
Fabrication, structure and use of nanocellulose as reinforcement in polymer composites 

Nadir Ayrilmis 

Department of Wood Mechanics and Technology, Forestry Faculty, Istanbul University, Bahcekoy, Sariyer, 34473, Istanbul, Turkey 

nadiray@istanbul.edu.tr  

Abstract: Nanocellulose is defined as term refers to the cellulosic materials with defined nano-scale structural dimensions. Nanocellulose 

can be mainly categorized into three main types; nanocrystalline cellulose (NCC), nanofibrillated cellulose (NFC), and bacterial 

nanocellulose (BNC). The special attention is the size of nanocellulose fiber which generally contains less than 100 nm in diameter and 

several micrometers in length. The NCCs have very attractive fundamental properties such as high strength and stiffness, low density, 

biodegradability, transparency, and extremely low thermal expansion property. They have extremely strong mechanical properties, e.g., a 

Young’s modulus of 130-140 GPa. As a results of the recent developments in the nanotechnology in the last deceade, nanocellulose has 

garnered much attention for its use in biocomposites, biofilms, medicine, coatings, thermoplastic and thermosetting resins. The production 

cost of nanocellulose is gradually decrasing due to increasing utilization by many industries all over the world. In this study, structure of use 

of nanocellulose and its use in polymer composites was reviewed. 
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1. Introduction

The preparation of polymer nanocomposites using

nanocelluloses has been found to be of growing interest due to 

the unique characteristics of those nanomaterials, such as 

numerous surface –OH groups and their associated ease of 

surface modification, high strength, (potentially) low cost, and 

renewability. However, those nanomaterials also suffer from 

certain disadvantages, including high moisture adsorption and 

poor compatibility with the hydrophobic polymer matrix [1]. 

Nanocelluloses are natural materials with at least one 

dimension in the nano-scale. Cellulose nanofibers (CNFs) (Fig. 

1). The CNFs can be produced from any kind of plant cell walls 

by simple mechanical methods or a combination of both chemical 

and mechanical methods. The word “nanocellulose” generally 

refers to cellulosic materials with one dimension in the 

nanometer range. They exist in nature as nano-structured 

materials, so called cellulose nanofibers (CNFs) [2]. The 

significance of forest biomaterials has been sharply increasing 

due to their abundance and substitutability and as a potential 

alternative to petroleum resource. Thus, high-quality utilization 

of forest biomaterial and their developments have intensively 

been requested for the next generation to ensure our future 

environmentally-friendly biomaterials. 

Figure 1. Tpes of nanocellulose [3]. 

Bio-nanocomposites are a new concept of combined and applied 

materials, which are produced using reinforcement particles with 

at least one dimension at the nanoscale. Cellulose microfibril is 

the major constituent of plant cell walls and has a width about 

10-30nm in diameter with crystalline domain and amorphous 

region [4]. In wood cell walls, the cellulose microfibril was 

surround by hemicellulose and lignin 

Research field of forest biomaterials has been dealing with 

many aspects of the utilization, significance, understanding and 

promotion of forest resources and industries [1].  Recently, 

researchers in the world have focused on these inherent strength 

and performance of CNFs and on the applications for a new class 

material (Fig 2). With advances in the ability to prepare and 

characterize CNFs, CNFs has been using for a wide variety of 

applications including polymers, textiles, cosmetics, food 

products, and nanocomposite materials as well as medical 

applications. Among those applications, light-weight and high-

performance CNF-reinforced nanocomposites have attracted 

great attention.  Light-weight, high-performance CNF-reinforced 

nanocomposites are expected to become the next generation of 

green materials, since they have the potential to replace 

conventional petroleum-based materials in a wide range of 

applications. CNFs provide benefits such as improved strength 

and stiffness with little sacrifice of toughness, reduced gas/water 

vapor permeability, a low coefficient of thermal expansion, and a 

large heat-deflection temperature [5]. The reinforcing effects of 

CNF on the properties of  

nanocomposite have been intensively studied [6,7].  

Figure 2. Dimensionas of nanocellulose [ 

Preparation and properties of cellulose nanofibers 
Generally, there are two representative CNFs, nanocrystalline 

cellulose (NCC) and microfibrillated cellulose (MFC). NCC is 

generally prepared by acid hydrolysis under strict conditions and 

has high crystallinity and low aspect ratio. The product, 

microfibrillated cellulose (MFC), exhibits gel-like characteristics. 

NCC suspensions have liquid-crystalline properties. In contrast to 

MFC and NCC, which are prepared from already biosynthesized 

cellulose sources, a third nanocellulose variant, bacterial 

nanocellulose (BNC), is prepared from low-molecular-weight 

resources, such as sugars, by using acetic acid bacteria of the 
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genus luconacetobacter [1]. The usage areas and SEM images of 

CNCs, CNFs, and BC are presented in Figure 3 [9].  

A 

B 

Figure 3. Some usage areas (A) and 

representative SEM images (B) of the three types 

of nanocellulose: CNCs, CNFs and BC [9]. 

Cellulose nanocrystal preparation by acid hydrolysis (chemical 

treatments) 

The amorphous regions around the cellulose microfibrils 

could be destroyed by acid hydrolysis under controlled 

conditions, keeping the crystallites intact [5]. The acid 

hydrolysis is selective in cellulose fibrils, resulting in colloid 

suspensions of cellulose nanocrystals. The presence of sulfate 

groups resulting from the acid hydrolysis treatment when using 

sulfuric acid to prepare cellulose whiskers (CNW) 

Nanocrystalline cellulose (NCC) induces the stability of the 

ensuing aqueous suspension. Using HCl for hydrolysis 

increases the thermal stability of cellulose nanostructures, but 

chloride ions are easily removed by repeated washings with 

wate. Whiskers of cellulose are primarily obtained by acid 

hydrolysis, with strong acids such as sulphuric and 

hydrochloric, which leads to nanocrystals ranging between 100 

and 400 nm in length and less than 10 nm in width [1]. 

Chemical treatment with sodium chlorite solution was 

cyclically applied five or more times under acidic conditions at 

70 ºC for an hour to remove lignin [1]. Liquid, gel, and powder 

forms of NCC are shown in Figure 4. 

 Figure 4. NCC at 5 wt% solution; at 12% wt solution; and NCC 

powder (by spray-dried) [7]. 

Conventional preparation methods for CNFs are on the 

basis of mechanical treatment by using wet disk-mill, high-

pressure homogenizer, cryocrushing, and other processes, 

after removing the matrix polymer from the lignocellulosic 

resources. Abe et al. [8] introduced a method to prepare 

CNFs with a uniform width of 15 nm from Radiata pine 

using wet disk-milling (WDM) after leaching hemicellulose 

with 6 wt% potassium hydroxide and delignification with 

acidified sodium chlorite solution. The sample was kept in 

a water-swollen state, after the removal of the matrix 

polymers, to avoid the generation of hydrogen bonding 

between the microfibril bundles after the removal of the 

matrix. Recently, microfibrillated cellulose (MFC) in nano 

scales has attracted attention in many different research 

areas, especially nanocomposite development, by virtue of 

its impressive mechanical properties [1]. 

Micro/nanofibrils (nanocrystalline cellulose (NCC), 

nanofibrillated cellulose (NFC)) isolated from natural fibers 

have garnered much attention for the use in composites, 

coatings, resins, and film because of high specific surface 

areas, renewability and unique mechanical properties in the 

past two decades. Nanocrystals are ricelike, needle-shaped 

and strong with diameters in the 5- to 10-nm range and 

lengths on the order of 100 to 200 nm, depending on the 

source. In contrast, nanofibrils, which tend to have roughly 

5-nm diameters, as spaghetti-like because they are longer (a

micrometer or more), flexible, and easily entangled [10].

Nanocellulose-based materials have high strength and low

weight. The highest grades have attributes that offer great

reinforcing strength and/or optical clarity, while lower

grades can offer increased strength and improved properties

at lower costs [11].

Bacterial nanocellulose 

As opposed to the existing methods for achieving 

nanocellulose by way of mechanical or chemo-mechanical 

processes, Bacterial cellulose (BC) is made by bacteria 

through biosynthesis of cellulose and fabricates bunches of 

microfibril. These bunches of microfibril have remarkable 

crystallinity (up to 84–89%), and an appropriate elastic modulus. 

Although bacterial cellulose is produced in nature, it can be 

produced from cultures in laboratories as a large-scale process. 

By controlling culturing conditions, the resulting cellulose can be 

tailored to have specific desirable properties. (BC) is more 

preferred over plant cellulose for edible applications; which is 

available in relatively pure form and no chemical process are 

required for the isolation of BC. In this regard, the bacterial 

nanocellulose produced by genus Gluconacetobacter 

(Gluconacetobacter xylinus) is recognized for its preferable 

properties. Superior mechanical and thermal properties, high 

crystallinity and water holding capacity are the reasons of 

specialty of bacterial nanocellulose [12]. The cellulose crystal is 

one of the strongest and stiffest organic molecules, with a 

modulus of 145 GPa and a strength estimated at 7500 MPa. The 

extension to break of a NCC is estimated to be only 2%. NCCs 

have high surface areas (~250 m2/g), are hydrophilic, and are 

quite amenable to surface derivatization [6]. 

Nanocellulose is regarded as a good alternative to improve 

the qualitative properties of biopolymers due to positive 

characteristics such as biodegradability, renewable, abundance 

and inexpensive cost, low density, strength and high durability as 

well as the possibility to derive from agricultural wastes and food 

industries. Global nanocellulose market was valued US$ 160.98 

Mn in 2017 and is estimated to reach US$ 687.97 Mn by 2026 at 

a CAGR of 17.51% [20]. Based on their dimensions, functions, 

and preparation methods, which in turn depend mainly on the 

cellulosic source and on the processing conditions, 

nanocelluloses may be classified in three main subcategories 

(Table 1) [9].  

Table 1. The family of nanocellulose materials [9]. 
Type of nano 
cellulose 

Selected reference 
and synonyms 

Typical 
sources 

Formation and 
average size 

Microfibrillated 

cellulose 
(MFC) 

Microfibrillated 

cellulose, 
nanofibrils and 

microfibrils, 

nanofibrillated 
cellulose 

Wood, 

sugar beet, 
potato 

tuber, 

hemp, flax 

Delamination of 

wood pulp by 
mechanical 

pressure before 

and/or after 
chemical or 

enzymatic 

treatment 
diameter: 5–60 
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nm 
length: several 

micrometers 

Nanocrystalline 

cellulose 

(NCC) 

Cellulose 

nanocrystals, 

crystallites, 
whiskers, rodlike 

cellulose 

microcrystals 

Wood, 

cotton, 

hemp, flax, 
wheat 

straw, 

mulberry 
bark, ramie, 

Avicel, 

tunicin, 
cellulose 

from algae 

and 
bacteria 

Acid hydrolysis 

of cellulose 

from many 
sources 

diameter: 5–70 

nm length: 100–
250 nm (from 

plant 

celluloses); 100 
nm to several 

micrometers 

(from celluloses 
of tunicates, 

algae, bacteria) 

Bacterial 
nanocellulose 

(BNC) 

Bacterial cellulose, 
microbial 

cellulose, 

biocellulose 

Low-
molecular-

weight 

sugars and 
alcohols 

Bacterial 
synthesis 

diameter: 20–

100 nm; 
different types 

of nanofiber 

networks 

The NCCs have very attractive fundamental properties such 

as high strength and stiffness, low density, biodegradability, and 

extremely low thermal expansion property. They have extremely 

strong mechanical properties, e.g., a Young’s modulus of 130-

140 GPa [1] (Table 2).  

Table 2. The comparison of tensile properties of cost of 

nanocrystalline cellulose (NCC) and other synthetic fibres [14]. 

Material Density 

g/cm3) 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(GPa) 

Cost 

($/kg) 

Hi Strength steel 7.9 600 210 ͠  1 

Aluminum 6061-

TL 

2.7 275 70 ͠  2 

E-glass 2.5 3500 80 ͠  2 

Carbon fiber 1.8 4000 230 ͠  20 

Nanocrystalline 

cellulose 

1.5 7500 135 4-10

Industrial applications of cellulose nanofibers 

Recently, researchers in the world have focused on these inherent 

strength and performance of CNFs and on the applications for a 

new class material. With advances in the ability to prepare and 

characterize CNFs, CNFs has been using for a wide variety of 

applications including textiles, cosmetics, food products, and 

nanocomposite materials as well as medical applications. Among 

those applications, light-weight and high-performance CNF-

reinforced nanocomposites have attracted great attention. 

Cellulose nanocomposites exhibit mechanical, thermal, optical, 

physiochemical and barrier properties far better than pure 

polymers. The potential application of cellulose nanoparticles as 

reinforcements in polymers provides a new direction for the 

development of better composites accompanying with added 

value [15]. Nanowhiskers act as efficient reinforcement due to 

high aspect ratios, surface areas and high modulus. Common 

benefits observed in tensile strength, elongation rate, elevated 

thermal decomposition 

 Industrial usage areas of nanocellulose in the market are given 

below: 

- Improved paper and packaging products

- Reinforced polymers

- Advanced composite materials

- Hydro-fracking and oil drilling fluids

- High-strength spun fibers and textiles

- Films for barrier and other functions

- Coatings, paints, lacquers, and adhesives

- Switchable optical devices

- Pharmaceutical and drug delivery

- Bone replacement and teet repair

- Improved building products

Advantages of nanocellulose 
- Abundantly available

- Low weight

- Biodegradable

- Non-toxic and optical transparency

- Cheaper

- Renewable

- Unique mechanical properties

- Good thermal stability

- High specific surface area

- Modest abrasivity during processing

- Highly absorbent when used as a basis for aerogels or foams.

- very high tensile strength – 8-10 times that of steel

- Stiffer than Kevlar®

- Electrically conductive

Drawbacks of nanocellulose 
- Substantial hydrophilicity

- Poor compatibility

Additives for foods, cosmeticts th advances in the ability to 

prepare and characterize CNFs, it has been using for a wide 

variety of applications including textiles, cosmetics, food 

products, and nanocomposite materials as well as medical 

applications. Among those applications, light-weight and high-

performance CNF-reinforced nanocomposites have attracted 

great attention. As a nanoscale filler, CNFs provide benefits such 

as improved strength and stiffness with little sacrifice of 

toughness, reduced gas/water vapor permeability, a low 

coefficient of thermal expansion, and a large heat-deflection 

temperature [1]. Sehaqui et al. [16] developed rapid preparation 

procedure for large, flat, smooth, and optically transparent 

cellulose nanopapers using a semiautomatic sheet former. The gel 

“cake” is peeled from the membrane and stacked first between 

two woven metal cloths and then two paper carrier boards [17]. 

The application of the nanopaper-making strategy to 

cellulose/inorganic hybrids demonstrates the potential for 

“green” processing of new types of nanostructured functional 

materials [1]. Chun et al. [18] developed eco-friendly cellulose 

nanofiber paper-derived separator membranes (CNP separators) 

for use in lithium-ion batteries  (Fig. 6). The CNP separator has 

been substantially improved the ionic conductivity, electrolyte 

wettability, and thermal shrinkage. With its transparency, 

strength and optic properties, nanocellulose is being researched 

by Pioneer Electronics as a replacement for glass for flexible 

screens [9]. 

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS" WEB ISSN 1314-507X; PRINT ISSN 1313-0226

285 YEAR XIV, ISSUE 7, P.P. 283-287 (2020)



A 

B. 

C. 

 .    

Figure 6. A: Transparent film from nanocellulose. B: Nanofiber 

paper-derived separator membranes (CNP separators) for use in 

lithium-ion batteries. Body Armor Applications of NCC [25,26]. 

Engineers can significantly reduce the weight of a plastic 

composite without sacrificing strength (benefiting auto 

manufacturing, for instance) or keep the mass of plastic the same 

while dramatically increasing strength. When properly aligned, 

nanocellulose offers an alternative to even stronger applications, 

like replacing Kevlar® from DuPont. It is being investigated by 

the Department of Defense to use in body armor and ballistic 

glass [19]. With these optical and other properties it is a unique 

additive for inks, paints, dyes or glazing adding strength while 

enhancing color brilliance.  Crystal structure of nanocellulose is 

consisting from packed array of needle-like crystals. These 

crystal structures are incredibly tough and their strength value is 

nearly eight times higher than stainless steel. Therefore, 

nanocellulose can be perfect building material for the future body 

armor studies [20].  

Resin is one of the important factors affecting mechanical 

and physical properties of wood-based composites. Urea-

formaldehyde (UF) resin is commonly used in the manufacture of 

plywood, laminated veneer lumber, particleboard, and fiberboard 

etc. The advantages of UF resins are low cost, water solubility, 

easy use (under a wide variety of curing conditions), relatively 

low cure temperature, microorganisms resistance, low abrasion 

hardness, excellent thermal properties, and clear or light color 

(especially of the cured resin) [21]. Due to these advantages, 

wood-based composite industry utilizes UF as a common resin, 

worldwide. However, the mechanical performance of resin bonds 

between the UF and wood is limited, in particular humid 

conditions. Since the elastic modulus of cured UF bond lines is 

high, the deformation of the resin layer under mechanical loading 

is usually small. As a result, stress concentrations along the bond 

line of a wood resin joint are generated that reduce the overall 

strength of the joint [22]. UF-resins are a widely used class of 

low-priced wood resins, which are well known for their 

pronounced brittleness and their tendency to develop microcracks 

which limits their mechanical performance. The combination of 

low price and poor mechanical performance makes UF an ideal 

candidate for studying the effect of added filler [22]. 

Ayrilmis et al. [21] reported that the tensile shear strength of 

the specimens slightly increased with the incorporation of (MFC 

0-1 wt%) while it considerably increased as the amount of MFC

increased from 1 to 3 wt%. As compared to the control

specimens, the tensile shear strength of the specimens increased

by 5.7% as 3 wt% MFC (5% suspension in water) was

incorporated into the UF-adhesive. However, the further

increment (5 wt%) in the MFC content decreased the tensile

shear of the specimens (-14.3% of control specimen). The

specific surface area of the MFC was 86 m2/g. It was estimated

that the high specific surface area of 5 wt% MFC was one of the

main reasons decreasing the bond performance of the UF-

adhesive. The improvement in the bonding performance of the

UF-resin indicates that the addition of a certain amount of MFC

in the UF-resin improves the mechanical performance of wood

resin bonds, thus opening up new fields of application for UF,

which is currently used only in the non-structural field.

Ayrilmis et al. [23] aimed to understand the effect of 

relationship between the molar ratio of UF adhesive and MFC on 

mechanical properties of laminated veneer lumber (LVL) and 

adhesive characteristics of UF adhesive. LVLs were produced 

using different molar ratio UF adhesives having different 

amounts of microfibrillated celluloses (MFCs). Adhesive 

characteristics, gel time, viscosity, and acidity of the E0 and E1 

class UF adhesives with the MFCs were determined. The bending 

properties and tensile shear strength of the LVLs were 

investigated. At the same content of the MFCs, the bonding 

performance of the E0 class UF adhesive improved more than 

that of the E1 class UF adhesive. The higher bond strength for the 

UF adhesive containing the MFCs could be explained by the 

possible reaction between the methylol groups of the UF 

adhesive and the hydroxyl groups of the cellulose. Substantial 

increases in the gel time sand viscosities of the UF adhesives 

were observed as the amount of MFCs increased in the adhesive. 

The gel time of the UF adhesives increased with increasing 

amount of the MFCs. 

Due to the large quantity of materials used in buildings, and 

their constant exposure to indoor air, there is a growing concern 

regarding the effects of these indoor pollutants on the health and 

comfort of the building occupants. Building materials can release 

wide range of pollutants. One of the hazardous pollutants of the 

indoor air are volatile organic compounds (VOCs) emitted from 

wood-based panels, which can cause indoor air related health 

problems. Ayrilmis et al. [24] investigated the formaldehyde 

emission and TVOC emitted from the laminated veneer lumber 

(LVL) produced with the different grade UF resins (super E0, E0, 

and E1 grades) modified with different amounts of the MFC 

using a thermal extractor. The formaldehyde emission from the 

LVLs produced with the SE0 grade UF resin considerably 

decreased with increasing MFC content at 25 °C while this was 

not observed for the E0 and E1 grade resins. The results revealed 

that the MFC did not work for decreasing of formaldehyde 

emission of the LVLs produced with the E0 and E1 resins at 35 

°C and 45 °C. However, the VOCs emitted from the LVLs 

considerably decreased with the incorporation of the MFC at 

environmental temperatures of 25 °C and 35 °C, except for 45 

°C. The MFC was not effective to reduce the VOCs from the 

LVLs at higher temperatures. The xylene was the highest 

detected compound in all samples, followed by ethylbenzene and 

toluene. Styrene, however, was not detected at all in any of the 

LVLs. The use of MFC in the UF resin can be environmentally 

friendly solution for reducing the VOCs from the wood-based 

panel used for indoor furniture. 

CONCLUSIONS  

Nanocellulose haven been widely used in polymer 

composites for a long time due to its unique properties. It is 

commercially produced in many countries due to its excellent 

properties. Polymer composite industry is the most pronounced 
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sector which use the nanocellulose as reinforcing filler because it 

is based on abundant resources, economic, renewable, and 

commercially processable. Nanocellulose is a material of the 

future with potential for replacing synthetic materials which 

cause environmental pollution Many countries have focused on 

the nanocellulose researches to produce strategic materials in 

near future. The research and development on the BNC, CNF, 

and CNC has rapidly increased in recent years. In particular, it is 

estimated that the potential use of CNC will increase in the 

production of high peformance materials in near future.  

REFERENCES 

[1] Chakrabarty, A., Teramoto, Y. Recent advances in

nanocellulose composites with polymers: a guide for choosing

partners and how to ıncorporate them. Polymers 2018; 10:517,

[2] Dufrence A. Nanocellulose: a new ageless bionanomaterial.

Materials Today 2013 16(6), 220-227.

[3] Dieter, K., Cranston, E.D., Fischer, D., Gama, M., et al.

Nanocellulose as a natural source for groundbreaking

applications in materials science: Today’s state, Materials Today,

Volume 21, Issue 7, 2018.

[4] Perumal A.B., Sellamuthu, P.S., Nambiar, R.B., Sadiku,

E.R., Adeyeye, O.A. Biocomposite Reinforced with

Nanocellulose for Packaging Applications. In: Gnanasekaran

D. (eds) Green Biopolymers and their Nanocomposites.

Materials Horizons: From Nature to Nanomaterials. Springer,

Singapore, 2019.

[5] Corrêa, A., Teixeira, E., Pessan, L., Mattoso, L. Cellulose

nanofibers from curaua fibers. Cellulose 2010, 17. 1183-1192.

[6] Ibrahim, I.J., Hussin, S.M., Al-Obaidi, Y.M. Extraction of

cellulose nano crystalline from cotton by ultrasonic and its

morphological and structural characterization. International

Journal of Materials Chemistry and Physics 2015, 1(2), 99-109

[7] Anonyomus. Cellullose Lab Company. 

https://www.celluloselab.com/our-products/NCC-ncc-cellulose-

nanocrystals/ 2019. 

[8] Tuukkanen, S., Rajala, S. Nanocellulose as a Piezoelectric

Material, Piezoelectricity - Organic and Inorganic Materials and

Applications, Savvas G. Vassiliadis and Dimitroula Matsouka,

IntechOpen, 2018, DOI: 10.5772/intechopen.77025.

[9] Abitbol, T., Rivkin, A. et al.. Nanocellulose, a tiny fiber with

huge applications. Current Opinion in Biotechnology, 2016, 39,

76-88

[10] Ayrilmis, N., Ashori, A. Alternative solutions for

reinforcement of thermoplastic composites. In: Natural Fiber

Composites, Campilho R.D.S.G. , Eds., CRC press Taylor , Boca

Raton, 2015, pp. 65-88

[11] Papadopoulou, E.  COST FP1205: Innovative applications

of regenerated wood cellulose fibres, 30 September – 1

October 2013, Vila Real. 

[12] Shabanpour, B., Kazemi, M., Ojagh, S.M., Pourashouri, P.

Bacterial cellulose nanofibers as reinforce in edible fish

myofibrillar protein nanocomposite films. International Journal

of Biological Macromolecules 2018, 117, 742–751.

[13] Anonymous.

https://www.reuters.com/brandfeatures/venture-

capital/article?id=134821

[14] Nelson K. et al. American Process: Production of Low

Cost Nanocellulose for Renewable, Advanced Materials

Applications. In: Madsen L., Svedberg E. (eds) Materials

Research for Manufacturing. Springer Series in Materials

Science, vol 224. Springer, Cham, 2016 

[15] Li, J., Zhou, M., Cheng, G., et al. Fabrication and

characterization of starch-based nanocomposites reinforced with

montmorillonite and cellulose nanofiber. Carbohydrate Polymers

2019, 210, 429-436.

[16] Sehaqui, H., Liu, A., Zhou, Q., Berglund, LA. Fast

preparation procedure for large, flat cellulose and

cellulose/inorganic nanopaper structures. Biomacromolecules

2010, 11, 2195-2198.

[17] Zhu, H., Fang, Z., Preston, C., Li, Y., Hu, L. Transparent

paper: Fabrications, properties, and device applications. Energy

& Environmental Science 2014, 7, 269-287.

[18] Chun, S.J., Choi, E.S., Lee, E.H., Kim, J.H., Lee, S.Y., Lee,

S.Y. Eco-friendly cellulose nanofiber paper-derived separator

membranes featuring tunable nanoporous network channels for

lithium-ion batteries. J Materials Chemistry 2012, 22.

[19] Anonymous. https://forcetoknow.com/science/japanese-

created-clear-transparent-paper.html

[20] Anonyomus. https://nanografi.com/nanoparticles/cellulose-

nanofiber-cellulose-nanofibril-nanofibrillated-cellulose-cnfs/.

[21] Kwon, J.H., Hwan, L.S., Ayrilmis, N., Han, T. (2015).

Tensile shear strength of wood bonded with urea-formaldehyde

with different amounts of microfibrillated cellulose. International

Journal of Adhesion and Adhesives..

[22] Veigel, S., Rathke, J., Weigl, M., Gindl-Altmutter, W. 2012.

Particle board and oriented strand board prepared with

nanocellulose-reinforced resin. Journal of Nanomaterials

Volume 2012. Article ID 158503, 8 pages.

[23] Kwon, J.H., Lee, S.H., Han, T.H., Park, C.W. (2016).

Microfibrillated-cellulose-modified urea-formaldehyde adhesives

with different F/U molar ratios for wood-based composites.

Journal of Adhesion Science and Technology. 30. 2032-2043.

[24] Ayrilmis, N., Lee, Y.K., Kwon, J.H., Han, T.H., Kim, H.J..

Formaldehyde emission and VOCs from LVLs produced with

three grades of urea-formaldehyde resin modified with

nanocellulose. Building and Environment 2016 (97): 82-87.

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS" WEB ISSN 1314-507X; PRINT ISSN 1313-0226

287 YEAR XIV, ISSUE 7, P.P. 283-287 (2020)

https://www.researchgate.net/profile/Mi_Zhou22?_sg%5B0%5D=jAY-3sZJCbFYQR_EsWDRLC5sYCFmFJvtaXUPh2wkbgxDgGBrPQToiYnjp-0LzATClxUf2Jo.5wv3HwgXiKnBgWxOM2AoinncZE9iMAJn-st5xwM9WtBI9ulraLmVzVlQEH9bgegu9atwJjif7mDsrgUyPJP2rw&_sg%5B1%5D=tu8AehTIxmc97b2rwQu30zjYaz6isMJSjTh2EB-oMV3KEoSN2QeKX2687ekDGktDKlhHp5WnjGA0tPV3.r8VyxgjR4USW6iXQDi_jl8sUPWs0_ZDLkaJGjw1j--j6rARKOzsfEPwxHoGHKKbiBiplAvl7CsTkzh-sBcTDNQ
http://www.hindawi.com/70839131/
http://www.hindawi.com/97951316/
http://www.hindawi.com/71563516/
http://www.hindawi.com/82067969/



