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ARTICLE INFO ABSTRACT

Article history: Dry powder products are highly sensitive to oxygen and water vapour and must have a long shelf life.

Available online 12 November 2021 Currently, they are vacuum-packaged in sachets whose walls are made of a composite film that stops
oxygen and water vapour from entering the package. Most of these composites are not biodegradable,

Keywords: a situation that the most agricultural company now wants to change to gain in sustainability.

Oxygen permeability According to National Geography (2019), every year, about 8 million tons of plastic waste escapes into

Nanocellulose
Biopolymer
Nanocomposites

the oceans from coastal nations, with some estimates ranging to at least 400 years to break down.
Over the years, there is huge interest in the development and use of biobased packaging materials, how-
ever, most of these materials are brittle and have low mechanical properties. Thus, in order to overcome
these drawbacks, blended polymers with the reinforcement of nanocellulose are recommended. The aim
of this paper is to review packaging films with oxygen barrier properties similar to those of the conven-
tional films but also having biodegradable properties. From the literature, the oxygen permeability coef-
ficient improved with the high strength, modulus, and ductility, as the nanocellulose was reinforcing
with biopolymer. This might be due to nanocellulose that contributes to the higher stretchability of
the composite biofilms. A fine dispersion of nanocellulose throughout the polymer host promoted several
improved properties of the composite biofilms. In addition, nanocellulose had greatly enhanced oxygen
and water vapour barrier properties. It would indeed push the usability of biopolymers forward, and cer-
tainly, prompt wider application of biodegradable polymers in the fields of environmental protection
such as biodegradable food packaging.

Copyright © 2021 Elsevier Ltd. All rights reserved.

Selection and peer-review under responsibility of the scientific committee of the 2021 Research, Inven-
tion, and Innovation Congress: Materials Science.

1. Introduction to oxygen barrier composite materials

Over the past few years, the replacement of petroleum-derived
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trends in the polymer field [1-4]. Among the drivers towards more
sustainable packaging materials, the following ones stand out: the
accumulation of plastics in the ocean, waste legislation, waste
management and landfilling, marketing trends, growing environ-
mental awareness, resource insufficiency, the need to reduce
energy consumption, as well as producer and consumer account-
ability [5,6]. Biopolymers are recommended due to their
biodegradability, availability, sustainability, biocompatibility, rela-
tively low cost, non-toxicity and appealing physical and mechani-
cal properties; in addition, they bring about a possible reduction in
overall carbon footprint [7,8]. The utilisation of biopolymers as
alternatives to petroleum-based plastics may reduce carbon diox-
ide emissions between 30% and 70% [9-11]. While the packaging
industry is focusing on reducing the utilisation of raw material,
waste volume, and transportation cost [ 12|, producers are focusing
on increasing shelf-life of the products and creating lighter prod-
ucts [13], and consumers are focusing on environmentally-
friendly, green packaging, recyclable, and non-fossil-based packag-
ing solutions [14]. The basic goal of a package is to protect the pro-
duct in a sustainable way from the surrounding environment.
Packaging materials function to provide mechanical, biological,
and chemical protection to the product. Suitable packaging should
make the product more sustainable, reduce the loss of product,
enable long shelf life of the product, make the product safe, and
fulfil performance metrics. Therefore, in order to achieve these
requirements, barrier materials should protect against oxygen,
grease, micro-organisms, water, aromatic compounds, moisture,
and carbon dioxide. According to Helanto et al. [5], the most com-
mon challenges with biopolymers are their low resistance to gases,
water, heat, and mechanical stress, as well as their relatively high
price [ 15]. Compared to the common petroleum-based polymers,
most biopolymers have some drawbacks, including low oxygen
and water barrier properties as well as brittle structure due to
the strong intermolecular and intramolecular hydrogen bondings
between the chains, especially thermoplastic starch [16-21]. Asa
component of packaging materials, biopolymers such as poly-
butylene adipate terephthalate (PBAT) provides the necessary elas-
ticity properties. However, it needs to be combined with other
materials such as polylactic acid (PLA) to promote the required
oxygen barrier performance [22]. Besides that, a commonly used
approach to overcome these drawbacks is to blend these polymers
with others polymers, additives or reinforcing agents (such as
emulsifiers, kaolin, pectin, natural fibre, nanocellulose, bark, and
others) to form composite materials [23-29].

Manocrystalline cellulose (NCC) is a type of nanocellulose mate-
rial that resulted from the chemical treatment of cellulose usually
sulfuric acid [30-32]. A diameter of between 2 and 100 nm have
been reported for nanocrystalline cellulose (NCC) and nanofibril-
lated cellulose (NFC) and their length can vary between tens of
nanometres to micrometres. NCCs are mostly extracted from
plants and agricultural residues including softwood, sugar palm,
bamboo, jute fibres, coconut husk fibres, pineapple leaf, rice straw,
and potato peel. Delignification with sodium hydroxide and
sodium chlorite will result in the removal of lignin, hemicellulose,
and other impurities. Following that, chemical treatment through
acid hydrolysis will be conducted to produce nano-size cellulose.
The hydrolysis conditions, including acid|fibre ratio, temperature,
hydrolysis time, acid concentration, and sonication time show
strong effects on the yield, sulphur content (in the case of sulphuric
acid), anionic sites, Zeta potential, width, length and aspect ratio of
the produced NCC [31,33]. NCCs show high tensile strength (>1
GPa) and high modulus (about 40 GPa). Researches on NCCs have
experienced explosive growth in recent years due to their high
potential in a wide variety of advanced applications, derived from
the high strength, high modulus, large aspect ratio/surface area,
rich surface chemistry, optical properties, low density and bio-
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based nature of the nanofibers. Due to the advantages, nanocellu-
loses have been widely used as reinforcement materials in a
variety of polymers including TPS, polylactic acid (PLA), poly-
butylene adipate terephthalate (PBAT), polyhydroxyalkanoate
(PHA), polybutylene succinate (PBS), chitosan, and pectin [34,35].

This paper aims to give an overview of the use of nanocellulose
reinforced biopolymer composite for packaging purposes as well as
to summarise the recent developments in various barrier films
based on nanocellulose with a special focus on oxygen barrier
properties.

2. Types of nanocellulose

Manocellulose as shown in Fig. 1, can be categorised into three
types: (i) nanocrystalline cellulose (NCC), also known as cellulose
nanocrystal (CNC) and cellulose nanowhiskers (CNW), (ii) nanofib-
rillated cellulose (NFC), also referred to as cellulose nanofibrils
(CNF), and (iii) bacterial nanocellulose (BNC), also referred to as
bacterial cellulose (BC) [36,37]. The types of nanocellulose are then
merely dependent on the methods of isolation. These extraction
methods can be divided into three types; (i) chemical methods (al-
kaline/acid hydrolysis, TEMPO mediated-oxidation), (ii) mechani-
cal treatment (homogenisation, crushing, and machining) and
(iii) combination of chemical and mechanical methods (electro-
spinning, hydrolysis). Whereas, BNC is derived explicitly via enzy-
matic or acid hydrolysis [38,39]. All nanocelullose divisions with
their methods of isolation and properties are listed in Table 1.

3. Barrier properties of polymer

Permeability is the permeance multiplied by the thickness as
shown in Table 2. Barrier properties are not only determined by
the nature of the material but are also a function of temperature,
pressure, and relative humidity. Barrier properties are usually
measured under equilibrium moisture conditions with a controlled
environment. According to Wang et al. [45], classification of com-
monly utilised polymeric packaging materials can be categorised
into five categories, as shown in Table 3, which intentionally clas-
sifies polystyrene (PS), polyethylene (PE), and polypropylene (PP),
into the poor oxygen barrier category.

4. Oxygen barrier properties of nanocellulose reinforced
biopolymer

Recent progress has shown that nanocelluloses are able to serve
as oxygen barrier materials (Table 4). Their unique characteristics
have enabled them to form a dense microstructure, presenting
high potential as a gas barrier. Coating a thin layer of TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl)-oxidised nanocellulose on
films of PLA has resulted in the nanocomposite films with ultra-
high transparency and outstanding oxygen barrier properties
|53]. Besides that, dispersing nanocellulose in biopolymers has
been shown to improve the oxygen permeability resistance
[54-56].

The nanocellulose functions as a physical barrier structure,
based on the “tortuous theory,” in order to prevent the movement
of oxygen gas molecules through the barrier. According to Fuku-
zumi et al. [57], the oxygen molecules demonstrate kinetic widths
of the same order of magnitude as the pores are partially separated
in the nanocellulose network, in which they restrict oxygen from
being transported through the films. This tortuous pathway varies
according to the molecular diffusion and permeation features, free
volume shape, quantity, and size. However, there is a possibility of
existing free volume, in which this free volume is produced by the
surface incompatibility between two components or is restricted
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Fig. 1. Extraction of nanocellulose from cellulose fibre [1431,39-42],

Table 1
Family of nanocellulose materials [3843 44,
Type of nanocellulose Synonyms Typical sources Extraction Formation Average Properties
process size
MNano/microfibrillated Microfibrillated Wood, high plants (sugar beet, Mechanical It can be extracted from D =5-60 Low
cellulose (NFC) cellulose, potato) tuber, hemp, flax, sugar processes cellulose chains using nm crystallinity,
nanofibrils, palm fibre mechanical process to cleavage L= several longer length,
microfibrils, the fibre into nanometer size in -~ mm high aspect
nanofibrillated diameter Network ratio
cellulose structured
nano-
scaled
fibres
Manocrystalline Cellulose Sugar palm fibre, bamboo, kenaf, Acid It can be extracted from D=4- High
cellulose (NCC) nanocrystals, cotton, tunicin, wood, hemp, flax, hydrolysis cellulose chains using acid 70nm crystallinity,
crystallites, wheat straw, ramie, Avicel, hydrolysed amormphous region L=90-450 short length
whiskers, rodlike cellulose from algae and bacteria and left only crystalline region. nm and low
cellulose, Discrete aspect ratio
microcrystals rod-shaped
particles
Bacterial nanocellulose  Bacterial cellulose, Low molecular weight sugars and  Bacterial Different types of nanofiber D=20- High aspect
(BC) microbial cellulose, alcohols, gram-negative bacteria synthesis networks 100 nm ratio
bio-cellulose
Table 2
Barrier parameters, equations, and units.
Barrier Property Equation Unit
Water Vapour Transmission Rate (WVTR) WVTR= Q‘Wﬂ glm*day
Water Vapor Permeability (WVF) WVP= ﬁ%m g.um{mz.day.kl’a
Oxygen Transmission Rate (OTR) OTR= talumepasedthingh em¥m?.day
- - 3 2
Oxygen Permeability (OF) op= OK_QE.HJ&M&_"“JW ey cm-.pmfm®.day.atm

to the structures. Therefore, developing new high-gas barrier
materials is still a challenge.

In addition to protecting the product against migration of the
components and transmitted moisture, gas, and other dangerous
agents from surroundings, an ideal barrier packaging should be
thermally stable and mechanically robust [58,59]. The appropriate
mixture of materials is crucial to improvise the barrier properties
of the packaging. The material's barrier properties as a function
of the morphology of each component are displayed in Fig. 2
|60]. Lange et al. [60] summarised that the continuous layers
arrange with multilayer structure (Fig. 2A) is more effective com-
pared to the lamellar blend or fibrillar morphology (Fig. 2B); the
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latter is better than the particulate system (Fig. 2C). It may be
understood that mixtures include gaps between barrier particles
to produce gas passageways to penetrate them, although the
increased tortuosity reduces the penetration of gas. It can be con-
cluded that although the increased tortuosity within the blends
composite slows gas permeation, however, the formation of the
gaps between the barrier particles would form passages for gases
to penetrate through them. Therefore, this is the reason why many
food barrier packaging industries utilise multilayer films with thin
layers of continuous phase barrier materials. Besides that, litera-
ture data reviewed also revealed that the continuous nanocellulose
phase in the neat and coated films performs better compared to the
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Table 3
Barrier classifications of films based on oxygen and water vapour permeability™.
Grade Oxygen Permeability Example b WVP {g.um{mz.day.kl’a) Example b
(em® . pm/m* day.atm)
Poor >40000 HDPE 43307, PP 59055, PS 170866, PHB 3025557, >3000 Silicone Elastomer 3502
LDPE 790000¢
Low 4000-40000 PVC 4252, BOPP 113204, PHA 150003, PLA 305,005 1000-3000 PAG 1253, PLA 11,602
Medium 400-4000 EVOH wet 787, OPET 1181, PA 6 wet 1972, PET3543  40-1000 PSG60, PHA 824 ® PLA 808"
High 40-400 PVdC 98, PA 6 dry 449 40-400 PAN 251, PVC 132, PET 79, LDPE 164 "
Very high <40 EVOH dry 393 <40 HDPE 23, FP20, PVdAC 17, OPET 4', BOPP 7°

“The number by the name is the permeability coefficient of that material at 23-25 °C for OP without specified RH%: 37.8 °C and 90%RH for WVP. BOPP: biaxially orented
polypropylene; EVOH: ethylene vinyl alcohol; HDPE: high-density polyethylene; LDPE: low-density polyethylene; OPET: oriented polyethylene terephthalate; PA 6: poly-
amide &; PET: polyethylene terephthalate; PHA: polyhydroxyalkanoates; PHB: polyhydroxybutyrate; PLA: polylactic acid: PP: polypropylene; PVC: polyvinyl chloride; PVdC:

polyvinylidene chloride; PS: polystyrene: PAN: polyacrylotrile. PRef [45]. “Ref [46]. “Ref [47]. “Ref [48]. "Ref [49]. ®Ref [50]. "Ref [51] at 25 °C, 84/22%. 'Ref[52].

Table 4
Oxygen permeability of nanocellulose reinforced biopolymer nanocomposites.

Formulation Oxygen permeability Conditions Ref.
100% Bacteria CNCs/80% BCNCs + 20% PEG 900 6.1/3.6 24 °C, 0% [61]

5226462769 24 °C, B0%
50% CMFs + 50% PVOH[%25 CMFs + 25% PVOH + 50% clay 0.5/05 23°C, 0% [62]

6790/190 23°C, 0%

70% CMFs + 30% Sorbitol 5200 23 °C, B0% [63]
T5%PLA + 25%PHB/71% PLA + 24% PHB + 5% CNCs 13300/15300 RT, 0% [64]
Bio-HDPE[CNF/[bio-LDPE film 0.6 23°C, 0% [65]

8 23 °C, 50%

490 23 °C, B0%
Birch Xylan: Carboxymethylated CNFs: Plasticiser 70{30{0 242219,981,208,338 23 °C, 50% [66]

(G: Glycerol, M: MPEG, S: sorbitol) 60/40(0 23 °C, 50%

50(50(0 23 °C, 50%

G: 35/35/30 M: 35/35/30 23 °C, 50%

$:35/35(30 23 °C, 50%

23 °C, 50%
PLA(PLA + 15%CNCs 25388(37644 23°C, 0% [67]
PLA-PBAT blend (modified) + nanocellulose 330 23 °C, 55% [68]
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate), PHEV 2184 23 °C 0% [69]
Poly(vinyl alcohol-co-ethylene ), EVOH 65.1 23 °C, 65% [70]
Polycaprolactone (PCL)PCL + 5%CNCs 8750(7350 23°C, 0% [71]
Polylactic acid (PLA)/PLA + 5% CNCs 30,500/17400 25 °C, 0% [49]
Polylactic acid, PLA 541 23 °C, 55% [68]
PVOH/CMFs: FVOH, 1:100 4500050000 23 °C, 00% [72]

*Oxygen permeability in cmj-pm{mz-day-al:m. PEC: polyethylene glycol, PHB: polyhydroxybutyrate, PHOV: poly(vinyl alcohol), C: nanocellulose; CNFs: cellulose nanofibers;
LDPE: low-density polvethylene; PBAT: polybutylene adipate terephthalate. Slash symbol */* separates two formulations: the base material and nanocellulose composites. In
the columns of oxygen permeability, the number before /" is the oxvgen permeability of the base material, and the number after */* is the oxyvgen permeability of the

nanocellulose composite.

(A) Laminar Strycture

A
2
E
P
5
o
(B) Lamellar Blend
L ] [ ] L ]
® .". Q . @] '.o
°Q o, ° ° . [ ] o ®
(C) Particular System

100

Volume Fraction (%)

Fig. 2. Permeability of a blend of a high-barrier material as indicated in black in a low-barrier matrix as a function of the morphology [G0].
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100 pm-m*d~'-mbar '] of PE-LD (1.400/004), PE-HD (500/0.01), PET-BO {13/
0.09), PP (850/0.02). Reproduced with copyright permission from Jost et al [73].

dispersed nanocellulose phase in nanocomposites with respect to
gas barriers.

Besides that, based on Fig. 3, it can be observed that the rein-
forcement of the filler within the blended biopolymer improved
the oxygen and water vapour permeability, and the result was
much better compared to the commercialised petroleum-based
polymer. The oxygen permeability coefficient of the PLA/PBAT/-
nanocellulose was expected to be as low as 100 cm® (STP)100
um.m *d~'.bar~!, combining with the high strength (30 MPa),
Young's modulus (2 GPa), and elongation (400%), as indicated in
Fig. 3, respectively. The suggested mechanism was the increased
tortuosity resulting from the high crystallinity of nanocellulose.

5. Conclusion

The interest in nanocellulose reinforced biopolymer-based
nanocomposite in packaging applications has accelerated signifi-
cantly despite it is still at the infancy stage. A number of interesting
solutions have been discussed or are being implemented at various
stages such as types of nanocellulose and biopolymer used, and
using nanocellulose as (1) laminar, (II) lamellar blend, or (Ill) in a
particular system. The reinforcement of the nanocellulose with
biopolymer-based packaging films strongly influence the oxygen
barrier properties. However, an important necessity for further
research is still needed due to inadequate resistance to moisture
and water vapour. In addition, it is evident that there are many dif-
ferent combinations of contrasts between nanocrystal cellulose
products, nanofibrillated cellulose products, and bacterial nanocel-
lulose material. Such challenges and options implied that there will
be a strong need for continuing research in the coming years in the
attempt to achieve the full potential of nanocellulose in a wide
range of packaging applications.

Declaration of Competing Interest
The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Materials Today: Proceedings 52 {2022) 2414-2419

Acknowledgements

The authors would like express gratitude for the financial sup-
port received from Universiti Teknologi Malaysia, project CRG 30.3:
Retardant coating using graphene/bamboo aerogel mixtures on
SAR robotics system, grant number PY/2020/03495—R]130000.73
51.4B534". The research has been carried out under program
Research Excellent Consortium (JPT)(BKI)1000/016/018/25(57)
provided by Ministry of Higher Education Malaysia (MOHE).

References

[1] A Rozilah, CN.A. Jaafar, S.M. Sapuan, [. Zainol, RA [lyas, Polymers (Basel). 12
(2020) 2605,

[2] R Jumaidin, M.AA Khiruddin, Z, Asyul, Sutan, Saidi, MS. Salit, RA., llvas,
Int. J. Biol. Macromol. 146 {2020),

[3] RA llyas, S.M. Sapuan, M.M. Harussani, M.Y.AY. Hakimi, M.Z.M. Hazig, M.5.N.

Atikah, M.EM. Asyraf, M.R. Ishak, ME Razman, NM. Nurazzi, MNF.

Morrrahim, H. Abral, M. Asrofi, Polymers (Basel). 13 (2021,

M.EM. Asyraf, MR Ishak, SM. Sapuan, N Yidris, RA Ilyas, . Mater. Res.

Technol. 9 {2020) 6759-6776.

K. Helanto, L. Matikainen, R. Talj, 0). Rojas, BioResources., 14 (2019) 4902

4951,

[6] MH. Sari, CL Pruncu, SM. Sapuan, RA. llyas, A.D. Catur, 5 Suteja, Y.A

Sutaryono, G. Pullen, Polym. Test. 91 {2020) 106751,

[7] RS Ayu, A Khalina, AS. Harmaen, K. Zaman, T. Isma, @ Liu, RA Ilyas, CH. Lee,

Polymers (Basel). 12 {2020) 1571.

M. Ramesh, C. Deepa, LR. Kumar, M. Sanjay, 5. Siengchin, ]. Ind. Text. (2020) 1

25,

[9] M-LS. Abdul-Latif, MY. Ong, 5. Nomanbhay, B. Salman, PL Show,
Bivengineered. 11 (2020) 154-164,

[10] ). Yu, LXL Chen, Environ. Sci. Technol. 42 (2008) 6961-6966.

[11] M. Kumari, S.P. Bangar, M. Petri, RA. llyas, A Singh, P. Kumar, Foods. 10 (2021)
1976,

[12] M.A Hubbe, A. Ferrer, P. Tvagi, Y. Yin, C. Salas, L. Pal, 0.). Rojas, BioResources.
12 (2017) 2143-2233,

[13] M. Ozdemir, |.D. Floros, Crit. Rev. Food Sci. Nutr. 44 (2004) 185-193.

[14] H. Abral, A.B. Pratama, D. Handayani, M. Mahardika, I. Aminah, N. Sandrawati,
E. Sugiarti, AN, Muslimin, S.M. Sapuan, RA. llyas, Int. ]. Polym. Sci. 2021 {2021)
1-11.

[15] A Vinod, M.R. Sanjay, 5. Suchart, P. Jyotishkumar, |. Clean. Prod. 258 (2020)
120978,

[16] R Jumaidin, N.A. Diah, R.A. llvas, RH. Alamjuri, FAM. Yusof, Polymers (Basel ).
13 (2021) 1420.

[17] R Svafig, SM. Sapuan, M.Y.M. Zuhri, RA. [lvas, A, Nazrin, SF.K Sherwani, A.
Khalina, Polymers (Basel). 12 {2020) 2403,

[18] A Nazrin, SM. Sapuan, MY.M. Zuhri, LSMA Tawakkal, RA. llvas,
Manotechnol. Rev. 10 (2021) 431-442,

[19] RA.Ilyas, 5.M. Sapuan, M.R. Ishak, ES. Zainudin, Carbohydr. Polym. 202 (2018)
186-202.

[20] P. Archana, T. Sudha, C. Engineering, T. Madu, T. Nadu, T. Madu, T. Nadu,
Automatic Fire Extinguisher 1 (25) (2021) 245-250.

[21] ZN. Divana, R. Jumaidin, M.Z Selamat, . Ghazali, N. Julmohammad, N. Huda, R.
A llyas, Polymers (Basel). 13 {2021) 1-20.

[22] S. Qiu, Y. Zhou, G.LN. Waterhouse, R. Gong, |. Xie, K. Zhang, J. Xu, Food Chem.
334 (2021) 127487,

[23] M.L. Sanyang, R.A Ilyas, S.M. Sapuan, R Jumaidin, in: Bionanocomposites
Packag. Appl, 1st ed.,, Springer Intemational Publishing, Cham, Switzerand,
2018, pp. 125-147.

[24] A MNazrin, S.M. Sapuan, M.Y.M. Zuhri, RA. llvas, R. Svafig, S.F.K Sherwani,
Front. Chem. 8 {2020) 1-12.

[25] M.M. Nurazzi, M.R.M. Asyraf, A Khalina, N. Abdullah, H.A. Aisvah, S.A. Rafigah,
F.A Sabaruddin, SH Kamarudin, M.N.F. Norrrahim, RA. Ilyas, S.M. Sapuan,
Polymers (Basel). 13 (2021) 646.

[26] M.E. Sanjay, 5. Siengchin, Express Polym. Lett. 15 (2021).

[27] S.M. Rangappa, 5. Siengchin, HN. Dhakal, Appl. Sci. Eng. Prog. 13 (2020).

[28] M.M. Nurazzi, F.A. Sabaruddin, M.M. Harussani, S.H. Kamarudin, M. Rayung, M.
RM. Asyraf, HA. Aisyah, M.N.F. Norrrahim, RA. llyas, N. Abdullah, ES.
Zainudin, 5.M. Sapuan, A Khalina, Nanomaterials, 11 (2021) 2186,

[29] M.M. Nurazzi, M.R.M. Asyraf, M. Rayung, M.N.F. Norrrahim, 5.5, Shazleen, M.S.
A Rani, AR. Shafi, HA Aisyah, M.H.M. Radzi, F.A. Sabaruddin, RA. Ilyas, E.S.
Zainudin, K. Abdan, Polymers (Basel). 13 (2021) 2710.

[30] AAB. Omran, AABA. Mohammed, S.M. Sapuan, RA Ilvas, ME.M. Asyraf, 5.5
R Koloor, M. Petri, Polymers (Basel) 13 (2021) 231.

[31] RA. llyas, S.M. Sapuan, M.S.N. Atikah, M.E.M. Asyraf, S.A Rafigah, H.A Aisyah,
M.M. Murazzi, M.N.F. Norrrahim, Text. Res. |. 91 {2021) 152-167.

[32] F.A Sabaruddin, M.T. Paridah, S.M. Sapuan, R.A. llyas, S.H. Lee, K. Abdan, N.
Mazlan, ASM. Roseley, HP.S. Abdul Khalil, Polymers {Basel) 13 (2020) 116.

[33] RA.Ilyas, 5.M. Sapuan, R. [brahim, H. Abral, M.R. Ishak, ES. Zainudin, M. Asrofi,
M.S.M. Atikah, M.EM. Huzaifah, AM. Radzi AMN. Azammi, MA.
Shaharuzaman, NM. MNurazzi, E. Syafri, MH. Sarn, M.N.F. Norrrahim, R
Jumaidin, |. Mater. Res. Technol. 8 (2019) 2753-2766.

[4

[5

18




RA. llyas, A Azmi, NM. Nurazzi et al

[34] M.N.F. Norrrahim, N.A Mohd Kasim, V.F. Knight, N. Abdul Halim, N.A. Ahmad
Shah, S.A. Mohd Noor, SH. Jamal, KK Ong, W.M.Z. Wan Yunus, M.A. Ahmad,
Farid, M.A. Jenol, [, RA., Funct, Compos. Struct. 149 (2021) 543-547,

[35] RA. llyas, 5.M. Sapuan, A Atigah, R. [brahim, H. Abral, M.R. [shak, ES. Zainudin,
M.M. Murazzi, M.S.N. Atikah, M.M.M. Ansari, M.RM. Asyraf, A.B.M. Supian, H.
Ya, Polym. Compos. (2019) 1-9,

[36] H. Abral, ). Ariksa, M. Mahardika, D. Handayani, L. Aminah, N. Sandrawati, AB.
Pratama, N. Fajri, S.M. Sapuan, RA. llyas, Food Hydrocoll. 98 (2020) 105266,

[37] RA. llvas, S.M. Sapuan, M.L. Sanvang, M.R. Ishak, ES. Zainudin, Curr. Anal
Chem. 14 (2018) 203-225.

[38] C. Zinge, B. Kandasubramanian, Eur. Polym. |. 133 (2020) 109758,

[39] H. Abral, MK. Chairani, M.D. Rizki, M. Mahardika, D. Handayani, E. Sugiarti, A
M. Muslimin, SM. Sapuan, RA. llyas, ). Mater. Res. Technol. 11 {2021)
896-904.

[40] RA. llyas, S.M. Sapuan, MR Ishak, Polym. 181 (2018) 1038-1051.

[41] RA. llyas, 5.M. Sapuan, R Ibrahim, H. Abral, M.R. Ishak, E.S. Zainudin, M. Asrofi,
M.SMN.  Atikah, M.RM. Huzaifah, AM. Radzi, AMMN  Azammi, MA
Shaharuzaman, N.M. MNurazzi, E. Syafri, MH. Sari, MMNF. Nomrahim, R
Jumaidin, ). Mater. Res. Technol. 8 (2019,

[42] RA. llyas, SM. Sapuan, M.R. Ishak, ES. Zainudin, Int. J. Biol. Macromol. 123
(2019) 379-388.

[43] A. Sharma, M. Thakur, M. Bhattacharya, T. Mandal, 5. Goswami, Biotechnol.
Reports. 21 (2019) e00316.

[44] D. Lasrado, 5. Ahankari, K. Kar, |. Appl. Polym. Sci. 137 (2020) 1-14.

[45] ). Wang, D.). Gardner, M.M. Stark, M. Tajvidi, Z. Cai, A.C5. Sustain, Chem. Eng. 6
(2018) 49-70.

[46] P. Dhar, U. Bhardwaj, A Kumar, V. Kativar, Polym. Eng. Sci. 55 (2015) 2388~
2305,

[47] N.M.L. Hansen, D. Flackett, Biomacromolecules. 9 (2008) 1493-1505.

[48] M. Rezaei, M. Mohseni, H. Yahyaei, Prog. Orz. Coatings. 99 (2016) 72-79,

[49] E. Fortunati, M. Peltzer, I. Armentano, L. Torre, A. Jiménez, |M. Kenny,
Carbohydr. Polym. 90 (2012) 948-956,

[50] E. Bugnicourt, P. Cinelli, A. Lazzeri, V. Alvarez, Express Polym. Lett. 8 (2014)
791-808.

[51] C. Péroval, F. Debeaufort, D. Despré, A. Voilley, ). Agric. Food Chem. 50 (2002)
3977-3983.

[52] ASTM F1249: Standard Test Method for Water Vapor Transmission Rate
Through Plastic Film and Sheeting Using a Modulated Infrared Sensor; ASTM
International, West Conshohocken, PA, 2013, 2013,

2419

Materials Today: Proceedings 52 (2022) 2414-2419

[53] H.Fukuzumi, T. Saito, T. Iwata, ¥. Kumamoto, A [sogai, Biomacromolecules. 10
(2009) 162-165.

[54] L. Du, H. Yu, B. Zhang, R. Tang, ¥. Zhang, C. Qi, M.P. Wolcott, Z Yu, . Wang,
Carbohydr. Polym. 268 {2021) 118206.

[55] H. Fang, X. Chen, 5. Wang, 5. Cheng, Y. Ding, Cellulose. 26 (2019) 9751-9764.

[56] B.M. Jung, HW. Jung, D.H. Kang, GH. Kim, M. Lee, ].K. Shim, SW. Hwang, .
Appl. Polym. Sci. 137 (2020) 49536,

[57] H. Fukuzumi, T. Saito, 5. Iwamoto, ¥, Kumamoto, T. Ohdaira, R Suzuki, A
Isogai, Biomacromolecules, 12 {2011) 4057-4062,

[58] P. Jagadeesh, Y.G. Thyavihalli Girijappa, M. Puttegowda, 5.M. Rangappa, 5.
Siengchin, |. Mat. Fibers, (2020) 1-16

[59] S. M.R., 5. Siengchin, ). Parameswaranpillai, M. Jawaid, CL Pruncu, A. Khan,
Carbohydr. Polym. 207 {2019) 108-121.

[60] ). Lange, ¥. Wyser, Packag. Technol. Sci. 16 (2003) 149-158

[61] M. Martinez-Sanz, A. Lopez-Rubio, .M. Lagaron, Carbohydr. Polym. 98 (2013)
1072-1082

[62] S.Spoljaric, A. Salminen, M. Dang Luong, P. Lahtinen, J. Vartiainen, T. Tammelin
J. Seppala, Polym. Compos. 35 (2014) 1117-1131.

[63] ). Vartiainen, P. Lahtinen, T. Kaljunen, V. Kunnari, M.5. Peresin, T. Tammelin,
Softwood and Hardwood Pulps O Pap. 76 (2015) 57-60.

[64] M.P. Amrieta, E. Fortunati, F. Dominici, E. Rayén, |. Lopez, .M. Kenny, Polym.
Degrad. Stab. 107 (2014) 139-149.

[65] ). Vartiainen, Y. Shen, T. Kaljunen, T. Malm, M. Vaha-Nissi, M. Putkonen, A.
Harlin, J. Appl. Polym. Sci. 133 (2016)

[66] M.M.L. Hansen, T.O.). Blomfeldt, M.5. Hedengvist, D.V. Plackett, Cellulose. 19
(2012) 2015-2031.

[67] E. Espino-Pérez, |. Bras, V. Ducruet, A Guinault, A Dufresne, 5. Domenek, Eur.
Folym. ). 49 (2013) 3144-3154.

[68] C.K. Sonar, 5. Al-Ghamdi, F. Marti, ). Tang, 5.5. Sablani, Innov. Food Sci. Emerg.
Technol. 66 (2020) 102485,

[69] M.M.F. Norrahim, H. Ariffin, M.A Hassan, N.A. [brahim, H. Nishida, RSC Adv. 3
(2013) 24378-24388.

[70] L Miao, W.C. Walton, L. Wang, L. Li, ¥. Wang, Food Packag. Shelf Life. 22 (2019)
100388,

[71] RA. Khan, 5. Beck, D. Dussault, 5. Salmieri, J. Bouchard, M. Lacroix, J. Appl.
Polym. Sci. 129 {2013) 3038-3046.

[72] S. Virtanen, ). Vartianen, H. Setala, T. Tammelin, 5. Vuoti, RSC Adv. 4 (2014)
11343,

[73] V. Jost, Express Polym. Lett. 12 (2018) 429-435,




Oxygen permeability properties of nanocellulose reinforced
biopolymer nanocomposites

ORIGINALITY REPORT

19, 166 144 11«

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

M.R.M. Asyraf, M.R. Ishak, Agusril Syamsir,
N.M. Nurazzi et al. "Mechanical properties of
oil palm fibre-reinforced polymer composites:
a review", Journal of Materials Research and
Technology, 2022

Publication

T

M. Rafidah, M.R.M. Asyraf, N.M. Nurazzi,
Shukur Abu Hassan et al. "Unlocking the
potential of lignocellulosic biomass in road
construction: A brief review of OPF", Materials
Today: Proceedings, 2023

Publication

T

e

mediatum.ub.tum.de

Internet Source

T

-~

bioresources.cnr.ncsu.edu

Internet Source

1o

Thanikodi Sathish, Praveenkumara Jagadeesh,
Sanjay Mavinkere Rangappa, Suchart
Siengchin. "Mechanical and thermal analysis
of coir fiber reinforced jute/bamboo hybrid

T



epoxy composites"”, Polymer Composites,
2022

Publication

www.idsemergencymanagement.com

Internet Source

(K

Devita Amelia, Eva Fathul Karamah, Melbi
Mahardika, Edi Syafri, Sanjay Mavinkere
Rangappa, Suchart Siengchin, Mochammad
Asrofi. "Effect of advanced oxidation process
for chemical structure changes of
polyethylene microplastics", Materials Today:
Proceedings, 2021

Publication

T

Mochamad Asrofi, S.M. Sapuan, R.A. llyas, M.
Ramesh. "Characteristic of composite
bioplastics from tapioca starch and sugarcane
bagasse fiber: Effect of time duration of
ultrasonication (Bath-Type)", Materials Today:
Proceedings, 2020

Publication

T

K.Z. Hafila, R. Jumaidin, R.A. llyas, M.Z.
Selamat, Fahmi Asyadi Md Yusof. "Effect of
palm wax on the mechanical, thermal, and
moisture absorption properties of
thermoplastic cassava starch composites”,
International Journal of Biological
Macromolecules, 2022

Publication

T




umpir.ump.edu.my

Internet Source

T

—_—
—

www.science.gov

Internet Source

(K

—
N

Sanna Hokkanen, Mika Sillanpaa. "Nano- and
microcellulose-based adsorption materials in
water treatment", Elsevier BV, 2020

Publication

T

—
w

eprints.covenantuniversity.edu.ng

Internet Source

T

B

mymedr.afpm.org.my

Internet Source

T

—_
U1

helda.helsinki.fi

Internet Source

T

—
(©))

myethicalchoice.com

Internet Source

T

—
~N

"Bio - based Packaging", Wiley, 2021

Publication

(K

—
00

sustainablechemicalprocesses.springeropen.com

Internet Source

T

—
O

Preeti Tyagi, Khandoker Samaher Salem,
Martin A. Hubbe, Lokendra Pal. "Advances in
barrier coatings and film technologies for
achieving sustainable packaging of food

T



products - A review", Trends in Food Science
& Technology, 2021

Publication

N
(@)

repositorio.ipen.br

Internet Source

(K

vdoc.pub
Internet SEurce 1 %
WWW.mtmcongress.com 1
Internet Source g %
Feng Wu, Manjusri Misra, Amar K. Mohanty. <’ y
"Challenges and new opportunities on barrier ’
performance of biodegradable polymers for
sustainable packaging", Progress in Polymer
Science, 2021
Publication
Submitted to Universiti Putra Malaysia
Student Paper y <1 %

Exclude quotes On Exclude matches <16 words

Exclude bibliography On



Oxygen permeability properties of nanocellulose reinforced
biopolymer nanocomposites

GRADEMARK REPORT

FINAL GRADE GENERAL COMMENTS

/O Instructor

PAGE 1

PAGE 2

PAGE 3

PAGE 4

PAGE 5

PAGE 6




