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TEMPO-oxidized cellulose nanofibers (TOCNs) from waste of oil palm empty fruit bunches (OPEFB) were integrated 
into an alginate matrix to increase the capacity of the alginate membrane for water-ethanol separation. The membrane 
composed of the alginate matrix and TOCNs was characterized in terms of its morphological, physical-mechanical 
properties and performance in the separation of water-ethanol suspensions, with ethanol concentrations in the 
suspension of 10% and 20%. Other alginate membranes integrated with commercial TOCNs from wood were also 
prepared and tested for comparison. The results showed that the addition of TOCNs (made from wood and OPEFB 
waste) to the alginate matrix improved the water adsorption capacity of the membrane. The water adsorption capacity 
of the alginate membranes with wood-derived TOCNs, OPEFB-derived TOCNs and alginate only was 78%, 87% and 
66%, respectively. The flux capacity of the alginate membrane, integrated with OPEFB-derived TOCNs, was higher 
than that of the alginate membrane alone, but lower than that of the alginate membrane integrated with wood-derived 
TOCNs. This study showed the utilization of nanocellulose from palm oil biomass waste can be considered to improve 
the physical-mechanical properties of alginate-based membranes used for various applications, including filtration. 
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INTRODUCTION 

Indonesia is the world’s largest producer and 
exporter of palm oil in the world.1 Therefore, oil 
palm (Elaeis guineensis) is the mainstay of estate 
crop commodity in Indonesia, its contribution to 
the national economy tends to increase from year 
to year and is expected to strengthen overall 
national development.2 In addition, crude palm oil 
(CPO) production leaves an abundant supply of 
palm press fibres and oil palm empty fruit 
bunches (OPEFB), which are regarded as wastes 
and have not been utilized satisfactorily.3 The 
palm oil industry must dispose of about 1.1 tons 
of OPEFB for every ton of CPO produced.4 

It is essential that the huge amount of OPEFB  

 
is processed into value-added products as OPEFB 
contains a relatively high amount of cellulose, of 
about 59%.5 Cellulose is an abundant natural 
polymer that can be extracted from plants, 
animals, algae, and bacteria.6 Cellulosic fibers 
have gained consideration due to their promising 
characteristics, such as biodegradability, 
renewability, and high mechanical properties, as a 
result of their crystalline organization.7 With its 
relatively high content of cellulose, OPEFB is a 
potential source of nanocellulose raw materials. In 
general, the term “nanocellulose” refers to a 
cellulosic extract or processed material that has 
nano-scale structural dimensions.6 One of the 
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useful methods that enable cellulose fibers to be 
completely converted to individual cellulose 
nanofibrils is catalytic oxidation using 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO). By using 
a TEMPO/NaBr/NaClO oxidation system, this 
process can convert selectively the primary 
hydroxyl groups of polysaccharides into 
carboxylates; fully individualized TEMPO-
oxidized cellulose fibrils of approximately 4 nm 
in width and at least a few micrometers in length 
can be obtained, with carboxylate contents of 
more than about 1 mmol/g by mild mechanical 
disintegration in water.8,9 Nanocellulose produced 
by 2,2,6,6-tetramethylpiperidine 1-oxyl 
(TEMPO)-catalyzed oxidation, named TEMPO-
oxidized cellulose nanofibers (TOCNs), has 
attracted considerable attention, since it requires 
low energy in its production, making the 
narrowest nanofibers ever reported.10 Furthermore, 
the results of our previous study showed that 
nanocellulose from oil palm empty fruit bunches 
produced through hydrolysis of hydrochloric acid 
had an aspect ratio ranging between 23-29, and 
thermal stability between 347-359 ºC as 
maximum degradation temperature.11  

Recently, TOCNs have seen several 
applications, including for green reinforcement in 
polymer composites, as an adsorbent for metal 
removal, and as a gel component for medical 
applications (drug delivery).12-15 Furthermore, 
nanocellulose in polymer composites can be 
applied as a filler or hydrophilic additive in 
membranes by blending or coating technique and 
in ultrafiltration and separation membrane for gas 
capturing and bioenergy recovery.16,17 The use of 
nanocellulose in membrane composites also 
increases biofouling resistance in membranes by 
forming a thin layer on top of the porous polymer 
matrix after coating.18 The nanocellulose utilized 
in membrane applications mostly has wood 
origins rather than non-wood.18,19 Nonetheless, 
nanocellulose extraction from natural non-wood 
waste/residual material has been considered more 
efficient in delignification processes due to the 
lignin content being lower in non-wood than in 
woody plants.20  

The utilization of nanocellulose from non-
wood materials, for instance oil palm empty fruit 
bunches (OPEFB), as an additive in membrane 
composites for bioenergy applications is still 
unknown. Therefore, in this study, membranes 
consisting of TOCNs from OPEFB and alginate 
were investigated in a pervaporation system for 
water-ethanol mixture separation. Pervaporation 

is a method for the separation of mixtures of 
liquids by partial vaporization through a non-
porous membrane. The separation mechanism is a 
solution–diffusion model.21 The method is 
particularly useful to separate liquid mixtures 
with close boiling points, as well as azeotropic 
mixtures of water and ethanol, on the basis of 
liquid polarity and interaction with polymer 
membranes.22 Among pervaporation membranes 
reported for water-ethanol separation, alginate-
based membranes have gained much attention. 
This is due to their good membrane forming 
properties, such as high affinity for water 
molecules, non-toxicity, low cost, and ease to use, 
although these membranes also have lower 
mechanical strength.23 Therefore, the utilization 
of nanocellulose in alginate-based membranes is 
suggested to overcome this disadvantage. 
Nanocellulose films were prepared by a TEMPO-
mediated oxidation (TOCN) process, with a high 
aspect ratio and mechanical property (tensile 
strength > 200 MPa).24 The presence of anionic 
carboxylate groups on the surface of TOCNs is 
responsible for improving the hydrophilic 
properties of the membranes. The presence of 
water increases membrane permeability and 
plasticity. Competitive sorption of other gas 
species may occur, which is important in the case 
of membrane transport facilitation.17,25,26 However, 
studies of pervaporation membranes using 
alginate- and OPEFB-derived TOCNs have not 
been reported yet. On the other hand, the use of 
other polysaccharides, such as chitosan, for 
alcohol dehydration has been reported 
intensively.23,27–29 Nanofibers from OPEFB in 
membrane applications pave the way for the 
utilization of low-cost agricultural residues as 
value-added useful products.  
 
EXPERIMENTAL 
Materials 

Bleached kraft pulp of oil palm empty fruit bunches 
(OPEFB) was kindly supplied from Biomaterial 
Research Institute, Indonesian Institute of Sciences 
(Bogor, Indonesia). 2,2,6,6-Tetramethylpiperidine 1-
oxyl (TEMPO), sodium bromide, sodium hypochlorite 
and sodium borohydride were purchased from Sigma-
Aldrich (Tokyo, Japan) and used without further 
purification. Sodium alginate (500 cps) was purchased 
from Nacalai Tesque (Kyoto, Japan). Calcium chloride 
(CaCl2) was purchased from Wako Pure Chemical 
(Osaka, Japan). The water used in this study was 
purified with the Arium Ultrapure Water System 
(Sartorius Co., Ltd., Tokyo, Japan). The filter holder 
set up for the pervaporation system was purchased 
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from Toyo Roshi Kaisha Ltd. (Tokyo, Japan), with a 
filter diameter of 47 mm. The commercial membrane 
PTFE Advantec Membrane Filter (Toyo Roshi Kaisha, 
Tokyo, Japan), of 0.5 µm pore size, was used for 
comparison, denoted as PTFE membrane. Ethanol 
(99.5%) was purchased from Fujifilm Wako Pure 
Chemical, Osaka, Japan, and used without further 
purification.  
 
Methods 

Preparation and characterization of OPEFB-derived 

TOCNs 
The preparation of TOCNs from OPEFB was 

performed as described in our previous study, using 20 
mmol of oxidant (NaClO) by TEMPO-mediated 
oxidation.30 The resultant TOCN from OPEFB was 
denoted as op-TOCN. Meanwhile, wood-based TOCN 
from Nippon Paper Company was used for comparison 
and denoted as w-TOCN. Carboxylate contents were 
measured by conductometric titration.31 The 
carboxylate content of OPEFB-derived TOCN was 
1.50 mmol/g, and that of wood-derived TOCN was 
1.59 mmol/g.  

The morphology of TOCNs was observed on a 
Transmission Electron Microscope (TEM), JEM-2100 
HC (JEOL Ltd., Tokyo, Japan), operated at an 
accelerating voltage of 120 kV, at the Ultramicroscopy 
Research Center of Kyushu University. The 
crystallinity index of TOCNs was recorded on a 
Rigaku X-ray-Diffractometer/XRD (Rigaku Denki Co. 

Ltd., Tokyo, Japan) operated at 40 kV and 20 mA. 
Details of the procedure for observing the morphology 
of TOCNs using TEM and the crystallinity index of 
TOCNs using XRD have been provided in our 
previous study.11 

 
Preparation of TOCN-alginate membranes cross-

linked with CaCl2 
About 300 mg of sodium alginate was dissolved in 

30 mL of deionized water (DI) by vigorous stirring at 
room temperature until complete dissolution. Twenty-
five mL of 0.4 wt% op-TOCN suspension (100 mg of 
dry weight) was added, and the mixture was stirred for 
2 h and poured into a PTFE Petri dish. Membranes 
were dried at room temperature for 2-3 days. The dried 
membranes were then peeled off carefully. The 
obtained membranes were cross-linked with CaCl2 by 
immersion in 5% (v/v) calcium chloride (CaCl2) for 3 
h, rinsed with DI water and dried in ambient air for 2 
days. The obtained membrane composed of alginate 
and op-TOCN was then denoted as op-TOCN-A. The 
same preparation was applied to the membrane from 
alginate with commercially available TOCN (w-
TOCN), denoted as w-TOCN-A. A membrane made of 
alginate without TOCNs (alginate w/o TOCN) was 
prepared as control. A commercial hydrophobic PTFE 
membrane (Advantec Membrane Filter, Toyo Roshi 
Kaisha Ltd., Tokyo, Japan) was used for comparison. 
The experimental scheme of the research is illustrated 
in Figure 1.  

 

 
 

Figure 1: Experimental scheme of the preparation of alginate-TOCN membranes and their use for water-ethanol 
separation 

 
Membrane characterization 

Membrane characterization included microscopic 
observation and observation of membrane thickness 
and water content. Microscopic observation was 
performed by taking cross-sectional and surface 
images by Scanning Electron Microscopy (Zeiss 
ULTRA 55, USA) at the Ultramicroscopy Research 
Center, Kyushu University, Japan. The observation was 
conducted at an acceleration voltage of 5 kV. Thin gold 

layers were coated on the surfaces of the samples 
before observation using a JEOL JFC-1600 Autofine 
Coater (Japan Electronic Corporation Ltd., Tokyo, 
Japan) at 30 mA for 10 s. Membrane thickness was 
measured using a Digital Micrometer (Series 406-Non 
Rotating Spindle Type 406-250, Mitutoyo Corp., 
Kawasaki, Japan).  

Water contents were calculated using the following 
equation:  
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Water content (%) = (Winitial – Wdry) / Winital x 100     (1) 

where Winitial is the weight of membrane in the initial 
condition (before drying) and Wdry is the weight of 
dried membrane after exposure to a temperature of 
103 °C for 1 h. All membranes were kept on a 
desiccator after cooling and then weighed.  

Fourier Transform Infrared (FTIR) analysis was 
conducted using an FTIR spectrometer (JASCO 
FT/IR-680 TypeA, Japan) at the Center of Advanced 
Instrumental Analysis, Kyushu University, Japan. The 
analysis was conducted in the spectral range of 400-
4000 cm-1.  

The contact angles of resultant membranes were 
observed using a Drop Master 300 K. Samples were 
made by cutting the membranes into sheets 
approximately 10 mm x 50 mm in size. The contact 
angles were measured at four different spots by 
dropping a droplet (1 µL) of DI water on each 
membrane sample and averaging the values obtained.  

The absorption capacity of membranes in water and 
absolute ethanol was determined by immersing dried 
membranes (dry weight Wd) in an appropriate liquid 
until a condition of equilibrium was reached. The 
liquid-hydrated membranes were weighed (Ww), and 
the absorption capacity was calculated using Equation 
2: 

              (2) 

The surface area and average pore sizes were 
measured using the Brunauer-Emmett-Teller (BET) 
method in nitrogen atmosphere. Each sample was 
dewatered and degassed at 105 °C for 4 h before BET 
analysis.  

Tensile tests of the obtained membranes were 
performed using Material Testing Instruments (STA-
1225, ORIENTEC Co., Ltd., Tokyo, Japan), equipped 
with a 100 N load cell. The membrane samples were 
cut into sheets 40-50 mm x 0.7-10 mm in size. 
Measurement was carried out at 20 mm of active 
length at 10% min-1.32 
 
Pervaporation experiment 

The pervaporation set-up schematically shown in 
Figure 2 consisted of a feed glass tube, a membrane 
filter holder, a cold trap for permeate and a vacuum 
pump. Due to difficulties to control the desired 
pressure, the pressure during the experiment was 
recorded, ranging from 30 to 40 hPa. The feed across 
the membrane and the permeate were collected in the 
cold trap, and the collecting time was recorded. The 
water content was measured using the hybrid titration 
method by Karl Fischer Moisture Titrator Kyoto-Chem 
MKH-700 (Kyoto Denshi Kogyo, Kyoto, Japan). The 
flux (J) and selectivity (α) were calculated using the 
equation of mass-time data below: 

                  (3) 

Because the obtained membranes were not uniform 

in thickness, the obtained flux values were then 
normalized using the following equation: 

Normalized flux = J x (membrane thickness/50 µm) (4) 

Meanwhile, the selectivity of the membrane was 
calculated using the following equation: 

                 (5) 

where Q is the mass of permeate collected in the cold 
trap in time t, A is the effective membrane surface area, 

 is the sorption selectivity, Wp and Ep are the weight 
fractions of water and ethanol, respectively, in the 
permeate, and Wf and Ef are weight fractions of water 
and ethanol, respectively, in the feed. Pervaporation 
was applied to a membrane area of 19.625 cm2. 
 

 
Figure 2: Membrane test scheme 

 
RESULTS AND DISCUSSION 

Characterization of TOCNs  
The morphologies of OPEFB-derived TOCNs 

(op-TOCNs) and wood-derived TOCNs (w-
TOCNs) are shown in Figure 3A-B. The aspect 
ratios of op-TOCNs and w-TOCNs were 41±14 
and 24±7, respectively. The aspect ratio of 
OPEFB-derived TOCNs is higher than that of 
commercial wood-derived TOCNs. This can 
occur due to differences in the characteristics of 
wood and non-wood fibers. Besides the fiber 
characteristics of the original raw material, the 
pretreatment of cellulose fibers has a major 
influence on the size of the resulting 
nanocellulose, although it is not always necessary 
in the preparation of nanocellulose.33  

X-ray diffraction (XRD) patterns of op-
TOCNs and w-TOCNs are presented in Figure 4. 
XRD analysis reveals that wood-derived TOCNs 
(w-TOCNs) have a higher crystallinity index than 
OPEFB-derived TOCNs (op-TOCNs). The 
crystallinity index (Cr.I.) of w-TOCNs and op-
TOCNs was 55% and 60%, respectively. The 
lower levels of Cr.I. of op-TOCNs are not notable. 
It can be assumed that almost all carboxyl groups 
formed by the oxidation are present on the 
surfaces of crystalline cellulose microfibrils.9 The 
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peaks located at 15º, 22º and 35º are associated to 
the planes of (110), (200) and (004), 
respectively.33 These patterns indicate the 
characteristics of crystalline cellulose I.33,34 In 

addition, the maximum contents of C6-oxidized 
groups that were formed varied depending on the 
cellulose I crystal widths. 35 

 

 
 

Figure 3: TEM images of (A) op-TOCNs and (B) w-TOCNs 
 

 
 

Figure 4: X-ray diffraction patterns of OPEFB-derived TOCNs (op-TOCNs) and  
wood-derived TOCNs (w-TOCNs) 

 
Membrane morphology 

The morphology of the obtained membranes 
was observed using a Scanning Electron 
Microscope (SEM) in the surface and cross-
sectional areas. Complete images from the SEM 
analysis are shown in Figure 5. The presence of 
TOCNs in the alginate-TOCN membranes was 
confirmed by a fibrous layer appearance in the 
cross-sectional images (Fig. 5 B-C). This 
appearance was absent on the control membrane 
(alginate w/o TOCN). The results revealed by the 
SEM images are in good agreement with those of 
a previous reported study.16 In addition, the 
surface morphology of the alginate membrane in 
the presence of TOCNs showed a rougher surface, 
compared to the control membrane. 

The membrane thickness of alginate w/o 
TOCN, op-TOCN-A, and w-TOCN-A was 52 µm, 
82 µm, and 78 µm, respectively. In addition, the 
water content of alginate w/o TOCN, op-TOCN-A 

and w-TOCN-A was 6.2%, 5.8% and 3.6%, 
respectively. The densities of the obtained 
membranes were 0.81 for alginate w/o TOCN, 
0.96 for op-TOCN-A, and 0.73 for w-TOCN-A.  
 
Fourier transform infrared (FTIR) analysis  

The FTIR spectra are presented in Figure 6. 
The spectra of op-TOCN show important 
absorption bands at 1720 cm-1 and 1600 cm-1, 
which corresponded to functional carboxylate 
groups –COOH and –COONa, respectively.36 The 
spectra of op-TOCN-A at ~1602 cm-1 were 
sharper than those of op-TOCN. A similar 
appearance was also found in the case of w-
TOCN-A spectra. From these peaks, it was 
assumed that cross-linking of alginate and CaCl2 
had occurred; they exclusively had the 
carboxylate structures of (TOCN-COO)2Ca.37 In 
the absence of TOCNs, the band at 1600 cm-1 of 
alginate w/o TOCN was broader. 
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Membrane morphology before and after 

pervaporation tests 
The surface morphology after pervaporation 

was observed to check whether micro-cracks 
occurred during the experiment (Fig. 7 D–F). 
Interestingly, micro-cracks were not observed in 
the case of op-TOCN-A and w-TOCN-A. 
Rougher surface appeared after the treatment due 
to the vacuum pressure applied during the 
pervaporation set-up. However, op-TOCN-A 
showed lower surface roughness, compared with 
w-TOCN-A and alginate w/o TOCN. The optical 
images of the membranes after the treatment 
reveal that morphological changes could be 
detected more distinctly on w-TOCN-A than on 
op-TOCN-A. It is assumed that a rearrangement 
of polymer chains in the case of w-TOCN-A 
might have occurred more intensively than in the 
case of op-TOCN-A, due to the vacuum pressure 
applied during the pervaporation process.  

 
Contact angles 

Contact angle measurement was performed 
using water and water-ethanol mixtures. Actually, 
measuring a contact angle using absolute ethanol 
on the surface of membrane was difficult because 
the ethanol would spread immediately on the 
membrane surface after dropping. Therefore, the 
contact angle measurement was conducted on 
mixtures of water and ethanol (80% water and 
20% ethanol and 60% water and 40% ethanol), as 
shown in Figure 8. A contact angle is an angle at 
the interface where water, air and solid meet, and 
its value is a measure of how likely the surface is 
to be wetted by water. Low contact angle values 
demonstrate a tendency of water to spread and 
adhere to the surface, whereas high contact angle 
values show the surface’s tendency to repel 
water.38

 

 
 

Figure 5: SEM images of cross-sectional (upper) and surface morphology (bottom) of (A, D) alginate w/o TOCN, (B, 
E) op-TOCN-A, and (C, F) w-TOCN-A (scale bars: 10 µm) 

 

 
 

Figure 6: FTIR spectra of TOCN-alginate membranes and original TOCNs from OPEFB 
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Figure 7: SEM images of membrane surfaces before (A: alginate w/o TOCN; B: op-TOCN-A; C: w-TOCN-A) and 

after the treatment (D: alginate w/o TOCN; E: op-TOCN-A; C: w-TOCN-A) and optical images of their representatives 
in lowercase letters (scale bars: 10 µm) 

 
The higher the ethanol concentration the lower 

the contact angle. It is because the surface tension 
of ethanol, which determines contact angles, is 
smaller than that of water. The surface tension of 
an aqueous solution will decrease with an increase 
in the alcohol concentration.39 The contact angles 
of the PTFE membrane were difficult to capture 
for both water and water-ethanol mixtures. The 
contact angle of a liquid on a solid surface is a 
key parameter reflecting wettability. Based on the 
data in Figure 8, the wettability of the alginate 
membrane hardly changed in the presence of 
TOCNs.  
 
Flux, selectivity and surface analysis 

A flux analysis was conducted on feeds 
containing 80% ethanol and 20% water (v/v), 
denoted as 80E20W, and 90% ethanol and 10% 
water (v/v), denoted as 90E10W. The results are 
as described in Figure 9.  

Figure 9 shows that the addition of TOCNs to 
alginate membranes increased the flux capacity. 
The cross-linking of TOCNs, alginate and Ca2+ 

ions increased the surface area, induced pore 
formation and affected the flux. The surface area 
of the alginate membrane became larger in the 
presence of w-TOCN in w-TOCN-A (Table 1), 
resulting a higher flux compared to op-TOCN-A 
and alginate w/o TOCN. During the pervaporation, 
the first constructive step in transporting 
permeating components through the membrane is 
sorption of the permeating components from the 
feed liquid into the membrane. Therefore, larger 
surface areas are preferable to get higher contact 
or sorption of permeating components on the 
membrane surface.40  

In addition, op-TOCN-A and alginate w/o 
TOCN had lower surface areas, but larger pore 
sizes compared to w-TOCN-A (Table 1). Pore size 
plays an important role during the second 
constructive step of pervaporation, which is 
diffusion of permeating components through the 
membrane, and the third, which is desorption of 
permeating components downstream the 
membrane.
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Figure 8: Contact angle measurement for water and 

water–ethanol mixtures 
Figure 9: Normalized flux values of alginate, alginate-

TOCN and PTFE membranes for water-ethanol mixtures 
 

Table 1 
Adsorption capacity, water selectivity and surface analysis 

 
Adsorption 

capacity (%) 
Water content in 
permeate (%)a 

Selectivityb 

Sample 
Water EtOH 80E20Wb 90E10Wb 80E20W 90E10W 

Surface area, 
as BET (m

2g-1)c 
Ave-rage 
pore size 

(nm)c 

op-TOCN-A 87 8 23.8 11.7 53 56 0.73 37 
w-TOCN-A 78 8 17.5 13.1 60 54 1.18 23 
Alginate w/o 
TOCN 

66 35 23.8 15.3 45 40 0.90 30 

PTFE 32 47 24.3 14.9 42 42 4.69 5000d 
Note: a initial water content in 80E20W was 25.5%, and in 90E10W – 15.62%, measured by a Karl Fischer titrator; b 

selectivity corresponded to water; the collecting time was adjusted to 1 h; c based on BET surface analysis with the 
weight of the measured sample being ~0.1 g; d determined by the company/supplier 
 

Therefore, the flux of op-TOCN-A was 
slightly higher compared to that of the control 
membrane (alginate w/o TOCN), because the 
larger pore size of op-TOCN-A increased the 
diffusion and desorption rates, while the surface 
areas of the two membranes were not too different 
(Table 1). However, according to the mass 
transfer analysis conducted by Phattaranawik and 
co-authors, the influence of pore size is 
insignificant.41 Alginate and alginate-TOCN 
membranes have mesopore sizes of 2–50 nm 
according to IUPAC pore size classification, 
while PTFE membranes are classified to have 
macropore sizes of >50 nm.42 

A comparison with the positive control 
membranes (op-TOCN100 and w-TOCN100) was 
conducted at the feed with 80% ethanol and 20% 
water (inserted picture in Fig. 9). The results 
revealed that the self-standing TOCN membranes 
(op-TOCN and w-TOCN) had very low and 
distinct flux capacities. It is assumed that self-
standing TOCN films are not effective as 
pervaporation membranes. Nanocellulose 
prepared by TEMPO-mediated oxidation is 
hydrophilic. Self-standing TOCN films have been 
reported to have high water vapor permeability of 

approximately 70 g µm m−2 day−1 kPa−1 at 30% 
RH.24 This property needs to be combined with 
other hydrophilic polymers, such as alginate, for 
use in pervaporation membranes. Sodium alginate 
membranes have been acknowledged to have high 
water solubility and sorption selectivity.43 
Hydrophilic groups absorb water molecules 
preferentially, which leads to both high flux and 
high separation factors. However, the introduction 
of hydrophilic groups sometimes swells the 
membrane significantly due to its plasticization 
action, which results in low selectivity.23  

Furthermore, with the increase in the mass 
percentage of water in the feed, the membrane 
swelling will also increase, and this will create 
more free volume, which results in an increase in 
the permeate flux.44 The flux capacity is affected 
not only by the mass of water transferred from the 
feed, but also by the shrinkage of internal pores of 
the membrane, resulting in flow viscosity and 
thus total permeation flux.45  

The hydrophobic membrane, PTFE, showed 
the largest surface area and the largest pore size, 
as determined by the supplier. However, the 
hydrophobic properties of the PTFE membrane 
lowered the water affinity of this membrane to a 
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great degree, resulting in low water adsorption 
and flux. The large pore size made the diffusion 
rate excessively high and caused the water 
sorption and selectivity to be low.  
 
Tensile tests 

The mechanical properties of the obtained 
membranes are as described in Figure 10. The 
self-standing alginate membrane (alginate w/o 
TOCN) showed the lowest mechanical properties. 
Yang and co-authors reported that alginate 
membranes cross-linked with cellulose and Ca2+ 
had high mechanical properties. The presence of 
cellulose and Ca2+ caused the membranes to have 
tensile strength, of up to 47 MPa, and elongation 
at break of 23%, while the absence of cellulose 
and Ca2+ caused the membranes to have low 

tensile strength, of only about 4.2 MPa, and 
elongation at break of 17%.46 This study revealed 
that in the presence of TOCNs, in the case of both 
op-TOCN and w-TOCN, the tensile strength and 
elongation at break of alginate membranes 
improved twice and by 5 times, respectively. The 
higher improvement found in w-TOCN than that 
in op-TOCN might be caused by the differences 
in the cellulose contents of woody and non-woody 
nanocellulose starting materials. Moreover, the 
higher crystallinity index in w-TOCN corresponds 
to increases in rigidity of the cellulose structure 
and leads to higher tensile properties.47 However, 
this result emphasized the potential utilization of 
low-cost agricultural residues as an enhancer in 
membrane composites. 

 
 

 
Figure 10: Tensile strength of alginate and alginate-TOCN membranes 

 
CONCLUSION 

The utilization of OPEFB-derived 
nanocellulose, prepared by TEMPO-mediated 
oxidation in pervaporation membranes (op-
TOCN-A) revealed that the addition of OPEFB-
derived nanocellulose to an alginate matrix, 
followed by cross-linking with Ca2+, induced pore 
formation and slightly increased the flux capacity. 
However, its performance was lower but still 
comparable to the performance of woody TOCNs 
in alginate matrix (w-TOCN-A) with respect to 
flux capacity, water selectivity and mechanical 
properties. The addition of hydrophilic materials, 
such as TOCNs, to alginate improved the flux 
capacity, water sorption and selectivity in 
pervaporation membranes. Furthermore, 
membrane engineering (including membrane 
composition and preparation) and pervaporation 
conditions (the pressure applied, temperature and 
feed flow rate) might determine the membrane 
performance. Therefore, a further study into the 

utilization of nanocellulose in pervaporation 
membranes is needed to figure out the optimum 
conditions of nanocellulose application in 
membrane composites for achieving optimum 
membrane permeability and selectivity.  
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