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Article history: Cellulose nanofiber (CNF) has been recognized as a new family of sustainable
Received nanomaterials with significant mechanical, colloidal, low density, renewable and
23'0? '202_0 ) biodegradable properties. These properties make CNF a promising material either
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21-06-2021 automotive industries. Prior to CNF production, cellulose has to be isolated from
Available online various sources of lignocellulosic biomass such as oil palm, bamboo, flax bast, hemp,
31-12-2021 kraft pulp, and rutabagas. The isolated cellulose then can be nanofibrillated into
CNF using several nanofibrillation treatments. However, the nanofibrillation
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Cellulose nanofiber, CNF. The selection of nanofibrillation treatment is important as each treatment
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produces CNF with different properties especially in terms of diameter sizes, lengths,
lignocellulosic biomass

thermal, crystalline and mechanical properties. The CNF properties have to comply
with the requirement of the targeted application, as different applications require
different specifications of CNF. Other external factors may also influence the
properties of CNF. Hence, this review focused on discussing the current CNF
production treatment as well as factors that may influence the nanofibrillation
process of CNF production.
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Introduction

In recent years, there are concerns raised by the public on environmental sustainability especially in
utilising biomass for the development of bio-products. Numerous bio-products have been manufactured
from biomass, especially those derived from agricultural waste such as oil palm empty fruit bunches,
bamboo, kenaf, and hemp. Biomass has been used as either a primary material or additive for products
ranging from household to spectacular materials such as biocomposites, biofuels, biosugars and many
more[1-7]. Among them, particular attention has been given to utilise biomass for the production of value-
added biomaterial known as cellulose nanofiber (CNF) [8-14]. This might be because of its commercial
value, as despite derived from invaluable biomass, CNF can be sold to the market at a very high price,
approximately 10 - 100x higher than the price of raw biomass.

CNF is a cellulosic fiber with a dimension of 100 nanometer (nm) or less with several micrometer
lengths. It is also known as a versatile material due to its excellent properties such as having extremely high
specific area, high stiffness, high porosity with excellent pore interconnectivity, low weight, high
biodegradability, and renewability [15-19]. In the last 5 to 8 years, interest concerning the applications of
CNF in the fields of material sciences, biomedical engineering, cosmetics, military materials,
pharmaceuticals, foods and packaging has been increased worldwide [11, 20-30]. Fig. 1 shows recent
applications of CNF.
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Fig. 1: Applications of nanocellulose

CNF is generally produced from extracted cellulose of wood pulp or any lignocellulosic material.
Nevertheless, a limited source of wood pulp has influenced researchers and industrial players to use
agricultural biomass as a raw material for CNF production, as the supply is abundant and inexpensive. In
fact, the physical and chemical properties of agricultural biomass are at the same par as wood pulp. In order
to produce high-quality CNF, a proper nanofibrillation treatment needs to be selected, as it needs to be able
to delaminate the fiber cell walls and disintegrate the fibrils into nano-sized without affecting their
properties [31].
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CNF can be produced from any lignocellulosic materials using several nanofibrillation treatments
which include enzymatical, electrospinning, ultra-sonication, high-pressure homogenizer, ball milling, and
extrusion. The selection of nanofibrillation treatment and types of lignocellulosic sources play a major role
in determining the CNF’s properties. For example, by grinding cotton linters, the obtained CNF has a width
of approximately 10-30 nm, with a crystallinity index of around 82.3-85.7 % and thermally degraded at
around 320-350 °C. Meanwhile, CNF from rice straw which was nanofibrillated by TEMPO-mediated
oxidation treatment would have diameters of approximately 2-20 nm with a crystallinity index being
around 60-65 % and thermally degraded at 210-310 °C [32].

In regards to the variation of CNF properties obtained from different nanofibrillation treatments and
lignocellulosic sources, this review focused on discussing those aspects as well as other factors that may
affect the nanofibrillation of CNF.

Processing techniques of cellulose nanofiber

Generally, CNF can be nanofibrillated using either enzymatic or a variety of mechanical processes or by a
combination thereof [31, 33]. Electrospinning, high-pressure homogenization, sonication, extrusion, wet
disk milling, mechanical shearing, and cryocrushing are among the nanofibrillation treatments that have
been widely used to produce CNF [15, 34-37]. Table 1 summarizes several properties of CNF obtained from
various nanofibrillation treatments, and it can be observed that different treatments certainly produced
different properties of CNF especially in terms of morphological properties.

Table 1: Properties of CNF produced from various nanofibrillation treatments

Nanofibrillation | Source of Example of image Crystallinity Size Reference
technique cellulose (%) obtained
(nm)
Electrospinning 0il palm ~45 120 - 2000 [15, 38-40]
biomass m,m:& \“ ./ /4330m
Commercial \% [
cellulose e
" .
High pressure Wood Not reported >100 [31, 41]
homogenizer
Ultrasonication Wood ~80 5~20 [42]
Ball milling Soft wood >70 100 nm [43-44]
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Nanofibrillation | Source of Example of image Crystallinity Size Reference
technique cellulose (%) obtained
(nm)
Wet disk milling 0il palm ~45 20-40 [37,45-47]
biomass
Bamboo
Bagasse
Extrusion Kraft pulp ot reported 50 ~200 [9-10, 48-
0il palm 49]
biomass

Enzymatic nanofibrillation

Enzymatic treatment is one of the conventional methods to produce CNF [50]. This method is usually
combined with another refining technique called biorefining. In order to produce CNF, two stages of
enzymatic treatments need to be conducted. At the first stage, lignocellulosic materials have to be pre-
treated using enzymes that can extract only cellulose and degrade other accompanying polymers, such as
pectin, hemicellulose, lignin and other impurities. For the second stage which is also known as the
fibrillation stage, industrial cellulases that are responsible for hydrolysing cellulose into smaller structural
elements can be used. This method however is not effective in producing CNF with a diameter size less than
100 nm, hence other mechanical treatments are often applied. For example, Paakko et al. (2007) have
combined both enzymatic hydrolysis and high-pressure homogenization treatments to produce CNF in
their study [34].

Electrospinning

Most research suggested that electrospinning is the most promising technique to produce high amounts of
CNF [15], [38]. However, this technique has turned out to be difficult to perform due to the limited solubility
of cellulose in volatile solvents suitable for electrospinning and the challenging chain dynamics of the
cellulose molecule in solution [40]. In fact, all known solvents for cellulose appear to be nonvolatile and
form strong interactions with the cellulose molecule, and this has been rendering the usual solidification
mechanism in electrospinning through simple atmospheric drying. In order to proceed with this treatment,
a precipitation bath as shown in Fig. 2 (a) is needed to produce CNF from lignocellulosic materials. This
method nevertheless is inapplicable for other materials such as polyacrylonitrile, polyvinyl alcohol and,
chitosan as shown in Fig. 2 (b). This is because the solvents used to dissolve these materials are easily
evaporated after ejection from the electrospinning tip. By referring to Table 1, electrospun CNF has an
average diameter ranging from 120 nm - 2000 nm which is larger than the CNF produced using other
techniques [15, 38, 40, 51]. As such, extensive research to improve the electrospinning process, involving
the effect of solvents and their processing parameters are still being comprehensively studied.
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Fig. 2: Schematic diagram of electrospinning apparatus, (a) electrospinning with a precipitation
bath, (b) electrospinning without a precipitation bath (redrawn from [52])

High-pressure homogenizing

High-pressure homogenizing is commonly used to produce CNF from various sources such as wood pulp,
sugar beet, and prickly pear [41]. Fig. 2 shows the mechanism of high-pressure homogenizing. The size of
the CNF produced using this technique is below than 100 nm. The process includes passing a cellulose
slurry at high pressure into a vessel that is equipped with a very small nozzle. High velocity and pressure
as well as impact and shear forces lead to the generation of the CNF [31]. This process requires several
passes of homogenizing in order to produce the desired properties CNF. The extent of nanofibrillation
improves as the number of repeated passes increases [53].
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Fig. 3: Schematic diagram of nanofibrillation using a high-pressure homogeniser (redrawn
from[54])
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Ultra-sonication

Ultra-sonication is another technique that is frequently used to produce CNF. This method is often being
used to produce CNF from wood sources [55]. Studies showed that the diameter distribution of the
resulting CNF was highly dependent on the output power of the ultrasonic treatment. Fig. 4 shows a
schematic diagram of the ultrasonication process. Ultrasound energy is transferred to the cellulose chains
through a process called cavitation, which refers to the formation, growth, and violent collapse of cavities
in water. The energy provided by cavitation is approximately 10-100 k] /mol, which is within the hydrogen
bond energy scale. Thus, this ultrasonic impact would gradually disintegrate the micron-sized cellulose into
CNF [55]. The morphological image of CNF produced by ultrasonication as shown in Table 1 shows that the
diameter of CNF was in a range of 5 to 20 nm. However, the diameter size of CNF obtained using this
technique is diverse. The CNF can be aggregated with a wide distribution in width due to the complicated
multi-layered structure of lignocellulosic materials.
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Fig. 4: Schematic diagram of nanofibrillation by ultra-sonication (redrawn from [56])

Cryocrushing

Cryocrushing is a process in which the cellulose fibers are frozen in liquid nitrogen prior to the fibrillation
process. The frozen cellulose fibers are then crushed using a mortar and pestle. The application of high
impact force to the frozen cellulose fibers then ruptures their cell walls due to the exerted pressure from
ice crystals within the cell walls that were formed after immersion in liquid nitrogen, thus resulting in the
formation of CNF [57]. Alemdar and Sain, (2008)[58] reported that the diameter size of CNF produced by
cryocrushing is within a range of 10 - 80 nm and with lengths that are less than 100 nm, which can be
considered as a short form of CNF. The crystallinity and thermal degradation temperatures were also found
to be increased by 35 and 38 %, respectively.

Ball milling

Zhang et al. (2015) reported the possibility of producing CNF from softwood pulp using a simple ball milling
technique under ambient pressure and at room temperature [44]. The effects of milling conditions
including the ball-to-cellulose mass ratio, milling time, ball size and alkaline pretreatment were
investigated by them. It was found that milling-ball size should be carefully selected in order to produce
fibrous morphologies instead of particulates. Milling time and ball-to-cellulose mass ratio need to be
controlled as well as it might affect the fiber morphology. Meanwhile, alkali pretreatment can help in
weakening the hydrogen bonds between cellulose fibrils and removing small particles, but with the risk of
damaging the fibrous morphology. The swollen fibrils and the balls were mixed during milling as illustrated
in Fig. 5. The CNF produced was found to have an average diameter of 100 nm and this was obtained
through soft mechanical milling conditions using cerium-doped zirconia balls of 0.4-0.6 mm in diameter
within 1.5 h without alkaline.
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Fig. 5: Schematic diagram of cellulose nanofiber production by ball milling [44]

Wet disk milling

Nanofibrillation of cellulose by wet disk milling (Fig. 6) has been reported to produce CNF with comparable
quality to the other treatments described earlier. Wet disk milling has been used to produce CNF from a
variety of sources such as oil palm biomass, wood, bamboo and bagasse with a diameter size of less than
100 nm [3, 37, 45-47]. Wet disk milling is a non-chemical process and promises a low production cost [46].
This treatment allows nanofibrillation to occur at a high source solid content level as compared to
ultrasonication and high-pressure homogenizing, which is an important criterion to ensure the high
productivity of CNF. In regards to this matter, wet disk milling can be assumed as a suitable treatment for
the commercial production of CNF. However, to the best of our knowledge, CNF production using wet disk
milling is still not commonly used.

.

Fig. 6: Wet disk milling
Extrusion

Twin-screw extrusion allows the processing and nanofibrillation of cellulose source material with high
solid content. Several studies successfully produced CNF with a small diameter size (>100 nm) using this
approach [9-11, 48, 59]. Fig. 7 shows a schematic diagram of CNF production by extrusion as reported in
[60]. It was found that the degree of nanofibrillation increased as the number of passes increased. This
technique is also suitable to commercially produce CNF reinforced biocomposites as it is possible to
combine the nanofibrillation, mixing and blending process into one production system [59]. Similar to wet
disk milling, extrusion is also suitable a method to produce CNF on a large scale as compared to the other
approaches described earlier.
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Fig. 7: Sch;matic diagram of nanofibrillation by extrusion [60]

Factors influencing nanofibrillation of cellulose

Several factors that may give effects on the nanofibrillation process include nanofibrillation techniques,
fiber chemical composition and drying history during pretreatment. Without considering these factors, the
nanofibrillation process would be difficult to complete and require a longer duration of time, higher cost
and might as well requires the usage of hazardous chemicals. A summary of findings focusing on factors
that may influence CNF formation has been summarised in Table 2.

Table 2: Factors influencing the CNF formation

Factors

Findings

References

Chemical
composition of
extracted
material

a. The presence of high amount of lignin and hemicellulose from
the extracted material influences nanofibrillation. However, a
small amount of hemicellulose is known to facilitate the beating
of pulp which is related to the phenomenon of “hornification”.

b. The dissolution of lignocellulosic material in ionic liquids is
also influenced by the chemical composition of the
lignocellulose. The presence of lignin and hemicellulose lowers
the dissolution of the fibers for CNF production through
electrospinning.

[3,37, 40, 46,
61-62]

Drying history

a. The drying history during pretreatment also influences the
degree of hornification. Drying reduces fiber swelling capacity
and conformability which affects the hornification phenomenon.
b. For example, the never-dried refined bleached pulp has a high
degree of nanofibrillation using a twin-screw extruder and
through wet disk milling, respectively.

[46, 48]

Nanofibrillation
treatments

a. Nanofibrillation technique will influence the size of CNF
produced.

b. For example, electrospinning produces larger-sized of oil palm
biomass-CNF (150-2000 nm) while other treatments such as wet
disk milling, high-pressure homogenizer and ultra-high
sonication produce smaller oil palm biomass-CNF (<100 nm).

[31,37, 40, 63-
64]

Conclusion and future recommendation

In this review, several nanofibrillation treatments for CNF production were reviewed. Different
nanofibrillation treatments and lignocellulosic materials result in different properties of the produced CNF.
All the advantages and disadvantages of the fibrillation techniques were summarized in Table 3. It is also
interesting to note that CNF formation was not solely influenced by the processing treatments, but other
factors as well; chemical composition of extracted material and drying process. Looking at the current trend
of study, scientists recently focussing on discovering nanofibrillation treatments that can process high solid

141



Kasim et al. / Zulfaqar ]. Def. Mgt. Soc. Sci. Hum. 4(2) (2021)

content source material, and free from chemical processing. From this review, it was revealed that both
wet disk milling and extrusion are the most convenient treatments that can be applied for the commercial
production of CNF, as both treatments are capable of producing a high capacity of CNF with low production

cost.

Table 3: Advantages and disadvantages for each nanofibrillation technique

Nanofibrillation Advantages Disadvantages
technique
Enzymatic - No harsh chemicals required. - Time consuming,.
nanofibrillation - Complex process (require
combination of techniques).
- High production cost because
enzymes are usually expensive.
Electrospinning - Large amount of CNF can be - High energy required.
processed. - Large size of CNF obtained (>100
- Can be done in a continues nm).
production system.
- Solvent can be reused.
High pressure - Small size of CNF could be obtained. - Low concentration of CNF is usually
homogenizer - No chemicals required. produced.
- Not suitable for large production
scale.
Ultrasonication - No chemicals required - Low concentration of CNF is usually
- Small size of CNF could be obtained. produced.
- Not suitable for large production
scale.
Ball milling - No chemicals required. - Low concentration of CNF is usually
- Can be done under ambient pressure | produced.
and temperature. - Time and energy consuming.
Wet disk milling - High concentration of CNF can be - Time consuming.
produced.
- No chemicals required.
- Can be done under ambient pressure
and temperature.
- Low-production cost.
-Suitable for large production scale.
Extrusion - High concentration of CNF can be - Usually only suitable for polymer
produced. composite production (combination
- Suitable for large production scale. of several processes).
Acknowledgment

The authors would like to highly acknowledge financial support (UPNM/2018/CHEMDEF/ST/4) from
Ministry of Education Malaysia. The authors also gratefully acknowledge Universiti Pertahanan Nasional
Malaysia (National Defence University of Malaysia).

References

[1] Lawal, A. A, etal, “Effect of oil palm biomass cellulosic content on nanopore structure and adsorption

capacity of biochar,” Bioresour. Technol., 2021.

142




Kasim et al. / Zulfaqar ]. Def. Mgt. Soc. Sci. Hum. 4(2) (2021)

Nurazzi, N. M., et al, “A Review on Natural Fiber Reinforced Polymer Composite for Bullet Proof and
Ballistic Applications,” Polymers (Basel)., Vol. 13, No. 4, pp. 646.

Norrrahim, M. N. F. et al, “Performance Evaluation of Cellulose Nanofiber with Residual
Hemicellulose as a Nanofiller in Polypropylene-Based Nanocomposite,” Polymers (Basel)., Vol. 13,
No. 7,2021, pp. 1064.

Norrrahim, M. N. F,, Yasim-Anuar, T. A. T,, Jenol, M. A,, Mohd Nurazzi, N, Ilyas, R. A,, & Sapuan, S,
“Performance Evaluation of Cellulose Nanofiber Reinforced Polypropylene Biocomposites for
Automotive Applications,” in Biocomposite and Synthetic Composites for Automotive Applications,
2021, pp. 119-215.

Norrrahim, M. N. F,, et al, “Emerging Development on Nanocellulose as Antimicrobial Material: An
Overview,” Mater. Adv., 2021.

Ilyas, R. A, et al, “Environmental Advantages and Challenges of Bio-Based Packaging Materials,” in
Bio-Based Packaging: Material, Environmental and Economic Aspects, 2021.

Farid, M. A. A, et al., “Improving the decolorization of glycerol by adsorption using activated carbon
derived from oil palm biomass,” Environ. Sci. Pollut. Res., 2021, pp. 1-12.

Zakarian, M. R,, Norrrahim, M. N. F., Hirata, S., & Hassan, M. A., “Hydrothermal and wet disk milling
pretreatment for high conversion of biosugars from oil palm mesocarp fiber,” Bioresour. Technol.,
Vol. 181, 2015, pp. 263-269.

Yasim-Anuar, T. A. T., Ariffin, H., Norrrahim, M. N. F,, Hassan, M. A,, & Tsukegi, T., “Sustainable one-
pot process for the production of cellulose nanofiber and polyethylene/cellulose nanofiber
composites,” . Clean. Prod., Vol. 207, 2019, pp. 590-599.

Yasim-Anuar, T. A. T., et al, “Well-Dispersed Cellulose Nanofiber in Low Density Polyethylene
Nanocomposite by Liquid-Assisted Extrusion,” Polymers (Basel)., Vol. 12, 2020, pp. 1-17.

Ariffin, H., et al, “Oil Palm Biomass Cellulose-Fabricated Polylactic Acid Composites for Packaging
Applications,” in Bionanocomposites for Packaging Applications, Springer, 2018, pp. 95-105.

Wuy, Q. Qiang, T. C,, Zeng, G., Zhang, H., Huang, Y., & Wang, Y., “Sustainable and renewable energy from
biomass wastes in palm oil industry: A case study in Malaysia,” Int. J. Hydrogen Energy, Vol. 42,
No. 37,2017, pp. 23871-23877.

Nordin, N. L. A. A, et al., “Modification of oil palm mesocarp fiber characteristics using superheated
steam treatment.,” Molecules, Vol. 18, No. 8, 2013, pp. 9132-9146.

Fahma, F., Iwamoto, S., Hori, N., Iwata, T., & Takemura, A., “Effect of pre-acid-hydrolysis treatment on
morphology and properties of cellulose nanowhiskers from coconut husk,” Cellulose, Vol. 18, No. 2,
2011, pp. 443-450.

Yasim-anuar, T. A. T., Ariffin, H., Norrrahim, M. N. F., & Hassan, M. A, “Factors Affecting Spinnability
of Oil Palm Mesocarp Fiber Cellulose Solution for the Production of Microfiber,” BioResources,
Vol. 12, No. 1, 2017, pp. 715-734.

Abitbol, T., et al., “Nanocellulose, a tiny fiber with huge applications,” Curr. Opin. Biotechnol., Vol. 39,
No. October 2017, 2016, pp. 76-88.

Chen, W., Abe, K., Abe, Uetani, K., Yu, H,, Liu, Y., & Yano, H., “Individual cotton cellulose nanofibers:
Pretreatment and fibrillation technique,” Cellulose, Vol. 21, No. 3, 2014, pp. 1517-1528.

Cheng, Q., Ye, D., Chang, C., & Zhang, L., “Facile fabrication of superhydrophilic membranes consisted
of fibrous tunicate cellulose nanocrystals for highly efficient oil/water separation,” J. Memb. Sci.,
Vol. 525, No. December 2016, 2017, pp. 1-8.

Zhao, Y., Moser, C., Lindstrom, M. E., Henriksson, G., & Li, J., “Cellulose Nanofibers from Softwood,
Hardwood, and Tunicate: Preparation-Structure-Film Performance Interrelation,” ACS Appl. Mater.
Interfaces, Vol. 9, No. 15, 2017, pp. 13508-135109.

Aramwit, P., & Bang, N., “The characteristics of bacterial nanocellulose gel releasing silk sericin for
facial treatment,” BMC Biotechbology, Vol. 14, 2014, pp. 1-11.

Sharip, N. S,, et al,, “A review on nanocellulose composites in biomedical application,” in Composites
in Biomedical Applications, CRC Press, 2020, pp. 161-190.

Norrrahim, M. N. F,, et al, “Antimicrobial Studies on Food Packaging Materials,” in Food Packaging,
2020, pp- 141-170.

Hakkarainen, T., Koivuniemi, R., Kosonen, M., Escobedo-lucea, C., Sanz-garcia, A., & Vuola, J., “Nano fi
brillar cellulose wound dressing in skin graft donor site treatment,” J. Control. Release, Vol. 244, 2016,
pp. 292-301.

Kalia, S., Avérous, L. Njuguna, ], Dufresne, A, & Cherian, B. M., “Natural fibers, bio- and
nanocomposites,” Int. J. Polym. Sci., Nol. 2011, 2011, pp. 1-35.

Voisin, H., Bergstréom, L. Liu, P, & Mathew, A, “Nanocellulose-Based Materials for Water
Purification,” Nanomaterials, Vol. 7, No. 3, 2017, pp. 1-19.

143



Kasim et al. / Zulfaqar ]. Def. Mgt. Soc. Sci. Hum. 4(2) (2021)

Ferrer, A, Pal, L. & Hubbe, M., “Nanocellulose in packaging: Advances in barrier layer technologies,”
Ind. Crops Prod., Vol. 95, 2017, pp. 574-582.

AzeredoH, M. C, Rosa, M. F., & Mattoso, L. H. C,, “Nanocellulose in bio-based food packaging
applications,” Ind. Crops Prod., Vol. 97,2017, pp. 664-671.

Norrrahim, M. N. F,, et al,, “Nanocellulose: a bioadsorbent for chemical contaminant remediation,”
RSC Adv.,Vol. 11, 2021, pp. 7347-7368.

Norrrahim, M. N. F,, et al, “Performance Evaluation of Cellulose Nanofiber Reinforced Polymer
Composites,” Funct. Compos. Struct., Vol. 3,2021.

Norrrahim, M. N. F,, et al,, “Nanocellulose: The Next Super Versatile Material for the Military,” Mater.
Adv., 2021.

Khalil, H. P. S. A, et al, “Production and modification of nanofibrillated cellulose using various
mechanical processes : A review,” Carbohydr. Polym., Vol. 99, 2014, pp. 649-665.

Jiang, F., & Lo Hsieh, Y., “Chemically and mechanically isolated nanocellulose and their self-assembled
structures,” Carbohydr. Polym., Vol. 95, No. 1, 2013, pp. 32-40.

Jonoobi, M., Harun, ., Mathew, A. P.,, & Oksman, K., “Mechanical properties of cellulose nanofiber
(CNF) reinforced polylactic acid (PLA) prepared by twin screw extrusion,” Compos. Sci. Technol.,
Vol. 70, No. 12, 2010, pp. 1742-1747.

Ariffin, M. 1., Abdullah, N., Kasim, N. A,, Jamal, S. H., & Ahmad Syah, N. A,, “Solid metal oxide catalysts:
synthesis and characterisation,” Zulfaqar International Journal Of Defence Science, Engineering &
Technology, Vol. 1, No. 1, 2018.

Fahma, F., Iwamoto, S. Hori, N. Iwata, T., & Takemura, A. “Isolation, preparation, and
characterization of nanofibers from oil palm empty-fruit-bunch (OPEFB),” Cellulose, Vol. 17, No. 5,
2010, pp- 977-985.

Iwamoto, S., Kai, W., Isogai, T., Saito, T., Isogai, A., & Iwata, T., “Comparison study of TEMPO-analogous
compounds on oxidation ef fi ciency of wood cellulose for preparation of cellulose nano fi brils,”
Polym. Degrad. Stab., Vol. 95, No. 8, 2010, pp. 1394-1398.

Norrrahim, M. N. F., Ariffin, H., Hassan, M. A., Ibrahim, N. A., Yunus, W. M. Z. W., & Nishida, H.,
“Utilisation of superheated steam in oil palm biomass pretreatment process for reduced chemical
use and enhanced cellulose nanofibre production,” Int. J. Nanotechnol., Vol. 16, 2019, pp. 668-679.
Freire, M. G., Teles, R. R, Ferreira, R. A. S., Carlos, D., & Coutinho, A. P., “Green Chemistry Electrospun
nanosized cellulose fibers using ionic liquids at room temperature t,” Green Chem., Vol. 13, 2011,
pp. 3173-3180.

Syamsu, K, Maddu, A., & Bahmid, N. A, “Synthesis of Nanofiber from Oil Palm Empty Fruit Bunches
Cellulose Acetate for Bioplastics Production,” Chem. Mater. Res., Vol. 8, No. 5, 2016, pp. 56-62.
Norrrahim, M. N. F, et al, “Superheated steam pretreatment of cellulose affects its
electrospinnability for microfibrillated cellulose production,” Cellulose, Vol. 25, No. 7, 2018,
pp. 3853-3859.

Spence, K. L., Venditti, R. A., & Pawlak, |. ], “A comparative study of energy consumption and physical
properties of microfibrillated cellulose produced by different processing methods,” Cellulo, Vol. 18,
2011, pp.1097-1111.

Chen, W,, Yu, H,, Y. Liy, Y., Hai, H,, Zhang, M., & Chen, P., “Isolation and characterization of cellulose
nanofibers from four plant cellulose fibers using a chemical-ultrasonic process,” Cellulose, Vol. 18,
No. 2,2011, pp. 433-442.

Phanthong, P., Guan, G., Ma, Y., Hao, X., & Abudula, A., “Effect of ball milling on the production of
nanocellulose using mild acid hydrolysis method,” J. Taiwan Inst. Chem. Eng., Vol. 60, 2016,
pp. 617-622.

Jamingan, Z., Wan Yunus, W. M. Z,, Abdullah, N., & Khim, 0. K,, “Synthesis of Epoxidized Fatty
Hydrazides from Palm Olein: A Preliminary Study,” Zulfaqar International Journal Of Defence Science,
Engineering & Technology, Vol. 1, No. 2, 2018.

Nogi, M., Iwamoto, S., Nakagaito, A. N., & Yano, H., “Optically Transparent Nanofiber Paper,” Adv.
Mater., Vol. 21, No. 16, 2009, pp. 1595-1598.

Iwamoto, S., Abe, K., & Yano, H., “The effect of hemicelluloses on wood pulp nanofibrillation and
nanofiber network characteristics.,” Biomacromolecules, Vol. 9, No. 3, 2008, pp. 1022-1026.

Osman, M. ], Wan Yunus, W. M. Z,, & Faris, N., “A Short Review of Polylactic Acid Blends Properties
for Improvement and Innovation,” Zulfaqar International Journal Of Defence Science, Engineering &
Technology, Vol. 1, No. 2, 2018.

Ho, T. T. T., Abe, K., , Zimmermann, T., & Yano, H., “Nanofibrillation of pulp fibers by twin-screw
extrusion,” Cellulose, Vol. 22, No. 1, 2015, pp. 421-433.

Norrrahim, M . N. F,, Ariffin, H,, Yasmin-Anuar, T. A. T., Hassan, M. A,, Nishida, H., & Tsukegi, T., “One-

144



Kasim et al. / Zulfaqar ]. Def. Mgt. Soc. Sci. Hum. 4(2) (2021)

pot nanofibrillation of cellulose and nanocomposite production in a twin-screw extruder,” IOP Conf.
Ser. Mater. Sci. Eng., Vol. 368, 2018, pp. 1-9.

Huy, ], Tian, D., Tian, S., Renneckar, K., & Saddler, ]. N., “Enzyme mediated nanofibrillation of cellulose
by the synergistic actions of an endoglucanase , lytic polysaccharide monooxygenase ( LPMO ) and
xylanase,” Sci. Rep., Vol. 5, No. 7, 2018, pp. 4-11.

Ao, C, Niu, Y, Zhang, X, He, X,, Zhang, W., & Lu, C., “Fabrication and characterization of electrospun
cellulose/nano-hydroxyapatite nanofibers for bone tissue engineering,” Int. J. Biol. Macromol.,
Vol. 97,2017, pp. 568-573.

Gomes, D. S, Silva, A. N. R, Morimoto, N. I, Furlan, R, & Ramos, 1., “Characterization of an
Electrospinning Process using Different PAN / DMF Concentrations,” Vol. 17, 2007, pp. 206-211.
Karande, V. S., Mhaske, S. T., Bharimalla, A. K., Hadge, G. B., & Vigneshwaran, N., “Evaluation of Two-
Stage Process ( Refining and Homogenization ) for Nanofibrillation of Cotton Fibers,” Polym. Eng. Sci.,
2013, pp. 1590-1597.

Wan Ya'acob, W. M. H., Mamat, Razali, N. A,, Jasni, A. H.,, Ahmad Rusdi, R. A,, Salleh, E. M., Halim, A. N,
“Optimising The Mixing Factor Condition Of Natural Cellulose/Epoxy Composite By Using Response
Surface Method,” Zulfagar International Journal Of Defence Science, Engineering & Technology, Vol. 2,
No. 2, 2019.

Chen, W,, Yu, H,, Liu, Y., Chen, P., Zhang, M., & Hai, Y., “Individualization of cellulose nanofibers from
wood using high-intensity ultrasonication combined with chemical pretreatments,” Carbohydr.
Polym., Vol. 83, No. 4, 2011, pp. 1804-1811.

Raz, A., “Functional carbon nanotubes for photonic applications,” Aston University, 2014.

Lavoine, N., Desloges, 1., Dufresne, A., & Bras, ], “Microfibrillated cellulose - Its barrier properties and
applications in cellulosic materials: A review,” Carbohydr. Polym., Vol. 90, No. 2, 2012, pp. 735-764.
Alemdar, A., & Sain, M., “Biocomposites from wheat straw nanofibers: Morphology, thermal and
mechanical properties,” Compos. Sci. Technol., Vol. 68, No. 2, 2008, pp. 557-565.

Nishida, H. Yamashiro, K, & Tsukegi, T, “Biomass Composites from Bamboo-Based
Micro/Nanofibers,” in Handbook of Composite from Renewable Materials. VK Thakur, MK Thakur, and
MR Kessler, eds., Scrivener Publishing LLC, 2017, pp. 339-361.

Mazlan, M., Ahmad, K. A., Hashim, F. R,, Razab, M. K. A. A,, Omar, M. N,, Shaiful, A. I. M., & Amini, M. H.,
“Experimental and Numerical Approach to Study the Effect of Biocomposite Material to Enhance
Durability of Wood based Composite Material,” International Journal of Engineering & Technology,
Vol. 7, No. 3,2018, pp. 157-162.

Sun, N.,, Rahman, M,, Qin, R., & Maxim, M. L. Maxim, “Complete dissolution and partial delignification
of wood in the ionic liquid 1-ethyl-3-methylimidazolium acetate t%,” Green Chem., Vol. 11, 2009,
pp. 646-655.

Kang, Y., Ahn. S, Lee, S. H,, Hong, ]. H.,, Ku, M. K,, & Kim, H., “Lignocellulosic nanofiber prepared by
alkali treatment and electrospinning using ionic liquid,” Fibers Polym., Vol. 14, No. 4, 2013,
pp. 530-536.

Chase, G. G., Varabhas, J. S., & Reneker, D. H., “New Methods to Electrospin Nanofibers,” J. Eng. Fiber.
Fabr., Vol. 6, No. 3,2011, pp. 32-38.

Szczesna-antczak, M., & Kazimierczak, ], “Nanotechnology - Methods of Manufacturing Cellulose
Nanofibres,” Fibers Text. East. Eur., Vol. 2, No. 91, 2012, pp. 8-12.

145



