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� Design of electrospun membranes
infused with nanocellulose for size
exclusion and affinity-based removal
of nanoparticles (50–500 nm) and dye
molecules.

� Infusion of 0.5 wt% cellulose
nanocrystals enabled tunable
porosity, surface functionality,
improved tensile strength while
maintaining high flux (9500 Lm-2h�1)

� More than 80% retention of 100 and
50 nm particles was achieved with
cationic nanocellulose infused
membranes.
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Membrane filtration and affinity-based adsorption are the two most used strategies in separation tech-
nologies. Here, lm-thick multifunctional and sustainable composite membranes of electrospun cellulose
acetate (CA) infused with functionalized, anionic, and cationic cellulose nanocrystals (CNCs) with
enhanced wettability, tensile strength, and excellent retention capacities were designed. CNCs could uni-
formly impregnate into the three-dimensional CA network to effectively improve its properties. The
impregnation of cationic CNCs at 0.5 wt% concentration drastically increased the tensile strength
(1669%) while maintaining high permeation flux of 9400 Lm-2h�1 which is remarkable with cellulose
modified electrospun membranes. The membranes infused with anionic CNCs exhibited a particle reten-
tion efficiency of 96% for 500 nm and 77% for 100 nm latex beads whilst the cationic CNC membranes
exhibited a combined particle retention strategy using selectivity and size exclusion with a retention
of >81% with 100 nm latex beads and 80% with �50 nm silver nanoparticles. We envision that the devel-
oped multifunctional membranes can be utilized for affinity-based and size-exclusion filtration to selec-
tively trap bacteria or substances of biological significance.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Multifunctional membrane technology, i.e., membranes capable
to do more than just one function such as retention, adsorption
and/or catalysis is an emerging field of research due to its potential
in several application areas such as biomedical, environmental, air
and water treatment techniques. Especially, polymeric membranes
have been extensively revealed because of their advanced perfor-
mance, ease of fabrication, selectivity, and adjustable properties.
Among the various available fabrication methods of membranes,
electrospinning is a robust technique for the fast production of
nonwoven, interconnected fibre mat having high porosity and
specific surface area [1]. Electrospinning allows the orientation of
fibres in a mesoscopic scale and enables controlling the packing
density and porosity of membrane [2]. However, the major chal-
lenge in these membranes is the optimization of the porosity and
surface charge, i.e., the parameters affecting the retention effi-
ciency of membrane, without decreasing the permeate flux. Hence,
electrospun layer is often used as a nonwoven support layer in a
hierarchical and multi-layered membrane structure, which is fur-
ther combined with an active separation layer. The electrospun
support layer, which consist of interconnected voids, provides a
high porosity (75–85%), high flux and mechanical strength to the
composite membrane. Several natural and synthetic polymers
have been harnessed for producing electrospun nonwoven support
layers with varying fibre diameters which in turn controls the size
of the pores in ultra/microfiltration applications [3–8]. Cellulose
acetate (CA) a cellulose derivative is an ideal polymer which can
be electrospun to self-standing membranes with efficient produc-
tion. Electrospun CA membranes has been investigated as an ideal
matrix to incorporate functionalities for multifunctional applica-
tions [9,10].

Nanocellulose is an appealing functional material to design high
performance hybrid materials and tailor the characteristics of com-
posite materials [11–13]. It can be extracted from almost any bio-
mass being an ideal renewable nanomaterial for various
applications [11,14]. Nanocelluloses functionalized with specific
active chemical groups provide excellent adsorption sites for
affinity-based removal of organic and inorganic contaminants
[12,15]. These cellulose nanomaterials can form interconnected
networks and selectively adsorb various contaminants such as bac-
teria, viruses [16–18] and toxic metal ions [3,19] taking advantage
of the functionality, high surface area and nano-porous structure
[20]. Consequently, cellulose nanocrystals (CNCs) have been used
to engineer composite membranes containing a nanocellulose bar-
rier layer. However, the tight nanostructured layer reduces the flux
and permeability of the membrane despite improving its separa-
tion efficiency [21]. Moreover, polymeric membranes derived from
polyvinyl acetate [22], polyvinyl alcohol [23,24], chitosan/poly-
ethylene oxide [25], polyacrylonitrile [26], co-polyamide 6,12
[27] have been reinforced with cellulose nanocrystals, but the
potential of CNCs to introduce multifunctionalities for the compos-
ite membranes have not been revealed in detail.

Inspired by unique 3D structure of electrospun networks and
recent advances of functional cellulose nanomaterials, we intro-
duce a novel approach to design ‘‘all-cellulose”, multifunctional
composite membranes comprising of electrospun cellulose acetate
(CA) support infused with charged CNCs with the criteria aiming at
size exclusion and adsorption-based filtration towards specific
contaminants. The need for the design of a lm thick membrane
for filtration as well as affinity-based removal was the prime focus.
Hence instead of having a traditional layered structure in which
the active separation layer hinders the fluid flow, we incorporated
minimal concentration of functionalized, anionic/cationic CNCs in
the active support layer to display both excellent flux and nanopar-
2

ticle/soluble contaminant separation performance. Especially, we
addressed morphology, porosity, mechanical strength, wettability,
water flux and permeability of CNC infused CA composite
membranes.
2. Experimental

2.1. Materials

Cellulose acetate (CA) (Mn = 30000), Congo red dye (analytical
standard), silver nitrate, sodium citrate tribasic dehydrate (TSC)
were purchased from Sigma-Aldrich (Stockholm, Sweden), Victoria
blue dye was purchased from Dr. Ehrenstorfer GmbH laboratories
(Augsburg, Germany), glacial acetic acid from VWR International
AB ((Stockholm, Sweden) and acetone from Acros organics (Göte-
borg, Sweden). Anionic CNCs from dissolving wood pulp, were
kindly supplied by USDA Forest Service, Forest Products Laboratory
(Madison, WI, USA). The CNCs were in water suspension, with a
solid content of 10.3 wt%, having a crystallinity approx. 80% [28]
and charge density of �0.36 mEq.g�1. The cationic CNCs were pre-
pared as described in our previous work from birch pulp, have a
crystallinity approx. 63%, and charge density of 2.9 mEq.g�1 [29].

Aqueous fluorescent latex beads, carboxylate modified poly-
styrene (L3280, �0.5 lm mean particle size, 2.5 % solid content)
and sulphate modified fluorescent orange polystyrene beads
(L1528, 0.1 lm mean particle size) were purchased from Sigma-
Aldrich (Stockholm, Sweden). Solutions were diluted before use
in filtration experiments. All the other chemicals were used as
received. Citrate stabilized silver nanoparticles were synthesized
using standard TSC reduction as discussed elsewhere [30].

2.2. Methods

2.2.1. Preparation of cellulose acetate electrospun membranes
Electrospinning was carried out using FluidnatekTM eSpinning

tool, LE-10 (Bioinicia SL, Valencia, Spain). For the electrospun CA
membrane, CA (12 wt%) was dissolved in 1:1 mixture of concen-
trated acetic acid and acetone and stirred under closed conditions
overnight to enable proper dissolution. Several other solid contents
of CA were tried (10, 13, 15, 17 wt%). The viscosity and conductiv-
ity of the CA solution (presented as the average of at least 3 mea-
surements) was measured using a viscometer (SV-10 Vibro, A&D
Co., Tokyo, Japan) and a conductivity meter (S30 SevenEasy, Met-
tler Toledo, Schwerzenbach, Switzerland) at room temperature.
The CA solution was loaded to a 12 mL syringe and then connected
using a PTFE pipe and collected on to a rotating drum collector at
200 rpm. The feeding rate and voltage applied were 5 mLh-1 and
18 kV, respectively with 20 cm between the tip of the capillary
and collector.

2.2.2. Functionalization of CA membranes with CNCs
The CA membranes were then infused with surface modified

cellulose nanocrystals viz. having either cationic or anionic func-
tionality. The electrospun CA membranes were impregnated with
0.1, 0.2 and 0.5 wt% CNC solutions via drop-by-drop coating. The
CA membranes were allowed to soak completely in the CNC sus-
pension and the excess liquid was tapped off and then air dried
overnight at room temperature to ensure proper binding of the
CNCs to the electrospun CA membrane. The concentration of CNCs
in the membranes was determined by weighing the membranes
before and after coating using an analytical balance with a sensitiv-
ity of 0.0001 mg. The CNC impregnated composite membranes
were named CA-CNC(+) and CA-CNC(-) based on their charge and
were further characterized and evaluated. The zeta potential of
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aqueous solutions of CNC(+) and CNC(-) at 0.5 % are 58.5 ± 0.2 mV
and �48.6 ± 0.1 mV, respectively measured using Zetasizer nano
ZC instrument (Malvern Instruments, Malvern, UK). The charge
density of CA, CA-CNC(+) and CA-CNC(-) membranes were calcu-
lated to be �0.049, 0.554 and �0.158 mEq.g�1 respectively using
Mütek instrument.

2.3. Characterizations

2.3.1. Membrane morphology
The surface morphology of the electrospun membranes was

evaluated using both optical microscopy Nikon Eclipse LV100N
POL (Kanagawa, Japan) and scanning electron microscopy (SEM)
JEOL JSM-IT300 (Tokyo, Japan) equipped with EDS (Oxford Instru-
ments, Aztec). The fibres were electrospun on a glass slide attached
on the drum collector and viewed after seven minutes of spinning
under a bright field optical microscope. The membranes were dif-
fuse sputter coated with a 15 nm depth of palladium in a Leica EM
ACE200 low vacuum coater (Micromedic AB, Stockholm, Sweden)
prior to SEM observation. An accelerating voltage of 5 to 10 kV
was used for imaging at working distance of 10 mm. The fibre
diameter was measured using ImageJ� software (open access), at
least 100 fibres at 5 different sites were counted.

2.3.2. Membrane porosity
Two different methods were used to determine the porosity of

CA and CA-CNC functionalized composite membranes. First, the
porosity was evaluated based on weight and density of the mem-
branes. Porosity was defined as the volume fraction of the voids,
which was calculated using Eq. (1) [31].

m ¼ 1� ðqe=qtÞ ð1Þ
where qe is the experimental density of the membrane and qt is

the theoretical density of a non-porous scaffold. The theoretical
density of cellulose acetate was taken as 1.3 g.cm�3 and the density
of CNCs was taken as 1.5 g.cm�3. Values reported are an average of
at least five measurements of 3 � 3 cm membranes which were
weighed on a precision balance.

Secondly, analysis software ImageJ� [32] was used to process
SEM images from different areas which gives the surface porosity.
The threshold function was used to determine the colour values to
distinguish between occupied space and fibres. Since fibres in por-
ous membranes are layered, each layer of fibres present certain
intensity, which can be measured, especially for the surface layer
of the image.

2.3.3. ATR-IR spectroscopic analysis
The chemical characteristics of the membranes were analysed

using FT-IR spectrometer (Bruker Vertex 80v, Bruker Corp., Biller-
ica, MA, USA) equipped with Platinum-ATR accessory with a dia-
mond crystal as the ATR element. The spectra were determined
between 4000 and 400 cm�1 and 32 scans were collected.

2.3.4. Contact angle measurements
The water contact angle of CA and CA-CNC membranes was

measured using sessile drop technique and the drop shape analysis
using DSA1 control software, (EasyDrop, KRÜSS GmbH, Germany).
The results are presented as an average of at least 3 measurements.

2.3.5. Mechanical properties
Tensile tests of CA and CA-CNC membranes were performed

with Shimadzu AG-X universal testing machine (Kyoto, Japan),
using 1 kN load cell and gauge length of 20 mm. The membranes
were cut into strips 50 � 5.9 mm (length and width) with an aver-
age thickness of � 73 lm, determined using a precision microme-
tre (Mitutoyo, Corp, Absolute, Kawasaki, Japan). A preload of 0.1 N
3

was applied and a strain rate of 2 mm.min�1 was used until failure.
At least 5 samples were tested for each material and the average
values are presented.

2.3.6. Water flux and permeability measurements
The water flux and permeability measurements were carried

out using a dead-end cell HP 4750, Stirred Cell, (Sterlitech Corp.
Auburn, WA, USA) with N2 gas to maintain the pressure. The filtra-
tion cell capacity was 300 mL and the effective membrane area
14.6 cm2. The membranes were compacted at 0.2 bar prior to flux
measurements. The water flux was calculated by recording the
time required for 300 mL of distilled water to pass through the
membrane under applied pressure. Flux, J was calculated using
equation (2):

J ¼ Qp=Am ð2Þ
where Qp is the filtrate volume through the membrane per time

and Am is the area of the membrane. In this case, Am is determined
by the dead-end cell area. The permeability was calculated from
the linear regression slope of water flux from 0.2 to 1.2 bar
pressure.

2.3.7. Affinity based dye removal efficiency
The quantitative analysis of affinity-based removal of dyes was

evaluated using UV–Visible spectrophotometer (Carry 5000, Agi-
lent Technologies, Sundbyberg, Sweden AB). The membranes were
cut into 3 � 3 cm in dimension and incubated for 24 h at various
concentrations (5, 10, 25 mg.L-1) of a cationic dye (Victoria blue)
and an anionic dye (Congo red). The removal efficiency of the
membranes was calculated using the following equation (3).

Removal efficiency ¼ ðA0 � AtÞ=A0 ð3Þ
where A0 is the absorbance of the initial dye solution and At is

the absorbance of the dye solution incubated with CA-CNC mem-
branes. The absorbance maxima (kmax) were 497 nm for Congo
red and 615 nm for Victoria blue determined by UV–Visible
spectroscopy.

2.3.8. Particle retention efficiency
The particle retention efficiency of the composite membranes

was evaluated using model nanoparticles of fluorescent polystyr-
ene beads with an average size of 500 nm and 100 nm. 10 mL of
diluted solution containing 5 lL of polystyrene latex beads was
passed through the dead-end filter at 0.2 bar pressure. The filtrate
was then analysed using by fluorescence spectroscopy (Agilent
Cary Eclipse fluorescence spectrometer, Sundbyberg, Sweden AB)
to quantitate the retention capacity of the filter membrane. The
retention efficiency was calculated using the equation (4).

Retention efficiency ¼ ðI0 � If Þ=I0 ð4Þ
where Io is the initial fluorescence intensity of the polystyrene

latex bead solution and If is the fluorescence intensity of the filtrate
after passing through the membrane. The retention efficiency
using silver nanoparticles was done in the same method by analys-
ing the absorbance (kmax � 420 nm) of the filtrate and the initial
solution.

3. Results and discussion

3.1. Electrospun CA membranes and incorporation of CNCs

The synthesis of CA membrane and its impregnation with func-
tionalized CNCs for size exclusion and adsorption has been illus-
trated in Fig. 1. Freshly prepared CA solution (12 wt% solid
content) with a viscosity of 511.6 mPa.s and a conductivity of 10
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Fig. 1. Electrospun CA membrane and its infusion with functionalized CNCs and removal of soluble contaminants and nanoparticles based on size exclusion and adsorption.
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mS.cm�1 was electrospun at a voltage of 18.0 kV to produce the
fibrous CA membrane network.

The effect of solid content on viscosity and conductivity on elec-
trospinning is presented in Fig. S1 and Table S1 whilst Fig. S2
shows the SEM and optical microscopic images of electrospun CA
fibres (see supplementary information). The 12 wt% CA fibres were
defect free and exhibited an average fibre diameter of 0.9 ± 0.4 lm
with an average membrane thickness of 73 lm ± 0.8 lm after 3 h
of spinning. Hence, 12 wt% CA concentration was selected for fur-
ther modification with surface charged CNCs.

Once the characteristics of CA membranes were optimized in
terms of desired fibre diameter and layer thickness, cationic and
anionic CNCs were impregnated into the membranes. CNCs were
introduced to enhance surface functionality, hydrophilicity and
to control the pore size of the membranes. CNCs with various con-
centrations were infused drop-by-drop into the CA membrane sur-
face allowing the CA to interact with the CNC suspension. Fig. 2
shows the SEM images of the membranes after incorporation of
0.5 wt% CNCs. CNCs were impregnated within the CA 3D fibre net-
work without forming a continuous layer on the top of the mem-
brane. Upon closer observation, thin webs of CNCs were noticed
between the CA fibres adjusting the porosity of the composite
membrane (Fig. 2 c and d). The uptake of CNCs on the membranes
was measured by the weight gain before and after impregnation
(Table S2) and was observed to increase as the function of concen-
tration of CNC suspension, as expected. A concentration above
0.5 wt% of CNC suspensions resulted in high CNC uptake (30%)
and a layer formation on the top of the membranes. Thus, a lower
CNC dosage of 0.5 wt% (CNC uptake < 25%) were applied for further
experiments to maintain uniformity and high porosity of compos-
ite membranes. The CA fibre diameter distribution after CNC
impregnation displayed a slight increase from 0.9 lm to 1 ± 0.5 l
mwith CA-CNC(-) and 1.2 ± 0.7 lmwith CA-CNC(+) indicating suc-
cessful binding of the CNCs in the CA support (Fig. S3).

3.2. Contact angles of composite membranes

The additives possessing hydrophilic and protonating function-
alities such as carboxyl, hydroxyl, amine, and sulphate groups
affect the wettability of the membranes, and can propose several
advantages such as better biocompatibility, reduced fouling, and
increased membrane durability [33]. We revealed the influence
of CNCs on surface properties of membranes and the distribution
4

CNCs on the CA network by determining the contact angle of the
composite membrane surface at different points. Insets of Fig. 2
(a and b) present contact angles of membranes after impregnating
with CNCs. The neat CA membrane possessed a high contact angle
of 110� indicating a hydrophobic surface characteristic, while the
CA-CNC(-) and CA-CNC(+) composite membranes exhibited contact
angles of 32� and 50�, respectively measured at different points of
the membranes showing the uniformity of CNC distribution. This
drastic reduction in contact angle promoted by the infused CNCs
was likely attributed to carboxyl and sulphate functionalities of
CA-CNC(-) and quaternary ammonium groups of CA-CNC(+),
improving the wettability membranes.

3.3. Chemical characteristics of the membranes

Fig. 3 presents the ATR-IR analysis of the original CA membrane
and composite membranes impregnated with CNCs. All the mate-
rials displayed similar main peaks in their spectrum, which was
dominated by characteristic peaks of the CA base material (the
amount of CNCs was low). The peak around 1743 cm�1 represents
C=O stretching, peak at 1367 cm�1 is due to CH3 present in the
acetate group, peak at 1428 cm�1 is due to CH2 symmetric bending,
while the strong peaks at 1224 cm�1 and 1035 cm�1 are related to
C-O and C-O-C stretching vibrations, respectively [34]. A broad
band was detected with CA-CNC(+) at 3342 cm�1 which is likely
due to N-H stretching vibration, while the peaks at 1681 cm�1

and 1641 cm�1 are caused by the C=N stretching vibrations and
N-H bond bending of the cationized CNCs, respectively [29]. The
broadening of the peak between 3250 cm�1 and 3500 cm�1 with
CA-CNC(+) and CA-CNC(-) displays the presence of intermolecular
hydrogen bonds between the CNCs and CA and O-H stretching
vibrations. This increase in hydrogen bonding indicates the binding
of cellulose nanocrystals to the CA membrane, and is also sup-
ported by the contact angle measurements.

3.4. Membrane porosity

Membrane porosity is a crucial parameter influencing separa-
tion performance in ultra/microfiltration and it determines the
fluid flux and permeability of the medium. Table 1 summarizes
the porosity the CA-CNC composite membranes determined using
membrane dimensions (Eq. (1)) and surface porosity through
image analysis. The porosity slightly reduces upon impregnation



Fig. 2. SEM images of the CA membranes after impregnation with 0.5 wt% CNC(-) (a and c), and CNC(+) (b and d). The inset of (a and b) shows the water contact angles of the
CA-CNC composite membranes.

Fig. 3. ATR-IR spectra of CA-CNC(+), CA and CA-CNC(-) membranes.

Table 1
Porosity of CA and CA-CNC membranes at 0.5 wt% based on structural dimensions
(calculated) and surface porosity through image analysis.

Porosity (%) CA CA-CNC(-) CA-CNC(+)

Calculated 88 84 79
Image analysis 72 59 50
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with CNCs but was mainly close to that of the original electrospun
CA membranes (75% to 90%) based on membrane dimensions. The
complex assembly of interlayered fibres made the determination of
pore structure difficult using image analysis. The pores were inter-
connected, with pore size closely related to fibre diameter, and the
5

threshold value to distinguish the pore from the fibres was difficult
to set. Fig. S4 shows the SEM images and the analysed images with
the contrast created based on the selected threshold value. These
results indicated a clear reduction in the surface porosity in the
order CA-CNC(+) < CA-CNC(-) < CA membranes.

3.5. Mechanical properties

The membrane needs to withstand the high-pressure condi-
tions during filtration and must be easily operated. Chitin and cel-
lulose nanomaterials are known to increase the strength of
materials when added as a as a reinforcement in membranes appli-
cations [31,35,36]. The mechanical properties of all three mem-
branes, CA, CA-CNCs(+), and CA-CNCs(-), were tested and tensile
strength, maximum elongation and Young’s modulus obtained
from stress-strain curves are tabulated in Table 2. The results con-
firmed that the addition of CNCs remarkably enhanced the proper-
ties of the membranes. The tensile strength of CA-CNC(+) increased
from 0.26 to 4.6 MPa with a 1058% increase in E modulus. In CA-
CNC(-) the tensile strength increased from 0.26 to 1.48 MPa and
E modulus by 1633%. This increase in E modulus was higher than
previously observed chitin or cellulose nanocrystals coated CA
membranes [34–36]. Goetz et al [31,35] coated CA membranes
with chitin and cellulose nanocrystals and reported improved
mechanical properties but with much higher nanomaterial con-
tents, up to 40 wt%. In a study by Ma et al [36] the addition of CNCs
in electrospun polyacrylonitrile membranes increased the E-
modulus from 0.2 GPa to 0.4 GPa at a CNC concentration of
0.4 wt%. The strain at break was in turn found to decrease which
is due to the increased stiffness created by the cross-linking CNC
network which restricts the free movement of the CA fibres. The
structure of membranes as demonstrated by SEM, and porosity
and permeability of the membranes supported this observation.

3.6. Water flux and permeability

The water flux and permeability of the composite membranes
before and after impregnation of CNCs were studied and are pre-



Table 2
The effect of CNCs on the mechanical properties, water flux and permeability of the CA membranes.

Samples Tensile strength (MPa) Strain (%) Modulus (GPa) Flux (Lm-2h�1) Permeability

CA 0.26 ± 0.1 25.76 0.12 11990 ± 570 11,800
CA-CNCs(+) 4.6 ± 0.31 4.81 1.39 9400 ± 433 10,534
CA-CNCs(-) 1.48 ± 0.59 1.15 2.08 9500 ± 900 9600
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sented in Table 2. The original electrospun CA membrane pos-
sessed a water flux of 11,990 Lm-2h�1 with a permeability of
11800, and only a slight decrease in permeability (10–18%) was
entailed after the impregnation of CNCs, nonetheless maintaining
the high flux regime. This decrease is presumably attributed to
reduced porosity of the composite membranes through the forma-
tion of hydrogen bonds between the CA fibres and formation of
CNC webs as illustrated in the SEM images and porosity measure-
ments. Previously, PAN electrospun fibres impregnated with cellu-
lose nanocrystals had a water flux of 5900 Lm-2h-1bar�1 at 0.4 wt%
concentration [36], while electrospun CA membranes coated with
45% CNC exhibited no flux at 1 bar because of a layer of CNCs
was formed on the membranes reducing the flux [35]. The crucial
difference to the previous approaches was that CNCs didn’t form a
thin barrier layer on top of the non-woven membrane in the pre-
sent work but were embedded in the 3D structure of CA nanofiber
network.

3.7. Affinity-based dye removal efficiency

The CA and CA-CNC membranes were revealed for the affinity-
based removal of aqueous anionic and cationic dyes to demon-
strate the role of the surface functionality in membrane perfor-
mance. The dye removal efficiency was evaluated at constant pH
of 5 which favours the good electrostatic interaction between the
charged dyes and the membrane surface (i.e., anionic CNCs are
partly deprotonated and cationic CNCs are protonated [29,36]. It
also represents relevant condition for real waste water processing.
The membranes exhibited good strength and integrity after expos-
ing them in the aqueous conditions as shown in the inset of Fig. 4.
The removal efficiency of dyes is presented in Fig. 4. The dye
adsorption as a function of time is presented in Fig. S5. The cationic
Victoria blue has a strong positive surface charge which promoted
the surface interaction with the CA fibres as well as the anionic
Fig. 4. Removal efficiency of membranes for (a) Victoria blue and (b) Congo red dye afte
represents CA-CNC(+). The inset of (a) and (b) shows the photographs of CA-CNC(-) and
measurements). (For interpretation of the references to colour in this figure legend, th
references to colour in this figure legend, the reader is referred to the web version of th
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CNCs, and resulted in high dye removal efficiency both with neat
CA and composite CA-CNC(-) membrane (63%) at the lowest dye
dosage (5 mg.L-1). However, the high surface area and anionic
charge density of CNCs (-0.361 mEq.g�1) enhanced the removal
capacity of composite membranes notably, and significantly higher
dye adsorption was observed with CA-CNC(-) at higher Victoria
blue dosages (58% vs. 31% at dosage of 25 mg.L-1, respectively)
which is higher than 36.4% for 37 wt% CNC coated CA membranes
reported earlier [35]. The adsorption efficiency is also higher than
previous reports for removal of cationic dyes (Rhodamine B and
Methylene blue) at 1 mg.L-1 concentration with all-cellulose func-
tional membranes (26%) containing CNCs [19]. The cationic CNCs
in turn decreased the Victoria blue removal because of charge
repulsion caused by the similar charges. The uptake of anionic
Congo red was very low with all membranes at low dosages, but
cationic CNCs improved the dye removal at 10 mg.L-1 with a
removal efficiency of 27% and 17% at 25 mg.L-1. It was observed
that Congo red dye was adsorbed maximum during the first 2 h
in CA-CNC(+) whereas in CA and CA-CNC(-) the dye molecules con-
stantly desorb and adsorb at different time intervals. The reason
behind the negligible adsorption can be due to the inherent nega-
tive charge of CA membranes with a charge density of � 0.049 m
Eq.g�1 which causes repulsion between the similarly charged moi-
eties of the dye and membrane. At pH 5 the surface charge of
Congo red is predominantly negative and hence favours the elec-
trostatic interaction with the cationic CNCs [37].

3.8. Particle retention efficiency

To demonstrate the multifunctional nature of the membranes,
size exclusion filtration was evaluated. We used polystyrene latex
beads tagged with fluorophore groups and having a bead size of
500, 100 nm and silver nanoparticles of mean particle
size � 54 nm. The filtration was performed adjusting the suction
r 24 h. The colour codes: Gray represents CA, blue represents CA-CNC(-) and green
CA-CNC(+) membranes after 24 h of dye adsorption respectively (average of three
e reader is referred to the web version of this article.). (For interpretation of the
is article.)



Fig. 5. SEM images of (a) CA-CNC(-) and (b) CA-CNC(+) membranes following the filtration with 500 nm polystyrene latex beads (c) CA-CNC(+) upon filtering silver
nanoparticles.
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pressure at 0.2 bar, since the membranes had good wet strength as
indicated by the water flux and permeability studies. Fig. 5(a and
b) shows the SEM images of the porous CA-CNC membranes with
the polystyrene latex beads. Fig. 5(c) shows the CA-CNC(+) mem-
branes upon silver nanoparticle filtration. It could be observed that
the membranes maintained their stability and morphology even
after filtration as evident from the SEM images. The incorporation
of CNCs has aided in the reduction of porosity and improved reten-
tion efficiency. As evident from the SEM, the particles are trapped
in between and on the fibrous structure due to the tortuosity and
surface functionality of the membrane. To quantitatively estimate
the filter retention efficiency, fluorescence intensity of the filtrate
was compared to that of the initial dispersion.
Fig. 6. Fluorospectrophotometric profiles of the starting latex bead dispersions and the fi
nanoparticles before and after filtration through the membranes (inset shows the photogr
with different sized nanoparticles (average of three measurements).
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Fig. 6(a) shows the emission spectra of 500 nm latex beads at
start and after filtration through the membranes. It was observed
that the CA-CNC(-) showed 96% retention of the particles whereas
the CA and CA-CNC(+) showed 65 and 72% respectively. In the case
of 100 nm latex beads the CA-CNC(+) showed the maximum
removal of 81% compared to CA and CA-CNC(-) with 11 and 77%
respectively, shown in Fig. 6(b). To further check particle retention
efficiency with < 100 nm particles, silver nanoparticles were uti-
lized. The reduction in flux was observed in CA-CNC(+) membranes
at the onset of the experiment which is due to the size effect
enabling it to diffuse through the membrane. Fig. 6(c) shows the
plasmonic peak of silver nanoparticles which was used to quanti-
tate the retention efficiency. The presence of silver on CA-CNC(+)
ltrate a) 500 nm beads; b) 100 nm beads, (c) UV–Visible absorption spectra of silver
aph of the CA-CNC(+) membrane) and (d) Particle retention efficiency of membranes
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was confirmed through EDS analysis (Fig. S6). In Fig. 6(d) the
results for particle retention test with the various sized nanoparti-
cles are summarized. It was remarkable that the CA-CNC(+) mem-
branes showed a maximum retention with the 100 nm and silver
nanoparticles (78%) which can be due to affinity based as well as
size exclusion removal. As the particle size reduces, the Brownian
diffusion of the particles favoured the entrapment in the pores of
the membranes and thereby reducing the flux. The surface charge
of the latex beads and silver nanoparticles also favoured the CNC
(+) to adsorb more. The CA-CNC(-) showed a particle retention of
54 % and the uncoated CA showed 22% retention efficiency due
to larger pore size. The smaller size of the particles must be the rea-
son for the reduced particle retention in the uncoated membranes
when compared to the retention efficiency of 500 and 100 nm par-
ticles. The reported particle retention for < 100 nm particles is sig-
nificant when compared to previous reports using electrospun
membranes of polyacrylonitrile compromising the flux (861 Lm-

2h�1) [17]. It can be thus concluded that the produced membranes
are capable of size exclusion as well as affinity-based removal of
nanoparticles maintaining the high flux. This approach enables
the wide practicality of these membranes’ infiltration of nanostruc-
tures of biological importance.
4. Conclusions

The synthesized multifunctional membranes demonstrated
their potential for size exclusion and affinity-based removal of
nanoparticles in the size regime 50 – 500 nm and dye molecules
with cationic and anionic charges. Cellulose nanocrystals (CNCs)
were utilized as a functional material forming an interconnected
3D network on electrospun CA membrane, altering its porosity,
hydrophilicity, and mechanical properties. Unlike the hierarchical
filters which has a specific porosity in each layer, this design
approach enables an ideal porosity and tensile strength to function
as an efficient micro/ultra-filtration membrane without compro-
mising the permeability. Impregnation of CNCs created a network
in the CA membrane which drastically increased the tensile prop-
erties while maintaining the high flux of 9500 Lm-2h�1. The catio-
nic membranes exhibited good nanoparticle retention of above
80% in all three systems which is also attributed by the surface
charge of the membranes. The improved hydrophilicity aids in
resistance to fouling as well. This simple approach provides an
alternative for the development of multifunctional membranes
with tuned porosity and surface charge to selectively trap mole-
cules or substances of biological importance as well as water
remediation.
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