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Abstract In this work, cellulose nanocrystals (CNC) derived from sawdust were successfully incor-

porated into a thin film composite membrane made from polyamide. The characteristics of unmod-

ified and modified membranes were investigated using FT-IR, XRD, TGA, SEM, EDX, AFM and

contact angle measurement. The membranes’ performances were evaluated using a dead-end test

cell with sodium chloride (1500 ppm) and calcium chloride (2500 ppm) solutions. FT-IR and

XRD analyses revealed that polymerization took place during the incorporation of the cellulose

nanocrystals. From EDX analysis, it was found that incorporation of CNC into the membrane

resulted in an increase in the oxygen content both at the atomic and mass levels. SEM and AFM

images revealed dense and tight structures for both modified and unmodified membranes. The mod-

ified membrane was more hydrophilic and rougher than the unmodified membrane. The water flux

was significantly increased (more than 23%) while maintaining high rejection rate values for sodium

chloride (98.3 ± 0.8%) and calcium chloride (97.1 ± 0.5%). Furthermore, there was also an

increase in the thermal stability of the membrane. The results, therefore, have shown a great pro-

spect in the development of thin-film nanocomposite membranes using sawdust-derived cellulose

nanocrystals incorporated in polyamide.
� 2020 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Water is essential to life; however, this important commodity is

becoming scarce all over the world [1]. This is because the
change in water usage pattern has put a strong demand on
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Fig. 1 Transmission electron microscopy (TEM) of the CNCs

used in this work [26].
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available limited fresh water. For instance, the proliferation of
high-tech industries has significantly increased water demand
and at the same time resulted in generation of hard-to-treat

wastes such as pharmaceutical products, organic wastes, heavy
metals and other endocrine disrupting substances. Besides, the
world population is growing at an alarming rate and thus cre-

ating extra needs for quality drinking water and water for
other uses. Thus, as a result of the numerous water quality
issues facing humanity today, there is a strong need to improve

or develop new and appropriate technologies to treat water.
Membrane technology has been recognized as an effective

water treatment tool for contaminant removal from polluted
water supplies [2]. The most used driving force for transport

in membrane processes is the gradient of pressure. There are
essentially four pressure-driven membrane processes that are
classified according to the size of the membrane pores and thus

the pollutants that can be removed depending on the design of
the membrane [3–5]. Tight and non-porous membranes can
reject monovalent and divalent ions. However, the pressure

required to drive water across the membrane is higher than
that of porous membranes. Indeed, the invention of thin film
composite (TFC) membranes for water treatment was a major

breakthrough in membrane synthesis leading to high flux,
monovalent salt rejection, better rejection of organic com-
pounds, and excellent stability in high temperature, in alkaline
and acidic environments [6].

TFC membranes are usually made from either polyamide
or polyetherurea [7]. Polyamide membranes are cast on an
ultrafiltration (UF) membrane as a support in order to give

them rigidity and mechanical strength required. The active
polyamide thin film layer is responsible for solute removal
and water recovery. Several attempts have been made to

improve the thin film composite membrane performance and
longevity through the incorporation of different materials.
The resulting membrane when nanomaterials are incorporated

into thin film composite membrane is called thin film
nanocomposite (TFN) membrane [8]. TFN membranes are
expected to display an improved flux and fouling resistance
than thin film composite membranes [9]. Various nanomateri-

als including carbon nanotubes (CNTs), silica, graphene oxide
(GO) and titanium oxide have been used to fabricate thin film
nanocomposite membranes resulting in improved fouling resis-

tance, hydrophilicity and perm-selectivity of the membranes
[9–13]. Zhao et al [14] recently incorporated UiO-66-NH2

nanoparticles into thin film composite polyamide membrane.

The nanoparticles were deposited on the support substrate
using a spray nozzle. Such membranes are usually referred to
as TFC with nanocomposite substrate [15]. They reported
increase in water flux with a marginal decrease in solute rejec-

tion. Zhao et al [16] succeeded in incorporation poly
(ethyleneglycol) 200 (PEG200) into thin film composite mem-
brane with the assistance of Laponite as nanofillers. The result-

ing thin film nanocomposite membrane resulted in improved
water flux. Gai et al. [17] recently developed a thin film
nanocomposite hollow fibre membrane by incorporating

Na+-functionalized carbon quantum dots (Na-CQDs) into
the polyamide layer. They also reported an improvement in
water flux without compromising the salt rejection. However,

there is an environmental and health concern with the use of
membranes having any of these nanomaterials [18,19]. Cellu-
lose nanomaterials provide a suitable alternative to these envi-
ronmentally hazardous nanomaterials [19–21].
Cellulose nanomaterial is comparable to carbon nanotubes
in terms of material properties [19,21]. Similar to carbon nan-
otubes, incorporation of cellulose nanomaterials into polymer

matrix even at a very low weight percent modifies the mem-
brane properties. This leads to increase in membrane
hydrophilicity, membrane tensile strength, resistance to foul-

ing, greater permeability and selectivity. Other advantages of
cellulose nanomaterials are with regard to biocompatibility
and environmental friendly nature [19]. There are several

forms of cellulose nanomaterials. The notable ones are cellu-
lose nanocrystals (CNC) and cellulose nanofibrils (CNF)
[22,23]. This work focuses on CNC. Industrially, CNC is
derived majorly from wood, however, the use of wood as

source of natural CNC is an expensive endeavour and thus
alternatives must be found.

Sawdust is a waste generated from forestry and timber

industry and accounts for over 40% of the wastes [24]. Most
of the sawdust waste has not been converted into useful prod-
ucts and ends up being destroyed in landfill sites or by burning

[25]. It is imperative therefore to find use of sawdust in the pro-
duction of cellulose nanocrystals as a cheap alternative raw
material. The novelty of this work is to incorporate CNCs

derived from a cheap source: sawdust, into thin film polyamide
membranes. The comparison of the property of unmodified
and modified TFC membranes clearly shows that the incorpo-
ration of sawdust-derived cellulose nanocrystals leads to an

increase of water filtration fluxes without affecting the rejec-
tion of sodium chloride and calcium chloride.

2. Materials and methods

2.1. Material

Analytical grade chemicals used for the study including
m-phenylene-diamine (MPDA), trimesoyl chloride (TMC),

hexane, sodium dodecyl sulphate, sodium hydroxide, ammo-
nium chloride, sodium chloride and calcium chloride were all
obtained from Sigma-Aldrich, South Africa. The cellulose

nanocrystals (CNC) used were obtained from CSIR, Durban.
Fig. 1 shows TEM image of the CNC in which a mono dis-
persed dot-like shape with average particle size of 5.98 nm is
revealed [26]. The polysulfone UF membrane (100 kDa) used
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as a support was obtained from Microdyn Nadir. Quality of
the deionized water used was between 14 and 15 mO and
was produced using the Purite water system (Model Select

Analyst HP40, United Kingdom).

2.2. Membranes syntheses

Two membranes were synthesised and named PA (unmodified)
and PA-CNC (modified). Both membranes were synthesised
using interfacial polymerization method. In the preparation of

PA, UF polysulfone membrane was soaked into a solution con-
taining 0.5% sodium dodecyl sulphate (SDS) for 12 h. SDS is
used to increase the wettability of the substrate so that mono-

mers can easily move from one phase to another [27]. After-
wards, the membrane was washed and drenched in deionized
water for 2 h, after which it was dried for 1 h in a fume cup-
board. The membrane was then placed with a double-sided tape

onto a glass plate. The aqueous solution has meanwhile been
prepared by adding 1 g ofMPDA to 100mL of deionized water.
0.4 g sodium hydroxide was added as acid acceptor in order to

consume the hydrogen chloride generated in the polymerization
reaction which could reduce the reactivity of the monomer reac-
tants in the aqueous phase [28,29]. The pHwas adjusted to eight

(8) by adding ammonium chloride. The organic solution was
prepared by adding 0.5 g Trimesoyl chloride (TMC) to
100 mL of hexane. The aqueous solution was poured on UF
membrane and allowed to stay for 30 min. Excess aqueous solu-

tion was removed from the membrane by using filter papers to
wipe its surface, and the organic solution was then added. The
reaction was allowed to proceed for 60 s. The synthesised mem-

brane was allowed to drain and then cured in an oven at 65�C for
15 min. The prepared membrane was washed and soaked in
deionized water. In the case of PA-CNC membrane prepara-

tion, the same procedure for the preparation of the PA mem-
brane was used except that 0.21 g of cellulose nanocrystals
(CNC) was added to the aqueous solution. 0.21 g of CNC

was used because it gave the best result after trial of various
masses of CNC. The proposed reaction mechanism and proce-
dure for the incorporation of cellulose nanocrystals during
polymerization process are shown in Fig. 2.
Fig. 2 Procedure for synthesis and
2.3. Membrane characterization

The membranes were characterized using Fourier transform
infra-red (FT-IR) spectroscopy to determine the functional
groups present on the surface. The analysis was done with a

Perkin Elmer Spectrum 100 spectrometer, with wavelength
recording done in the 500–4000 cm�1 range at a resolution
of 4 cm�1. The membrane surface and cross-section morpholo-
gies were investigated using a Hitachi S4800 scanning electron

microscopy system (SEM). For the SEM analysis, the samples
were first coated with platinum using an ion sputter coater.
The cross section length was measured using ImageJ software

[30]. Energy-dispersive X-ray spectroscopy analysis (EDX) was
performed with Zeiss EVO ED15 microscope coupled with an
Oxford X-MaxN EDX detector. Characterization of the

Atomic Force Microscopy (AFM) was performed using
Molecular Imaging (FastScan Dimension, Bruker) in tapping
mode to describe the thin film surface morphology. Silicon

cantilevers (Fastcsan-A) with a typical tip radius of �5 nm
were used. The cantilevers had a resonance frequency of
around 1.25 kHz. The 2D AFM images were taken on a
400 nm scale. The 2D images were converted to 3D images

using WSxM 5.0 Develop 9.1 software [31]. A PANalytical
Xpert device was used to record X-ray diffraction (XRD) pat-
terns of the PA and PA-CNC membranes. The device was

operated with Cu Ka radiation at a scanning speed of 2�min�1

and at a step rate of 0.02� per second between 2h range of 10�
and 70�. A thermogravimetric analyser (TA Instruments TGA

G500 model) was used to analyze the thermal activity of the
prepared membranes from 20 �C to 1000 �C. The heating rate
was kept constant at 10 �C/min. The experiment was carried
out under N2 atmosphere and at a flow rate of 60 mL/min.

A dry sample weighing about 5 mg was used for each experi-
ment. Goniometer (Digidrop-GBX) was used to measure the
contact angle by pendant drop method. The measurements

were performed by using ultrapure water. A drop of water
was deposited onto the surface using a micro syringe, and
the reading was taken 5 s after deposition. Five readings were

taken at different locations on the membrane and the average
of the values was taken as the contact angle.
suggested mechanism of reaction.
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2.4. Water treatment performance tests

The performance tests in terms of water flux, sodium chloride
rejection and calcium chloride rejection were done using a
dead-end test cell. The membranes were first compacted at a

pressure of 5 bar for 8 h. The pure water flux was investigated
at pressure ranging from 6 bar to 10 bar. In addition, Sodium
Chloride (NaCl) solution (concentration of 1500 ppm) and
Calcium Chloride (CaCl2) solution (concentration of

2500 ppm) were treated with the membranes using the test cell
at pressure ranging from 6 bar to 10 bar. The conductivity of
the feed and final permeate were determined using a conductiv-

ity meter. In the test cell, the active membrane area was
14.6 cm2. Using Eq. (1) the permeate flux was calculated.

Jw ¼ V

At
ð1Þ

where Jw (L/m2/h) and V (L) are the water flux and the perme-
ate volume respectively. The active membrane area A is mea-

sured in m2 while the filtration time t is in h.
Rejection of the solute was determined using Eq. (2):

R ¼ ðCf � CpÞ
Cf

� 100 ð2Þ

where R is the rejection in %, Cf is the solute concentration in
the feed and Cp is the solute concentration in the permeate.

3. Results and discussion

3.1. Functional group, phase and elemental composition analyses

FT-IR was used to identify the functional groups present in
both membranes. The results of the FT-IR scan for the raw

CNC, unmodified membrane (PA) and modified membrane
(PA-CNC) are shown in Fig. 3. The peak at 1820–1650 cm�1

assigned to C‚O band of the amide I group is observed in

both membranes indicating that polymerization took place.
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Fig. 3 FT-IR scans of the raw CNC, unmodified membrane

(PA) and modified membrane (PA-CNC).
These peaks appear at 1743 cm�1 for the unmodified mem-
brane and at 1670 cm�1 for the modified membrane. The fact
that polymerization took place is further evidenced in the band

1600–1450 cm�1 that is characteristic of amide II [32]. CAN
stretch and aromatic ring breathing peaks were observed in
both membranes [33]. They appear at 1490 and 1590 cm�1

for the modified membrane and at 1463 cm�1 and 1473 cm�1

for the unmodified membrane. The band at 3000–2850 cm�1

which is assigned to sp3 hybridized CAH bonds, is observed

for polyamide membrane and for polyamide membrane con-
taining the CNC. The bands appear at 2844 cm�1 and
2916 cm�1 for modified membrane and at 2848 cm�1 and
2917 cm�1 for the unmodified membrane. These show that

the thin film was properly formed for both the modified and
the unmodified membrane. Polymerization of monomers such
as MPDA and TMC always give high degree of crosslinking

leading to rejection of both monovalent and divalent ions
[34]. The implication is that both membranes can effectively
reject monovalent and divalent ions. The band at 3550–

3200 cm�1 which is assigned to AOAH group was observed
on both the raw CNC and modified membranes. This is an evi-
dence of the presence of the CNC in the membrane. The peak

was 3340 cm�1 for both the raw CNC and the modified mem-
brane but was not observed on the unmodified membrane.
This implies that the modified membrane is expected to be
more hydrophilic with lower contact angle and increased water

flux because of the additional AOAH group from the CNC.
The XRD patterns of both the modified and unmodified

membranes are shown in Fig. 4. Besides the peaks that are

common to both membranes, there appear in the modified
membrane, peaks at 2h: 16.5�, 18� and 25�. These peaks are
assigned to cellulose in different forms [35,36]. This is an evi-

dence of successful incorporation of cellulose nanocrystals into
the polyamide membrane. EDX results also revealed an
increase in oxygen contents in the modified membrane based

on mass and atomic composition. For the modified membrane,
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Fig. 4 XRD patterns of unmodified membrane (PA) and the

modified membrane (PA-CNC).
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percentage mass of oxygen was 16% while that of unmodified
was 14%. In terms of atomic composition, oxygen was 13%
for the modified against 11% for the unmodified membrane.

This can be explained by the addition of AOH group from
the cellulose nanocrystals to the polyamide. This is also
expected to result in lower contact angle and consequently

higher water flux from the CNC modified membrane.

3.2. Membrane morphology

Fig. 5 shows the SEM images on different scales and magnifi-
cation for a detailed examination of the morphology of the
membrane surface and cross section. The images of both
Fig. 5 SEM images of unmodified and modified polyamide membran

modified membrane. (e) and (f) are cross section for unmodified and m
modified and unmodified membranes (Fig. 5a–d) reveal uni-
form and non-porous structure. Some voids were observed
on the membranes; these were seen clearly by scanning those

spots at lower scales and higher magnifications. The voids were
more pronounced on the modified membrane; this may be due
to the re-arrangement of the polyamide film as a result of the

modification [37].
Smith et al. [38] has proposed a mechanism for the incorpo-

ration of nanoparticles in polyamide membranes. It is based on

the disrupted bond formation between the monomers and the
crosslinking agents that leads to the formation of voids in the
resulting polymer matrix as alternative water molecule trans-
port pathways. Such voids are wide enough to allow water
e at different magnifications (a, c, e) unmodified membrane (b, d, f)

odified membranes, respectively.



Fig. 6 AFM images and roughness analysis of unmodified and modified polyamide membrane at different magnifications (a) 2D image

of unmodified membrane (b) 2D image of the modified membrane (c) 3D image of the unmodified membrane (d) 3D image of the modified

membrane (e) Roughness analysis of the unmodified membrane (f) Roughness analysis of the modified membrane.

4206 A. Adeniyi et al.
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molecules to move through but small enough to reject all
sodium and chloride ions. This interrupt is also suggested by
the FT-IR of the modified membrane showing the presence

of AOH groups at the same region as that of the raw CNC.
The cross-section of both unmodified and modified mem-
branes are shown in Fig. 5e and 5f. The thickness of each mem-

brane was measured using ImageJ software. The figures show
that there is a little difference in the thickness of the two mem-
branes. The modified membrane is slightly thicker than the

unmodified membrane. This may be because of the attachment
of the cellulose nanocrystals to the polyamide film.

The AFM images and the surface roughness analysis of
each of the membranes are shown in Fig. 6. The AFM images

confirmed that both membranes are non-porous and dense.
This means that the degree of crosslinking was high even for
the modified membrane despite the incorporation of cellulose

nanocrystals. This further explains the reason why both mem-
branes can reject monovalent and divalent ions. The roughness
average (Ravg) and the root mean square (RMS) roughness

(Rrms) are two of the most quoted parameters for membrane
surface topographies. The roughness average is the arithmetic

mean of the surface height (peaks and valleys) deviations with
reference to the mean plane of the image. The RMS roughness
is the standard deviation of the pixel height data, that is, the

deviation of the peaks and valleys from the mean plane. Rrms

and Ravg for the modified membrane were 73.6 nm and

61.2 nm, respectively. For the unmodified membrane, Rrms

was 61.8 nm while Ravg was 43.2 nm (Table 1). These values

are useful for the comparison of membrane roughness [39].
The values show that the modified membrane is rougher than
the unmodified membrane. The rougher membrane has more

ridges and valleys which provides space for more contact with
the water drops leading to an increase in water flux [40]. The
contact angles of both membranes are also shown in Table 1.

The results show that both membranes are hydrophilic but the
polyamide membrane incorporated with cellulose nanocrystals
was more hydrophilic. This is likely due to the AOH groups

present in the CNC modified membrane as shown FT-IR
results [41]. A correlation exists between the roughness of the
membranes and the hydrophilicity. The unmodified membrane

with lower roughness presents higher contact angle while the
rougher CNC modified membrane has lower contact angle
and thus higher hydrophilicity.

3.3. Thermal gravimetric analysis (TGA)

Both membranes display same pattern of thermal degradation
because of the chemical structure of the polyamide mebranes

as a result of the presence of amide and benzene rings which
are known to be resistant to temperature change [32,42].
Table 1 Roughness parameters and contact angles of the

membranes.

Membrane Roughness

parameters (nm)

Contact angle (�)

RMS Ra

Unmodified membrane 61.8 43.2 58.3 ± 6.7

Modified membrane 73.6 61.2 36.3 ± 9.8
However, the modified membrane exhibits better thermal sta-
bility as shown in Fig. 7. The first stage of degradation for
both polyamide membranes occurred between 304 �C and

551 �C as a result of the splitting of -SO3H groups from the
polysulfone [32]. However, the degradation did not start until
a temperature of 466�C is reached for the CNC modified mem-

brane against 373�C needed for the unmodified polyamide
membrane. This may be due to the incorporation of cellulose
nanocrystals [36]. For the unmodified membrane, the first

weight loss occurred between the temperature of 373�C and
495�C. The second stage of weight drop occurred between
the temperature of 495�C and 1000�C. For the modified mem-
brane the first weight loss was exhibited between the tempera-

ture of 466�C and 499�C. The second weight loss occurred
between the temperature of 499�C and 1000�C. The first weight
loss is due to the splitting of the sulfonic group from the poly-

sulfone support while the second degradation is due to break-
ing down of the cross link in the polyamide membrane [32,43].
This means the membranes are stable at high temperature and

can therefore withstand high temperature operations.

3.4. Membrane performance

Fig. 8a shows the membranes performance in terms of pure
water flux against applied pressure. Eq. (1) was used to calcu-
late the water flux. It is observed that incorporation of cellu-
lose nanocrystals into the PA membrane significantly

improves the pure water flux. This may be as a result of
increase in hydrophilicity of the modified membrane due to
addition of OH group to the polyamide film. Fig. 8b shows

the sodium chloride rejection and water flux, when sodium
chloride solutions (1500 ppm) was treated. Fig. 8c meanwhile
shows the calcium chloride rejection and water flux when a

solution of calcium chloride solution (2500 ppm) was treated.
The solute rejection was calculated using Eq. (2). In all cases, a
significant improvement of water flux was achieved for the

modified membrane. The increase in water flux was observed
despite the fact that the modified membrane was slightly
thicker as shown in Fig. 5 e and f. This is attributed to the pres-
ence of the CNC leading to increase in the hydrophilicity and
Fig. 7 TGA of unmodified and cellulose nanocrystals modified

polyamide membranes.



Fig. 8 (a) Pure water flux for the modified and unmodified
polyamide membrane (b) water flux when CaCl2 solution and
NaCl solution were treated with both the modified and unmodified
polyamide membrane; (c) CaCl2rejection and NaCl rejection for
both the modified membrane and the unmodified membrane.

Table 2 Comparison of the water flux with other modified

polyamide membranes.

Membrane Water flux (L/

m2/h/bar)

Reference

0.21% sawdust derived CNC

modified polyamide

1.44 This study

0.1% CNC modified polyamide 0.43 Smith et al.

[38]

bCDTFC(2DA) modified

polyamide

0.59 Mbuli et al.

[39]

MWCNT modified polyamide 0.88 Park et al.

[45]
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roughness in the modified membrane. Increase in hydrophilic-
ity leads to an increase in the interaction between the active

membrane layer and water causing increase in the water pas-
sage [44]. Contact angle for the unmodified membrane was
58.3� ± 6.7�. For the modified membrane the contact angle

was 36.3� ± 9.8�; this indicates a higher hydrophilicity than
the unmodified membrane. The cellulose nanocrystal increases
the density of AOH group on the polyamide membrane lead-

ing to an increase in the hydrophilicity of the membrane [36].
Average pure water flux for the modified membrane was 12.7
± 1.9 L/m2/h and 7.2 ± 0.5 L/m2/h for the unmodified mem-
brane. For the CaCl2solution the water flux for the modified

membrane was 6.7 ± 0.3 L/m2/h against 5.0 ± 1.0 L/m2/h
for the unmodified. For the NaCl solution, the average water
flux for the modified membrane was 10.3 ± 0.4 L/m2/h while

that of unmodified was 5.9 ± 1.2 L/m2/h. A minimum of 23%
increase in water flux was obtained through the incorporation
of the cellulose nanocrystals. The comparison of the water flux

obtained for the modified CNC membrane with other mem-
branes in the literature is shown in Table 2. For easy compar-
ison the water flux is expressed as L/m2/h/bar as the operating
pressures were different. Indications are that the membrane

developed is this study has a competitively higher flux. Care
should be taken though in comparing the materials as different
fabrication and testing conditions are employed in these

studies.
Fig. 8c shows that there is no significant diference between

the rejection of CaCl2 and NaCl for both the modified and

unmodified membrane. Average rejection of NaCl for the
modified membrane is 98.3 ± 0.8% against 99.0 ± 0.5% for
the unmodified membrane. Average rejection of CaCl2 is

97.1 ± 0.5% for the modified membrane while for unmodified
was 99.7 ± 0.1%. The high rejection of CaCl2 and NaCl is an
evidence that the thin film was properly formed and the mem-
brane is tight and non porous despite the incorporation of cel-

lulose nanocrystals. The results emphasised that the
incorporation of CNC into the polyamide membrane increases
the water flux while maintaining high CaCl2 and NaCl

rejection.

4. Conclusion

In this work, polyamide membrane was succesfully modified
by incorporation of the cellulose nanocrystals (CNC) obtained
from sawdust using interfacial polymerization technique. The

CNC was added to the aqueous phase containing MPDA as
monomer. The organic phase contained TMC as the mono-
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mer. The CNC modified membrane was compared with the
unmodified in terms of characteristics and performances. The
characteristics of each membrane were examined using FTIR,

XRD, SEM, EDX, AFM, contact angle measurement, and
TGA. FTIR, XRD and EDX results confirmed that polymer-
ization took place. SEM images showed that both images are

dense and no pores were observed at various magnifications.
However, the modified membrane showed a rougher surface
than the unmodified. Also, the hydrophilicity of the modified

membrane was higher than the value for the unmodified mem-
brane. These lead to higher water flux with the modified mem-
brane. The rejections of CaCl2 and NaCl were higher than
97% for the modified membrane. Both membranes showed

good thermal stability but the modified membrane was more
thermally stable than the unmodified membrane. These results
indicate that the incorporation of sawdust-derived cellulose

nanocrystals is a promising method for improving membrane
filtration performance while maintaining high salt rejection
rates.
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