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Abstract A layer deposition method was developed
to prepare a series of nanocellulose/filter paper (NC/
FP) composite filtration membranes by vacuum filtra-
tion of an aqueous nanocellulose dispersion on a filter
paper substrate. The deposited NC networks and the
final pore structure of the NC/FP composite were
affected by the size and the amount of the nanocel-
lulose. Drying methods further influenced the filtration
performance of the membranes. With a greater NC
aspect ratio and an increasing amount of added NC,
NC/FP composite membranes exhibited better rejec-
tion rates with lower water flux. Two types of NC were
chosen with different sizes as follows: (1) cellulose
nanocrystals prepared from microcrystalline cellulose,
which are characterized by their small size, and (2)
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cellulose nanofibers (CNFs) prepared from hardwood
bleached Kraft pulp, which are characterized by their
large size. Varying filtration performance was also
achieved by altering the drying conditions (tempera-
ture, pressure and solvents) during the manufacturing
process of NC/FP composite filtration membranes. In
particular, NC/FP composite membranes obtained by
vacuum drying at 60 °C with 0.1% CNFs demon-
strated excellent ultrafiltration properties with reten-
tion rates as high as 97.14% and an acceptable flux
(46,279 L m h™"). Furthermore, NC/FP composite
membranes demonstrated good tolerance to acidic and
alkaline conditions, but their performance was weak-
ened when treated with high or low temperatures. NC/
FP composite membranes have promising potential for
use as advanced separation membranes for water
purification.
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Introduction

With the deterioration of the ecological environment,
materials separation has become one of the most
important areas of research, and membrane separation
technology is also considered one of the most impor-
tant technologies (Van Reis and Zydney 2001).
Ultrafiltration (UF) membranes are particularly impor-
tant in membrane separation research and are widely
used in wastewater treatment and the medical and food
industries (Jelen 1998). However, large quantities of
solvents, chemicals and energy (Henmi et al. 2012;
Mungray and Murthy 2012) are required to produce
UF membranes. Therefore, it is important to develop
new membrane materials and investigate simplified
processes to produce UF membranes.

Composite membranes are usually used for ultra-
filtration membranes. In a composite structure, the
thickness of a film layer that is used for separation is
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greatly reduced, thereby reducing the mass transfer
resistance and increasing the flux of the membrane. In
addition, the mechanical and anti-swelling properties
of the membrane are enhanced (Pesek and Koros
1994; Wessling et al. 2001; Cadotte et al. 1980).
Vacuum extraction is the most direct and convenient
method for preparing composite membranes. Karan
et al. (2012) prepared ultrathin diamond-like nano-
films on a support layer with large pores through a
direct filtration method. The aperture of the ultrathin
film was I nm, the film flux was very high, and it
exhibited good mechanical properties. According to
the Carman—Kozeny filtration theory, the flux of an
ultrafiltration membrane is inversely proportional to
the thickness of its effective separation layer. In other
words, thinner separation layers provide a larger
membrane flux (Bowen and Jenner 1995). Therefore,
ultrathin ultrafiltration membranes are the most effec-
tive way to prepare high-flux separation membranes.
Compared to traditional commercial ultrafiltration
membranes, ultrathin composite membranes prepared
by direct filtration have advantages, including ultra-
high flux and small film resistance, and can be widely
used in industrial applications.
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Cellulose fibers are excellent raw materials for the
production of UF membranes (Baker 1981; Ma et al.
2010) because of their outstanding mechanical and
chemical properties (Klemm et al. 2011; Chen et al.
2010; Ling et al. 2018a, b; Yang et al. 2018) and their
capacity to develop many materials with different
structures and properties (Moon et al. 2011; Ling et al.
2018a, b). Saito et al. successfully prepared cellulose
nanofibers with a diameter of 3—4 nm and a micron-
scale length from natural plant cellulose by a TEMPO-
mediated oxidation method (Saito et al. 2006; Isogai
et al. 2018). The cellulose nanofibers had a high aspect
ratio and mechanical strength and a low thermal
expansion rate (0.1 PPM/K) and density (1.6 g cm ™)
(Jakob et al. 1995; Nishino et al. 1995; Yano et al.
2010) and could be used as a raw material to prepare
nanopaper and films (Sir6 and Plackett 2010).
Nanopaper possesses pores in the nanometer range
and could potentially be used in separation applica-
tions (Mautner et al. 2014; Chun et al. 2012). Cellulose
nanofibers (CNFs) are also widely used in the
fabrication of nanocomposite membranes for water
treatment technologies (Carpenter et al. 2015; Ma
et al. 2014; Thakur and Voicu 2016; Ma et al.
2011a, b). Many membranes have been produced by
incorporating CNF with a variety of polymer matrices,
including chitosan (Karim et al. 2014), cellulose
triacetate (Kong et al. 2014; Soeta et al. 2015),
poly(vinylidene fluoride) (PVDF) (Lv et al. 2018),
poly(vinyl alcohol) (PVA) (Wang et al. 2013; Xu et al.
2013), poly(acrylonitrile) (PAN) (Ma et al. 201 1a, b),
polypyrrole (PPy) (Ferraz et al. 2013), poly(HEMA)
and poly(AAS) (Wang et al. 2017). The tensile
strength, surface hydrophilicity, permeability and
resistance to biofouling of a membrane has been
improved by adding a small weight percentage of
CNFs. Sun et al. (2015) also used oxidized cellulose
nanocrystals (CNCs) as a strengthening additive for
paper and in applications as a sustainable, wet-strength
additive.

Moreover, some research has shown that solvent
treatment [such as ethanol treatment (Liu et al. 2018)
and acetone treatment (Karim et al. 2016)] of the
membranes prior to drying reduced interchain
H-bonding, resulting in an increase in the rejection
rate and water flux of the fabricated membranes.
Additionally, different types of nanocellulose were
used to produce nanopaper-based membranes and
were able to control the pore sizes of the resultant

nanopaper (Mautner et al. 2015). Furthermore,
nanocellulose with different diameters and lengths
may be used to produce different membranes for a
wide range of potential applications.

In this work, we used a layer deposition method
facilitated by vacuum filtration to prepare ultrafiltra-
tion membranes with filter paper (FP) as a support
membrane and nanocellulose (NC) as a surface-barrier
layer. This proposed method can be used to prepare
inexpensive NC/FP composite filtration membranes
with a simple production process to give materials
with excellent performance abilities. There is great
potential for the application of these methods and
materials in the preparation of ultrafiltration (UF)
membranes.

Materials and methods
Materials

Commercial HBKP (bleached acacia Kraft pulp
produced by Asia Symbol Pulp and Paper Co., Ltd.,
Shandong, China) with an a-cellulose content of ~
80% was used as the wood cellulose sample. Micro-
crystalline cellulose (MCC) was purchased from
Sinopharm Chemical Reagent Co., Ltd. The 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO, 98%)
was purchased from Sigma. Sodium hypochlorite
solution (7-10% in chlorine) was purchased from
Sigma-Aldrich. Sodium bromide was obtained from
Fisher Scientific. All other reagents were of analytical
grade and used without further purification from
Nanjing Chemical Reagent Co., Ltd.

Preparation of TEMPO-oxidized cellulose
nanofibers (CNFs) and nanocrystals (CNCs)

To prepare cellulose nanofibers (CNFs) and cellulose
nanocrystals (CNCs) with different aspect ratios,
HBKP and MCC were used as the raw materials,
respectively. HBKP or MCC (1 g) was suspended in a
beaker in which designated amounts of TEMPO
(0.016 g) and sodium bromide (0.1 g) were dissolved.
Then, the desired amount of a sodium hypochlorite
(NaClO) solution (6 mmol) was added to the mixture.
The pH of the mixture was maintained at 10 by the
continuous addition of 0.5 M NaOH using a pH-Stat
titration system. The reaction was quenched by adding
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ethanol and then 0.5 M hydrochloric acid (HCI)
dropwise to adjust the pH to 7, and the reaction
stopped when no consumption of the base was
observed.

After oxidation, the mixture was washed with
distilled water by repeated centrifugation (more than 6
times) at 8228 g for 6 min to obtain TEMPO-oxidized
cellulose as a water-insoluble fraction. A 0.1% (w/v)
suspension of TEMPO-oxidized cellulose was soni-
cated using an ultrasonic homogenizer (VCX500,
Sonics and Materials, Inc., USA) at 500 W and
20 kHz for 20 min with start/stop intervals to avoid
increasing the temperature. The diameter of the
homogenizer tip was 1.2 cm. After centrifugation at
12,857 g for 6 min to remove the nonfibrillated
fraction, TEMPO-oxidized CNFs or CNCs were
obtained as the supernatant dispersed in water.

Preparation of nanocellulose/filter paper (NC/FP)
composite membranes

A schematic of the fabrication procedure of NC/FP
composite membranes is shown in Fig. 1. The NC/FP
composite membranes were prepared through the
filtration of an aqueous nanocellulose dispersion with
filter paper as the substrate. Using a solvent filter with
medium-speed quantitative filter paper as the sub-
strate, below which was alayer of a0.1 pm nylon filter
membrane, the nanocellulose dispersion at different
concentrations was deposited on the filter membrane
through direct filtration.

Analysis and characterization of nanocellulose
Fourier transform infrared (FT-IR) spectra of the

nanocellulose were obtained with an infrared spec-
trometer (VERTEX 80 V, Bruker, Germany) from

4000 to 400 cm™'. The samples were freeze-dried
before measurements were conducted.

The X-ray diffraction (XRD) patterns of nanocel-
lulose were obtained at ambient temperature by step-
scanning on an X-ray powder diffractometer (Ultima
IV, Japan) using monochromatic Cu Ko radiation
(A = 1.54 A) in the range of 20 = 5°-50° with a step
size of 0.02° and a scanning rate of 5° min~'. The
samples were freeze-dried before measurements were
conducted.

Atomic force microscopy (AFM) images were
obtained using a Dimension Edge microscope (Bru-
ker) in light tapping mode. V-shaped silicon can-
tilevers (Micromash) with a nominal tip radius of
8 nm were used for imaging. The samples were air-
dried in a diluted dispersion (below 1/10,000 dilution)
and then dropped onto mica before measurements
were conducted.

Analysis and characterization of NC/FP composite
membranes

Thermogravimetric analysis (TGA) (with a model
HTC-3 instrument from Beijing Permanent Scientific
Instrument Factory) scans of samples were collected at
10 °C min~"' from 25 to 700 °C min~' under a
50 mL min~ " air flow. The samples were freeze-dried
before measurements were conducted.

The thermal resistance of the NC/FP composite
membranes was tested by placing NC/FP composite
membranes in an 80 °C water bath and a — 20 °C
freezer for 3 h each and then measuring their pure
water flux.

The acid and alkaline resistances of NC/FP com-
posite membranes were evaluated by immersing NC/
FP composite membranes a 0.5 mol L™" hydrochloric
acid or 0.5 mol L™' sodium hydroxide solution for
24 h and then washing them with distilled water. The

Fig. 1 Schematic of the
fabrication procedure of
NC/FP composite
membranes
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pure water flux was measured before and after
treatment to test the acid and alkaline resistances of
the filters.

The morphologies of the NC/FP composite mem-
branes were observed with a field emission scanning
electron microscope (JSM-7600FESEM, Japan) and
an environmental scanning electron microscope
(ESEM) (Quanta 200, FEI) at an accelerating voltage
of 15 kV. Prior to SEM imaging, samples were
sputter-coated with gold for 90 s.

The performance of as-prepared composite mem-
branes was evaluated by measuring the flux, rejection
rate and porosity of NC/FP composite membranes.

NC/FP composite membrane flux was tested at
room temperature with a pressure of 0.1 MPa. The
results were calculated according to the following
equation:

Jw = V/ (T A), (1)

where V is the volume of the filtered fluid, T is the
sampling time and A is the effective area of the
membrane.

The rejection performance of NC/FP composite
membranes was tested using a 1 gL™' aqueous
solution of bovine serum albumin (BSA). The
absorbance of the liquid and filtrate were measured
with a UV-Vis spectrometer (UV-1800 2100Qis,
HACH). The rejection rate was calculated by the
following equation:

R = (1-C,/ Cy) * 100%, (2)

where C, and C; represent the concentration of the
liquid before and after filtration, respectively.

The porosity was calculated as the ratio of the pore
volume to the total volume in the membrane. The
porosity of the membranes was calculated with the
following formula:

Pr = (mp;—m,)/V/p, (3)

where m; and m, are the weight of the membranes
before and after absorbing ethanol, respectively, V is
the volume of the membrane and p is the density of
ethanol.

Results and discussion

Analysis and characterization of nanocellulose
(CNFs and CNCs)

The TEMPO-oxidized hardwood bleached Kraft pulp
(HBKP) and microcrystalline cellulose (MCC) were
detected in the FT-IR spectra, as shown in Fig. 2a.
After oxidation, additional absorption bands at
approximately 1730 cm™' appeared, corresponding
to the C=0 stretching vibration of carboxyl groups
(Habibi et al. 2006), which indicated that carboxyl
groups were introduced into the HBKP and MCC after
TEMPO oxidation.

The X-ray diffraction patterns of HBKP and MCC
before and after TEMPO-oxidation were determined
to investigate their crystal structures, as shown in
Fig. 2b. The peaks at 20 = 14°-18°, 22.5°, and 34.5°
are characteristic of cellulose I (Klemm et al. 2005). A
comparison of this data with the crystal structure of
cellulose I in the samples before oxidation indicates
that there were no apparent changes in the TEMPO-
oxidized samples, which indicates that the carboxylate
groups formed during oxidation were present only on
the surface of the nanocrystals, without any internal
cellulose crystals (Isogai et al. 2018).

CNFs and CNCs prepared from TEMPO-oxidized
HBKP and MCC, respectively, were observed using
atomic force microscopy, and their morphologies are
shown in Fig. 2¢, d. After oxidation and sonication,
the fiber sizes were uniform and evenly distributed.
The average diameters of the CNFs were approxi-
mately 4-20 nm, and their lengths ranged up to the
micrometer scale. Because of their high length to
diameter ratio, these materials make a perfect filter
composite. The average diameters and lengths of the
CNCs were approximately 3—15 nm and 100-400 nm,
respectively. The fibers were shorter and were tubular
in shape.

The effects of nanocellulose concentration and size
(CNFs or CNCs) on the water flux of NC/FP
composite membranes

The pure water fluxes of NC/FP composite membranes
obtained by air drying at different NC concentrations
were investigated (Fig. 3). The fluxes of all NC/FP
composite membranes were smaller than those of the
filter paper (294,120 L m~2 h™"). With increasing NC
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Fig. 2 FT-IR (a) and XRD a
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Fig. 3 Effects of the concentration of nanocellulose (CNFs or
CNCs) on the water flux of NC/FP composite membranes

concentration, the water flux decreased gradually. The
SEM images of NC/FP composite membranes with
different NC concentrations demonstrate this phe-
nomenon (Fig. 4 and Fig. S1). The raw filter paper
fibers were intertwined to form a porous network, in
which thick fibers formed scaffolds and fine fibers
provided surface area. The substrate was deposited
and covered with a layer of NC (CNFs or CNCs)
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during the preparation of composite membranes. With
an increased NC concentration, the NC surface layer
gradually covered the coarse fibers, and the surface
layer became thicker and denser, which led to a
decrease in the water flux. In addition, the fluxes of the
composite membrane prepared using CNCs were
much greater than CNFs prepared under the same
conditions. Because of the shorter nanocrystals and
lower aspect ratios of CNCs, the fibers did not
effectively overlap, which resulted in CNC/FP com-
posite membranes with larger pores (Fig. 4), such that
the membranes were able to filter water quickly. We
found that the CNC/FP composite with these charac-
teristics is more favorable as a microfiltration mem-
brane (data not shown here). Therefore, the properties
of CNF/FP composite membranes, which are specu-
lated to be more favorable for the formation of
ultrafiltration membranes, were further investigated
and discussed in this study.
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Fig. 4 SEM images of CNF/FP (a—e) and CNC/FP (bl-el) composite membrane surfaces with different NC concentrations [0% (a),

0.05% (b, b1), 0.1% (¢, c1), 0.2% (d, d1), 0.3% (e, el)]

The effect of drying conditions on the water flux
of CNF/FP composite membranes

The air-drying process resulted in very strong hydro-
gen bonding between water molecules and cellulose
molecules. As free water evaporates, the tension that is
produced is large enough to shorten the distance
between cellulose molecules and form new inter-
molecular hydrogen bonds between the fibers. There-
fore, the pore structures of the wet membranes after
natural drying will collapse, causing problematic
densification of the membrane structure. However,
CNF/FP composite membranes produced under neg-
ative pressure might maintain their original pore
structures. Therefore, CNF/FP composite membranes
were obtained by vacuum drying. As the temperature
during vacuum drying increased to 60 °C, the high
temperature resulted in the rapid evaporation of water,
which caused the membrane structure to be fixed
before the formation of aggregate structures through
intermolecular interactions. As a result, the mem-
branes obtained by vacuum drying at 60 °C had a
significantly greater water flux (Fig. 5a, b) than those
obtained under the other drying conditions. CNF/FP
composite membranes obtained by freeze-drying had
many noticeable defects, such as bubbles or wrinkles
on the surface (Fig. S2). The water content of CNFs
and FP is different; therefore, a gap between CNFs and
FP was formed in CNF/FP composite membranes
during the freezing process. This is attributed to the
formation of bubbles or wrinkles during the

subsequent vacuum-drying process. Therefore, the
performance of CNF/FP composite membranes was
improved by vacuum drying at 60 °C.

In addition to drying methods and conditions,
solvent displacement methods also affect the mem-
brane performance because there are certain interac-
tions between cellulose macromolecules and different
solvents that yield different structures of the resultant
CNF/FP composite membranes. The results proved
that different solvent displacement methods produce
CNF/FP composite membranes with fluffy textures in
not only the CNF layer but also the filter paper
substrate, therefore, making the pure water flux even
greater than that of the original filter paper (Fig. 5c, d).

The surface and cross-sectional SEM images of
CNF/FP composite membranes obtained by different
drying methods demonstrated coinciding results
(Fig. 6 and Fig. S3). The surfaces of CNF/FP
composite membranes were relatively smooth and
dense. The structure of CNF/FP composite mem-
branes obtained by vacuum drying at 60 °C was less
dense than the structure obtained by air drying, and the
filter paper had a less compact CNF layer, which
caused a higher water flux. After solvent displace-
ment, the surface of the nanofiber thin film layer
contained traces of the base membrane fibers, which
shows that the layers are very close and will not be
separated under normal circumstances. The cross-
sectional images of the membranes show that the pores
of the filter paper substrate became fluffier, such that
its flux increased compared with that of the original
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Fig. 5 Effects of drying
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Fig. 6 SEM images of the surfaces of CNF/FP composite membranes (0.1% CNFs) obtained by different drying methods (a air drying,
b vacuum drying at 60 °C, ¢ ethanol-acetone exchange, d ethanol-acetone-hexane exchange and e methanol-fers-butanol exchange)

filter paper, which is also related to the retention
performance of CNF/FP composite membranes.

The porous structure of the membrane is one of the
kinetic parameters that defines its permeability. The
porosities of different CNF/FP composite membranes
are shown in Table 1. As the CNF concentration
increased, the porosity of the CNF/FP composite
membranes gradually decreased, which is in agree-
ment with the change in flux of CNF/FP composite
membranes. The porosity of the filter paper that was
used as the substrate matrix was 50.40%. The porosi-
ties of CNF/FP composite membranes obtained by
different drying methods were all lower than that of
the pure filter paper, especially for air drying and

@ Springer

vacuum drying at 25 °C, due to the increase in the
density of the membrane. However, the porosities of
CNF/FP composite membranes obtained by air drying
after different solvent exchange processes were
greater than those of the filter paper when the
concentration of CNFs was low. This phenomenon
indicates that solvent exchange not only keeps the pore
structures of CNF/FP composite membranes but also
makes the pore structures of the supporting layer
expand slightly. Therefore, the pure water flux after
the displacement of solvent and drying is greater.
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Table 1 The porosity of different CNF/FP composite membranes

Drying method

Porosity at different CNF concentrations (%)

0.05 0.1 0.2 0.3
Air drying 46.89 £+ 1.21 43.57 £ 221 43.65 £ 0.95 38.35 + 1.30
25 °C vacuum drying 45.68 £ 0.85 42.36 £ 1.28 4272 £ 1.36 36.23 + 1.63
60 °C vacuum drying 48.30 + 1.15 43.65 £ 0.96 34.48 £+ 2.05 36.33 £ 0.75
Ethanol-acetone exchange 53.05 £ 2.01 55.19 £ 2.55 50.41 £+ 1.87 50.06 £+ 1.66
Ethanol-acetone-hexane exchange 57.18 £+ 0.93 58.19 £ 1.48 50.62 £+ 1.21 4591 £+ 0.82
Methanol-tert-butanol exchange 56.45 £ 1.54 55.64 £ 1.77 53.92 £ 1.27 4797 £ 1.25

The effect of drying conditions on the rejection
performance of CNF/FP composite membranes

The effect of CNF concentration on the flux and
rejection performance of BSA on CNF/FP composite
membranes obtained by different drying methods is
shown in Fig. 7. A small amount of nanofiber changed
the pure water flux of the CNF/FP composite mem-
branes and captured impermeable species. As the
amount of CNF increased, the flux decreased, and the
rejection increased. When the concentration of CNFs
was 0.1%, CNF/FP composite membranes not only
had a high membrane flux but also showed good
retention of BSA. Especially in the case of vacuum
drying at 60 °C, when the CNF concentration was
0.1%, the rejection rate was as high as 97.14%, the
membrane flux was maintained at a high level of
46,279 L m~2 h™! and the overall performance of the
membrane was extremely good (up to the level of
ultrafiltration membranes).

When CNF/FP composite membranes were treated
by solvent exchange, because of its loosened structure,
the water flux after solvent exchange was higher than
that of the membranes obtained by air drying (Fig. 6
and Fig. S4). After ethanol/acetone exchange, when
the CNF concentration was 0.1%, the capture rate for
BSA was 64.46%. When CNF/FP composite mem-
branes were subjected to solvent exchange by either
ethanol/acetone/hexane or methanol/tert-butanol, the
concentrations of CNFs required for good retention
and high membrane flux were between 0.1 and 0.2%.
Considering the various drying methods that were
investigated, CNF/FP composite membranes obtained
by vacuum drying at 60 °C had favorable performance
as ultrafiltration membranes.

Stability of CNF/FP composite membranes

By thermogravimetric analysis, we found that the TG
curves of CNF/FP composites membrane (Fig. 8)
were between the curves of filter paper and CNFs.
However, because of the small proportion of CNFs,
the TG curve was closer to the filter paper curve. The
thermal stability of CNFs is worse than that of filter
paper, which is stable at 320 °C. When the filter paper
began to lose weight, 55% of CNFs were lost. In the
TEMPO-oxidation process, beta-elimination was
observed under alkaline conditions. Factors such as
smaller size, increase in specific surface area and
introduction of carboxyl groups to the surface of the
cellulose molecules caused endothermic decomposi-
tion at lower temperatures.

The results of temperature, acidity and alkalinity
tolerance tests of CNF/FP composite membranes are
shown in Table 2. The pure water flux of CNF/FP
composite membranes increased either positively or
negatively compared with untreated CNF/FP compos-
ite membranes. The high temperature treatment
caused an increase in the nanofiber cortices, and
fiber—fiber junctions shifted to increase the pore
diameters of the cortex; however, the low temperature
treatment caused partial separation between the CNF/
FP composite membrane cortex and the supporting
layer. The acidic and alkaline treatments influenced
the pores of the paper substrate, but the filtering effect
and filtration velocity were determined by the surface
of the CNF filtration layer. Therefore, the influences of
acidic and alkaline treatments were less prominent
than that of the temperature.
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Fig. 7 Effect of CNF concentration and drying methods on the
flux and rejection performance of BSA on CNF/FP composite
membranes (a air drying, b vacuum drying at 25 °C, ¢ vacuum

Conclusions
Nanocellulose (NC) layer deposited filter paper com-
posite membranes using CNFs (prepared from HBKP)

or CNCs (prepared from MCC) and filter paper (FP)
were manufactured by a vacuum drying method.

@ Springer

CNF concentration (%)

drying at 60 °C, d ethanol-acetone exchange, e ethanol-acetone-
hexane exchange and f methanol-fert-butanol exchange)

Because of their varying sizes, different sources of
nanocellulose influenced the comprehensive perfor-
mance of NC/FP composite membranes. The aspect
(length to diameter) ratio of CNFs was very high, and
its filaments were intertwined on the filter paper
substrate, which formed a mesh structure that was
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Fig. 8 TG curves of filter paper (FP), CNFs and CNF/FP
composite membranes

Table 2 Temperature, acid and alkaline tolerance test of the
CNF/FP composite membranes

CNF/FP composite membranes Pure water flux (L m2hh)

104.20 £ 5.21
1138.66 + 23.54
982.30 £ 20.22
336.11 £ 9.45
210.32 + 10.11

Untreated
High-temperature treatment
Subzero treatment

Acid treatment

Alkali treatment

more conducive to intercepting macromolecules.
CNCs are short, tend to aggregate and can only be
used in the study of microfiltration membranes. The
concentration of CNFs is one of the decisive factors
that affects the resultant flux of manufactured CNF/FP
composite membranes. Higher concentrations resulted
in decreased water flux and increased rejection rates.
With an increasing amount of added CNFs, the
retention rate of bovine serum albumin (BSA) grad-
ually increased to nearly 100% and reached ultrafil-
tration levels. Different drying methods and different
solvent displacement methods also affected the mem-
brane structure, therefore affecting the resultant water
flux and retention rate. CNF/FP composite membranes
obtained by vacuum drying at 60 °C with 0.1% CNFs
showed excellent ultrafiltration properties with reten-
tion rates as high as 97.14% and a membrane flux of
46,279 L m~2 h™'. The preparation of CNF/FP com-
posite membranes by vacuum drying is direct and
simple. Furthermore, the CNF/FP composite filtration
material contains electronegative nanocellulose,

which can effectively improve the adsorption and
filtration abilities of fine particles. Most importantly,
separation membranes with different filtration prop-
erties can be designed by controlling the morphology,
concentration of nanofibers and the drying process.
There is great potential for the application of these
composite filtration materials.
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