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The incorporation of TEMPO-oxidized cellulose nanofibers (TOCNs) derived from wood pulp resulted in an
improvement in the characteristics of polymeric membranes made up of poly (methyl vinyl ether maleic
acid)/PMVEMA and poly (ethylene glycol)/PEG. The membranes were constructed, and TOCNs were included in the
formulation at a rate of 5 wt%. TOCNs were categorized as either short or long, depending on the aspect ratio
measurement. According to the findings of the research, the various lengths of TOCNSs resulted in variances in the
optical transmittance properties, contact angles, and whiteness level of the membranes, in addition to a little variation in
the tensile and thermal properties of the material. When compared to short TOCNs, long TOCNs offer somewhat
improved performance in terms of optical transmittance, whiteness level, tensile characteristics, and thermal stability.
The results of this study reveal the significance of the morphology of nanocellulose in determining the properties of the
composite that includes it. Thus, the characteristics of the target membrane were greatly influenced by nanocellulose
morphology.
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INTRODUCTION

Nanocelluloses (NC) are frequently added to
polymeric systems to improve their mechanical,
rheological, and barrier properties.' The use of
NC in polymer matrices improves not only
mechanical qualities, but also anti-biofouling,
thermal, and gas barrier properties.”> Several NC
parameters, including structural morphology,
crystallinity, aspect ratio, and surface chemistry,
influenced NC performance in polymer
matrices.*”’

In addition, the qualities of natural fibers rely
on their source and the conditions of their
extraction.'™"! Chen and co-authors'? have also
described the use of NC as a reinforcing agent

from various non-wood fibers. The investigation
found that bamboo nanofibers had the greatest
reinforcing impact on the starch film, because
they had the highest aspect ratio, although having
less crystallinity than cotton linter and sisal.'?

It was also found that the various types of NC
applied to the polymer matrix exhibited distinct
performances. Cellulose nanocrystals (CNCs) and
cellulose nanofibrils (CNFs) added as reinforcing
agents into a poly (hydroxybutyrate-co-hydroxy
valerate)/PHBV matrix revealed that both boosted
the tensile characteristics of the PHBV composite,
with CNCs exhibiting a more pronounced
reinforcing effect than CNFs."”> TEMPO-oxidized
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cellulose nanofibrils (TOCNs) exhibited a high
tensile modulus and thermal stability in poly
(vinyl alcohol) and polyvinyl fluoride (PVDF)
matrices.”'* In previous studies, the use of NC as
reinforcing filler in a PMVEMA-PEG matrix was
developed in concentrations of 25-75%.'>'° In
addition, Goetz et al. reported the fabrication of
films composed of cross-linked
PMVEMA/PEG/CNCs. The films exhibited
notable water absorption properties, suggesting
that the cross-linking of nanocellulosics with a
water-soluble biopolymer matrix, specifically
PMVEMA/PEG, led to the formation of a
uniformly  dispersed  nano-composite  that
demonstrated stability in an environment
containing water.”> The matrix and cellulose
nanowhiskers are intended to form cross-linked
networks that inhibit aggregation and create
unique  mechanical  properties in  the
nanocomposites. The results reveal that in situ
cross-linking of cellulose nanowhiskers with a
matrix polymer yields nanocomposites with well-
dispersed nanowhiskers, customized
nanostructure, and mechanical performance.'’
Nevertheless, this investigation solely examined
the impact of nanocellulose concentration,
without considering variations in the morphology
of the nanocellulose employed.

This work seeks to discover if changes in the
morphology of nanocellulose, namely length,
influence the characteristics of the membrane
incorporating TEMPO-oxidized cellulose
nanofibers (TOCNs). Furthermore, TEMPO
oxidation is a well-known method for producing
nanocellulose, which yields cellulose nanofibers
that are highly individualized. These nanofibers
have a width of approximately 3-4 nm and a
length of at least a few microns."® In addition,
native celluloses like bleached wood pulp and
cotton undergo surface oxidation, which preserves
the fibrous structure of the pulp.'” The oxidation
process resulted in the selective conversion of
nearly all primary hydroxyl groups of cellulose to
carboxyl groups, yielding a highly pure form of -
1,4-linked polyglucuronic acid sodium salt, also
known as cellouronic acid Na salt.?*?' Carboxyl
groups on microfibril surfaces have negative
charges in water, leading to repulsion between
microfibrils. As a result, oxidized pulp can be
completely broken down into individual
microfibrils through gentle mechanical treatment
in water.'”?? An increase in carboxyl content in
oxidized pulps is expected to affect the physical
properties of the handsheets.?'
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Previous research has demonstrated the
potential of PMVEMA/PEG films for use in bio-
adhesive patch-based systems incorporating
aminolevulinic acid for photodynamic therapy.”
In addition, a study demonstrated that the
PMVEMA/PEG hydrogel has potential for cell
culture. It exhibited improved cytocompatibility
and effectively supported the growth of HO8910
ovarian cancer cells and the formation of
multicellular spheroids in a 3D model.**

Hence, investigating the variations in TOCN
morphology on PMVEMA/PEG membranes is
anticipated to offer insights into the
characteristics of the resulting hydrogels and their
potential applications. Thus, the utilization of
TOCN:s as a filler or membrane framework can be
approximated based on the desired membrane
properties of PMVEMA/PEG.

EXPERIMENTAL
Materials

TEMPO-oxidized cellulose nanofibers (TOCNs)
from Nippon Paper Company, Japan, were denoted as
TCS and TCL for short TOCNs and long TOCNS,
respectively. The carboxylate contents and aspect ratio
were as follows: 1.61 mmol/g and 2447 for TCS; and
1.43 mmol/g and 44+16 for TCL, respectively. The
TOCNs were derived from softwood pulp.

This study made use of poly methyl vinyl ether
maleic acid/PMVEMA (Mw 1.980.000, Sigma Aldrich,
USA), and poly ethylene glycol/PEG, (Mw 20.000,
Wako Pure Chemical Industries, Osaka, Japan). To
achieve a pH of 2, 0.1 M of hydrochloric acid was
utilized in the production of the solution. An Arium
Ultrapure Water System was utilized to achieve water
purity prior to its use in this investigation (Sartorius
Co., Ltd., Tokyo, Japan).

Methods

TEMPO-oxidized cellulose nanofibers (TOCNs)
were synthesized from wood pulp according to the
method reported earlier.?> Short and long TOCNs were
denoted as TCS and TCL, respectively. The
carboxylate content was determined using the electric
conductivity  titration = method, as  described
previously,” in which a dried sample weighing 0.3 g
was combined with 55 mL of water and 5 mL of a 0.01
M NaCl solution. The resulting combination was
thoroughly agitated to achieve a well-dispersed slurry.
Subsequently, a solution of hydrochloric acid (HCI)
with a concentration of 0.1 M was introduced into the
combination in order to establish a pH level within the
desired range of 2.5-3.0. A solution of sodium
hydroxide (NaOH) with a concentration of 0.04 M was
gradually introduced at a rate of 0.1 mL per minute
until a pH of 11 was reached. This process was
facilitated by employing a pH stat. The determination



of the carboxylate content of the sample was conducted
based on the analysis of the conductivity and pH
curves.

The aspect ratios for TCS and TCL were computed
using Image J based on the microscopic pictures
obtained by a Transmission Electron Microscope
(TEM). The process of membrane production outlined
in our earlier paper,?® which refers to the method of L.
Goetz et al.,"”® consists in a technique involving a
decrease in the concentration of nanocellulose
employed, specifically to a level of 5 wt%. The total
amount of PMVEMA and PEG utilized was 1.5 g, with
a ratio of 6.7:1 between PMVEMA and PEG. The
PMVEMA polymer was first dissolved in 68 °C, HCI-
acidified, distilled water, with a pH of 2, to produce a
solution. Following the complete dissolution of
PMVEMA, PEG polymer and 5 wt% TOCN
suspensions were added (TCS and TCL, respectively).
The PMVEMA, PEG, and TOCN polymer mixture
solution was mixed continuously for approximately 30
minutes before being put into a Teflon Petri dish and
dried at 40 °C for 3—4 days.

TOCNs were subsequently characterized by
measuring their length and width using TEM (JEM
2100-HC, JEOL Ltd.,, Tokyo, Japan), with an
acceleration voltage of 120 kV at the Ultramicroscopy
Research Centre, Kyushu University. The membrane
morphology was observed using Atomic Force
Microscopy (AFM) in the scanning probe mode
(Dimension Icon with Scan Asyst function); the results
were analyzed by NanoScope Analysis Version 1.80.
Transmittance properties of the obtained membranes
were observed using UV-Vis Spectroscopy (UH5300
Hitachi, Tokyo, Japan) at 250-800 nm wavelength, and
contact angles were measured using Drop Master 300
K (Kyowa Interface Science Co, Ltd., Saitama, Japan)
by dropping a 1 pL water droplet in four different spots
on the film surface. Thermal properties were observed
using thermogravimetric analysis/TGA (TG/DTA 7300,
Hitachi, Tokyo, Japan) and mechanical properties were
examined using Material Testing Instruments (STA-
1225, Orientec Co., Ltd., Tokyo, Japan), equipped with
a 100 N load cell, as described in our previous study.?®
The whiteness level of the membrane was measured
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using a portable colorimeter (NR-3000) (Nippon
Denshoku Industries Co., Ltd., Tokyo, Japan). A white
standard color plate (L = 97.75, a=-0.49 and b = 1.96)
was used as a background for color measurements.
Hunter color (L, a, and b) values were averaged from
three readings from each sample. Color values were
expressed as L* (whiteness or brightness/darkness), a*
(redness/greenness), and b* (yellowness/blueness).?’
The total color difference ( AE) was calculated as
follows:

AE = \[(AL)?> + (Aa)? + (Ab)? (1)

RESULTS AND DISCUSSION
TOCNs morphology

Transmission electron microscopy (TEM)
pictures of TEMPO-oxidized cellulose nanofibers
(TOCNs) were observed. TEM pictures of the
short (TCS) and long (TCL) morphology of
TEMPO oxidized cellulose nanofibers (TOCNSs)
are shown in Figure 1. The photos depict
individual nanofibers after oxidation mediated by
TEMPO. It is known that these individual
nanofibers have a high aspect ratio and are well
diffused in water.”*® However, the aspect ratio of
the TOCN will be diminished with the application
of intensive and more difficult mechanical
disintegration.” The carboxylate content and
aspect ratio were 1.61 mmol/g and 24+7, and 1.43
mmol/g and 44+16, for TCS and TCL,
respectively.

Membrane morphology

The morphology of the membranes was
examined using atomic force microscopy (AFM)
(Fig. 2). AFM microscopy pictures demonstrated
that the TOCNs were evenly distributed
throughout the membrane matrix. Brighter
markings indicate the membrane’s highest point
or nodule, while darker hues show membrane
valleys or pores.”

Figure 1: TEM images of (A) TCS and (B) TCL
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Figure 2: Membrane morphology (upper) and surface roughness of the membranes (bottom) composed of:
(a, d) PMVEMA-PEG-only; (b, €) 5 wt% TCL and (c, f) 5 wt% TCS

The average surface roughness (Ra, the mean
value of the surface relative to the center plane) of
the membranes encorporating short TOCNs and
long TOCNs was close to 2. The addition of less
than 1.5 wt% TOCNs to cellulose triacetate
membranes considerably increased the surface
roughness of the membrane.*® The mean
roughness (Ra) of the membranes with short
TOCNs was not significantly different from that
of the membranes with long TOCNSs.

Optical transmittance

The light transmittance of TCS and TCL at
550 nm was 73% and 81%, respectively (Fig. 3).
The excellent light transmittance may suggest that
nanocellulose is easily dispersed in water.’' At
higher drying temperatures (40 °C in this study),
the nanofibrillated material did not redistribute
homogeneously. This was due to the quicker film
consolidation.  In  addition, high  light
transmittance is correlated with membrane
transparency, which is related to their internal
structure generated during the drying of the film.*
In addition, the membrane with PMVEMA-PEG
only had light transmittance of 70% at 550 nm.
The results indicate that the incorporation of 5
wt% TCS and TCL leads to a noticeable
improvement for TCL in the optical transmittance
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value of the PMVEMA-PEG-only membrane. In
addition, the interference near the infrared region
indicates high smoothness on the film surface and
the uniformity of film thickness.*®

Contact angles

Short TOCN membranes (TCS) had a greater
contact angle (67°) than the membranes
constructed with long TOCNs/TCL (55°). In
contrast, the PMVEMA-PEG-only membrane
exhibits the maximum contact angle, notably
measured as 69° (Fig. 4). In terms of fibril length,
it appeared that shorter fibrils produced a greater
contact angle than their longer counterparts. The
length of nanocellulose significantly affected the
surface structure. Compared to longer nanofibers,
it was simpler to extract microparticles with a
more compact, uniformly rough structure, and
enhanced superhydrophobicity.* Low contact
angle values indicate that water spreads and
adheres to the surface, whereas high contact angle
values indicate that the surface repels water.>

Thermal stability

The thermal stability of TOCNs was affected
by their length (Fig. 5 and Table 1). Long TOCNs
in membrane matrices exhibited greater maximum
degradation temperatures (7n.x) and onset
degradation temperatures (7,n) (Table 1). Because



decarboxylation occurs at lower temperatures,*®
the presence of sodium carboxylate groups in
TOCNSs influenced their thermal characteristics.
At 100-130 °C, the weight loss was attributed to

PMVEMA-PEG-only

Transmittance (%)

Cellulose

dehydration, whereas at temperatures above 300

°C, it was attributed to polymer chain
breakdown.”’
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Figure 3: Transmittance of polymeric membranes composed of: PMVEMA-PEG-only (dotted line, data adopted from
Hastuti et al.,*® 5 wt% TCS (dashed line), and 5 wt% TCL (solid line)
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Figure 4: Contact angles of (A) PMVEMA-PEG-only, (B) membrane with 5 wt% TCL, and
(C) membrane with 5 wt% TCS

The derivative weight curve (DTG) of
PMVEMA-PEG-only and PMVEMA-PEG
containing 5 wt% of both TCS and TCL showed
three or four distinct peaks of T (Fig. 5). The
first peak is associated with the dehydration of the
diacids of PMVEMA. The second peak is
associated with the combined decomposition of
PMVEMA and PEG, and the third peak is
attributed to the polymer chain degradation.’” The
length of TOCNs contributed to the thermal
stability. The results showed that longer TOCNs
in the PMVEMA-PEG matrix slightly increased
thermal stability of the film by having higher
maximum degradation temperatures (7n.). The
onset temperetures (7,,) and maximum

Thermal properties of membranes

degradation temperatures (7q) are summarized
in Table 1.

Mechanical properties and whiteness level

Figure 6 demonstrates that the membranes
with longer TOCNs (TCL) exhibited greater
tensile strength than the membranes with shorter
TOCNs (TCS). During gelation, long TOCNs
tend to entangle and increase the film’s surface
areca. Due to the increased surface area, the
distribution of force applied to the surface of the
film was more dispersed than in the case of the
surface of short fiber containing film. The tensile
strength of longer fibers was higher (14 MPa)
than that of shorter fibers (10 MPa).

Table 1
with short (TCS) and long (TCL) TOCNs

Sample Tinax (°C) (Zg)
PMVEMA-PEG-only 1512, 235% 408° 107
a b c
5 wt% TCS 145, o ME 3
149*
5 wt% TCL 2200 143
403°¢

Note: *first peak, "second peak, °third peak, ‘fourth peak
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Figure 5: TGA (a) and DTG (b) curves of: PMVEMA-PEG-only, PMVEMA-PEG with 5 wt% TCL (solid
line) and with 5 wt% TCS (dashed line)
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Figure 6: Tensile strength curves of membranes made of: PMVEMA-PEG-only
(data adopted from Hastuti et al.?®), PMVEMA-PEG containing 5 wt% TCL (solid line) and PMVEMA-PEG
containing 5 wt% TCS (dashed line)

This conclusion was consistent with previous
findings published by Fukuzumi and colleagues.*®
This suggests that fiber length has an important
role in influencing film properties, specifically
tensile strength. In addition, the tensile strenghts
of the obtained films were higher compared to the
previously reported study, which referred to
PMVEMA-PEG foam and wused high
concentration of nanocellulose (>5%) as additive
prepared by the directional freezing method.'
Cellulose nanofibers, specifically in the form of
nanocellulose, exhibit superior performance as
fillers in polymeric membranes compared to
nanocellulose crystals, aligning with previous
research findings.'®?® The presence of TOCNS,

which enhance polymeric membranes, aligns with
our previous study findings. Adding TOCNs to
alginate membranes doubled their tensile
properties.”’

The process of color analysis involved the
calculation of color differentiation. The total color
differentiation (TCD), represented as AE, can be
determined through the application of Equation 1.
The term “color differentiation” in this study
pertained to the color coordinate system known as
CIE L*a*b*, which was devised by the
Commission Internationale de 1’Eclairage (CIE).
The outcomes of the TCD experiment are
presented in Table 2.

Table 2
Whiteness level measurement
Sample (AL*)? (Aa*) (ADb*)? AE
(to PMVEMA-PEG-only)
PMVEMA-PEG-only" 88.86 -0.55 18.61 n.d.
TCS5 92.34 -0.33 3.46 15.55
TCL5 91.07 0.51 2.56 16.24

“Data from a previous study (Hastuti et al., 2020)?°; n.d. = not determined
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The membrane with longer TOCNs (TCL)
displayed a higher whiteness level (A*L) than the
membrane with shorter TOCNs (TCS). The levels
of whiteness of the membranes incorporating TCL
and TCS were 92.34 and 91.07, respectively
(Table 2). According to Reddy and his co-authors,
the total color differences increased linearly as the
cellulose nanofiber concentration increased.*

CONCLUSION

Five (5) wt% of TOCNSs of varying lengths
were added to the polymeric matrix, resulting in
membranes with slightly varied characteristics.
When longer TOCNs are utilized, somewhat
higher transparency, thermal, and mechanical
properties can be achieved. The amount of
membrane roughness that can be estimated by the
value of Ra demonstrated that the length of
TOCNs did not significantly affect the level of
membrane roughness.
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