
therefore allowing for a high permeance [19]. Commercial PES Bio
max® membrane achieved a permeance of 118.6 (± 9.1) LMHBar, 

Fig. 4. Rejection (%) of polyethylene glycol (PEG) at four different molecular weights (300, 3000, 10,000, and 35,000 g mol− 1) in PES and PES-Siloxene membranes.

Fig. 5. a) Water Contact Angle (◦) of (i) Commercial PES Biomax®, (ii) fabricated PES, and (iii) PES-Siloxene MMMs studied in this work. These were measured over 
ten seconds and averaged over three results using ultrapure water. b) Zeta potential values of (i) Commercial PES Biomax®, (ii) fabricated PES, and (iii) PES-Siloxene 
MMMs studied in this work. The measurements were taken using a streaming potential method with a KCl electrolyte solution (0.01 M), with a gap height of 100 μm 
and a pH of ~7.
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significantly outperforming the base PES membrane but only matching 
the lower 0.050Si siloxene concentrations in performance, resulting in a 
water permeance of PES-Siloxene membranes outperforming the com
mercial membrane Biomax® in most instances.

When PVP was introduced to the matrix, there was a significant in
crease in the water permeance. Membrane 3PVP increased the water 
permeance from 74.5 (± 10.5) to 584.0 (± 29.9) LMHBar, and 
0.150Si_3PVP from 146.7 (± 14.2) to 564.9 (± 76.3) from LMHBar, 
when comparing to their respective counterpart membranes with no 
PVP, PES and 0.150Si. These data suggest that the PVP overwhelms the 
effect of the filler material, as there is no significant difference between 
the permeance of the two membranes. Permeance results can be 
explained by the tortuosity (τ) of the membrane morphology. Tortuosity 
has an inverse relationship with porosity, which can be estimated using, 
among others, the Bruggeman relation as per Eq. 9 [61]. 

τ2 = ε− 1 /2 (9) 

From this relationship, it can be said that the membranes with the 
highest porosity, particularly those with PVP additives, have a tortuosity 
close to unity, contributing to the observed high permeance. The 
remaining membranes would have increased tortuosity. While the large 
finger-like macrovoids are easy to navigate, the denser sponge-like 
material offers more resistance, causing the said increase. For 
instance, 0.150Si would have a lower tortuosity than PES due to the 
increased number and size of finger-like macrovoids in its morphology, 
which is supported by higher permeance and porosity. Moreover, the 
addition of 2D nanomaterials to polymeric matrices creates molecular 
transport channels in the interlayer spacing between the nanoflakes and 
the material. When the 2D nanomaterial is well dispersed, these chan
nels shorten and therefore improve the overall membrane permeance 
[49,62], which can be seen in membrane 0.150Si. Moreover, the 
enhanced chain packing promoted by the siloxene, along with the 
interlayer spacing channels, simply makes a larger number of channels 
in a narrower space, helping to facilitate the enhanced permeance. 
Altogether, this further supports the siloxene agglomeration (poor 
dispersion) of membrane 0.250Si being the cause for the membrane's 
reduced performance; not only increasing transport pathlength but also 
increasing hydrophobicity and surface charge while decreasing porosity, 
making water transport more difficult compared to 0.150Si. The com
plete relationship between the porosity/hydrophilicity/surface charge 
and the permeance can be seen in Fig. 7.

As discussed previously, the target BSA rejection was 99 %, matching 
the benchmark of the commercial PES Biomax, which measured 99.3 % 
(± 0.4 %) BSA rejection in this study. PES is well known for being a 

capable UF membrane material for water treatment systems, with the 
base PES able to achieve a BSA rejection of 96.4 % (± 2.2 %) without the 
incorporation of any 2D nanomaterials [39,63]. Fig. 6b shows that 
increasing loadings of siloxene displayed an increase up to 98.9 % for 
both 0.100Si (± 1.1 %) and 0.150Si (± 2.2 %), to the 99 % threshold and 
within error and the Biomax®.

The increased rejection for the PES-Siloxene membranes compared 
to the base PES can be attributed to the increased surface negativity 
(− 35.4 mV in 0.150Si) and subsequent hydrophilicity imparted by the 
incorporation of the 2D nanomaterial (Fig. 7d & Fig. 7f). The negatively 
charged membrane's surface generates electrostatic interactions and 
repels the hydrophobic exterior of the net negative BSA [64]. It is also 
well documented that high concentrations of proteins begin to aggregate 
and build up on the membrane's surface, particularly with relatively 
hydrophobic membranes, which can cause self-rejection of the proteins 
[65,66]. However, the hydrophilic material, like siloxene, incorporated 
in the membrane attracts the water due to the strongly favoured 
hydrogen bonding over the largely hydrophobic exterior of the protein 
(Fig. 7b and Fig. 7d). This, alongside the electrostatic repulsion, reduces 
the effectiveness of the mass transfer of the BSA and therefore the po
tential for cake formation [67,68]. If self-rejection of BSA was occurring, 
it would be expected that membranes 0.100Si and 0.150Si, with higher 
PWP and therefore larger pores, would have less BSA rejection than 
membranes like PES or 0.025Si. However, the opposite is seen, meaning 
it must be the electrostatic repulsion and hydrophilicity of the mem
brane itself that enhances the rejection. Moreover, the turbulence 
created by the stirrer inside the membrane module prevents further cake 
formation.

Compared to PES, 0.025Si shows a decrease in the BSA rejection to 
95.4 % (± 0.5 %). The addition of 0.025 wt% Siloxene reduced the 
overall resistance to mass transfer, which increased water and BSA 
permeance. The continued addition of siloxene facilitated water trans
port and increased resistance to BSA. Moreover, 0.250Si also shows a 
reduction in the rejection from 0.150Si, likely as a result of the 
agglomeration of siloxene reducing its polar and hydrophilic effect, 
evident in the increased water contact angle (Fig. 5).

The addition of PVP caused the BSA rejection to drop in all three 
cases compared to their base counterparts. Although the increased 
porosity and permeance of these membranes can be very beneficial, in 
this instance, the ease of transport through the membrane limits the 
membrane's BSA rejection. Neither membrane 3PVP nor 0.150Si_3PVP 
have BSA rejection reaching 99 %, even those containing 2D nano
materials at optimised concentrations. Therefore, in this given applica
tion, the use of PVP was less beneficial due to the reduction in BSA 

Fig. 6. (a) Pure Water Permeance (PWP, LMHBar) of (i) Commercial PES Biomax®, (ii) fabricated PES, and (iii) PES-Siloxene MMMs studied in this work. Mea
surements were made at 4 bar and continued until flux equilibration, using an effective area of 1.27 cm2; (b) Rejection (%) of 80 g L− 1 BSA of (i) Commercial PES 
Biomax®, (ii) fabricated PES, and (iii) PES-Siloxene MMMs studied in this work. UV–Vis spectroscopy at a wavelength of 280 nm was performed to assess the feed 
and permeate concentrations, which were then imputed to Eq.(3).
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rejection it generates.

3.3.2. Antifouling properties
Membranes used in biomedical applications are often only used a 

single time, due to the increased risk of blood infection and exposure to 
harmful germicides when membranes are sterilised [69]. However, 
despite being single-use, meaning they won't require cleaning for reuse, 

the membranes must still be fouling-resistant to ensure the membrane 
can maintain function while in use. The antifouling properties of Bio
max®, PES, and 0.150Si were evaluated by calculating the FRR, Rt, Rr, 
and Ri, using Eqs. 5–8 and are presented in Fig. 8a. A long-term BSA 
permeation experiment was also carried out to support this further 
(Fig. 8b). These membranes were chosen to assess the antifouling per
formance of the PES-Siloxene membranes against the base PES 

Fig. 7. Parity plots showing membrane performance vs characteristics correlations. Dashed lines correspond to linear regression line: (a) Porosity (%) vs Pure water 
permeance (PWP, LMHBar), R2 = 0.8351; (b) Porosity (%) vs BSA Rejection (%), R2 = 0.6652; (c) Contact angle (◦) vs Pure water permeance (PWP, LMHBar), R2 =

0.8318; (d) Contact angle (◦) vs BSA Rejection (%), R2 = 0.7950; (e) Zeta Potential (mV) vs Pure water permeance (PWP, LMHBar), R2 = 0.8802; and (f) Zeta 
Potential (mV) vs BSA Rejection (%), R2 = 2507.
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membrane. Membrane 0.150Si was ideal as it fits the necessary outlined 
criteria with high hydrophilicity, the largest negative zeta potential, 
improved permeance and BSA rejection ~99 %. 0.150Si was chosen 
over 0.100Si due to the equivalent BSA rejection and enhanced water 
permeance.

The addition of siloxene showed a substantial improvement to all 
parameters compared to PES, which can be attributed largely to the 
enhanced negative surface charge and hydrophilicity shown in the zeta 
potential and water contact angle measurements (Fig. 5). Membrane 
0.150Si had an FRR of 61.4 % (± 3.7 %), respectively, whereas PES 
achieved just 16.8 % (± 10.0 %). In addition, it was expected that the Rt 
would be substantial due to the BSA being so abundant at high con
centration; however, 0.150Si was able to maintain a higher percentage 
of its permeance, losing 90.9 % (± 1.9 %) of its original permeance, 
falling to ~14 LMHBar, whereas PES lost 95.7 % (± 3.7 %), only 
achieving an average permeance of ~3 LMHBar. 0.150Si was able to 
sustain a higher permeance while maintaining a BSA rejection of ~99 %, 
which is further illustrated in Fig. 8b. Long-term performance is 
important as it reflects performance in long-term applications such as 
hemofiltration or haemodialysis, which last between 3 and 4 h (ac
cording to NHS UK) [42]. Rr and Rir for the membrane 0.150Si illustrate 
an increase in the Rr and a decrease in the Rir in relation to the base PES 
membrane. The improved hydrophilicity will generate more favourable 
hydrogen bonding interactions at the surface of the membrane with the 
water in the solution compared to the BSA, reducing the deposition and, 
therefore, its adsorption to the surface and inside the pores of the 
membrane [70–72]. Moreover, the increased negativity of the mem
brane's surface further repels the net negative proteins, due to electro
static repulsion, largely preventing the BSA from binding and 
agglomerating to the membrane [28,73–75]. It has also been shown that 
the addition of hydrophilic 2D nanomaterials can reduce the surface 
roughness of polymeric membranes, reducing the number of depressions 
on the membrane surface where foulants could be trapped [25,58]. 
From this, it is evident that the addition of the siloxene to the PES matrix 
significantly improves the membrane's antifouling performance.

As aforementioned, this test was also attempted with the commercial 
PES membrane Biomax®. However, difficulties were encountered when 
completing the test. The PWP1 was calculated without issue, but when 
the membrane module was cleaned and feed solutions were changed to 
the concentrated BSA solution no permeation was observed, even after 
several hours of permeation testing. SEM images were taken of the 
Biomax® before and after testing (see Fig. S7 and S8). These showed 
densification at the membrane surface that may be responsible for 

restricting the mass transfer. After multiple attempts, it was determined 
that retesting these membranes, to complete JBSA and PWP1, was not 
possible. As a result, the antifouling test could not be completed. Despite 
this, given the high contact angle of the Biomax® and similar compo
sition to fabricated PES, it could be inferred that the membrane would 
have similar antifouling performance.

The data in Fig. 8 show that the addition of the filler material makes 
the membranes more resistant to permanent fouling from the proteins in 
the solution compared to the base PES membranes, which will help 
maintain the membrane's improved performance in biomedical appli
cations. Furthermore, the reduced fouling, paired with the enhanced 
permeance, would ensure that the membrane can provide the effective 
area, potentially reducing the area necessary for sufficient performance.

3.4. Comparison of PES-Siloxene and other PES-based MMM

Other 2D nanomaterials have also been used to improve membrane 
performance. Some recent membrane developments for BSA separation 
and antifouling found in other literature are listed in Table 3. GO and its 
derivatives are the most notable 2D nanofillers and have several positive 
impacts. While overall amphiphilic GO possesses many oxygenated 
functional groups, all of which are hydrophilic. Studies have shown that 
the addition of GO increased water affinity; hence, the permeance 
improved the antifouling properties of the membrane and maintained 
high protein rejection [20,76–78]. Consequently, GO has been consid
ered a beneficial addition to haemodialysis PES membranes and has 
shown significant potential [21], whereas other 2D nanomaterials have 
limited use in membrane-based biomedical applications. In this line, 
previous work has shown PES MMM containing 0.1 wt% AGO that 
showed BSA rejection of 97 % and ~ 93.2 % upon the addition of 3 wt% 
pore-forming additive while having a permeance of 1.17 and 53.8 
LMHBar, respectively [26]. However, this data lacked testing at high 
(80 g L− 1) BSA concentrations to match this study, as a more standard 
concentration of 1 g L− 1 was used instead. Likewise, although all the 
membranes listed in Table 3 may have substantial antifouling properties 
(FRR), testing was completed with a very low BSA concentration, 
ranging from 0.10 to 1.00 g L− 1. In the present study, the PES-Siloxene 
membrane antifouling properties remain competitive with reported 
literature despite the BSA concentration being 80–800 times higher, 
while maintaining BSA rejection of circa 99 %.

The lack of information available where PES-Filler membranes are 
used at high BSA concentrations gives rise to the need for another base 
case using a 2D nanomaterial in a PES matrix to be provided for the PES- 

Fig. 8. (a) Flux recovery ratio (FRR), total flux decline ratio (Rt), reversible flux decline ratio (Rr), and irreversible flux decline ratio (Rir), for membranes PES and 
0.150Si, calculated using Eqs.(5, 6, 7), and (8), respectively. (b) Long-term BSA permeance for membranes PES and 0.150Si.
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Siloxene membranes to confirm if the siloxene is providing a significant 
difference over the other nanomaterials in the literature. Therefore, 
AGO was chosen at 0.1 wt% to be fabricated and evaluated as a 
comparative material to the siloxene in a PES matrix, due to its current 
antifouling performance in the literature and GO's emergence into the 
biomedical research within membrane applications [21,22]. 2D nano
material characterisation can be found in Supporting Information 
(Fig. S3 and S4). Identical PES-based casting solutions were prepared as 
per Luque-Alled et al. [26], resulting in the fabrication of membranes 
named here as 0.100AGO and 0.100AGO_3PVP. These membranes were 
characterised and tested using the same methodologies as the rest of this 
work (Table 4). Results can be found in Table S3, Fig. S9, and Fig. S10 in 
the Supporting Information. Some differences between the permeance 
and porosity of the fabricated and reported PES-AGO membranes were 
observed. These differences have been discussed in full in the Supporting 
Information (6. Characterisation of PES-AGO Membranes).

The fabricated PES-Siloxene membranes herein outperform AGO- 
based membranes, with enhanced hydrophilicity, PWP, and anti
fouling performance. It was observed that the 0.100AGO and 

0.100AGO_3PVP had similar surface and cross-sectional morphology to 
the PES-Siloxene and 0.150Si_3PVP, respectively. Moreover, 0.100AGO 
achieved comparable permeance to 0.050Si and 0.100Si but signifi
cantly less than 0.150Si while maintaining ~99 % BSA rejection and low 
PEG rejection. In contrast, membrane 0.100AGO_3PVP had similar 
performance to 0.150Si_3PVP membranes, again suggesting that the 
addition of PVP dominated the performance, as both membranes had 
statistically comparable permeance and BSA rejection. Interestingly, the 
addition of hydrophilic AGO did not decrease the contact angle or zeta 
potential as much as the addition of siloxene, only reaching 47◦ (±1◦) 
and − 25.7 mV, respectively, for 0.100AGO; similar to low siloxene 
concentrations. The cause of this could be the high surface area of the 
siloxene sheet due to the corrugated structure [31], allowing for more 
favourable interactions with approaching water molecules. Further
more, the fouling properties of 0.100AGO were also assessed (see 
Table 4 and Fig. S11) using the high BSA feed concentration. The FRR of 
0.100AGO fell short of the 0.150Si, reaching just 51.8 % compared to 
61.4 %. Despite AGO having been shown to have potential as a filler in 
this membrane application, based on the observations in this study, 
siloxene is a better choice due to improvements to all parameters 
assessed in this work.

It is interesting to note that the PES-AGO membranes fabricated for 
this report had a permeance and porosity significantly higher than that 
reported in the original article [26]. A complete discussion of this 
observation can be found in the Supporting Information (6. Characteri
sation of PES-AGO Membranes), to not draw focus from the main article.

4. Conclusions

Siloxene was successfully synthesised and incorporated into PES- 
based MMMs. We demonstrate the use of siloxene in PES to study the 
antifouling properties of the membranes, with results showing that 0.15 
wt% imparted a favoured loading to the performance. The addition of 
the easy-to-synthesise 2D siloxene showed a significant enhancement in 
the negative surface charge of the membrane, reaching a zeta potential 
of − 35.4 (± 0.4) mV for 0.150Si compared to − 22.5 (± 0.1) mV for base 
PES. This resulted in a large improvement in the membrane's hydro
philicity, reducing the water contact angle from 52◦ (±1◦) for base PES 
to 27◦ (±1◦) for 0.150Si. The base PES membrane fell short of the ~99 % 
protein rejection target, whereas the addition of siloxene at 0.150 wt% 
(0.150Si) and 0.100 wt% (0.100Si) enhanced this to ~99 %. Further
more, these membranes overcame the trade-off between permeance and 
protein selectivity, with membrane 0.150Si having approximately 
double the permeance of PES, 146.7 (± 14.2), to 74.5 LMHBar, while 
maintaining higher rejection. Building on this, due to the heightened 
surface negativity, enhanced hydrophilicity, higher permeance and 
protein rejection. The PES-Siloxene membrane was also more capable of 
withstanding larger protein concentrations while maintaining perfor
mance. The recovered flux (FRR) after protein fouling increased from 
only 16.8 % for the base PES membrane to 61.4 % for the 0.150Si 
membrane, showing a significant improvement in permeant protein 
resistance. It was also determined that the addition of PVP pore formers 

Table 3 
Selected recent works found in the literature on comparative membrane per
formance of mainly PES-based MMMs with added nanofillers using BSA-based 
feed systems.

Membrane System Performance Ref.

PES/AGO Pure water 
1 g L− 1 BSA

1.17 LMHBar 
~97 % rejection 

~65 % FRR
[26]

PES/AGO/PVP Pure water 
1 g L− 1 BSA

53.8 LMHBar 
93.2 % rejection

[26]

PES/GO
Pure water 
1 g L− 1 BSA

13 LMHBar 
~96 % rejection 

~60 % FRR
[78]

PES/GO/ Tetronic® T904 Pure water 
1 g L− 1 BSA

254 LMHBar 
~93 % rejection 

~59 % FRR
[78]

PES/O-MoS2
Pure water 
1 g L− 1 BSA

75.2 LMHBar 
88.2 % FRR

[79]

PES/GO/Fe3O4
Pure water 
1 g L− 1 BSA

~175 LMHBar 
95 % rejection 

87.9 % FRR
[80]

PSF/GO-guanidyl Pure water 
0.2 g L− 1 BSA

204 LMHBar 
95.1 % rejection 

82.4 % FRR
[81]

PES/MoS2/O-MWCNTs/PVP
Pure water 

0.5 g L− 1 BSA

64 LMHBar 
99 % rejection 

~60 % FRR
[82]

PES/UiO-66-NH2@CQDs Pure water 
1 g L− 1 BSA

~272 LMHBar 
~96 % rejection 

~87 % FRR
[83]

PES/GO-SP
Pure water 

0.5 g L− 1 BSA
~3 LMHBar 
~93 % FRR

[84]

PES/MDA/GO Pure water 
0.25 g L− 1 BSA

12.7 LMHBar 
70 % FRR

[85]

PES/AFBN
Pure water 

0.25 g L− 1 BSA

~57 LMHBar 
~99 % rejection 

90.4 % FRR
[86]

PES/WS2
Pure water 

0.25 g L− 1 BSA

364 LMHBar 
98 % rejection 

~69 % FRR
[87]

PES/ Z-MXene
Pure water 

0.1 g L− 1 BSA

324 LMHBar 
~97 % rejection 

~97 % FRR
[88]

PES/ charcoal-NM
Pure water  

0.1 g L− 1 BSA

410 LMHBar 
~95 % rejection 

~95 % FRR
[89]

PES/Siloxene
Pure water 

80 g L− 1 BSA

146.7 LMHBar 
98.8 % rejection 

61.5 % FRR
This work

MWCNT – Multiwalled carbon nanotube; CQD – Carbon quantum dot; GO-SP – 
Photo-responsive graphene oxide-spiropyran; MDA – Melamine-based den- 
drimer amines; AFBN – Amine functionalised boron nitride; MXene - (Ti3C2Tx); 
charcoal-NM – Charcoal-nanomaterial.

Table 4 
Comparison between PES-Siloxene and PES-AGO membranes.

Membrane 0.100AGO 0.150Si 0.100AGO_3PVP 0.150Si_3PVP

Contact angle 
/ ◦

47 (± 1) 27 (± 1) 49 (± 1) 46 (± 1)

Zeta potential 
/ mV

− 25.7 (±
0.0)

− 35.4 (±
0.4) − 25.1 (± 1.3) − 24.3 (± 0.1)

PWP / 
LMHBar

115.8 (±
11.7)

146.7 (±
14.2) 593.0 (± 14.3)

564.9 (±
76.3)

BSA rejection 
/ %

99.3 (± 0.2) 98.9 (±
2.2)

94.8 (± 1.0) 97.3 (± 1.8)

FRR / % 51.8 (± 1.9) 61.4 (±
3.7)

N/A N/A
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wasn't beneficial to this application, despite improving the water per
meance significantly. Furthermore, membrane 0.150Si outperformed 
the commercial PES Biomax® and PES-AGO membranes in every 
respect, showing its enhancement on current benchmarks.

Altogether, the PES-Siloxene membranes, particularly 0.150Si, 
exhibit great potential to be used within biomedical devices, with almost 
complete albumin retention at realistic concentrations, UF water per
meance, significant resistance to biological fouling, and greater perfor
mance than other currently available commercial alternatives. The next 
step in this project is to move closer to genuine conditions and their 
impact on the membranes by simulating more complex environments 
with multiple foulants, before moving to blood plasma and whole blood 
samples. Development of biomedical technologies, such as haemodial
ysis, hemofiltration, and biosensing pre-treatment, as well as other 
biological purifications, will benefit from the use of siloxene in their 
separation stages to ensure the material's long-term suitability and 
process feasibility.
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devices for sustained drug delivery, Adv. Drug Deliv. Rev. 199 (2023) 114950, 
https://doi.org/10.1016/j.addr.2023.114950.

[36] C. Zweigart, A. Boschetti-de-Fierro, M. Hulko, L.G. Nilsson, W. Beck, M. Storr, 
B. Krause, Medium cut-off membranes - closer to the natural kidney removal 
function, Int. J. Artif. Organs 40 (2017) 328–334, https://doi.org/10.5301/ 
ijao.5000603.

[37] L. Torrijos-Morán, B.D. Lisboa, M. Soler, L.M. Lechuga, J. García-Rupérez, 
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