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Enhanced properties of TEMPO-oxidized bacterial
cellulose films via eco-friendly non-pressurized hot
water vapor treatment for sustainable and smart
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Developing a simple and environmentally friendly method to vary the physical, mechanical, and thermal
properties of cellulose films is of great importance. This study aimed to characterize 2,2,6,6-
tetramethylpiperidinyl-1-oxyl (TEMPO)-oxidized bacterial cellulose (BC) films prepared using non-
pressurized hot water vapor (NPHWV) method. A wet BC-pellicle that had been oxidized with TEMPO
was treated with NPHWV for 60, 120, and 240 minutes, respectively. As a control, a TEMPO-oxidized BC
(TOBQ) film without NPHWV was prepared. The results show that the longer NPHWV duration of the
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showed lower moisture absorption, thermal conductivity and organic solvent uptake, more crystalline

DOI: 10.1039/d4ra06099g structure, and higher fiber density after NPHWV treatment. The acquired results provide a simple,
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1. Introduction

In recent years, advanced materials have garnered significant
attention due to their remarkable mechanical, electrical, and
thermal properties.”” However, despite these promising attri-
butes, the widespread use of such materials faces several limi-
tations. Their production processes can be energy-intensive,
costly, and often involve hazardous chemicals. In light of these
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inexpensive, and ecologically friendly method for varying TOBC film properties.

drawbacks, the focus has increasingly shifted toward more
sustainable alternatives derived from natural resources.*”
Among these natural resources, cellulose stands out due to its
abundance, renewability, and biodegradability.>” Cellulose,
a fundamental component of the cell walls in green plants,
algae, and some bacteria, plays a crucial role in maintaining
structural integrity. Its unique properties, such as high tensile
strength, rigidity, biodegradability, low cost, and non-toxic
nature, make it a highly versatile material.”® Cellulose can be
engineered into various forms, including ultrathin films (below
10 nm), which offer promising potential for advanced applica-
tions like sensors, coatings, and biointerfaces due to their high
surface area and tunable properties.® Due to these properties,
cellulose has garnered substantial interest, particularly in
sustainable and environmentally friendly technologies.'>'* As
a biodegradable and renewable resource, it offers a promising
alternative to synthetic materials in various applications,
ranging from packaging to textiles, and even in the develop-
ment of biomedical materials.*?

Bacterial cellulose (BC) attracts considerable interest as
another major source of cellulose.”® BC is a plentifully produced
kind of natural cellulose that is synthesised by Acetobacter xyli-
num. It occurs in the form of BC pellicle, also known as nata de
coco.***> Nata de coco may be consumed straight due to its high
purity. It contains no contaminants, such as hemicellulose and
lignin in wood fibres.'® BC pellicle is a hydrogel with a high water
content of over 90%."” The highly crystalline BC nanofibers cross-
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link to produce a unique 3D network structure with significant
porosity.”* Dry BC pellicle films may have a tensile strength
greater than 200 MPa due to their unique structure and excellent
purity.® As a result, BC is a versatile material that is widely used in
various applications such as functional paper, biological mate-
rials, electronic devices, and lubricants additive.> However, BC is
difficult to apply to flexible devices due to its lack of flowability,
which is a key property of polymer processability.** Therefore, this
limits BC's possibilities for more advanced applications.

Some previous works have reported using the TEMPO
method to increase the properties of the BC film.>»* This
process weakens the hydrogen bonds in the BC polymer
chain.”* For example, Huang et al.>® used the TEMPO system
on BC pellicles to modify the physical and mechanical proper-
ties of separation membranes for batteries. This study found
that the tensile strength and toughness of the TOBC film
increases with increasing TEMPO concentration. This
approach, nevertheless, has the drawback of involving complex
procedures and the use of many radical-generating chemicals.”®
In contrast, the characteristics of cellulose-based films may also
be modified using simple, ecologically friendly processes.”” For
instance, Suzuki et al*® used steam detonation at various
pressures and durations to modify the characteristics of cellu-
lose nanofibers generated from Japanese cedar wood. The
steaming technique produces hot vapor with high pressure and
temperature, making it a chemical-free process. Steam energy
may enhance the mobility and adhesion of polymer chains via
mechanical forces,**** they can also result in reduced crystal-
linity. Previous studies have shown that high-pressure steam
treatments can decrease crystallinity, likely due to the disrup-
tion of the ordered regions of cellulose caused by the high
pressure.*” In this work, we explore the effects of non-
pressurized hot water vapor (NPHWV) treatment on TOBC
films, as there has been limited research on how non-
pressurized steam impacts TOBC films. Therefore, the objec-
tive of the present work was to evaluate the properties of TOBC
films without and with NPHWV for various durations. The
benefit of this study is to increase a better understanding of the
effect of NPHWV treatment on the characteristics of TOBC
films. The properties of the film measured were tensile and
thermal properties, organic solvent uptake, water contact angle,
moisture absorption, etc. Meanwhile, X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), FESEM photo-
graph of the surface was used to identify chemical features,
interactions of all functional groups, and defects in the film. By
systematically investigating these properties, this study
provides valuable insights into the potential of NPHWV treat-
ment as a simple, sustainable, and effective method for
enhancing the performance of TOBC films. This enhancement
broadens their applicability in various high-performance,
sustainable, and smart food packaging applications.

2. Materials and methods
2.1 Materials

The nata de coco pellicle (30 x 20 x 0.7 cm) was obtained from
the home industry in Bekasi, Indonesia. The nata de coco
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pellicle was purified using distilled water and analytical-grade
sodium hydroxide (NaOH) from Andeska Laboratory to
remove the residual on the nata de coco pellicle before use.
TEMPO, sodium bromide (NaBr), and n-butanol (purity
=99.5%) were purchased from Sigma-Aldrich. Sodium hypo-
chlorite (NaClO) was supplied by Citra Sari Kimia. Acetone was
purchased from Dwipraga Chemical.

2.2 Methods

2.2.1 Production of BC pellicle. Pure coconut water was
filtered to filter dirt on the coconut water. Filtered coconut water
was boiled at 75 °C and mixed with 1.5% (wt/v) sugar, 0.25% (wt/
v) ammonium sulfate. The mixture was adjusted to pH 4 using
0.35% (v/v) glacial acetic acid. Thereafter the mixture was boiled
at 95 °C for 15 minutes to kill pathogenic bacteria. The mixture
was poured into the molding and covered with sterile paper for
24 h. 10% (v/v) Acetobacter xylinum was mixed into the mixture
and covered again with sterile paper and fermented for 14 days
to form BC pellicle. Cellulose content in the BC pellicle is above
92%, as reported by Vahana Scientific Lab in Padang,
Indonesia.

2.2.2 Preparation of TOBC pellicle. The BC pellicle (30 x 20
x 0.7 cm) was cleaned with distilled water and soaked in 10%
NaOH solution for 48 h and rinsed with distilled water until pH
7, then cut into 10 x 15 cm. BC pellicle was clamped to reduce
water content and stored with acetone. 300 ml of distilled water
is mixed with 0.016 g of TEMPO, 0.1 g of NaBr and stirred using
a hot plate magnetic stirrer at 650 rpm for 5 minutes. Then BC
pellicle is added to the TEMPO solution and stirred for 5
minutes using a hot plate magnetic stirrer. Then add NaClO
(12%) 8 ml and boil at 70 °C for 6 h and stir at 650 rpm with
a hot plate magnetic stirrer. Let stand TOBC pellicle for 12 h and
then rinse and soak with distilled water until pH 7.

2.2.3 Preparation of TOBC films without and with non-
pressurized steam treatment. Wet TOBC pellicle was steamed
using a steamer (Smart Keuken Gen 2, 500 W, China). The
desired amount of distilled water was poured into a stainless-
steel pot, thereafter steam pot was put above the stainless
steel pot in the steamer and the sheet of nata de coco was put in
the steam pot and steamed with time variations of 0 h, 1 h, 2 h,
and 4 h (TNS, TS1, TS2, TS4). The TNS, TS1, TS2, TS4 were dried
in the oven at 100 °C for 6 h.

2.3 Characterization

2.3.1 Field emission scanning electron microscopy
(FESEM) and physicochemical properties. A field-emission
scanning electron microscope FEI Nova NanoSEM 230 (FEI,
Brno-Cernovice, Czech Republic) was used with 5 kV at 1000
00x magnification to observe the surface morphology of the
sample. Before the samples were observed, the samples were
coated with carbon followed by gold for two minutes using an
argon plasma metallizer (sputter coater K575X) (Edwards
Limited, Crawley, United Kingdom) to reduce the electron
charge. Porosity percentage was determined by following eqn

1)
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(w; — wyo)
Py x Vo)

w; and w, are is the weight after absorption and initial sample
weight, p, and V, are the density of n-butanol and volume
sample. Porosity percentage was measured by immersing n-
butanol for 1 h, and n-butanol liquid on the sample surface was
cleaned use filter paper before weighting.

The thickness of the films were observed with an optical
microscope (Olympus Stereo Microscope SZX10). Thermal
conductivity was measured using a Quick Thermal Conductivity
Meter (QTM-500) manufactured by Kyoto Electronics
Manufacturing CO. Ltd Japan. The measurement used the hot
wire method (P 0.250 A®) that uses Probe PD-11 (polymer/
composite probe). The measurements begin by placing the
sample in the probe box and then placing the probe on the
sample surface. The heating wire will supply heat to the sample,
and the thermocouple will detect the heat flow rate. The required
sample size for measurement is 100 mm x 50 mm and condi-
tioned at room temperature (22-24 °C) and relative humidity (60—
70%). The thermal conductivity of the samples was measured
using thin film measurement testing parameters with reference
material (polyethylene foam, silicone rubber, and quartz glass).
The samples were dipped in n-butanol on a Petri dish and waited
for 30 minutes to measure the organic solvent uptake.

The immersed electrolyte was measured using a digital
vernier caliper to obtain the height of immersed electrolyte. The
sample dimension was 10 mm x 45 mm and conditioned using
a Universal Oven Memmert UN-55 at 50 °C for 12 h.

Organic solvent uptake was measured by absorbing n-
butanol for 1 h. The extra n-butanol liquid on the sample
surface was wiped using filter paper before weighting. Organic
solvent uptake percentage was determined by following eqn (2)

Porosity (%) = x 100 (1)

(w; — wy) o

Organic solvent uptake (%) =
Wo

100 2
w; is the weight after absorption w, initial sample weight.

X-ray diffraction testing was carried out using PANalytical
Xpert PRO at 25 °C, 40 kV, and 30 mA. The samples were
scanned from 26 = 10° to 30°. The percentage of CrI was
measured using Segal equation method eqn (3):

(1200 - Iam) x
200

Crl (%) = 100 (3)
where I, is the 200 peak (26 = 22.79°) and I, is the minimum
intensity between the 101 and 200 peaks (26 = 20°).

2.3.2 FTIR. Fourier transform infrared (FTIR) spectra
characterization was collected using a Shimadzu IRTracer-100
FT-IR spectrometer. The sample was scanned at wavenumber
from 4500-400 cm™ .

2.3.3 Moisture absorption. Moisture absorption was
measured using a closed container containing a saturated non-
iodized salt solution with relative humidity (75%) at room
temperature for 8 h. The samples were dried using a Universal
Oven Memmert UN-55 at 50 °C for 12 h. Dried samples were
weighted to determine the initial weight of the samples.
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Measurement begins by taking out samples and weighing for
every 30 min using a Kenko Precision Balance. Moisture
absorption percentage was determined by following eqn (4)

(w; — w,) "

Moisture absorption (%) =
Wo

100 (4)
w; is the weight after absorption w, initial sample weight.

2.3.4 Contact angle. Contact angle was measured using
Theta Lite by attaching samples to the equipment and dropping
water on the sample surface, then measured and photographed
immediately. The contact angle samples were measured
between the surface and the tangent water drops (°) and
measured in first 10 s.

2.3.5 Tensile properties. The tensile properties of the
sample were obtained using a Universal Testing Machine (UTM)
(AGS-X series 5 kN, Shimadzu, Japan) at a 5 mm min ™" tensile
test speed. The sample dimension used the ASTM D638-type V
standard. The tests were repeated five times for each sample.

2.3.6 Thermogravimetric Analysis (TGA) and derivative
(DTG). Thermogravimetric Analysis (TGA) and Derivative (DTG)
were measured using TGA 5500 (TA Instruments CO., USA). The
measurement was carried out from room temperature until
600 °C with 20 °C min~" heating rate and 50 ml min~" nitrogen
flow rate.

2.3.7 Statistic analysis. The experimental data was analyzed
using IBM SPSS Statistics 25.0 (IBM Corporation, Chicago, USA).
To determine the significance of the influence of each treatment
on the film properties, a one-way analysis of variance (ANOVA)
and p-test were conducted. The multiple range test of Duncan
was conducted with a confidence level of 95% (p = 0.05).

3. Results and discussions
3.1 Morphology and physicochemical properties of the films

Fig. 1 depicts the FESEM morphology of film surfaces. Non-
steamed sample (Fig. 1a) has a greater porosity fraction than
steamed samples (Fig. 1b-d). The high pore volume may be due
to the weakening of fiber bonds induced by TEMPO treat-
ment.”"** After being vaporized, the density of pores decreased
and fibers became denser, thus resulting in formation of less
cavity. This result is because the increased temperature
increases the activation energy of the polymer chains, allowing
them to move and resulting in a smaller pore diameter. Hence,
the steamed film had more compact structures and a higher
fiber density fraction than the non-steamed ones. The NPHWV
treatment increases the moisture content within the cellulose
structure. This increased mobility of the cellulose chains leads
to a reorganization of hydrogen bonds. Upon cooling, new
hydrogen bonds may form between the cellulose molecules,
leading to a denser structure as the water evaporates. The heat
and moisture together can promote a closer packing of the
cellulose chains, reducing porosity.*® This result aligns with the
measurements displayed in Fig. 2, which show the steamed
films' diminishing water-absorption capacity over time. It also
consistent with the physicochemical properties listed in Table
1. It can be seen that the film thickness decreases with longer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FESEM morphology of the film surfaces of TNS (a), TS1 (b), TS2 (c), and TS4 (d).

steaming durations. Compared to TNS, the thickness of the TS4
film was reduced by 19%. Correspondingly, thermal conduc-
tivity also decreases with increasing steam treatment duration.
The untreated sample, TNS, has the highest thermal conduc-
tivity of 0.0832 W (m K) ', while the sample treated for 4 h, TS4,
has the lowest at 0.0537 W (m K) . This might be because of
the structure of compact BC. This compaction could blocking
free path of the air and voids through which heat can easily
transfer, thereby reducing the material's overall thermal
conductivity.** On the other hand, while increased crystallinity
is typically associated with higher thermal conductivity due to
more ordered molecular chains, in this case, the increase in
crystallinity coupled with a decrease in porosity suggests
a tighter packing of the cellulose chains. This tighter packing
might reduce the mobility of the molecular chains, limiting
their ability to transfer heat. The photo images of BC and TOBC
films can be seen in our previous work.*

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.2 FTIR spectra

Fig. 2 shows the FTIR spectra for non-TEMPO BC film (NTNS)
and TEMPO-oxidized BC-pellicle films without (TNS) and with
steam treatment (TS1, TS2, and TS4). This pattern agrees with
previous works.>**” All patterns in Fig. 2 are broadly similar,
which indicates that the treatment did not induce undesirable
chemical modification. However, processing through TEMPO
oxidation and the various steam duration of film shifted the
peak area and wavenumbers and intensities of the spectrum
peaks. The shifting may be attributed to the hydrogen bonding
interactions.*® This structural change is consistent with the XRD
pattern shift (Fig. 3). The wavenumbers at around 1645 cm ™"
corresponds to O-H bending of the absorbed water.*** This
peak position, however, decreased after being steamed. For
example, the wavenumber for TS1, TS2, and TS4 film was 1610,
1606, and 1602 cm™ ', respectively, lower than TNS film
(1616 ¢cm™'). This phenomenon may be due to increased

RSC Adv, 2024, 14, 29624-29635 | 29627
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Fig. 2 The FTIR spectrum of films with different treatments.

number of hydrogen bonds formed between chains (intermo-
lecular hydrogen bonding) or within the same chain (intra-
molecular hydrogen bonding).** A similar phenomenon also
was observed in higher transmittance (7) value of water bending
vibrations after treatment. For example, T value of TS1, TS2, and
TS4 film was 78.8%, 81.8%, and 81.2%, respectively (Table 1),
higher than TNS film (78.1%). This weak peak intensity of
steamed films may correspond to low concentration of free -OH
groups available in the polymer chains having a more compact
and crystalline cellulose structure.*** In such structures, the
hydroxy groups are involved in strong, consistent hydrogen
bonding, which is characteristic of well-aligned and orderly
cellulose chains. This strong intermolecular hydrogen bonding
leads to a more uniform bonding environment for the hydroxy
groups, resulting in a sharper and narrower O-H stretching
band. Therefore, the presence of a narrow O-H band is gener-
ally associated with a high degree of crystallinity, where the
cellulose chains are tightly packed and aligned in a regular,
ordered pattern, consistent with the data presented in Table 1. A
similar finding agrees with previous work.*>**

Table 1 Physicochemical properties of the films
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Fig. 3 XRD curves for all samples without and with NPHWV for the
various duration.

3.3 X-ray diffraction

Fig. 3 displays the X-ray diffraction curves of the membranes
without and with steam treatment at different steaming time
periods (1, 2, and 4 h). Apparently, all films present similar X-ray
diffraction patterns with two main peaks. These position peaks
as reported in Table 1 were located at about 14.5° and 22.8° in
260 associated with the crystallographic planes of (1-10) and
(200) crystal structure of cellulose Ia, respectively.* The height
of the peaks corresponds to the crystallinity index (CrlI) of the
cellulose-based film.**** Height of these intensity peaks
increases with longer steaming periods corresponding to more
reordered crystal structures resulting in an increase in crystal
fraction.*”*® Film without steam treatment (TNS) shows a crys-
tallinity index (CrI) of about ~68.1% (Table 1). Furthermore,
ongoing from TNS to TS1, TS2, and TS4 films, the height
difference between the two peaks at about 14.5° and 22.8°
becomes more distinct. The Crl value after steam duration for 1,
2, and 4 h was 72.5% (TS1), 73.8% (TS2), and 81.0% (TS4),
respectively. The increased CrI may be due to partial loss of
amorphous regions becoming crystalline fractions via hydrogen
bonding between the neighboring chains.” This result agrees
with the main peak position shifting toward lower value after
steam treatment as a result of restructuring the cellulose
chains. The greater activation energy of molecular chains at
high temperatures enables them to restructure, resulting in the
formation of hydrogen bonds between the polymer chains.*®

Film thickness Thermal conductivity Organic solvent Porosity Crystallinity,
Sample (nm) W (mK)™ uptake (%) (%) Crl (%)
TNS 43.7 0.0832 32.2 65.1 68.12
TS1 36.9 0.0766 20.1 40.4 72.47
TS2 36.8 0.0629 13.5 28.4 73.82
TS4 35.4 0.0537 9.4 19.2 81.00
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The cellulose chains prefer to organize themselves in such a way
that each long molecule is linked to the neighboring chains by
hydrogen bonds, resulting in a highly structured crystalline
structure.* This phenomenon is also consistent to FTIR curve
showing lower sharp peak position at wavenumbers of around
1645 cm™ " after steam treatment.

3.4 Contact angle

Fig. 4 demonstrates the contact angle (6) of water on different
film surfaces (TNS, TS1, TS2, and TS4) of 9 second duration.
for TNS, TS1, TS2, and TS4 was 21.47, 35.96, 39.48, and 47.63
respectively. The results reveal that the contact angle increases
with increasing film boiling time. This increase in 6 value
indicates reduced water accessibility, which can be attributed to
the increasing compactness and crystallinity of the cellulose
structure, resulting in fewer accessible -OH groups. This
observation is consistent with the FTIR data, where the TNS
sample, with its broader O-H band, indicates more accessible
hydroxyl groups compared to the TS4 sample (Fig. 2). Addi-
tionally, the reduced water accessibility in the steamed film is
attributed to the lower porosity and higher fiber density
observed in Fig. 1.

3.5 Water uptake and moisture absorption

Fig. 5a demonstrates the organic solvent uptake of the samples.
TNS film shows the best butanol absorption capacity. This
membrane wets easily in n-butanol. The height of n-butanol
level in the non-steam sample is about 10.18 mm. The excellent
butanol absorption capacity for this film was due to its highly
hydrophilic surface characteristic and abundant -OH group on
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the membrane.*"*® This phenomenon agrees with the result in
FTIR curve (Fig. 2) showing great area of -OH peak intensity for
non-steamed film. Along with the long evaporation of heat
increases, the wettability of the film decreases. The wet heights
of TS1, TS2 and TS4 films are 4.74, 3.81, and 2.59 mm respec-
tively. This decreased value is consistent with result obtained
with moisture absorption measurement (Fig. 5b). In this case,
film without steaming exhibits MA of 7.4 + 0.6% for 480 min in
a humid chamber (RH 75%). After steam duration, this MA
ability of film decreased significantly. MA value of TS1, TS2, and
TS4 was 1.6 £ 0.5%, 1.6 £ 0.5%, and 1.6 £ 0.5%, respectively.
This result is probably associated with the increased hydro-
phobicity of the vapor films due to the reduced porosity density
and the increased compactness of the films. Besides, the more
hydrophobic nature of the steamed film results from the
increasing degree of crosslinking molecules.?*** This result is
consistent with reducing pore fractions after steam treatment as
shown in Fig. 1.

3.6 Electrical properties

Fig. 6a displays closed DC circuits from the connection of NTSN
film (white dotted line box), a 3 V light-emitting diode (LED)
(solid orange box line in Fig. 6b), and a 9 V battery. After
plugging the battery, the LED connected with this non-TEMPO
film does not visually glow. This finding corresponds to poor
electrical flow in non-TEMPO film. In contrast to Fig. 6d, the
LED connected to the TNS sample glows brightly when the
battery is plugged. The result demonstrates that film after
TEMPO treatment became more conductive. This increased
conductivity is due to the TEMPO-oxidation process, which

a. TNS

c. TS2
Fig. 4

© 2024 The Author(s). Published by the Royal Society of Chemistry

d. TS4

Images of contact angles (f) of water on different film surfaces of TNS (a), TS1 (b), TS2 (c), TS4 (d) analysed using image software.
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Fig. 5 Effect of steam treatments on organic solvent uptake (a) and
moisture absorption performance (b) of films.

introduces carboxylate groups (-COO~) onto the cellulose
chains. These carboxylate groups break inter-fibril hydrogen
bonds and introduce anionic sites that can dissociate,
increasing ion mobility within the cellulose structure and
thereby enhancing electrical conductivity. This mechanism has
been demonstrated in recent study, where TEMPO-oxidized
cellulose nanofibrils exhibited increased ion mobility and
conductivity due to the presence of carboxylate groups and their
interaction with moisture.” This modification enables the
cellulose to inherently conduct electricity. This high conduc-
tivity may also correspond to increased hydroxy functional
groups of the membrane.* A similar finding also was present in
previous work.”> The TEMPO treatment has weakened the
hydrogen bonds between the nanofibers resulting in an
increased amount of nano/micro-sized porosity as a medium for
moving electrons.*® This phenomenon is consistent with the
FESEM results (Fig. 1) which show more porosity for films with
TEMPO than without TEMPO. A similar result agrees with
previous work.” Fig. 6b presents the average electrical resis-
tance and conductivity values for all TOBC films without and
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with steam. From this figure, the conductivity continued to
decrease, and the resistance increased with longer steam
durations. The ionic conductivities of TNS, TS1, TS2, and TS4
are 0.35 mS cm ™, 0.26 mS cm™ " and 0.24 mS cm* respectively.
This result may correspond to decreasing wettability after steam
treatments.** This phenomenon was observed in the FTIR curve
(Fig. 2), showing that the TS4 film had a lower peak intensity of
hydroxy stretching vibration than TNS film. This finding is
consistent with decreasing water uptake (Fig. 5a) and moisture
absorption properties of films after steam treatment (Fig. 5b).

3.7 Tensile properties

The tensile properties of all treated films are demonstrated in
Fig. 7. Each film shows different mechanical behaviors in terms
of tensile strength, tensile modulus, toughness, and elongation
at break. The TNS sample has the lowest tensile strength and
modulus, which is expected as it has not been subjected to any
hot water vapor steam treatment. After 1 hour of steam treat-
ment, there is a noticeable increase in both tensile strength and
modulus. The steam treatment could be facilitating a better
alignment of cellulose chains or promoting cross-linking, thus
improving these properties.”* Extending the steam treatment
duration to 2 h results in a further increase in both tensile
strength and modulus. However, for the TS4 sample, which
underwent 4 h of treatment, there is a reversal of this trend. The
tensile strength diminishes slightly in comparison to the TS2
sample, while the tensile modulus continues its upward trajec-
tory. This could be attributable to over-treatment, potentially
causing material degradation or inducing excessive cross-linking.
Although cross-linking can enhance rigidity, it may also begin to
reduce the material's capacity to absorb stress before fracturing.

Conversely, the toughness and elongation at break do not
uniformly increase with the treatment duration. Similar with
the tensile strength and modulus, the toughness of the films
begins to decline following the 4 hour treatment. The
enhancement in tensile strength observed with NPHWV treat-
ment is supported by an increase in the crystallinity and
reduced porosity of the films, as the steam treatment prog-
resses.*® In cellulose, regions of high crystallinity are typically
much stronger and more rigid due to the dense hydrogen
bonding network within the crystal structure. As the steam
treatment duration increases, the disruption and realignment
of hydrogen bonds during the treatment could lead to a higher
degree of crystallinity. This means the chains are better packed
and more ordered, which generally correlates with increased
tensile strength and modulus. However, if the crystallinity
becomes too high, the material can become less able to dissi-
pate energy through deformation, which can lead to a decrease
in toughness and make the material more brittle, as evidenced
by the lower elongation at break and toughness values for the
longer steam-treated samples.

In contrast, the porosity is decreased when the steam treat-
ment is longer.>® Porosity refers to the presence of pores or voids
within the material. High porosity can act as stress concentra-
tors within a material, which can lead to failure initiation and
propagation when under tension.” As the steam treatment

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06099g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 September 2024. Downloaded on 12/25/2025 3:50:36 PM.

(cc)

View Article Online

Paper RSC Advances

160 C "
140 4
120 4 [E
= 0.8

100 4

80 4

Resistance (Q)

0.6

Conductivity (S/cm)

60
0.4

404

F0.2

20

Fig. 6 Closed DC circuits (a and d). The 3 V LED connected with NTNS and NTS2 films (b and c) and TNS and TS4 films (e and f). The electrical
resistance and conductivity value of the TOBC films at 50% RH (g).

duration increases, the porosity decreases, which means there applied during tensile testing is distributed more uniformly
are fewer defects in the material. This reduction in porosity across the material, without being concentrated in areas with
could lead to an improvement in tensile strength since the load voids.*® However, a significant reduction in porosity could lead
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to reduced toughness and elongation at break since the mate-
rial has less capacity to undergo plastic deformation.

3.8 Thermal characteristics

Fig. 8 shows the thermal characteristics of samples with and
without hot water vapour treatment. All samples show the type
of three steps of weight loss as temperature increases. Initially,
the weight loss from 50 to 170 °C was due to evaporation of
absorbed water. The water evaporation level for each sample
varies due to varying water content. The film without NPHWV
showed the highest evaporation due to its greatest hydrophilic
properties. This might be attributed to the high porous densi-
ties (Fig. 1a) and the abundance of free hydroxy groups (Fig. 2).
The greatest evaporation rate of this film was 0.15% per minute,
as shown in Fig. 4b. This rate reduced once the TOBC film was
treated with NPHWV. As the temperature rose further, a rapid
weight loss occurred due to cellulose decomposition around
260-360 °C. At temperatures over 360 °C, an additional reduc-
tion in weight was found as a result of the thermal oxidative
decomposition of char.** The heat resistance of TOBC film is
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enhanced when treated with NPHWV compared to untreated
TOBC film. The NPHWV treatment resulted in an increase in
the maximum decomposition temperature (7;,) observed
during the second weight loss, as shown in Fig. 4b and Table 1.
Following a 60 minute heating period, the melting temperature
(Tm) had a 2% rise, reaching 333 °C (as shown in video TS1). The
T, value (Table 1) is influenced by the crystallinity index, BC
fibre density, and the number of linked hydrogen bonds
between polymer chains. Therefore, a greater amount of energy
is necessary to disassemble the chain-like arrangement.® The
observed behavior aligns with the XRD pattern (Fig. 3), which
exhibits more distinct peaks, and the FTIR spectrum (Fig. 2),
where the C-O stretching is shifted to higher wavenumbers
after undergoing NPHWV treatment. However, while longer
NPHWYV treatment times facilitate stronger films, this may also
lead to increased brittleness, which could be a drawback. This
potential weakness should be considered when optimizing
treatment times, as the enhanced crystallinity and reduced
water content could contribute to the material's brittleness,
potentially limiting its flexibility and mechanical performance.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

This study successfully demonstrated the influence of NPHWV
treatment on the properties of TOBC films. The findings reveal
that NPHWV treatment significantly enhances the physical,
mechanical, and thermal properties of the TOBC films. The
tensile strength, thermal properties, hydrophobicity, and crys-
tallinity of the films improved with increasing duration of
NPHWYV treatment. Specifically, the NPHWV treatment resulted
in a more hydrophobic film with a contact angle increasing
from 21.47° (untreated) to 47.63° (treated for 4 h). The thermal
conductivity also improved, decreasing from 0.0832 W (m K) "
for the untreated film to 0.0537 W (m K) ' for the film treated
for 4 h, indicating better thermal insulation properties. Addi-
tionally, the crystallinity index (Crl) increased from 68.1% to
81.0% with 4 h of NPHWYV treatment, reflecting a more ordered
and compact structure.

The study highlighted the benefits of NPHWV treatment as
a simple, inexpensive, and ecologically friendly method for
modifying the properties of TOBC films. This method offers
a sustainable alternative to more complex and chemically
intensive processes traditionally used for enhancing cellulose
film properties. The improved properties of NPHWV-treated
TOBC films make them suitable for a wide range of applica-
tions, including functional papers, biomedical materials, elec-
tronic devices, and other advanced material applications.”"**?*
Overall, the results of this study provide a deeper understanding
of the effect of NPHWYV treatment on TOBC films and open new
possibilities for the utilization of bacterial cellulose in various
high-performance applications. The insights gained from this
research can significantly contribute to the development of
more sustainable, smart, and environmentally friendly mate-
rials in the future.
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