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Abstract 

Cellulose is the most abundant and renewable natural semi-crystalline polysaccharide. This biopolymer is an 
inexhaustible source of natural fibers (NFs), and valuable raw material for the production of microparticles of 
microcrystalline (MCC) and powdered cellulose (PC), as well as other cellulose micro-products, which are widely used 
in biomedicine, production of food additives, plastics, and other materials. In addition, cellulose has a nano-fibrillar 
architecture that promotes the release of free cellulose nanofibers (CNFs) and nanocrystals (CNCs). This review article 
describes the preparation methods, structural characteristics, properties, and applications of different types of micro- 
(NFs, MCC, and PC) and nano-cellulose (CNFs, CNCs). Two main shortcomings hindering the wide application of various 
types of Nano cellulose (NC) were discovered, such as high production expenses and the difficulty of competing with 
commercial types of micro-cellulose. To reduce the production cost of NC, a waste-free technology can be used, which 
allows completely utilize materials and chemicals, and produce cheap nanocrystalline aggregates (NCA) with zero 
emission of liquid and solid waste. Due to the low cost, such a nanostructured product, NCA, will be quite competitive 
with commercial micro-celluloses (MCC, PC, etc.) and can be used, e.g., as filler and thickener. 
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1. Introduction

Cellulose is a natural, renewable, semi-crystalline polysaccharide that is the most abundant organic substance on Earth 
[1]. The main cellulose sources are plants [1-3]. The content of cellulose in herbaceous plants is 30-40%, in woods 45-
50%, in bast plants (flax, ramie, etc.) 60-70%, and in cotton fibers upwards of 90% [4]. The main commercial sources of 
cellulose are wood and to a lesser extent – cotton. To isolate the cellulose, the plant feedstock is boiled in boilers under 
pressure in the presence of caustic soda (Soda process), a mixture of sodium hydroxide and sodium sulfide (Kraft 
process), or sulfurous acid and salts thereof (Sulfite process) [5]. Organosolv, oxidative, and some other pulping 
methods are also used, but on a lower scale. As a result, lignin, and hemicelluloses are removed, while cellulose is 
separated, washed, and dried. The production volume of wood pulp in the world is huge and reaches 250-300 million 
tons per year. Cotton cellulose is produced in smaller amounts, 20-25 million tons per year.  

Cellulose is an ancient biopolymer known to mankind. For millennia, cellulose has served the needs of humankind in 
the form of ropes, nets, and fabrics made from cotton, flax, ramie, hemp, and other cellulose fibers. Historians have found 
that the earliest evidence for use of cellulose cotton fibers, dating back to 5,500 BC, was found in Baluchistan [6]. Various 
cellulose materials were used as far back as 5,000 years ago also in ancient Egypt. Cellulosic composites such as papyrus, 
reed, herbs, wood, etc. have also been known since ancient times. 
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In the 2nd century A.D. in China, a paper was invented, the production of which quickly spread to other countries. In the 
8th century A.D., the paper started to be made in Samarkand. In the 13th century, the knowledge of paper technology 
spread from the Middle East to medieval Europe, where the first water-powered paper mills were built [7].  

Cellulose was defined as a chemical substance related to polysaccharides in 1838 thanks to the works of French chemist 
Anselme Payen, who isolated it from plant matter and determined its chemical formula [8]. In the late 19th century, 
artificial cellulose fibers were developed as substitutes for natural silk [2]. At the beginning of the 20th century, 
Hermann Staudinger created the doctrine of synthetic and natural polymers. In particular, he proved that cellulose is a 
natural polymer consisting of thousands of monomeric units [9]. After the discovery of the synthesis of nitrocellulose 
and pyroxylin, the practical value of cellulose increased sharply. Cellulose research intensified, especially after the world 
wars. After the Second World War, the isolation methods, structure, properties, and various applications of cellulose 
were studied.  

In the 70s of the 20th century, Battista et al. proposed a new cellulose product called microcrystalline cellulose (MCC), 
which is obtained by acid hydrolysis of the initial cellulose to the minimum level-off degree of polymerization (LODP) 
corresponding to DP of individual crystallites [10]. Studies have shown that the MCC consists of aggregates of cellulose 
crystallites. The MCC has unique properties that make this microcrystalline powder indispensable as an excipient for 
tablets. Other applications of MCC also have been found, such as filler, dietary supplement, thickener, etc. As a result, a 
special industrial branch was created to produce MCC. Along with MCC, the production of powdered cellulose (РС) by 
dry grinding of initial cellulose materials was developed [11]. 

At the turn of the 20th and 21st centuries, nanoscience and nanotechnology came to the forefront of advanced knowledge, 
especially in nanomaterials, microelectronics, and microbiology. As a result, the nanoscience and nanotechnology were 
separated into a special knowledge area because objects of such Nano-sizes differ from micro-objects in such specific 
properties as a high specific surface area and surface adsorption capacity; increased Para crystallinity; small melting 
points, and increased solubility of Nano crystallites; the ability to aggregation, self-organization, and the formation of 
liquid-crystalline phases; high reactivity; increased transparency; etc. 

Due to the immense popularity of nanotechnology and nanomaterials, cellulose chemists recalled that some researchers 
have already obtained nano-sized celluloses, although they called it differently, micelles [12], whiskers [13], nano-and 
microfibrils [14, 15]. Cellulose nanotechnology is a part of general nanotechnology, operating on 1D, 2D, and 3D objects 
ranging in size from 1 to 100 nm. The author of this review article together with co-authors, in their publications of the 
early 21st century, was probably one of the first, who propose calling cellulose micelles or whiskers nanoparticles [16, 
17]. Since then, the number of publications on Nano cellulose (NC) has increased exponentially, from 100-150 to 3,000-
3,300 in 2019 [18]. А prediction shows that the number of publications on NC could reach 5,500-6,000 in 2022. 

It was agreed to call crystalline nanoparticles of cellulose by nanocrystals (CNCs) [19, 20], and nano-fibrillated cellulose 
by nanofibers (CNFs) [20, 21]. In addition, bacterial nano-cellulose (BNC) [22], amorphous nano-cellulose (ANC) [23], 
and cellulose nano-yarn (CNY) [24] also were considered. Despite 20-30 years of research and the huge number of 
publications, industrial technology, and industrial production at least one type of Nano cellulose has not been created, 
which requires an explanation. 

The main purpose of this review article was to describe the preparation methods, structural characteristics, properties, 
and uses of various types of micro-and nano-celluloses, as well as to discuss the advantages and disadvantages of these 
cellulose products. 

2. Microcellulose  

2.1. Natural Cellulose Fibers 

Natural cellulose fibers of various origins have different sizes and shapes [1, 4]. For example, fibers of cotton, flax, and 
rami have a length of several centimeters, while fibers of wood cellulose are short, 1-3 mm. In addition, natural cellulose 
fibers have a micro-size width, 10-30 µm, and their wall thickness is 3-6 µm. Cellulose fibers are applied in the 
papermaking, textile industry, and medicine [25, 26]. In addition, they serve as reinforcers in various plastics that can 
be used in diverse applications such as furniture, sport and leisure goods, automotive, electronic appliances, building 
construction, boat industry, aerospace, etc. [26]. After delignification and bleaching, the cellulose fibers can be used as 
feedstocks in the production of cellulose derivatives, microcrystalline and powdered cellulose.  
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2.2. Microcrystalline cellulose 

Microcrystalline cellulose is a product of cellulose hydrolysis with dilute mineral acids [10]. The industrial production 
of MCC includes hydrolysis of the initial cellulose mainly with boiling 1-3 M hydrochloric acid, washing of the hydrolyzed 
cellulose, and neutralization to pH 5-7, after which the slurry is diluted, homogenized, and finally spray-dried [27]. The 
initial cellulose material used in the MCC industry can be bleached Kraft pulp or purified fibers of cotton cellulose. The 
resulting MCC particles formed after spray-drying have a spherical or elliptical shape with an average size of 50 to 200 
μm depending on the parameters of the drying process. To reduce the particle size below 50 μm, the spray-dried MCC 
is subjected to additional grinding and screening. By changing the type of initial cellulose, the conditions of hydrolysis, 
spray-drying, and additional grinding it is possible to adjust the size and shape of the MCC particles, degree of 
crystallinity, DP, bulk density, moisture content, flowability, compactibility, and other properties. 

Due to the unique combination of such characteristics as low DP, small particles size, high crystallinity, low solubility, 
high chemical, and biological purity, MCC is an irreplaceable excipient for tablets, filler for cosmetics, and dietary 
supplements for food products (Table 1). 

Table 1 MCC Specification of USP 

Characteristics Specification 

Appearance A fine, white, odorless, crystalline powder 

DP <350 

Crystallinity 70-80 

Av. particle size 50-200 μm 

Bulk density 0.3-0.4 g/cm3 

pH 5-7 

Loss of drying <7% 

Solubility in water <0.25% 

Solubility in ether <0.05 

Ash <0.05% 

Heavy metals <10 ppm 

Total aerobic microbial count  <100 per g 

Total moulds and yeasts count  <20 per g 

Staphylococcus au., Pseudomonas aer., E. Coli, Salmonella Absent 

 
An additional opportunity to change the properties of MCC is the introduction of various functional additives before 
spray drying [28, 29]. For example, the addition of mannitol to MCC dispersion enhances the disintegration of tablets 
compared to traditional MCC grades. The introduction of SiO2 improves the smoothness of tablets. The supplement of 
dibasic calcium phosphate or calcium sulfate to MCC dispersion facilitates compactibility, flowability, and reduces 
moisture uptake of tablets. A special colloidal type of MCC is produced by spray drying of MCC dispersion containing 
the addition of sodium carboxymethyl cellulose. This MCC type can be used as a suspending agent, emulsifier, and 
thickener [30]. 

At present, the production volume of MCC is 100-150 thousand tons per year. The market size of MCC was $885 million 
in 2018 and is projected to reach more than $1.2 billion by 2023. The 7% growth of the MCC market is triggered by the 
increasing demand in MCC for the production of food, pharmaceuticals, cosmetics, and personal care products [31]. In 
particular, the consumption of MCC in the food market will grow due to the demand for frozen microwave-compatible, 
low fat, and healthy food products. This growth is driven by innovations in frozen food packaging, changing consumer 
perceptions of the nutritional benefits of frozen foods, developing advanced refrigeration technologies, and producing 
healthy frozen foods having a low content of salts and calories due to an increase in dietary cellulose supplements. 
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Top key manufacturers of MCC in the world are DowDuPont-FMC (USA), JRS Pharma (Germany), Asahi Kasei (Japan), 
Huzhou City Linghu Xinwang Chemical Co.(China), Mingtai and Wei Ming Pharma (Taiwan), Accent Microcell (India), 
Blanver (Brazil), etc. In China and other Asian counties, the production cost of MCC is $2-3 per kg, and the market price 
is $4-5 per kg. In USA and Europe, the production cost of MCC is estimated at $4-5 per kg, while the market price is $6-
7 per kg. 

Recently, a new waste-free “green” technology for the production of MCC has appeared, which simultaneously reduces 
also the production cost [32, 33]. According to the proposed technology, the hydrolysis of the initial cellulose is carried 
out with boiling 1-2 M sulfuric acid. Then, the acidic MCC is separated from the acid, washed, diluted with water, and 
after homogenization, subjected to spray drying. Alternatively, the separated acidic MCC is not washed but neutralized 
with calcium oxide or hydroxide to obtain the slurry of MCC and CaSO4, which is diluted, homogenized, and spray dried 
to produce microparticles of MCC and CaSO4 composite. The spent sulfuric acid is mixed with acidic washing water and 
then neutralized with calcium oxide or hydroxide. As a result, calcium sulfate is formed, which can serve as a white 
pigment and a mineral binder: 

H2SO4 + CaO → CaSO4 + H2O 

H2SO4 + Ca (OH) 2 → CaSO4 + 2H2O 

Thus, along with pure MCC or MCC composite, the by-product, CaSO4, is produced, the sale of which highly reduces the 
production cost of MCC and its composite. In addition, collected washing water is purified and returned to the 
technological cycle. The proposed technology makes it possible to introduce also other additives into the MCC. For 
example, if the acid is neutralized with hydroxylapatite, then pure MCC or MCC composite can be produced, along with 
superphosphate as a by-product. Such “green” technology utilizes the feedstock and chemicals completely and allows 
the production of inexpensive MCC or its composite with zero discharge of solid or liquid waste to the environment. 

2.3. Powdered Cellulose 

Powdered cellulose (PC) is produced by dry grinding of initial cellule materials. Various grinding techniques can be used 
such as ball mills, centrifugal grinding machines, hammer and knife mills, etc. Powdered cellulose is a white or almost 
white, odorless, and tasteless micro-powder of various particle sizes. To increase homogeneity, the pulverized cellulose 
micro-powder is screened to obtain the desired particle size. 

The technical grades of PC are widely applied as a filler for various composites. In addition, these PC grades are good 
conductors of heat and electricity and hence, they are used in the production of welding electrodes. Pure PC grades can 
be used in cosmetics to improve texture and moisture levels, as well as a gentle abrasive for mechanical peeling. The 
additive of pure PC to food products can improve texture, increase water binding and reduce calories. 

The known industrial PC grades are “Arbocel” produced by JRS GmbH (Germany) for diverse applications such as 
pharmaceutics, papermaking, polymer composites, chemistry, filtration, animal feed, welding electrodes, etc. [34]. Pure 
“Arbocel” grades are white, odorless, and tasteless powders having a particle size from 55 to 320 μm and bulk density 
from 0.20 to 0.41 g/cm3. 

In addition to JRS GmbH (Germany), the main manufacturers of PC in the world are Mikro-Technik GmbH & Co 
(Germany), Jelu-Werk J. Heeler GmbH & Co (Germany), CFF GmbH & Co and Belgium), Interfiber Sp. (Poland), NB 
Entrepreneurs (India), Accent Microcell Pvt. (India), Juku Orc hem Ltd (India), Fine Cell AB (Sweden), etc. The growth 
of the PC market has been estimated at 4.5% [35]. The powdered cellulose is cheaper than MCC. The production cost of 
PC is about $1.5-2 per kg, while the market price is $2.5-3 per kg. 

3. Nanocellulose 

Cellulose is a nanostructured biopolymer consisting of bound nanofibrils [4]. Therefore, it is sufficient to apply intensive 
mechanical or ultrasonic energy to separate inter-fibrillar bonds and isolate the nanofibrillar bundles, i.e., cellulose 
nanofibers (CNFs). As is known, CNFs are built from ordered nanocrystals and low-ordered nanoscale amorphous 
domains (ADs). The nanocrystals having three-dimensional order are strong and inaccessible constituents. As opposite, 
the low-ordered ADs are weak and accessible places of the nanofibrils. Thereby, cleavage of chemical glycosidic bonds 
during hydrolysis occurs mainly in amorphous domains of nanofibrils, which facilitates the release of cellulose 
nanocrystals (CNCs). 

https://www.xwchemical.com/news_detail_en/id/24.html
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Currently, nano-cellulose (NC) is subdivided into five types: CNFs, CNCs, BNC, ANC, and CNY [19–25]. However, ANC is 
an experimental laboratory product. BNC is more of a nanostructured material rather than individual Nano-fibers. The 
electro-spun filaments of CNY have a diameter significantly greater than 100 nm; therefore, these filaments are 
microfibers rather than nanofibers. Thus, if the Nano cellulose is discussed, then in fact two main types of NC should be 
considered, namely, cellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs). 

3.1. CNFs 

CNFs can be isolated by intensive mechanical processing of purified cellulose [24]. For this purpose, three main 
disintegration methods of cellulose materials in an aqueous medium are used, such as high-pressure homogenization, 
micro-fluidization, and wet grinding. 

High-pressure homogenization is a widely used method for lab-and pilot-scale production of CNFs [36-39]. This 
technique involves forcing the diluted aqueous dispersion of cellulose (usually with a concentration of 1% or lower) 
through a narrow gap with a diameter of 10-20 µm using high pressure, from 40 to 200 MPa. The disintegration of 
cellulose until the CNFs formation is achieved as a result of the action of high shear forces on initial cellulose fibers, 
causing them to split into thin nanofibers. The degree of cellulose fibrillation at a constant concentration depends on 
the applied pressure and the number of homogenization cycles (passes). The higher the pressure, the higher the 
efficiency of cellulose disintegration (splitting) per one pass. The separation of cellulose into CNFs typically requires 15 
passes to achieve the optimum aspect ratio [38].  

Unlike the homogenizer, which operates at constant pressure, the micro-fluidizer operates at a constant shear rate [24]. 
The diluted cellulose dispersion (usually with the concentration of 1% or lower) is pumped under increased pressure 
through a Z-shaped chamber, where it reaches a high shear force. To isolate CNFs, 15 passes are required at least. 

Intensive wet grinding is a well-known technology used in the pulp and paper industry for many years. The process of 
separation of cellulose into nanoscale fibrils is carried out in an aqueous medium passing the diluted cellulose slurry 
between static and rotating grindstones (revolving speed of 1000-2000 rpm), which generates high shearing stress [24, 
40]. After grinding (milling) of the cellulose dispersion to a high grinding degree (80-90 according to Shopper-Riegler 
degree), the dispersion of nanofibers can be obtained. A grinder uses shear forces to delaminate the surface of cellulose 
fibers and separate the CNFs. The degree of fibrillation is dependent on the distance between the grindstones, their 
material and roughness, concentration of cellulose in dispersion, and the number of passes of dispersion through the 
grinder. The isolation of CNFs requires a large number of passes and, therefore, a long grinding time and high energy 
consumption. Another disadvantage of this technology is the rapid wear of the grindstones, which requires their 
frequent repair and replacement. 

Various mechanical processing usually produces a heterogeneous mixture of CNFs of various diameters ranging from 
10 to 100 nm, and lengths of several microns [41, 42]. To improve homogeneity, the disintegration process must be 
prolonged to split the thickest nanofibers. Besides, the aqueous suspension of CNFs can be centrifuged to separate the 
coarse fraction of nanofibers. 

When preparing CNF, a problem arises caused by a significant increase in the viscosity of the dispersion during 
disintegration, if the initial concentration of cellulose exceeds 2%. It was found that the intensive mechanical treatment 
of 2% cellulose dispersion leads to a high increase in the surface area of forming CNFs, which causes the transformation 
of the liquid dispersion into a thick gel [43]. This phenomenon can completely stop further cellulose disintegration or 
drastically increase energy consumption. To avoid this problem, low concentrated cellulose dispersions, 1% or less 
must be used for the preparation of CNFs. 

Another acute problem, especially for the production process of CNFs in a high-pressure homogenizer or micro-
fluidizer, is the frequent clogging of these devices with relatively long and entangled cellulose fibers [24]. To overcome 
this disadvantage, as well as to reduce the energy consumption, the initial cellulose feedstock is subjected to various 
pretreatments, mechanical, ultrasound, cryo-crushing, chemical, biological, or a combination thereof, before intensive 
mechanical disintegration [44-47]. The main aim of such pretreatments is to reduce the length of initial cellulose fibers 
and to weaken the inter-fibrillar contacts inside these fibers to facilitate splitting. For example, after pretreatment of 
cellulose with cellulolytic enzyme, more uniform CNFs with a diameter of 10-30 nm can be obtained [43, 45]. Moreover, 
this pretreatment reduces energy consumption. 

The aspect ratio of CNFs is in the range 70-100, which leads to a small percolation threshold, 0.7-1.0 vol. % [48]. Thus, 
even small additions of these nanofibers can form a continuous network in a liquid medium or polymer matrix. The 
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crystallinity and size of crystallites of obtained CNFs depend on the cellulose source and conditions of isolation of the 
nanofibers. It was found that degree of crystallinity of CNFs decreases slightly with an increase in the number of passes 
through the grinder [49]. The enzymatic pretreatment of initial cellulose does not change the crystalline structure [45, 
50]. An exception is a pretreatment with specific enzymes, endoglucanases, which selectively destroy the amorphous 
domains of cellulose thus reducing the degree of crystallinity [51]. However, the nanofibers produced after preliminary 
carboxymethylation of initial cellulose have lower crystallinity and crystallites size than CNFs obtained by conventional 
mechanical processing without pretreatment [50]. On the other hand, pretreatment of cellulose with concentrated 
sulfuric acid leads to an increase in crystallinity and lateral size of crystallites. 

The degree of polymerization of cellulose decreases both after enzymatic and chemical pretreatment and after intensive 
disintegration. The external specific surface area (Ssp) of thick CNFs with a diameter of 100 nm is about 30 m2/g. 
However, with a decrease in the diameter of nanofibers to 10 nm, their Ssp increases to 250 m2/g [48, 50]. 

Theoretically, the dry CNFs oriented in an axial direction can have the axial Young modulus of about 110 GPa and tensile 
strength of about 2 GPa [52]. However, the mechanical properties of real nanofibers are much lower, which is probably 
caused by a deflection of orientation from the axial axis. Indeed, it has been found that the average axial modulus of the 
dry cellulose nanofibers is about 30-36 GPa, and their tensile strength is about 600-700 MPa [52, 53].  

The mechanical properties of dry films formed from water dispersions of CNFs resemble the characteristics of films 
made from regenerated cellulose having the modulus of 7-10 GPa, the tensile strength of 170-230 MPa, break elongation 
of 5-7%, and density of 1.2-1.4 g/cm3 [54, 55]. Films cast from aqueous dispersions of CNFs can be optically transparent 
if the cellulose nanofibers are densely packed, and the interstices between the fibers are small enough to avoid light 
scattering [56]. The thin films formed from dilute dispersions of CNFs had a denser structure and were optically 
translucent; the transparency value of the films at a wavelength of 600 nm was about 70-72%. After additional polishing, 
the transmittance of CNFs films was improved and reached 78-90%.  

Flowable aqueous dispersions of CNFs have unique rheological properties such as pseudo-plasticity and shear thinning 
behavior [57]. Due to the high aspect ratio of the uncharged or low charged CNFs, the water dispersions of these 
nanofibers turn into a stable gel at relatively low concentrations, 2-3%. The 3% gel of CNFs has dynamic storage 
modulus ≥ 100 Pa and viscosity ≥ 50 Pa x sec. Due to its expressed hydrophilicity and high specific surface area, the 
network of CNFs can retain more than 97% water.  

Potential applications of CNFs include various areas such as papermaking, polymer composites, insulation materials, 
medicine, cosmetics, food products, and some others. The obvious application of aqueous dispersions of CNFs is their 
use in paper compositions. It was found that the addition of 2-10% CNFs to paper composition also improves the 
mechanical properties of produced paper [58]. The Nano-paper made from CNFs exhibited quite high mechanical 
properties, and namely, the Young modulus (E) was 13 GPa and the tensile strength (TS) was 214 MPa [59]. The Nano-
paper produced from CNFs pretreated by TEMPO-mediated oxidation had higher mechanical properties than the Nano-
paper from non-pretreated CNFs [60]. 

CNFs were also used to modify the surface of paper sheets. It was found that a thin layer (1-2 g/m2) of CNFs on the paper 
surface creates a dense barrier against air permeability [61]. Preliminary carboxylated and carboxymethylated CNFs 
showed better barriers against O2, and grease than unmodified CNFs [62]. High barrier properties against O2-
permeability can be created by coating the surface of paper or paperboard with an aqueous solution of polyvinyl alcohol 
(PVA) containing a small addition of CNFs, followed by drying [63]. A study of printing properties of paper was revealed 
that coating of its surface with the composition containing CNFs and starch highly reduces the linting and dusting 
propensity of the printing paper [64].  

Various processing methods can be applied to make polymer nanocomposites reinforced by CNFs, such as solution 
casting [65-67], partial dissolution [47], melt-compounding [47, 68], etc. The aqueous dispersions of CNFs can be mixed 
with aqueous solutions of various water-soluble polymers such as starch, amylopectin, albumin, gelatin, polyvinyl 
alcohol, polyethylene glycol, polyvinyl pyrrolidone, polyacrylamide, polyacrylic acid, urea-formaldehyde resin, 
melamine-formaldehyde resin, hydroxyethylcellulose, hydroxypropylcellulose, carboxymethylcellulose, 
methylcellulose, etc. After mixing, casting, and drying the nanocomposites are formed. For example, the introduction of 
CNFs dispersion to an aqueous solution of starch or plasticized starch followed by mixing, casting, and drying, leads to 
obtaining biodegradable nanocomposites with improved mechanical properties [69, 70]. 

The nanocomposites can be based also on water-insoluble but water-miscible polymers, i.e., latexes. For example, CNFs 
dispersion was mixed with polylactide latex, and then a nanocomposite film was cast, dried, and hot-pressed [71]. The 
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introduction of CNFs dispersion of hydrogel into water solutions or latexes of polymers causes a strong thickening effect, 
which is of great importance to improve the features of water-borne adhesives, paints, coating compositions, and other 
water-based materials. A potential application area of CNFs is their use in water-borne wood adhesives based on urea, 
melamine, and some other resins [72]. The studies have shown that the addition of 1-2% of CNFs to various adhesives 
significantly increases the bonding strength of wood samples.  

The waterborne polymers, especially the waterborne PU, can be applied in 3D printing. However, such aqueous PU has 
a low viscosity, which is a problem for printing. To overcome this shortcoming, it was proposed to thicken the aqueous 
polymer with a hydrogel of CNFs [73, 74]. Thus, the interaction between CNFs and PU opens a novel way to tune the 
viscosity of waterborne polymer for direct 3D printing and enhance the properties of the produced articles. 

Some oligomeric resins are liquids, which can be easily mixed with Nano-fillers, e.g., with CNFs. Among such liquid 
resins, curable urethane and epoxy oligomers are most widely used in various applications, for example, in the 
production of protective coatings, paints, adhesives, sealants, insulators, foams, parts of machines, and other materials 
for various purposes.  

To prepare PU-based nanocomposites, an aqueous dispersion of CNFs should be centrifuged to remove water excess 
and then washed with acetone to obtain organo-gel [75]. Next, this gel was mixed with a polyol in various ratios, and 
the mixture was sonicated to achieve a uniform distribution of the nano-filler and dried to remove acetone. Finally, the 
polyol-CNFs mixtures were treated with a diisocyanate to obtain polyurethane samples reinforced with CNFs. The study 
showed that due to the introduction of 1% CNFs to PU, the mechanical characteristics of the nanocomposite increased 
2-4 times. The reinforcing effect of 1% CNFs is explained by the high aspect ratio of the nano-filler, which leads to a low 
percolation threshold, as well as by the chemical interaction between the hydroxyl groups of cellulose and diisocyanate. 

Other known liquid oligomers are epoxy resins that are widely used for gluing, sealing, protective coating, production 
of textiles, and other composites. However, the cured epoxides are brittle and characterized by a low impact strength 
and poor crack growth resistance, which limits their applications. The incorporation of cellulose nanofibers into the 
epoxy resins can improve the properties of resulting nanocomposites. To prepare such nanocomposites CNFs hydrogel 
was washed and dispersed in acetone; then the CNFs dispersion in acetone was added dropwise to epoxy 
resin/hardener system, while intensive stirring; then cast films were cured [76]. The results have shown that the 
incorporation of a small addition of CNFs in the epoxy matrix significantly improved the thermal and mechanical 
characteristics of the composites.  

To remove water from aqueous dispersions of CNFs before mixing with polymer resin, the freeze-drying method can be 
used [77]. As a result, porous aerogel was formed. Studies have shown that after freeze-drying lateral aggregation of 
CNFs occurs; therefore, the final aerogel contains microfibers with a diameter of 0.5 to 1.5 µm [74]. This aerogel was 
then impregnated with a liquid mixture of epoxy resin and hardener and cured into a solid composite. However, it was 
not nano-, but a micro-composite, since it contained microfibers instead of CNFs.  

Thus, various drying methods, such as drying at elevated temperatures and freeze-drying, cannot be used to preserve 
the nano-size of CNFs. To overcome this obstacle, an indirect method of CNFs dehydration can be used, such as replacing 
water with a water-soluble organic solvent (acetone, alcohol, etc.), which is then replaced with a solvent that dissolves 
the chosen resin or polymer. Next, the organo-gel of CNFs is mixed with a solution of resin or polymer, after which the 
mixture is homogenized, cast, and evaporated until obtaining a solid nanocomposite. However, achieving a uniform 
distribution of dehydrated CNFs in a polymer melt is a difficult task. 

In many cases, when preparing composites of polar СNFs with non-polar or low-polar resins or polymers, the problem 
of poor compatibility arises. There are several methods to improve compatibility between reinforcing filler and polymer 
matrix [44, 77-80], as follows: 

 Chemical modification of CNFs-surface, e.g., by acetylation, silylation, etc. 

 Grafting of CNFs-surface with short chains of hydrophobic polymers. 

 Introduction of coupling agents-compatibilizers. 

Freeze drying of aqueous dispersions of CNFs and some other methods are used to obtain highly porous and lightweight 
aerogels, which can be used, e.g., as insulating materials [81]. However, as it was shown earlier, as a result of freeze-
drying, the nanofibers are aggregated and therefore the resulting aerogels consist of microfibers rather than nanofibers. 
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An interesting application of CNFs is their use as solid emulsifiers to stabilize O/W emulsions [82]. Stabilization of the 
emulsions with characteristic micron-sized droplets was achieved at CNFs concentrations as low as 0.1%.  

Biomedical applications of CNFs are also being considered in such areas as excipients, bio-scaffolds, drug delivery 
vehicles, skin tissue repair, wound healing, etc. [83]. 

3.2. CNCs 

Cellulose nanocrystals (CNCs) are usually isolated from cellulose materials by hydrolysis with 7-10 M mineral acids (55-
64 wt.% sulfuric or 25-32 wt. % hydrochloric acid) at moderate temperatures, 40-60℃  until level-off DP (LODP), 
followed by mechanical or ultrasound disintegration in aqueous medium [4, 24, 46, 50]. Compared to sulfuric acid (SA), 
cellulose hydrolysis with hydrochloric acid (HCl) requires higher temperatures to produce the CNCs of similar 
dimensions [84]. Further studies have shown that CNCs can be obtained also at lower concentrations of SA, 5-6 M, but 
at higher temperatures, 60-80℃ [85]. 

The yield of isolated CNCs depends on the acid concentration. After cellulose hydrolysis with 64 wt. % SA the yield of 
CNCs is ≤ 20 % and with 63.5 wt. % SA it is about 30% [50, 86]. When the concentration of SA is reduced to 40-60 wt. 
%, the yield of CNCs increases to 50-70% [50, 85].  

The studies have shown that CNCs isolated from celluloses of various terrestrial plants have a lateral size in the range 
from 5 to 20 nm, and length between 100 and 400 nm; whereas the nanocrystals isolated from other sources, such as 
tunicate, algae, and bacterial cellulose, are longer and thicker [50, 80]. Moreover, the minimum dimensions of CNCs 
were close to the dimensions of individual nanocrystallites. However, the average and maximum dimensions of CNCs 
were higher than of individual nanocrystallites; this evidences the presence of nanocrystalline aggregates in isolated 
CNCs [50].  

The isolated CNCs contain rod-like particles with an aspect ratio from 20 to 50. Due to this aspect ratio, the percolation 
threshold of CNCs is between 1.4 and 3.5 vol. % [48]. Thus, the concentration of CNCs in a liquid medium or polymer 
matrix must be at least two times higher than that of CNFs to form a continuous network. The LODP of these 
nanoparticles can vary from 100 to 400 depending on the cellulose origin. The crystallinity degree of CNCs is high, 75-
80%. However, if the acid concentration was above 9 M, the crystallinity of obtained CNCs is reduced.  

The mechanism of CNCs generation is a subject of discussion. This phenomenon is explained usually by selective acid 
hydrolysis of disordered amorphous domains of cellulose nanofibrils, whereas the more resistant nanocrystallites 
remained intact and can be isolated in a form of rod-like particles [87, 88]. However, this mechanism does not explain, 
why the CNCs cannot be isolated after cellulose hydrolysis with dilute acids, 1-3 M, despite achieving the LODP of 
cellulose and using mechanical or ultrasound disintegration [50, 89]. As is known, the hydrolysis of cellulose with dilute 
mineral acids up to LODP is used to produce microcrystalline cellulose (MCC) and not CNCs [10, 17, 90]. The reason why 
it is necessary to use acids with increased concentrations to obtain CNCs is in the existence of strong lateral inter-
crystalline contacts between nanocrystallites of neighboring cellulose nanofibrils. These inter-crystalline contacts are 
inaccessible for dilute acids and remain intact after cellulose hydrolysis [4, 17, 89]. Therefore, to separate CNCs, it is not 
enough to hydrolyze only amorphous domains of cellulose, but it is necessary to corrode also inter-crystalline contacts, 
which is possible only under the action of mineral acids with a sufficiently high concentration, above 5 M [85, 91]. As a 
result, the strong inter-crystalline contacts are replaced by weaker amorphous contacts. After breaking these contacts 
upon mechanical or ultrasound disintegration of hydrolyzed cellulose in the aqueous medium, the CNCs can be isolated 
and distributed in the dispersion.  

The formation of negatively charged sulfonic groups on the CNCs surface after cellulose hydrolysis with sufficient 
concentrated sulfuric acid promotes electrostatic repulsion and leads to the phase stability of CNCs in aqueous 
dispersions [50, 84, 92]. Vice versa, the CNCs prepared by the hydrolysis of cellulose with hydrochloric acid are 
uncharged and therefore have a tendency to flocculate in an aqueous medium [84, 93]. 

The concentrated dispersions of charged CNCs show a pronounced birefringence [92, 94]. The investigation reveals that 
the dilute dispersion is isotropic since it contains randomly oriented nanoparticles. When a critical concentration is 
reached, the isotopic dispersion of CNCs turns into an anisotropic system having usually a chiral nematic ordered phase. 
The thin films cast from CNCs are transparent. 

The mechanical properties of CNCs have been investigated by various methods. The calculation methods were based on 
the theory of micro-mechanics and the energies of chemical and hydrogen bonds [53, 95-98]. The experimental methods 
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for the evaluation of the mechanical properties of CNCs included WAXS, Raman spectroscopy, and AFM [53, 97-100]. As 
follows from the calculations and experiments, the most probable value of axial Young modulus of CNCs is 140-160 GPa. 
The transversal modulus of CNCs is considerably lower, 15-30 GPa. This fact is explained by about a tenfold distinction 
between the total energies of bonds acting in axial and transverse directions of cellulose crystals [95]. The volume 
modulus has the lowest value, 5-6 GPa. The tensile strength of CNCs in the axial direction was about 8-10 GPa, while in 
the transversal direction about 1 GPa [53].  

When water-soluble polymers or polymer latexes are used, there are no problems with the miscibility of their water 
solutions or latexes with aqueous dispersions of CNCs. The polar CNCs also are compatible with various polar water-
soluble polymers, such as starch, albumin, gelatin, polyvinyl alcohol, polyacrylic acid, polyethylene glycol, polyvinyl 
pyrrolidine, carboxymethylcellulose, etc. However, when water-insoluble non-or low-polar polymers are used to obtain 
nanocomposites, then aqueous dispersions of CNCs must be dehydrated by various methods. The studies showed that 
the conventional drying of aqueous dispersions of CNSs leads to aggregation of nanocrystals with forming of 
microparticles [50]. The freeze-drying also cannot prevent the aggregation process of CNCs [101, 102]. Even after 
ultrasonic treatment of the freeze-dried sample containing CNCs aggregates in non-polar (toluene, chloroform, etc.) or 
low-polar (acetone, alcohols, etc.) organic solvents, it was not possible to redisperse the CNCs [102]. The nanocrystalline 
aggregates of the freeze-dried CNCs can be redispersed after sonication only in water and highly polar organic solvents 
such as DMSO, DMFA, etc. [103].  

The alternative is to use an indirect method of CNCs dehydration, such as replacing water with a water-soluble organic 
solvent, which is then replaced with a solvent that dissolves the chosen polymer. To prepare a solid nanocomposite, the 
formed organo-gel of CNCs is mixed with a polymer solution, and after homogenization, the mixture is cast and 
evaporated. 

The CNCs can be chemically modified using all reactions known in cellulose chemistry such as etherification, 
esterification, cat ionization, oxidation, grafting, etc. [3, 46, 80, 94, 104, 105]. The surface-modified CNCs containing 
hydrophobic groups exhibit improved compatibility with non-or low-polar polymers in various polymers composites. 
In addition, such modified CNCs form stable colloids in organic solvents [105]. 

Apart from the use of CNCs as fillers for various polymers, other potential applications of unmodified and modified CNCs 
are also considered, such as nano-carriers of catalysts, strengthening additives to paper and its coating compositions, 
barrier additives for food packaging, thickeners of aqueous systems, solid nano-emulsifiers of Pickering emulsions, 
nano-excipients and nano-carriers of medicaments, functional nano-agents for biomedicine and cosmetics, etc. [106, 
107]. 

4. Discussion 

Despite many publications on the promising potential for the application of various types of nano-cellulose (NC), this 
potential has not been implemented. This is caused by the fact that NC does not have a unique scope. Currently, 
practically all potential applications of NC are occupied by available and cheap common cellulose products. For example, 
in the production of polymer composites, micro-sized natural cellulose fibers, powdered cellulose, wood flour, and some 
other cellulose-based commercial micro-fillers are used [34, 108-111]. Various natural fibers also are used in the 
packaging compositions [112]. These composites have low cost, meet standards, satisfy consumers, and, therefore, do 
not require the replacement of common cellulose fibers and fillers with NC.  

Diverse paper types have standard compositions and properties that do not need in NC additives. When improvement 
of paper properties is required, inexpensive commercial substances are used for this purpose. Natural cellulose fibers 
are the main feedstock used for the production of cheap insulation materials [113]. In addition, aerogels can be obtained 
by a simple technology using cheap commercial cellulose materials instead of NC [114]. To thicken and stabilize 
dispersions and emulsions, colloidal types of microcrystalline cellulose [30, 115], as well as a huge number of cheap 
synthetic thickeners and emulsifiers, are used.  

The practical use of NC in biomedicine cannot currently be implemented, since, unlike MCC, neither the СNFs nor the 
CNCs have permission from the US FDA and regulatory medical institutions of other counties. 

Another reason why NC cannot compete with conventional commercial cellulose materials (fibers, MCC, PC, etc.) is the 
high production cost both of CNFs and CNCs. So, Japanese researchers estimate the minimum cost of CNFs at $44 per kg 
DM [116]. In a 2017 study, the cost of TEMPO-oxidized CNFs was estimated at $17 per kg DM, taking into account only 
energy costs and minimal consumption of chemicals [117]. However, since 2017, the cost of energy and chemicals has 
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increased 2.3-2.5 times, and currently, the cost of CNFs is $30-35 per kg DM. And that is not the full production cost yet 
as it did not include salary, equipment depreciation, overhead costs, etc.  

Such a high cost of CNFs production is explained by the low concentration (C≤1%) of cellulose used for disintegration 
in the aqueous medium to isolate nanofibers without gel-forming. The lower the pulp concentration, the higher the 
energy cost per unit of dry mass (for example, per 1 kg DM) of the final nano-product, and the higher the production 
cost of CNFs. Pretreatment allows to reduce the energy consumption for disintegration and total production cost of 
CNFs, but not more than 50%, since simultaneously the cost for pretreatment increases. 

The production cost of CNCs is also quite high due to the high acid consumption at the hydrolysis stage and the increased 
energy consumption required for hydrolysis, the disintegration of nanocrystalline aggregates, concentration by 
evaporation, freeze-drying, etc. It was calculated that the cost of hydrolysis and evaporation steps is estimated at $20-
30 per kg DM [118]. If take into account the full expenses, including the disintegration, salary, equipment depreciation, 
overhead costs, and others, then the actual production cost of CNCs can reach $30-40 per kg DM. 

Currently, in some countries, there are pilot plants with a capacity of 70 to 300 kg per hour, where the technology is 
being developed and samples of CN are prepared to study their structure and properties [119]. For example, a Canadian 
company “Cellulose Lab” sells small NC samples at a huge price of $2,000-8,000 per kg DM [120]. The price of pretreated 
NC samples is even higher. 

The very high production cost of CNFs and CNCs is a significant obstacle to the widespread use of NC. Calculations have 
shown that along with high acid consumption, the stages of disintegration of hydrolyzed cellulose and evaporation of 
dilute aqueous dispersions of CNCs are very expensive and significantly increase the total production cost of 
nanocrystalline cellulose. Therefore, it is most advantageous to eliminate these stages and utilize the used sulfuric acid.  

For this purpose, the waste-free technology of CNCs was proposed [118]. According to this technology, the hydrolyzed 
cellulose, containing nanocrystalline aggregates (NCA), is separated from sulfuric acid, and after washing is 
concentrated into 40% paste without disintegration and evaporation. Further, the separated sulfuric acid is neutralized 
with a hydroxyapatite or calcium base to obtain a valuable by-product, sale of which significantly reduces the cost of 
the primary product, NCA. Wastewater was purified and returns to the technological cycle. Thus, this waste-free 
technology allows the complete utilization of materials and chemicals and produces cheap NCA with zero emission of 
liquid and solid waste. 

The production cost of NCA is estimated at $3.5-4.0 per kg DM, i.e., becomes comparable to the production cost of 
commercial MCC. The obtained semi-finished product, NCA, or its composite with the white pigment (CaSO4) are 
intended for sale to consumers, who can mix them with other components and then grind if there is a need to destroy 
aggregates and isolate free nanoparticles.  

5. Conclusion 

Numerous studies on the isolation and characterization of NC are of great scientific importance for elucidating the 
supramolecular structure of cellulose of various origins. However, the practical use of NC encounters significant 
difficulties associated with its high production cost and the fact that potential areas of NC application are already 
occupied by commercial cellulose micro-sized materials such as cellulose fibers, MCC, PC, etc. As a result, the profitable 
industrial production of NC was not implemented. Currently, there are only pilot plants, where the technology is being 
developed and samples of NC are obtained. Due to the very high cost of NC, the prospects for their practical use are 
doubtful. However, if instead of free CNCs, a semi-finished product containing nanocrystalline aggregates (NCA) is 
produced using waste-free technology, then such a nanostructured product, NCA, will be quite competitive with 
commercial MCC and can be used, e.g., as filler and thickener. 
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