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Abstract 
Nanocellulose is a new-age material derived from cellulosic biomass and has large specific surface 
area, high modulus and highly hydrophilic in nature. It comprises of two structural forms viz., na-
nofibrillated cellulose (NFC) and nanocrystalline cellulose (NCC). This review provides a critical 
overview of the recent methods of bio- and chemo-mechanical processes for production of nano-
cellulose, their energy requirements and their functional properties. More than a dozen of pilot 
plants/commercial plants are under operation mostly in the developed countries, trying to exploit 
the potential of nanocellulose as reinforcing agent in paper, films, concrete, rubber, polymer films 
and so on. The utilization of nanocellulose is restricted mainly due to initial investment involved, 
high production cost and lack of toxicological information. This review focuses on the current 
trend and exploration of energy efficient and environment-friendly mechanical methods using 
pretreatments (both chemical and biological), their feasibility in scaling up and the future scope 
for expansion of nanocellulose application in diverse fields without impacting the environment. In 
addition, a nanocellulose quality index is derived to act as a guide for application based screening 
of nanocellulose production protocols. 
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1. Introduction 
In the last two decades, several reviews have been published on nanocellulose [1]-[5], preparation by TEMPO 
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(2,2,6,6-tetramethylpiperidine-1-oxyl radical)-mediated oxidation [6], various mechanical processes [7] and 
their potential applications in composites [8]-[10] and liquid crystal displays [11]. Due to applications envisaged 
in various areas and their future growth predictions, book chapters [12] [13] books [14] [15] have been exclu-
sively dedicated for the science and technology on nanocellulose. In addition, nanocellulose patents’ trends are 
also well documented recently [16] [17]. Till now, the huge energy requirement for production of nanocellulose 
hampers their entry into the wider commercial market. Hence, in this review, our main focus is to discuss the 
advances in manufacturing processes for production of nanocellulose by chemo- and bio-mechanical means; in 
which the efficacy of chemical and biological pretreatments and their impact on subsequent mechanical treat-
ments are discussed in detail. 

2. Cellulose 
Cellulose is a natural biopolymer made up of linear chain of several hundred to over ten thousand ß (14) 
linked D-glucose, having the formula (C6H10O5)n and stabilized by intermolecular hydrogen bonds. The French 
chemist Anselme Payen in 1838, described fibrous solid material present in various plant tissues and determined 
its molecular formula to be C6H10O5 by elemental analysis [18]; and, the term “cellulose” was first used in 1939 
in a report of the French academy on the work of Payen. It is a crystalline structural polysaccharide and the most 
abundant form of living terrestrial biomass available on Earth. Formed by the repeated connection of D-glucose 
building blocks, the highly functionalized, linear stiff-chain homopolymer is characterized by its hydrophilicity, 
chirality, biodegradability, broad chemical modifying capacity, and its formation of versatile semi crystalline fi-
ber morphologies [19]. This review focused on new frontiers, including environmentally friendly cellulose fiber 
technologies, bacterial cellulose biomaterials, and in vitro syntheses of cellulose together with future aims, 
strategies, and perspectives of cellulose research and its applications. The polymorphs of cellulose (I, II, III and 
IV) and their preparation protocols are discussed in detail in a book chapter in 2007 [20]. As per this reference, 
though cellulose has cellobiose as monomer, the ideal shape for cellulose does not have a two-fold structure and 
that a range of shapes should occur. 

The present three kinds of hydroxyl groups within an anhydroglucose unit in a cellulose molecule exhibit dif-
ferent polarities, which contribute to formation of various kinds of inter- and intra-molecular hydrogen bonds 
among secondary “-OH” at the C-2, secondary “-OH” at the C-3 and primary “-OH” at the C-6 position. In ad-
dition, all the hydroxyl groups are bonded to a glucopyranose ring equatorially. This causes appearance of hy-
drophilic site parallel to the ring plane. On the contrary, the “-CH” groups are bonded to a glucopyranose ring 
axially, causing hydrophobic site perpendicular to the ring. These effects lead to formation of hydrogen bonds in 
parallel direction to a glucopyranose ring, and to van der Waals interaction perpendicular to the ring [21]. 

Cellulose occurs in almost the purest form in cotton fibers, while in wood and various parts of plants, it is 
found in combination with other materials, mainly lignin and hemicelluloses. Cotton fibers are of great interest 
as they lack lignin, which minimizes number of processes during manufacturing of nanocellulose. Cellulose is 
also produced by bacteria, algae, fungi and tunicates. Figure 1 shows the schematic representation of structural 
arrangement of cellulose microfibrils in cottonfibers. 

3. Nanocellulose 
Nanocellulose represents a new family of nanomaterials that appear to have very broad applications in a variety 
of materials related domains where physical characteristics such as strength, weight, rheology, optical properties 
and the like can be affected in a very positive manner (TAPPI, 2011). Acronyms commonly used to denote na-
nocellulose include cellulose nanocrystals (CNC), nanocrystalline cellulose (NCC), cellulose nanoparticles 
(CNP), microfibrillated cellulose (MFC) and nanofibrillated cellulose (NFC). A recommendation on the prelim-
inary terminology framework for nanocellulose was presented at an initial TAPPI’s workshop held in Arlington 
on 9th June 2011 as given in Figure 2. In this classification, cellulose nanofibrils and cellulose microfibril are 
classified separately that we feel is confusing since it is very much difficult to differentiate these two materials 
by virtue of their overlapping in properties. While few researchers classify bacterial cellulose as a type of nano-
cellulose, it is beyond the scope of this review and hence, not included here. Hence, in this review, nanocellulose 
is classified only as two groups viz., Nanocrystalline cellulose (NCC) having low aspect ratio (<100) and Nano-
fibrillated cellulose (NFC) having high aspect ratio (>100) and taken up for further discussion. 
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Figure 1. Schematic representation of structural arrangement of cellulose microfibrils in cottonfibers.             

 

 
Figure 2. Naming hierarchy of nanocellulose as per the TAPPI’s workshop 
held in Arlington on 9th June 2011.                                     

3.1. Structural Properties of Nanocellulose 
The nanocellulose is the smallest structural part of the cellulosic biomass of various organisms. While NFC is 
generally produced by mechanical process, NCC is by concentrated acid hydrolysis. Hence, the NFC is more in 
amorphous nature when compared to NCC. These basic structural differences lead to different types of applica-
tion for NFC and NCC. 

The determination of stiffness by theoretical and experimental means has shown that native cellulose (cellu-
lose I) has a Young’s modulus of 167.5 GPa and that of regenerated cellulose (cellulose II) is 162.1 GPa [22]. 
Using atomic force microscopy (AFM), various researchers evaluated the elastic modulus of both NCC and 
NFC. Self-standing TEMPO oxidized cellulose nanofibres are transparent and flexible, with high tensile 
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strengths of 200 - 300 MPa and elastic moduli of 6 - 7 GPa [6]. The high strength of nanofibrillar cellulose 
combined with its potential economic advantages offers the opportunity to make lighter and strong materials 
with greater durability. Indeed, because of these properties nanofibres have attracted a lot of research effort in 
different disciplines and continues to be a subject of its utility in everyday materials such as paints, packaging, 
cosmetic bases, pigments, food modifiers, sensor applications, biomedical sciences and composites. 

3.2. Energy Requirement for Manufacturing of Nanocellulose 
For nanocellulose production, the inter-fibrillar hydrogen bonding (of cellulose) energy has to be overcome. 
Since, more than one type of hydrogen bond is present, a range of values need to be considered to quantify the 
hydrogen bond strength; and, it ranges between 19 and 21 MJ/kg mol [23]. Traditionally, mechanical homoge-
nization process is used in large-scale production of nanocellulose that leads to huge energy consumption to the 
tune of 20,000 to 30,000 kWh per tonne [8]; and the required energy is 4 - 5 times that of the stored energy of 
that cellulosic biomass [24]. In one of the earliest patent [25], NFC was produced by passing a liquid suspension 
of cellulose through small diameter orifice in which the suspension is subjected to a pressure drop of at least 
3000 psi and a high velocity shearing action followed by a high velocity decelerating impact, with repeated 
passes (11 numbers) till formation stable suspension. The production of cellulose nanofibrils from a bleached 
eucalyptus pulp (2% consistency) using a commercial stone grinder (SuperMassColliderTM) required the ener-
gy in the order of 5 - 30 kWh per kg [26]. To reduce the energy consumption, various types of pretreatments 
(chemical and biological) are being evaluated that results in drastic reduction of energy consumption less than 
1000 kWh per tonne. 

Energy requirement by mechanical pretreatment to produce MFC films with maximum obtainable properties 
for each processing method, the total energy required was approximately 9180 kJ/kg for the microfluidizer with 
pretreatment, 9090 kJ/kg for the grinder with pretreatment, and 5580 kJ/kg for the grinder without pretreatment 
and 31,520 kJ/kg for the homogenizer with pretreatment. Here, the pretreatment was a mechanical beating 
process (processed in a valley beater) [27]. 

3.3. Reduction in Energy Consumption by Chemical Pretreatment 
The literature review on the effect of various chemical pretreatments on energy conservation or requirement for 
nanocellulose production is listed in the Table 1. Depending on the process and their analyses, the energy con-
servation/requirement are listed in the references. The energy calculated focused only on the actual energy re-
quired for mechanical comminution process without including the energy required during chemical pretreat-
ments. Hence, a fair comparison of energy conservation is not possible. 

Within the framework of EU-FP7 INNOBITE project, the Spanish applied research institute Tecnalia Re-
search & Innovation and Ecopulp Finland Oy, a SME devoted to the production of shape moulded pulps out of 
waste paper, are developing a new method for converting waste paper into a new value-added material: news-
paper-based nanocellulose [33]. The target is reducing the energy needed for the paper fibrillation process, for 
which a specialty pulp is generated via oxidation reactions. This chemical treatment converts the hydroxyl 
groups at the native cellulose fibres into carboxylate groups, thus creating anionic charges that will subsequently 
turn into repulsion forces within the internal structure of the fibres. Combining Ecopulp’s industrial facilities 
and Tecnalia’s know-how, such a specialty cellulose pulp has already been produced in mid-scale. So far, the 
energy requirement for complete paper fibrillation has been decreased to values of 2.1 kWh per kilo of dry mat-
ter that equals the range of other extensively applied industrial treatments such as pulp refining. 

3.4. Reduction in Energy Consumption by Biological Pretreatment 
While chemical pretreatment results in substantial reduction of energy consumption, there erupts the problem of 
waste disposal and release of chemical pollutants into the environment. Also, depending on the nature of the 
chemical treatment, the surface chemistry of cellulose gets modified. To circumvent these problems, biological 
pretreatment shall be an ideal means of reducing energy consumption without creating chemical effluents. 

The high hemicellulose content of the pulp decreases the cell wall cohesion of the fibers, making cell wall 
delamination easier. But, this alone was not sufficient to avoid blocking of the orifice in the homogenizer and to 
reduce energy consumption. Hence, small additions of the mono-component endoglucanases enzyme promoted 
cell wall delamination and prevented the blocking of homogenizer [34]. 
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Table 1. Effect of chemical pretreatments on energy conservation/requirement during nanocellulose production.            

No. Pretreatments 
Effect of 

pretreatments 
References Energy conservation 

requirement 
Process & 
remarks 

1 

(a) Ozone at a charge level of at least about 
0.1 wt/wt%, based on the dry weight of the 

cellulosic material for generating free 
radicals in the slurry 

(b) Cellulase enzyme at a concentration 
from about 0.1 to about 10 lbs/ton based on 

the dry weight of the cellulosic material 
A combination of both (a) and (b)  

mentioned above 

Partial  
depolymerization  

of cellulose 
[28] >2% energy  

conserved Comminution processing 

2 

Organic (morpholine, piperidine or  
mixtures) or inorganic (inorganic halide, an 
inorganic hydroxide, or mixtures thereof) 

swelling agent or a mixture thereof 

Swelling of cellulose [29] 

1400 kWh/t energy  
required 

500 kWh/t energy  
required 

Comminution processing 
80% nanocellulose  

(defined as having an 
average diameter of  

less than 30 nm) 
45% of the material having 

average  
diameters less than 30 nm 

3 Carboxymethylation 

Increases the anionic 
charges due to the 

formation of carboxyl 
groups in the surface 

[30] 

5500 kWh/t without 
pretreatment  

(per pass through)- 
Minimum of 4 passes 

2200 kWh/t with  
pretreatment  

(per pass through)-4 
passes 

30000 kW/t (total)  
without pretreatment 

Microfluidization process 
Ultra-fine friction grinding 

4 Carboxymethylation OR by irreversibly 
attaching CMC onto cellulose fibres 

Increases the anionic 
charges due to the 

formation of carboxyl 
groups in the surface 

[31] 500 - 2300 kWh/t Microfluidization process 

5 
Acid like sulfur dioxide, sulfurous acid, 

sulfur trioxide, sulfuric acid, lignosulfonic 
acid & their combinations or enzyme 

Hydrolysis [32] <1000 kWh/t Mechanical treatment 

 
The bio-mechanical process overcomes the high energy requirement to a certain extent; however, the use of 

cellulose hydrolyzing enzymes also has a negative impact on the molecular weight and the chain length of the 
isolated nanocellulose [35]. Hence, pretreatment with the fungus secreting hydrogen bond-specific enzymes was 
tested to produce nanocellulose with mechanical strength marginally higher to that of those isolated via a con-
ventional mechanical process since the bio-pretreatment produced nanocellulose had higher aspect ratio. 

In spite of various protocols claiming energy reduction due to enzyme/biological pretreatments, energy calcu-
lations are not available for comparison of actual energy saving. In our lab, we are working with the cellulase 
enzyme pretreatments of various cellulosic biomasses (cotton linter pulp, soft wood pulp, hard wood pulp and 
bagasse) before proceeding for mechanical treatments by refiner and microfluidization for production of nano-
cellulose (both NCC and NFC). In case of NCC production from cellulose powder, a minimum of 10 passes are 
required in the high pressure homogenizer OR microfluidizer to reach the desired size range below 100 nm. But, 
in case of enzyme (cellulase) pretreatment, with 5 passes itself, we could achieve the desired size range; and 
hence, a 50% reduction in energy consumption can be claimed. But, the problem faced was the time & process 
required for the removal of enzyme after pretreatment; and the same needs to be quantified in terms of energy 
requirement. In case of NFC production from cellulosic pulp, it is not possible to treat with high pressure ho-
mogenizer OR microfluidizer without enzyme pretreatment. If a mechanical pretreatment like beating/refining is 
imparted to make it amenable for homogenization/microfluidization, then the energy required in case of both 
mechanical pretreatment and enzyme pretreatment were same. The energy requirement in enzyme pretreatment 
(including heating and stirring) was high enough to make them equivalent to that of mechanical pretreatment. 
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3.5. Comparison of Energy Consumption in Chemical and Biological Pretreatments 
Figure 3 shows the comparison of three different processes for manufacturing nanocellulose (mechanical, che-
mo-mechanical and bio-mechanical) in terms of productivity, energy efficiency and ease of handling in radar 
chart. All three protocols display their own strength and weaknesses. The mechanical process shows its strength 
in productivity, chemo-mechanical process in ease of handling and bio-mechanical process in energy efficiency. 
In weaknesses, only bio-mechanical process suffers both in terms of productivity and ease of handling while 
mechanical process suffers in energy efficiency. For selection among these three different protocols during 
commercial production, apart from the above said three parameters, quality of the nanocellulose needs to be 
considered based on the required area of application. We have formulated a “Nanocellulose Quality Index” to 
choose the nanocellulose for desired application (Figure 4). The two influential (on final product) quality para- 
 

 
Figure 3. Comparison of three different processes for manufacturing nano-
cellulose in terms of productivity, energy efficience and ease of handling. 
Scale from 0 to 100 represents benefit/advantage in terms of percentage.      

 

 
Figure 4. Nanocellulose Quality Index based on aspect ratio and crystallinity 
for various applications.                                                  
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meters, aspect ratio and crystallinity are included in arriving at the index. While crystallinity improves strength 
and modifies rheological attributes, aspect ratio acts towards web formation in films, displays and improves 
strength. Based on their combined values, their suitability of applications can be determined as suggested in the 
Figure 4. 

4. Outlook 
In spite of various reports claiming reduction in energy consumption in nanocellulose manufacturing due to pre-
treatments, a holistic approach is required to include the energy equivalents of various axillaries and other 
processes involved during such pretreatments. Energy consumption in terms of chemicals/enzyme equivalence, 
time required for pretreatments, quality of output subjected to pretreatments needs to be evaluated and used for 
comparison. Such a measure is possible in pilot plants/commercial plants of nanocellulose production. The sug-
gested nanocellulose quality index will act as a guide for application based screening of nanocellulose produc-
tion protocols. 
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