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The utilisation of plant-derived nanoscale cellulosic materials (cellulose nanofibrils, CNF) in tailoring water
purification membranes is constantly gaining interest in the context of green-functionalised membrane solutions.
However, most of the existing approaches based on renewable and biobased materials suffer from the lack of
efficient and scalable processing strategies. Here, we introduce a roll-to-roll membrane modification approach
based on thin submicron nanocellulose coatings (400–800 nm) to manufacture anti-biofouling membranes with
size and charge dependent selectivity using unit operations compatible with existing industrial lines. We turned a
commercial polymeric polyethersulfone (PES) microfiltration membrane into highly hydrophilic and tight
membrane structure by applying thin and water-durable cellulose nanofibril layers using cast or spray coating
methods. Nanocellulose coated membranes exhibited water permeance values of 80 – 100 LMH/MPa with the
highest rejection levels of > 90% for Cytochrome C. Furthermore, the nanocellulose layers were able to with
stand relatively high filtration pressure levels of 1 MPa, indicating that the selected procedures to improve
mechanical integrity i.e. polyethylene imine-based anchoring and acid induced CNF cross-linking were suc
cessful. The coated membranes with the thinnest nanocellulose layer exhibited a molecular weight cut-off
(MWCO) of 2 kDa for negatively charged polystyrene sulfonate and 14 kDa for neutral dextrane indicating
charge selective behaviour. It can be concluded that our nanocellulose coated PES membranes represent nano
filtration membranes and lower boundary of ultrafiltration membranes with clear anti-biofouling performance
directly evidenced via systematic bovine serum albumin (BSA) adsorption investigations. Our approach paves the
way towards tunable and sustainable water treatment technologies simultaneously opening space for novel
biobased solutions in membrane sector.

1. Introduction
Aside from being a renewable and bio-based alternative for many
synthetic polymer-based materials, colloidal nanocellulose (cellulose
nanocrystals (CNC), cellulose nanofibrils (CNF), cellulose microfibrils
(CMF)) possesses a unique set of features, such as large surface area,

nanoporous/microporous fine structure and intriguing interactions with
water such as high hygroscopicity, that sets it apart from many other
nanoscale materials with comparable aspect ratios and mechanical
performance [1]. Furthermore, upon drying the nanofibrillar network of
CNF has a high inherent tendency to form tight and nano-/microporous
film-like structures via strong interactions between the numerous
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T. Pöhler et al.

Separation and Purification Technology 285 (2022) 120341

surface hydroxyl groups [1,2]. According to the recent literature entries,
it is well-established that these features enable several opportunities for
nanocellulose particles to be exploited as membrane building blocks and
active components for example in water purification and organic solvent
filtration [3–11]. Besides, nanostructured membranes with high hy
drophilicity have been recently introduced as emerging water treatment
materials [12,13].
Polymeric polyethersulfone (PES) microfiltration (MF) and ultrafil
tration (UF) membranes are widely used in e.g. biomedical and life
science applications to remove small particles, proteins and microorganisms. Although they exhibit outstanding oxidative and thermal
stability and good mechanical properties, they are prone to fouling
caused by adsorption of proteins and bacteria [14]. This can result in
higher energy demand, shorter membrane lifetime and unpredictable
separation performance [14]. Recently, two approaches exploiting CNC
or TEMPO-oxidised cellulose nanofibrils (T-CNF) to improve antibiofouling properties of PES membranes have been presented. AguilarSanchez et al. [15] coated thin T-CNF or CNC layers at laboratory
scale on PES microfiltration membrane. T-CNF coating showed clear
anti-biofouling property and high resistance towards bacterial coloni
sation, whereas CNC coating behaved in a completely opposite fashion
by promoting the adhesion of bacteria. Furthermore, E. coli cells were
able to degrade the CNC layer – a highly relevant finding when
considering application specific membrane modifications. Zhang et al.
[16] blended CNCs with PES to produce nanocomposite membranes
with improved antibacterial and antimicrobial properties, and the antibiofouling feature was considered to be a synergistic result of the
nanocomposite blend and its conditioning with polyhydroxyamines.
Encouraged by our previous experience related to the utilisation of thin
nanocellulose coatings on commercial PES microfiltration membranes
to advance the anti-biofouling property [15], we introduce a roll-to-roll
membrane modification strategy to produce and tailor anti-biofouling
PES membranes with size and charge dependent selectivity using unit
operations which are compatible with industrial lines (Fig. 1).
At present, most of the nanocellulose-based coatings, films, or
membrane modification strategies are based on laboratory scale or batch
production of the materials, [15–31] although printing and paper
making companies have prioritised nanocellulose-based coatings over

their synthetic counterparts [32,33]. Transferring the lab-scale ap
proaches to continuous production lines is usually considered a major
challenge, [34] which is reflected by only a limited amount of ap
proaches attempted to be translated into industrially viable unit oper
ations [35]. Scalable, organic solvent-free methods to prepare
nanocellulose films have been developed [36,37] and the films can be
further surface modified e.g. in aqueous media [3,38] to meet the de
mands relevant e.g. for diagnostics, and to further tailor hydrophilic/
hydrophobic balance and water permeance through the films [7]. A
major challenge related to CNF coatings is the high viscosity and yield
stress of the suspensions even at low solid contents (<5%) [39]. Kumar
et al. [39,40] pioneered in developing a continuous roll-to-roll coating
process for aqueous CNF suspensions on paperboard substrates. They
used a custom-built slot geometry to overcome the problems caused by
high viscosity and take the advantage of the shear-thinning behaviour of
the microfibrillated cellulose suspension (MFC), [41] while coating
various paper-based substrates using a pilot-scale process [39,40]. It was
noticed that the surface chemical composition, surface energy, rough
ness, porosity, and water absorption capacity of the substrate had a great
influence on the coating performance and end quality. Following a
different approach in pilot scale, foam coating has been employed to
apply a thin layer of CNF on a fibre-based substrate to modify the surface
[42]. All of the aforementioned coating studies presented a formation of
hydrophilic surfaces and in general, hydrophilicity promoted the
adhesion between the coating layers and the fibre-based substrates due
to hydrogen bonding upon drying that seemed to be a dominating
interaction mechanism. Furthermore, hydrophilic surfaces enabled the
uniform spreading of the nanocellulose suspension [39]. In this work,
we introduce a pilot-scale coating process based on cast or spray coating.
The process applies an aqueous CNF suspension on polymeric PES
membranes using a strategy to increase the membrane hydrophilicity in
order to ensure a good compatibility and high adhesion between un
derlying PES membrane and thin CNF coatings.
Recent reviews by Sharma et al. [10] and Mautner [11] reveal that
the main challenge of nanocellulose-based membrane materials lies in
the low water permeance caused by the tight nanoscale structure of
particularly self-standing, several tens of microns thick nanocellulose
layers. Besides, with respect to thin sub-micron nanocellulose coatings,

Fig. 1. Process flowchart of the pilot line and the unit operations for the production of nanocellulose coated PES membranes.
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achieving both the interfacial strength and adhesion between the
nanocellulose layer and the substrate, as well as the adequate wet
strength of CNF layer, often defies the full utilisation of nanofibrillar
cellulose materials in real operational conditions. Building upon our
previous experience on interfacial tailoring, where attractive electro
static interactions are used to tightly bind anionic nanocellulose on
substrates via an anchoring polyelectrolyte, branched cationic poly
ethylene imine (b-PEI) [43], we employed the same strategy to adhere
thin anionic nanocellulose coatings on anionic PES surfaces. Moreover,
in order to increase the bulk strength of the coating layer, we utilised a
mixture of cellulose nanofibrils, mechanically disintegrated CNF and a
high fraction of carboxylic acid groups containing T-CNF at pH 4. Low
pH generates physical acid-induced interfibrillar interactions i.e. crosslinking between CNF and T-CNF. Physical cross-linking and enhanced
interfibrillar interactions are essential operations to improve the wet
strength of T-CNF films as demonstrated by Hakalahti et al [44].
The pilot-scale surface modification of a commercial PES micro
filtration membrane into a highly hydrophilic ultrafiltration membrane
was carried out with the procedure schematically illustrated in Fig. 1.
The principal critical anchoring strategy was first systematically evi
denced using a surface sensitive approach with Quartz Crystal Micro
balance with Dissipation monitoring (QCM-D) along with well-defined
model surfaces. Morphology of the pilot-scale CNF coatings was ana
lysed using SEM and AFM imaging. Key surface properties (changes in
surface chemical composition by XPS, surface wetting by water contact
angles, surface charge by ζ-potential) were followed over each coating
process unit operation. Finally, the membrane filtration performance
was investigated by determining the rejection range with Cytochrome C,
and sieving curves were analysed using a broad molecular weight dis
tribution polystyrene sulfonate (PSS) and dextrane molecules. The in
tegral anti-biofouling property of the membrane building blocks was
demonstrated by following the model protein (Bovine serum albumin,
BSA) adsorption by QCM-D.

oxidised cellulose nanofibers (T-CNFs) [46]. Cellulose fibres were oxi
dised following previously established protocols from Saito et al. [46]
with slight modification. The pulp fibres were suspended in water in
order to form a suspension with a concentration of 2 wt%. TEMPO and
sodium bromide (NaBr) were dissolved in water to concentrations of 0.1
and 1.0 mmol per gram of cellulose pulp, respectively, and mixed with
the fibre suspension. The pH of the suspension was adjusted to 10 with
NaOH solution (1 mol L− 1). A concentration of 10 mmol NaClO was
chosen per gram of cellulose pulp. The TEMPO-oxidised cellulose fibres
were thoroughly washed until the conductivity was similar to that of
distilled water. The oxidised and purified cellulose fibres were dispersed
in water to a concentration of 2% (w/w) and disintegrated using a
Supermass Colloider (MKZA10-20 J CE Masuko Sangyo, Japan) to
obtain cellulose nanofiber suspension. The energy applied to the
grinding process was 10 kWh kg− 1 of cellulose. The T-CNF was further
fluidised with one pass in a microfluidiser (400 µm + 100 µm chambers
at 1800 bar, Microfluidics M− 7125− 30, Microfluidics Corp., USA). The
result was a transparent and viscous gel with a final solids content of
1.17%. The apparent viscosity at a shear rate of 10 s− 1 measured at 0.8%
consistency was 1700 Pas ± 22. The light transmittance of a 0.1 % T-CNF
dispersion in Milli-Q-water was 99% at 800 nm. The oxidised fibres
exhibited a –COOH content, as determined by conductometric titration
with NaOH, of 1.1 mmol g− 1, and zeta-potential of − 53.2 ± 2.7 mV.
TEMPO-oxidation yielded nanofibrils with fibril diameters of 3–5 nm
and lengths in µm scale as evaluated from AFM images, Fig. 1.
Commercial asymmetric polyethersulfone (PES) microfiltration
membranes were provided by Sartorius Stedim Biotech, Germany, with
a nominal pore size of 0.2 µm and surface porosity of approximately 50%
as reported by the supplier. An anchoring polymer, highly cationic and
branched polyethylene imine (b-PEI, isoelectric point, iep = 11) with an
average molecular weight of 70 kDa was purchased from Polysciences
Inc., USA. The b-PEI contains primary, secondary, and tertiary amine
groups in a ratio of approximately 25/50/25, respectively, as reported
by the supplier.
More method specific materials are described in conjunction with the
corresponding methods in the following sections.

2. Experimental section
2.1. Materials for membrane manufacturing

2.2. Interfacial anchoring of T-CNF on PES with b-PEI followed with
Quartz crystal microbalance with dissipation (QCM-D)

Dried bleached birch kraft pulp obtained from a Finnish pulp mill
(Metsä Fibre, Finland) was used as a raw material to produce mechan
ically disintegrated and chemically unmodified cellulose nanofibrils
(CNF). The pulp with a carbohydrate content of 73 wt% glucose, 23 wt%
xylose and 0.15 wt% methyl glucuronic acid was first soaked in deion
ised water at a consistency of 1.8 wt% overnight and dispersed using a
high shear Ystral X50/10 Dispermix mixer (Ystral, Germany) for 20 min
at 1770 rpm. The pulp suspension was pre-refined twice in a Masuko
grinder (Supermasscolloider MKZA10-15 J, Masuko Sangyo Co., Japan)
at 1500 rpm and fluidised with six passes (Microfluidics M− 7125− 30,
Microfluidics Corp., USA). First, the pre-refined suspension was premixed by running it once through the 400 µm chamber at 50 bar. The
first fibrillating cycle was carried out through the chambers with a
diameter of 400 µm and 200 µm and the next five passes were through
the 400 µm and 100 µm chambers, respectively, at an operating pressure
of 1800 bar. The final CNF suspension appeared as a turbid gel at 1.8 wt
% solids content and pH 6.8. The apparent viscosity at a shear rate of 10
s− 1 at 1.5 wt% consistency was 6900 ± 290 Pas, measured according to
the method described by Kangas et al. [45]. The charge content of CNF
was ~ 0.04 mmol g− 1 as determined by a standard conductometric
titration (SCAN-CM 65:02, 2002). Mechanical fibrillation results in
branched fibrils with fibril diameters of 10–100 nm and length varying
from a few micrometres up to ten micrometres estimated from SEM
images, see Fig. 1.
Never-dried elemental chlorine free (ECF) cellulose fibres (81.3%
cellulose, 12.6% hemicellulose, lignin 0% and ash 0.3%) from bleached
softwood pulp (Picea abies and Pinus spp.) were obtained from Stendal
GmbH (Berlin, Germany) and used for the production of TEMPO-

2.2.1. QCM-D instrument
Changes in mass at solid-air and solid–liquid interface were deter
mined using an E4 QCM-D instrument (Biolin Scientific, Gothenburg,
Sweden) by monitoring the changes in the resonance frequency as the
total mass on the sensor surface increases or decreases when a pulsed
electric field is applied. When the voltage is cut off, the amplitude of
oscillation decays and the decay rate depends on the viscoelastic prop
erties of the materials in contact with the surrounding environment (air
or liquid). Therefore, simultaneously, the dissipation of energy can be
monitored by following the change in dissipation factor, ΔD = D − D0,
where D0 is the dissipation factor of the pure quartz crystal before any
deposited layer on the surface and D is the dissipation factor when
material has been attached on the sensor crystal. If the material is evenly
distributed, rigidly attached and small compared to the mass of the
crystal, the frequency change, Δf = f − f0, is directly related to the mass
change per unit surface area by the Sauerbrey equation [47].
Δm = − C

Δf
n

where C is the sensitivity constant of the sensor and n is the measure
ment overtone number (n = 1, 3, 5, 7, 9, 11). The rigidity, softness and
binding strength of the adsorbed layer covering the sensor surface can be
qualitatively interpreted by monitoring the change in dissipation ΔD
which represents the changes in viscoelastic properties of the layer as
presented using the following equation for dissipation factor:
3
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2.2.4. Atomic force microscopy (AFM)
AFM topography images of ultrathin films of PES, b-PEI and T-CNF
deposited on QCM-D crystals were captured using a Nanoscope IIIa
Multimode scanning probe micro-scope (Bruker AXS Inc., Madison, WI,
USA) with an E-scanner in tapping mode using NSC15/AIBS silicon
cantilevers (Ultrasharp, µmasch, Tallinn, Estonia). No other image
processing except flattening was performed.

Edissipation
2πEstorage

where Edissipation is the dissipated energy and Estorage the total energy that
is stored during a single oscillation cycle. The deposited layer can be
specified as rigid and fully elastic if ΔD ≤ 1 × 10-6, and the overtones of
Δf and ΔD do not show a significant spread whereas higher changes in
dissipation indicates that the layer is viscoelastic, softer and less tightly
bound on the underlying substrate [48]. The full interpretation of QCMD data is described in detail elsewhere [49,50].
Ultrathin films for interfacial anchoring experiments were prepared
on piezoelectric AT-cut SiO2-coated QCM-D sensor surfaces (Biolin Sci
entific, Gothenburg, Sweden) with a fundamental resonance frequency
(f0) of 5 MHz, sensitivity constant (C) of 0.177 mg m− 2 Hz− 1 as reported
by the supplier. Prior to the PES deposition, sensors were rinsed with
Milli-Q water (Millipore Corporation, Molsheim, France), dried with
nitrogen gas and cleaned using UV/ozone treatment (Bioforce Nano
sciences, CA) for 10 min. PES surfaces were prepared by dissolving 0.5
wt% of PES membrane in dichloromethane (Sigma Aldrich) as described
by Jurin et al. [51]. PES solutions were spin coated (WS-400 BZ-6NPPLite, Laurell Technologies, 6000 rpm for 1 min) on cleaned SiO2 sensor
surfaces and dried at 80 ◦ C for 10 min. Prior to the measurements, the
surfaces were stabilised in a desiccator for at least 30 min.

2.3. Pilot coating procedure
A blend of two grades of cellulose nanofibrils consisting of 75 wt% of
mechanically disintegrated CNF and 25 wt% of T-CNF was mixed with a
Diaf high speed disperser (Diaf Pilvad, Denmark) at 700 rpm. Next, the
nanocellulose blend suspension was diluted to a concentration of 0.6 wt
% and the pH value was adjusted to 4 with 0.1 M HCl to ensure enhanced
interfibrillar interactions. Acidic pH increased the apparent viscosity
and gel yield value of the nanocellulose blend (Supplementary Fig. S1)
indicating increased gel strength and indirectly suggesting the occur
rence of physical crosslinking.
Schematics of the membrane coating configuration and its unit op
erations are presented in Fig. 1. The membrane coating procedure was
based on cast-coating or spray-coating of the nanocellulose suspension
with precise control of adhesion, spreading and drying of CNF/T-CNF
mixture on a supporting PES membrane substrate in a similar fashion
as described in Tammelin et al. [36] using a pilot-scale roll-to-roll
converting unit (Coatema, Germany). The PES membrane film (4900
mm wide) was first plasma treated (Ar-plasma, 2000 W m− 2h− 1, Veta
phone, Denmark) to activate and clean the membrane surface and
ensure both the adsorption and even surface distribution of the
anchoring polymer. A 0.1 wt% b-PEI solution was applied after plasma
treatment by guiding the membrane through a basin filled with the
polymer solution. The residence time of the membrane in the b-PEI bath
was approximately 10 s. The quickly wetted membrane was subse
quently led to a washing basin filled with deionised water resulting in
approximately 60 s duration of action for the b-PEI.
Two different coating methods, either cast coating or spray coating
were employed to apply 0.6 wt% nanocellulose dispersions on PES
membranes with the target dry layer thickness below 1 µm. The cast
coating was performed by feeding nanocellulose manually to the open
casting slot equipped with a doctor blade. The level of nanocellulose
dispersion in the slot was kept constant to prevent variations of the coat
weight and thus masses of the dispersion caused by the effect of gravity.
The metering gap was 100 µm, equal to the wet coating thickness, and it
should be noted that wet nanocellulose layer thickness could not be
further lowered since 100 µm is the minimum metering gap. Spray
coating method is not limited by the similar technical issues and was
therefore selected as an alternative coating method allowing us to ach
ieve lower nanocellulose layer thicknesses. Spray coating was performed
by using a Graco 512 nozzle with 305 µm orifice, with 0.15 MPa pump
pressure and 0.4 MPa nozzle pressure. The machine speeds during
coating were 1 and 5 m min− 1 (cast coating) and 5 and 7 m min− 1 (spray
coating). Although the full comparison of coating methods is somewhat
limited due to the technical reasons, both methods proved to function
well and furthermore, are industrially available coating options.
Due to limited length of the drying section, the web was dried at rest
using two drying sections. The nanocellulose coated membrane surface
was first dried to a water content of ~ 10% with IR driers and then the
web was thermally annealed for 10 min at a surface temperature of 80 ◦ C
to further promote the physical cross-linking between CNF and T-CNF
and to ensure the PEI-induced anchoring.

2.2.2. Adsorption of T-CNF on PES with and without b-PEI
Adsorption of T-CNF with and without anchoring polymer (b-PEI) on
PES was followed by monitoring changes in resonance frequency (Δf)
and dissipation energy (ΔD) as a function of time. PES surfaces were
prepared as described above and they were allowed to stabilise in MilliQ water for 10 min until no changes in Δf and ΔD values were observed.
Water was switched to 0.1 wt% b-PEI solution, and Δf and ΔD were
monitored for 20 min followed by Milli-Q water rinsing. Next, 0.15 wt%
T-CNF solution was introduced to the QCM-D chamber and after suffi
cient adsorption stabilisation time of approximately 40 min, the system
was finally rinsed with Milli-Q water. Each solution was passed through
the QCM-D chamber with a pumping speed of 0.1 mL min− 1. Adsorption
experiments without b-PEI were carried out by pumping Milli-Q water
through the chamber instead of b-PEI. Data presented is acquired using
the third overtone (15 MHz, f0 = 5 MHz, n = 3).
2.2.3. Areal mass determination to evaluate the T-CNF adhesion on PES
The estimation of the areal mass of the attached PES, b-PEI and TCNF layers was carried out by following the protocol described by
Peresin et al. [52] with slight modifications. First, the frequency
response of an empty sensor crystal surface was collected in air for 30
min until stable baselines for Δf and ΔD were attained. Then PES (0.5 wt
% in dichloromethane) was spin coated on and SiO2 sensor surface and
the sensor placed in the QCM-D measurement chamber in order to
collect the frequency data in air for 30 min. Next, the very same sensor
was either treated or not treated with 200 µL 1 mg mL− 1b-PEI solution
by drop casting on the sensor for 30 min, followed by rinsing with MilliQ water to remove unbound b-PEI. Prior to placing the sensor back in the
QCM-D chamber to collect the frequency data in air, it was dried with
nitrogen gas. Next, 200 µL of 0.15 wt% T-CNF suspension, which has
been sonicated (Branson Digital Sonifier, 400 W, 20 kHz) with a 25%
amplitude for 2 min, was spin coated (3000 rpm for 2 min) on the very
same sensor crystal, followed by heat treatment (10 min at 80 ◦ C).
Again, the frequency response was collected for 30 min. Finally, the
crystal was immersed in Milli-Q water for 16 h to evidence the adhesion
during the swelling of T-CNF, and the frequency data was collected for
30 min. The frequency data generated after every step was finally
stitched together using QSoft software, and changes in areal mass were
calculated according to the Sauerbrey equation. The third overtone (15
MHz, f0 = 5 MHz, n = 3) was used for the quantitative calculations of the
areal mass.

2.4. Characterisation of the membranes
2.4.1. Coating thickness and morphology
The nanocellulose layer thickness was measured from coated mem
branes with a Zeiss Merlin field emission SEM (Zeiss International) with
4
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2 kV acceleration voltage and 60 pA probe current. The samples were
fractured in liquid nitrogen and sputter coated (EM ACE200, Leica,
Germany) with 5 nm of Au/Pd prior to SEM imaging.
The surfaces of the coated membranes were imaged using a Multi
mode NanoScope V (Bruker) atomic force microscope. The samples were
attached to metal pugs with double sided tape and probed with standard
TESPA-V2 silicon nitride tips (Bruker, USA) with the spring constant k =
40 N/m. In all cases, the height, amplitude and phase images were
recorded under tapping mode. The root-mean-square (RMS or Rq)
roughness was determined as an average of ten sections in the height
images of size 0.25 µm2 with NanoScope Analysis 1.5 (Bruker) software.

sulfonates (PSS, mixture of 2, 4, 10, 29 and 64 kDa molecules from PSSOn-line) and dextranes (a mixture of 4, 8 and 35 kDa molecules from
Pharmacosmos) were filtered to analyse the molecular weight cut off
(MWCO) of the membranes. The filtered amount was 9.5 mL at 0.4 MPa
pressure using 25 mm diameter membrane specimens.
To test the mechanical durability and integrity of the nanocellulose
coated membranes in water filtration, additional filtration tests with
larger specimen size and higher filtration pressures were performed with
a cross-flow filtration cell (CF042P, Sterlitech, Kent, USA) with an active
filtration area of 4200 mm2. Water permeance was measured with
various feed flow rates (8.5–17.2 L min− 1), cross-flow velocities
(1.6–3.2 m s− 1) and filtration pressures (0.25–1 MPa) at constant tem
perature of 21 ◦ C with deionised water. Filtration time was 1 h and the
volumes of permeates varied from 0.1 to 1.2 L. SEM images were taken
after the filtration tests to ensure the presence and the stability of the
nanocellulose coating.

2.4.2. Air permeance
The coating layer integrity during the coating trials was assessed by
testing the air permeance using an air permeance tester (Lorentzen &
Wettre, Sweden) with the Bendtsen method which is commonly applied
in papermaking industry [53]. The air permeance values are reported in
mL min− 1 without using pressure correction. Air permeance was
measured in cross-direction and machine direction from at least six
different locations of each trial point.

2.5.2. Rejection of solutes
Protein rejection was determined from the filtration experiments
using a 0.1% Cytochrome C solution. Cytochrome C is a water-soluble
protein approximately spherical in shape [54] with an isoelectric
point at pH 9.6. The protein concentrations of the initial solution and the
collected filtrates were determined by UV spectrometry (Infinite 200
PRO, Tecan, Männedorf, Switzerland) at a wavelength of 280 nm.
Sieving curves were established by passing standard polymer solu
tions – polystyrene sulfonates (PSS) and dextranes – of known concen
trations through the membranes. PSS is a high-charge density (degree of
sulfonation > 90%) polymer with ζ-potential of − 63 mV at pH 7 [55] (i.
e. filtration conditions of this work) whereas dextranes are neutral
polysaccharides. Filtrates were collected and analysed by highperformance liquid chromatography – size exclusion chromatography
(HPLC-SEC, UltiMate 3000 system from ThermoFisher). The molecular
weight distribution yielded by the refractive index signal of the filtrate
was normalised to the signal and corresponding distribution for the
applied mixture. This ratio is called sieving curve giving the molecular
weight cut off (MWCO) that were recorded at 80%, 90% and 95%
rejection levels.

2.4.3. Surface elemental composition by x-ray photoelectron spectroscopy
The nanocellulose coating homogeneity was analysed by measuring
the surface elemental composition of both uncoated and coated mem
branes by X-ray photoelectron spectroscopy (XPS). Especially sulphur
(at a binding energy (BE) of 167 eV) originating from PES was used as a
marker to follow the coating evenness and coverage. The amount of
nitrogen, which is part of the b-PEI anchoring polymer, was used to
evidence both the attachment of the anchoring polymer and the pres
ence of the nanocellulose coating. The analysis was performed with a
Nexsa XPS system (Thermo-Fisher) using a radiation source gun-type Al
Kα operating at 72 W and a pass energy of 200 eV, a spot size of 400 µm,
“Standard Lens Mode”, CAE Analyser Mode, an energy step size of 1 eV
for the survey spectrum (20 passes), and integrated flood gun. Prior to
analysis the surface was not treated with Ar-clusters in order to preserve
the nature of the thin coatings. The high-resolution spectra (step size 0.1
eV) of the single elements were acquired with 20 passes at pass energies
of 50 eV. The cumulated data presented represents the average of the
measurements performed at 16 points covering an area of 8.7 mm2.

2.6. Anti-biofouling property of the membrane material components
analysed with QCM-D

2.4.4. Water contact angle
The sessile drop method was used for measuring water contact angles
with a video camera based, fully computer-controlled contact angle
meter (Attension Theta Optical Tensiometer, Biolin Scientific, Finland).
A droplet volume of 2 µL (Milli-Q water) was used and images recorded
every 0.01 s. The average values for water contact angles are reported
after an elapsed time of 0.3 s for all samples based on three repetitions.

The direct binding of a model biofouling protein was carried out by
following the adsorption of bovine serum albumin (BSA) on PES, b-PEI,
T-CNF and CNF using QCM-D instruments as described in section 2.2.
The interpretation of the QCM-D data is also described in section 2.2.
Ultrathin films of PES, b-PEI, T-CNF and CNF for BSA (crystallised, pu
rity ≥ 98.0% from Sigma Aldrich) adsorption experiments were pre
pared on SiO2-coated QCM-D sensor surfaces (Biolin Scientific,
Gothenburg, Sweden). Prior to the ultrathin film depositions, sensors
were rinsed with Milli-Q water (Millipore Corporation, Molsheim,
France), dried with nitrogen gas and cleaned using UV/ozone treatment
(Bioforce Nanosciences, CA) for 10 min.
Model PES surfaces were prepared similarly as described in section
2.2. The model surface of cationic b-PEI was prepared via adsorption by
immersing the sensor crystal in 0.1% b-PEI solution for 30 min, followed
by rinsing with Milli-Q water and drying with nitrogen gas. Model sur
faces of T-CNF were prepared as described in Eronen et al. [56] with
slight modifications by Hakalahti et al. [57] Model surfaces for CNF
were prepared by spin coating a 200 µL droplet of sonicated 0.15% CNF
dispersion on b-PEI treated sensor surface at 3000 rpm for 1 min fol
lowed by annealing at 80 ◦ C for 10 min. The nanocellulose coated
crystals were equilibrated in 0.9% NaCl (pH 4.63) overnight in the QCMD measurement chamber before the adsorption experiments.

2.4.5. Surface charge by ζ -potential analysis
The surface charge of the membranes was studied by measuring the
ζ-potential as a function of the pH using a SurPASS electrokinetic ana
lyser (Anton Paar, Graz, Austria). The membranes were characterised in
an adjustable gap cell at a gap width of 130 µm. As electrolyte, a solution
of 1 mmol L− 1 KCl was used and the pH value was controlled by titrating
either 0.05 mol L− 1 HCl to reduce the pH or 0.05 mol L− 1 KOH to in
crease the pH value, respectively, into the electrolyte solution. The
ζ-potential was determined from the measured streaming current.
2.5. Membrane filtration performance testing
2.5.1. Water permeance testing
Water permeance of the membranes was measured with a stirred cell
(Amicon®) simulating cross-flow filtration conditions. The permeance
was measured both by filtrating 0.9% NaCl and 0.1% Cytochrome C
(Mw = 12 384 Da from Sigma Aldrich) in 0.9% NaCl solution to
determine the approximate rejection range. Furthermore, polystyrene

2.6.1. Adsorption of BSA on membrane materials
Adsorption of BSA on PES, b-PEI, T-CNF and CNF was followed by
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monitoring changes in resonance frequency (Δf) and dissipation energy
(ΔD) as a function of time. The stabilisation of baselines was carried out
by passing 0.9% NaCl through the QCM-D chamber for 5–10 min. Next,
the solution was exchanged to 0.1% BSA in 0.9% NaCl at pH 6.1 and the
adsorption was monitored for 1 h. Finally, the system was rinsed with
0.9% NaCl to remove the unbound BSA. Each solution was passed
through the QCM-D chamber with a pumping speed of 0.1 mL min− 1.
Data presented was acquired using the third overtone (15 MHz, f0 = 5
MHz, n = 3).

surfaces with and without an anchoring layer of cationic b-PEI. Two
different approaches were conducted to follow (i) the adsorption of
membrane layer components which can be linked to the strength of
interactions between the different layers, and (ii) the changes in the
areal mass once building up the T-CNF layers on PES.
The sequential adsorption of b-PEI and T-CNF on ultrathin PES films
was determined in situ by monitoring the changes in frequency (Δf) and
dissipation (ΔD) at the solid–liquid interface (Fig. 2). After stabilizing
PES surfaces with Milli-Q water, b-PEI solution was introduced to the
surface denoted as PES-b-PEI-T-CNF. This caused a moderate negative
change in frequency (− 24.0 Hz), accompanied by a relatively large
positive change in dissipation (3.1 × 10− 6), which suggests that the bPEI was adsorbed on the surface in a conformation forming loops and
tails – a perfect conformation for anchoring purposes. During the sub
sequent rinsing with Milli-Q water, the frequency remained unchanged,
while the change in dissipation slightly decreased to 2.1 × 10− 6, indi
cating that the less tightly bound b-PEI fraction was removed. Next, the
T-CNF dispersion was introduced on the PES-b-PEI layer, leading to a
sharp negative change in frequency and a positive change in dissipation,
as T-CNF fibrils quickly adsorb onto the b-PEI layer due to electrostatic
attraction. The changes slowed down significantly as the available b-PEI
polymer chains became covered, stabilizing to Δf of approximately
–78.6 Hz and ΔD of ~ 3.9 × 10− 6 after approximately 50 min of
adsorption followed by rinsing with Milli-Q water. At the same time, TCNF was also introduced to a PES layer rinsed with only Milli-Q water
thus far, denoted as PES-T-CNF. However, this caused very little change
in frequency (<1 Hz), and a temporary increase in dissipation to 2.5 ×
10− 6 that fully reversed after rinsing with Milli-Q water which is a clear
indication that no T-CNF remained adsorbed on the PES surface.
The formation and stability of T-CNF layers on PES both with and

3. Results
3.1. Control over the coating layer critical strength parameters
Fig. 1 shows the process and unit operations involved in highthroughput tailoring of commercial microfiltration PES membranes
regarding pore size range and selectivity using thin layers of cellulose
nanofibrils. The industrial adoption of novel bio-based materials is often
restricted by lack of scalable manufacturing processes and limited by the
mechanical integrity in challenging operational conditions present for
example in high pressure filtration. Our strategy involved two principle
actions to improve the critical strength parameters. First, the interfacial
adhesion was improved by efficiently anchoring the CNF on plasma
treated (hydrophilised) PES membrane using highly cationic b-PEI.
Secondly, adequate wet strength was achieved using acid induced
treatment to generate attractive interfibrillar interactions between CNF
and T-CNF.
Quartz crystal microbalance with dissipation monitoring (QCM-D)
was employed to demonstrate the role of the anchoring polymer in the
coating concept by investigating the attachment of T-CNF on PES

Fig. 2. a) Change in frequency and b) dissipation as a function of time for the sequential adsorption of b-PEI and T-CNF on PES monitored using QCM-D (f0 = 5 MHz,
n = 3, f3/n). c) Changes in areal mass calculated using Sauerbrey equation at solid-air interface after sequential deposition of PES, b-PEI and T-CNF thin films with the
corresponding AFM height images.
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without b-PEI anchor were further investigated using QCM-D at the
solid-air interface in dry conditions. In Fig. 2, the change in areal mass
(Δm), calculated from Δf using the Sauerbrey equation, is presented
before and after coating the SiO2 sensor crystals with layers of PES, b-PEI
and T-CNF, as well as after swelling of the final T-CNF layer in Milli-Q
water for 16 h. In addition, (Fig. 2c) displays the AFM topography im
ages of the layers indicating the clear changes in the appearance and
morphology due to the successful nanocellulose deposition and swelling
steps. First, PES was spin-coated onto the crystals, corresponding to an
increase in areal mass of ~ 7 µg cm− 2. Then, a monolayer of b-PEI was
adsorbed to the crystal denoted as PES-b-PEI-T-CNF via drop-casting,
but not to the crystal denoted as PES-T-CNF. As evidenced by the
small decrease in Δm after drop-casting, the b-PEI monolayer was thin
enough to fall within the margin of error for the measurement. Next, TCNF was spin-coated on both crystals, resulting in an increase of Δm of
roughly 13 µg cm− 2 for PES-b-PEI-T-CNF, while the mass of PES-T-CNF
remained unchanged. Finally, Δm for both surfaces did not change
beyond the error margin after swelling the crystals in Milli-Q water for
16 h. Overall, both the adsorption and areal mass investigations clearly
demonstrated that while T-CNF does not spontaneously attach to PES
surfaces, stable T-CNF coatings could be achieved by using b-PEI as
anchoring polymer. Moreover, the PES-b-PEI-T-CNF multilayer
remained fully stable even after swelling in aqueous conditions.

coated membrane exhibited a tight layer of T-CNF nanofibers together
with some coarser CNF nanofibers. The nanotextured surface
morphology with lowered surface roughness (Table 1) is clearly
detectable from the coated samples irrespective of the type of the
coating method. Images in parallel and perpendicular directions were
evaluated regarding possible orientations in the coating direction,
however, no conclusive information on the preferred fibril orientation
was attained. The coating thickness, as analysed from cross-sectional
SEM images, varied from an average of 600–800 nm for cast coated
Table 1
Nanocellulose coating thickness, atomic amounts of S and N, water contact
angles and surface roughness of membrane samples.

PES
membrane
plasmatreated
PES + bPEI
cast coating
1 m min− 1
cast coating
5 m min− 1
spray
coating 5
m min− 1
spray
coating 7
m min− 1

3.2. Pilot coating of microfiltration membranes with nanocellulose
Two coating methods, cast coating and spray coating, with varying
coating speeds were utilised to apply a thin layer of nanocellulose
mixture (CNF75%/T-CNF25%) on PES membranes (Fig. 1). A set of
coating experiments was carried out to investigate the influence of the
coating method along with the coating speed on the final thickness of the
nanocellulose layers. AFM images (Fig. 3) show the micro scale pore
structure of the PES membrane substrate whereas the nanocellulose

Coating
thickness
[nm] (SEM)

Atomic
fraction
[at-%] of
S (XPS)

Atomic
fraction
[at-%] of
N (XPS)

Contact
angle [◦ ]
at 0.3 s

RMS
roughness
[nm]
(AFM)*

–

4.8

2.6

41.0 ± 1.3

–

4.3

8.4

16.1 ± 2.6

30.5 ±
13.8
NA

840 ± 210

NA

NA

20.2 ± 2.5

NA

600 ± 180

0.0

0.8

14.9 ± 3.7

14.5 ± 3.7

580 ± 90

0.0

0.9

17.1 ± 3.0

15.5 ± 3.0

420 ± 110

NA

NA

14.1 ± 1.9

NA

*The roughness values are obtained from the corresponding height images to the
amplitude images shown in Fig. 3.
Fig. 3. a) AFM amplitude images of the original PES
membrane (large image) and after applying a layer of
nanocellulose using cast and spray coating methods.
AFM images are captured parallel and perpendicular
to the membrane coating direction. Image size is 5 µm
× 5 µm. b) SEM image of the spray coated PES
membrane cross-section showing the thin nano
cellulose layer with the local thickness of ~ 300 nm c)
SEM image of the nanocellulose coating surface
showing the morphology of the coating layer.
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membranes to 400–600 nm for spray coated membranes (Table 1). A
previous work [15] showed that the thickness of CNC and T-CNF coat
ings were in the range of 250–350 nm for laboratory scale cast coated
membranes. The difference in thickness might be attributed to the uti
lisation of a CNF grade with broader size distribution. CNF possessed
fibril diameters of 10–50 nm with length varying from few micrometres
up to ten micrometres, while CNC and T-CNF fibril diameters were in the
range of 3–5 nm and 5–8 nm, respectively. Lengthwise, CNC ranged
between 150 and 200 nm and T-CNF within the micrometre range.
Moreover, in this pilot scale investigation the process parameters and
unit operations were different, presumably having a direct influence on
the final dry thickness of the nanocellulose coating.
The coating layer evenness was determined with surface sensitive
XPS by following two markers – sulphur and nitrogen. Sulphur is present
in the PES membrane but neither in the anchoring polymer nor in the
nanocellulose coating, hence allowing for monitoring the coating pro
cess. Nitrogen is not present in nanocellulose, and nitrogen detected in
the PES membrane most likely originates from a pore formation agent
(Table 1). Nitrogen is more abundantly present in the anchoring poly
mer (b-PEI). Thus, the coating process can be monitored by following
the nitrogen marker, which initially increased after the introduction of
the anchoring polymer and subsequently decreased after applying the
nanocellulose coating. Table 1 collects the amounts (at-%) of nitrogen
and sulphur of membranes before and after nanocellulose coating. The
corresponding XPS survey scans are shown in Supplementary
Figure (Fig. S2). The original PES substrate contained 4.8 at-% and 2.6
at-% sulphur and nitrogen, respectively. Sulphur cannot be detected
from the coated samples whereas traces of nitrogen (<1 at-%) are still
present after the nanocellulose coatings. As expected, the amount of
nitrogen significantly increased once applying the anchoring b-PEI.
Furthermore, apparently a continuous layer of nanocellulose was
formed on the top of the membrane (no S detected) although minor
fractions of nitrogen tracing from b-PEI still exist in conjunction with the
nanocellulose layer. This surface characteristic is an important finding
when considering the surface behaviour of coated membranes with
respect to its overall charge state.
The inherent hydrophilicity of cellulose nanomaterials [58] is an
important feature to decrease membrane fouling which is a major
challenge that reduces the membrane flux and other operational pa
rameters over time [59]. Moreover, high hygroscopicity which is also an
innate feature of nanocellulose networks [60] is an important property

when considering flux and permeability of the water purification
membranes. Membrane fouling is determined by the interfacial prop
erties [61], and here we analysed the influence of the surface treatments
on the wetting behaviour of PES membranes by measuring the water
contact angle values (Table 1). The contact angle results give straight
forward evidence that the nanocellulose coatings clearly improved the
surface wettability. The contact angle decreased by 20-27◦ from the
original value of 41◦ recorded for the uncoated PES membrane. Contact
angle values below 20◦ for nanocellulose coatings are well in accordance
with previously reported values for pure CNF and T-CNF films [7,62].
Fast absorption of the water droplet indicates high hygroscopicity of the
materials, and hence, a very short (0.3 s) contact angle recording time
was employed.
The surface charge of modified and coated membranes as expressed
by the ζ-potential is shown in Fig. 4. The PES membrane substrate
showed the typical behaviour of a slightly acidic surface with consid
erably negative ζ-potential at neutral and high pH with a plateau ζ-po
tential value of approx. − 40 mV. With decreasing pH, the ζ-potential
steadily increased towards isoelectricity and almost reaching the iso
electric point at pH 2. Modifying the surface with b-PEI substantially
changed the surface charge, as expected. Starting at a value of − 40 mV
at pH 10 the ζ-potential strongly increased with decreasing pH passing
the isoelectric point at pH 7 and exhibiting positive surface charge at
acidic pH. This confirmed successful modification of the substrate sur
face with the anchoring agent that in turn should effectively promote the
attachment of negatively charged nanocellulose on the surface. Mem
branes cast coated with nanocellulose had significantly lower surface
charge compared to the b-PEI modified substrate confirming attachment
of negatively charged nanocellulose. Below pH 9 the ζ-potential was
always more negative than the one of the b-PEI modified substrate and
the isoelectric point was shifted to pH 4. Still, pure nanocellulose
commonly exhibits even lower ζ-potential, however, in this case the
influence of the positively charged anchoring layer could still be
determined thus resulting in slightly higher ζ-potential as present for
pure nanocellulose. As discussed above, minor atomic fractions of ni
trogen were detected from nanocellulose coated layers by XPS (Table 1)
supporting the presence and influence of the anchoring polymer on the
overall surface charge of the nanocellulose coated membranes. For spray
coated membranes in principle the same effect was observed, however,
with even a slightly more positive ζ-potential compared to cast coating.
During spray coating the membrane surface, a more porous and/or

Fig. 4. ζ-potential as function of pH in 1 mM KCl for the uncoated PES membrane (PES reference), plasma and b-PEI treated membrane, and PES membranes which
are cast coated and spray coated with a mixture of CNF and T-CNF in a ratio of 75:25 at pH 4.
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SEM images taken after the filtration tests (Supplementary Fig S3d-f)
showed intact nanocellulose coatings. It can be concluded that both
strategies, b-PEI anchoring and acid induced enhanced interfibrillar
interactions, improved the interfacial and bulk wet strength since
coating layers were able to withstand relatively high pressure levels (1
MPa). Previously, T-CNF coatings were shown to increase the elastic
modulus of PES membranes in both wet and dry conditions [15].
Although the interfacial strength of the coating layers cannot be directly
compared due to much lower filtration pressure level used (0.02 MPa)
by Aguilar-Sanchez et al. [15], it is evident that nanocellulose-based
coatings had a positive impact on certain mechanical performance
indicators.
The rejection of Cytochrome C, a protein commonly used to test the
ultrafiltration property of molecular weight sieving, is shown in
(Fig. 5b). All nanocellulose coated membranes clearly showed rejection
of the protein whereas zero rejection was attained for uncoated micro
filtration PES membrane, which is as expected when considering
microfiltration membranes in general. Cast coated membranes with an
average coating thickness of 600 nm exhibited the highest rejection of >
90%, while the thinnest spray coated membrane exhibited rejection at a
lower level of approximately 70% with relatively high variation point
ing towards irregularities in the coating structure. (Fig. 5c) collects the
filtration performance of all nanocellulose coated PES membranes by
displaying the protein rejection versus permeance. Here, our results are
benchmarked against commercial PES-based ultrafiltration membranes
with nominal MWCO-values of 10 kDa, 30 kDa and 100 kDa, respec
tively. Similarly, the results are compared to data published by Zhang
et al. [63] where ultrathin nanocellulose coatings (23–47 nm) were
applied on a porous alumina substrate having similar nominal pore size

uneven coating layer was attached to the membrane compared to cast
coating resulting in a stronger impact of b-PEI onto the surface charge.
3.3. Membrane filtration performance
The filtration performance of nanocellulose coated membranes was
evaluated in simulated tangential flow filtration mode by measuring
permeance, rejection of protein (Cytochrome C) and sieving curves with
dextranes and PSS covering a broad molecular weight distribution of
differently charged macromolecules.
Water permeance is a parameter that is sensitive to structural
changes. It allows for screening of large membrane areas and provides
information regarding evenness, and furthermore, indirectly mechanical
integrity of the membrane samples. The permeance of nanocellulose
coated membranes was 100 to 200 LMH/MPa (Fig. 5a, LMH stands for
litres per square meter per hour), which is, as expected, significantly
lower compared to the original permeance of microfiltration PES
membrane (120 000 LMH/MPa at 0.25 MPa, see Supplementary Figures,
Fig. S3a). The attained values suggest ultrafiltration range permeance
levels. In addition, the small standard deviation in water permeance
(Fig. 5a), and flux in cross and machine direction (Supplementary Fig
ures, Fig. S4) indicate that the coating process was stable and yielding
homogeneous nanocellulose layers.
Membranes were further tested at various filtration pressure levels
(0.25, 0.5 and 1.0 MPa) for 1 h with a Sterlitech cross-flow filtration cell,
see Supplementary Fig. S3b that shows the flux at the highest pressure
levels of 1.0 MPa. During the one hour time interval, the nanocellulose
coated membranes exhibited fairly constant water fluxes with minor
compaction tendency seen as a slight decrease in the flux values. The

Fig. 5. a) Permeance values obtained at 0.4 MPa for nanocellulose coated PES membranes for 0.9% NaCl and for Cytochrome C in 0.9% NaCl solution. b) Average
rejection values of Cytochrome at pH 6.5c) Cytochrome C rejection vs permeance of nanocellulose coated PES microfiltration membranes benchmarked against
commercial PES ultrafiltration membranes (data provided by Sartorius) and nanocellulose modified porous alumina by Zhang et al. [63]. d) Molecular weight cut-off
(MWCO) values of cast and spray-coated membranes probed using anionic polystyrene sulfonate (PSS) and neutral dextrane molecules. The MWCO values at 90%
rejection referred in the text are pointed out by the arrows.
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of 0.2 µm as our microfiltration PES membrane. At the same high protein
rejection level, our nanocellulose coated membranes with a thickness of
approximately 600 nm exhibited lower permeance levels although still
matching the ultrafiltration region. On the other hand, as suggested by
the data provided by Zhang et al., the protein rejection is strongly
dependent on the permeability. Ultrathin layers of nanocellulose
generate structures with high permeance (~100 000 LMH/MPa)
whereas concomitantly the rejection levels are relatively low (<40%).
Furthermore, previously reported T-CNF coated PES membranes with a
layer thickness of approximately 350 nm did not show any significant
reduction in permeance [15], albeit full comparability to this work is
limited since the scrutiny on protein rejection is lacking. All in all,
nanocellulose layer thickness has indeed a significant influence on the
interrelation between the membrane rejection and permeance – a vital
control parameter which seemingly can be adjusted using bio-based
nanomaterial alternatives.
The sieving curves of ultrafiltration membranes provide compli
mentary information on their retention properties. Instead of measuring
the rejection of a monodisperse protein having one exact molecular
weight, a mixture of polymer standards of various molecular weights
and non-monodisperse but narrow MW distribution was used. The
sieving curves of the nanocellulose coated membranes were determined
with anionic PSS and neutral dextrane molecules (Fig. 5d). In case of
dextrane, the highest MWCO value at 90% rejection was ~ 14 000 Da for
the spray-coated nanocellulose layer of ~ 420 nm, as could be expected
based on the lowest Cytochrome C rejection and the highest permeance
values. The cast-coated nanocellulose layers with a thickness of ~ 600
nm exhibited clearly lower MWCO values of ~ 640 Da showing the large
impact of the nanocellulose layer thickness on the MWCO. In case of
anionic PSS, the spray coated sample with a layer thickness of ~ 420 nm
yielded clearly lower MWCO values of ~ 2000 Da compared to the ~ 14
000 Da measured with neutral dextrane. This indicates that the negative
surface charge of the nanocellulose coating induces charge-based
rejection of the PSS molecules. However, with the thicker cast-coated
nanocellulose layers of ~ 600 nm and ~ 840 nm there was hardly any
difference in MWCO probed with either charged PSS or neutral dex
tranes. This points out that surface charge has little impact once a crit
ical nanocellulose layer thickness is exceeded and the rejection is
predominantly governed by size-exclusion.
Overall, based on the MWCO investigation our nanocellulose coated
PES membranes represent nanofiltration membranes (pore size 1–2 nm)
close to the lower boundary of ultrafiltration membranes (pore size
2–100 nm). It has to be considered, though, that the MWCO is only an
indirect measure for the pore size as the way different types of polymer
coil, thus exhibiting a certain hydrodynamic diameter, varies and is
dependent on various parameters including constitution, surface charge
and isoelectric point. With regards to industrial applications it has to be
noted that the additional selectivity based on Coulomb interactions [64]
also implies that the selectivity becomes a function of pH and ionic

strength. This can be a benefit but also poses the requirement to optimise
pH and ionic strength of the ultrafiltration process in order to fully
harvest the benefit caused by enhanced selectivity.
3.4. Anti-biofouling assessment of membrane materials
In addition to the surface roughness and surface wettability assess
ment of uncoated and nanocellulose coated PES membranes (Table 1),
direct investigations on the biofouling tendency of membrane materials
were carried out by adsorbing a model protein, bovine serum albumin
(BSA), on PES, b-PEI, CNF and T-CNF surfaces. Fig. 6 shows the changes
in frequency (Δf) and dissipation (ΔD) monitored with QCM-D once
surfaces were contacted with 0.1% BSA in 0.9% NaCl. A significant mass
uptake can be detected on PES and b-PEI surfaces as indicated by a clear
negative change in frequency (− 25 Hz and − 45 Hz, respectively). As the
change in dissipation was low (<1 × 10− 6, Fig. 6b), the adsorbed BSA
formed a thin and rigid layer on PES and on b-PEI indicating relatively
strong attractive interactions between the protein and the substrates.
Furthermore, only a minor fraction of the adsorbed BSA could be
removed by rinsing. The layer was fully elastic and, therefore, the areal
mass estimations using the Sauerbrey equation is warranted giving areal
mass amounts of BSA on PES and b-PEI of ~ 440 ng cm− 2 and ~ 800 ng
cm− 2, respectively. On T-CNF and on CNF the recorded frequency
changes were much lower (as low as − 5 Hz), i.e. yielding an areal mass
change of 88.5 ng cm− 2 implying that both nanocellulose grades were
able to generate an anti-biofouling feature on PES-membranes. Cao et al.
obtained frequency changes of the same magnitude for BSA adsorption
with surfaces which were considered to be highly protein resistant, i.e.
anti-biofouling [65]. Moreover, these findings are well in line with the
previous results showing restricted BSA adsorption on T-CNF [15,43].
4. Conclusions
We successfully demonstrated pilot scale cast and spray coating
processes using nanocellulose showing that industrial scale modification
of polymeric PES microfiltration membranes is feasible even with
evident chemical incompatibility between polymer substrate and cel
lulose. A PES microfiltration membrane was successfully converted into
an ultrafiltration or nanofiltration membrane by application of thin
nanocellulose layers which correlated with the permeance of the coated
membranes (<1000 LMH/MPa) compared to the permeance of uncoated
membranes which was approx. 120,000 LMH/MPa. The thickness of the
nanocellulose layer and water permeance correlated as expected, with
thinner coatings facilitating higher permeance. The nanocellulose layer
facilitated separation based on both size exclusion (neutral molecules)
and electrostatic (negatively charged molecules) mechanisms, respec
tively. (Negative) surface charge can be used to overcome the usually
necessary trade-off between permeability and rejection inherent to
membranes based on the size-exclusion mechanism, by adding

Fig. 6. a) Change in frequency and b) dissipation as a function of time for BSA adsorption on T-CNF, CNF, b-PEI and PES surfaces at 21 ◦ C (f0 = 5 MHz, n = 3, f3/n).
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selectivity established by Coulomb interactions [64]. Thus, a multifunctional membrane was generated based on a substrate merely facil
itating size-exclusion performance. Furthermore, hydrophilicity,
reduced surface roughness and negative surface charge introduced by
the cellulose coating were proven to inhibit membrane biofouling, thus
improving the durability of the membranes. This feature is particularly
to be appreciated for ultrafiltration membranes attained using sustain
ably sourced materials to upgrade microfiltration membrane substrates
and offers an environmentally benign and scalable approach capable of
replacing synthetic membranes at a commercial scale.
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