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Abstract Research on nanocellulose has signifi-

cantly increased over the past few decades, owing to

the various attractive characteristics of this material,

such as renewability, widespread availability, low

density, excellent mechanical properties, economic

value, biocompatibility, and biodegradability.

Nanocellulose categorized into two main types,

namely cellulose nanofibrils (CNFs) and cellulose

nanocrystals (CNCs). In this review, we present the

recent advances made in the production of CNFs and

CNCs. In addition to the conventional mechanical and

chemical treatments used to prepare CNFs and CNCs,

respectively, other promising techniques as well as

pretreatment processes have been also proposed in

recent times, in an effort to design an economically

efficient and eco-friendly production route for

nanocellulose. Further, while the hydrophilic nature

of nanocellulose limits its use in polymeric matrices

and in some industrial applications, the large number

of hydroxyl groups on the surface of nanocellulose

provides a suitable platform for various kinds of

modification treatments. The various chemical and

physical surface treatment procedures reported for

nanocellulose have been reviewed in this paper.
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Finally, in this review, we summarize the life cycle

assessment studies conducted so far on nanocellulose,

which quantify the environmental impact of nanocel-

lulose products. The current paper is a comprehensive

review of the recent literature on nanostructured

cellulose.

Keywords Cellulose nanofibril � Cellulose
nanocrystal � Surface modification � Life cycle
assessment � Production technique

Introduction

There has been an increasing demand for products

made from renewable and sustainable resources that

are biodegradable, non-petroleum based, and carry

low environmental, animal/human health, and safety

risks. Cellulose, which is the most abundant biopoly-

mers on earth, as well as its derivatives have been

widely studied as renewable materials. Cellulose is

present in wood, cotton, hemp, and other plant-based

materials and serves as the dominant reinforcement

material in plant structures. Materials based on

cellulose and its derivatives have been used for more

than 150 years in a wide variety of applications such

as food, paper production, biomaterials, and pharma-

ceuticals. In addition, natural cellulose-based materi-

als such as wood, hemp, cotton, and linen have been

used in our society as engineering materials for

thousands of years. The enormous number of indus-

tries engaged in the manufacture of forest-based

products, paper, textiles, and so on worldwide is

testament to the continuing popularity of this material.

In recent years, researchers have focused on

isolating, characterizing, and developing applications

for a novel form of cellulose known as nanocellulose.

Generally, one-dimensional isolated cellulosic mate-

rials with dimensions in the nanometer range are

referred to as nanocelluloses. Nanocellulose combines

the key properties of cellulose, such as high specific

strength and modulus, hydrophilicity, and extensive

ability for chemical modification, with specific prop-

erties characteristic of nanoscale materials, originating

from the very large surface area of these materials.

Based on the appearance and preparation methods,

nanocellulose can be classified into two main subcat-

egories, namely cellulose nanocrystals (CNCs) and

cellulose nanofibers (CNFs). CNCs are short and

needle-shaped, with diameter in the nanoscale and

length generally in the range 100–500 nm. On the

other hand, CNFs are flexible long nanofibers with

diameter in the nanoscale and length in the micron

scale. The final features, properties, and yield of the

nanocellulose materials are dependent on the cellulose

sources and preparation conditions used. Various

terminologies have been used in the literature for

CNCs and CNFs which unfortunately leads to ambi-

guities and misunderstanding, including cellulose

nanowhiskers, nanocrystaline cellulose, nanofibrilated

cellulose and cellulose microfibrils. Recently, the

Technical Association of the Pulp and Paper Industry

(TAPPI) proposed standard terms and their definition

for cellulose nanomaterial (TAPPIWI 3021), based on

the nanocellulose size (Trache et al. 2017; Kar-

garzadeh et al. 2017). The nomenclature, abbreviation,

and dimensions applicable to each subgroup are shown

in Fig. 1.

The large number of hydroxyl groups on the

nanocellulose surface is responsible for the inherent

hydrophilic nature of the material, which limits its

applications in polymeric matrices. However, the

presence of a large number of hydroxyl groups also

results in a unique substrate that is amenable to various

types of surface modifications, extending its use to

sophisticated applications. Most of the chemical

modifications performed on nanocelluloses are a

logical extension of those applied previously to

cellulose fibers. However, it is very important to

ensure that the surface treatment does not change or

damage the cellulose structure and the original

morphology of nanocellulose.

One of the most important issues concerning

nanotechnology and nanomaterials is environmental

health and safety (EHS) of the materials. Owing to the

nanoscale features of nanocellulose and breakthroughs

in the ability to produce and apply nanocellulose in a

variety of sectors from food to medicine, it is

necessary to assess its environmental and safety
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aspects before using it in applications in the wider

society, in order to ensure that it can be safely used in

commercial applications. For this purpose, life cycle

assessment (LCA), which is a comprehensive model-

ing framework that attempts to measure the total

environmental impact of a product ‘‘from cradle to

grave’’, is utilized. Despite outstanding developments

in nanotechnology and more specifically, in the field

of nanocellulose, environmental issues related to this

product remain poorly understood and only a few

studies have examined the LCA of nanocellulose and

its products.

A number of review articles focusing on the

production, characterization, and modification of

nanocellulose have been published recently. Abdul

Khalil et al. (2014) focused on the developments made

in the pretreatment of nanocellulose, CNF production,

and their applications in the production of nanopaper,

coating, additives, and food packaging, as well as

surface modification of CNFs. Wei et al. (2014)

reviewed techniques available for the preparation of

nanocellulose, nanocellulose papers, and nanocellu-

lose films as well as their potential applications.

Habibi (2014), Islam et al. (2013), and Missoum et al.

(2013) reviewed the various approaches available for

the surface chemical modification of nanocellulose,

specifically CNFs. Jonoobi et al. (2015) described the

various approaches reported in the literature for

isolating nanocellulose from various natural sources.

They also studied the key properties of cellulose

nanomaterials, such as morphology, crystallinity, and

thermal stability, for materials prepared from various

natural sources. However, they described only the

common preparation techniques for producing

nanocellulose, whereas a number of novel techniques

have been proposed in the literature. Nechyporchuk

et al. (2016) reviewed the various production methods

for CNFs including conventional and novel mechan-

ical disintegration techniques, as well as biological

and chemical pretreatment methods aimed at facili-

tating the isolation of CNFs. Additionally, the prepa-

ration of various forms of CNFs such as suspensions,

water-redispersible powders, films or nanopapers,

hydrogels, and aerogels was discussed.

However, there are some recent advances that have

not been adequately addressed so far, including i)

certain techniques for CNF production (e.g., extrusion

and aqueous counter collision) and CNC production

(e.g., solid and gashouse acid hydrolysis), ii) physical

modification methods for nanocellulose such as

plasma and irradiation treatment, and iii) the LCA of

nanocellulose. Therefore, this review aims at provid-

ing a comprehensive review on nanocellulose, with

particular focus on the recent advances achieved in the

production, characterization, and modification of

CNCs and CNFs, as well as the LCA of nanocellulose.

Cellulose nanostructure

Cellulose is a semi-crystalline polymeric material and

is representative of nanostructures existing in natural

fibers and other plant-based materials. It acts as the

main reinforcing phase in plant structures and is also

synthesized by algae, tunicates, and bacteria. Cellu-

lose fibers consist of bundles of microfibrils, which are

Fig. 1 Standard terms for

cellulose nanomaterials

(TAPPI W13021). Adapted

with permission from

Mariano et al. (2014),

Copyright 2014.

Reproduced with

permission of John Wiley &

Sons
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present in the cell walls and reinforce an amorphous

matrix consisting of lignin, hemicellulose, proteins,

extractive organic substances, and trace elements.

Cellulose nanocrofibrils with diameter in the range of

5–30 nm are composed of cellulose macromolecules

in an extended chain conformation. The building

blocks of the cellulose polymer chain are composed of

D-glucopyranose molecules linked together by the b-
1,4-glucosidic bond. More details on the chemistry

and properties of cellulose can be found in various

references in the literature (Dufresne 2013; Moon

et al. 2011; Nechyporchuk et al. 2016).

Nanocellulose refers to cellulose particles with at

least one dimension in the range of 1–100 nm. The

dimension, composition, and properties of nanocellu-

lose depend on the production conditions. There are

two main types of nanocellulose, namely CNCs and

CNFs. Even if considered as cellulose nanomaterial,

bacterial cellulose results from a different strategy

since it involves a bottom-up procedure, and will

consequently not be addressed in this review. The

major difference between CNCs and CNFs lies in the

proportion of the amorphous phase and dimensions of

the material, which are directly affected by the

production condition.

CNCs exhibit an elongated rod-like shape with

diameter in the nanoscale and higher length. They

have very limited flexibility compared to CNFs. The

most important method used for the extraction of

CNCs is acid hydrolysis. In this process, a strong acid

such as H2SO4 dissolves the amorphous portions

(disordered regions) of cellulose, resulting in the

formation of a nanocrystal structure. The dimensions

of CNCs can vary widely, with diameter ranging from

3 to 50 nm and length ranging from 100 to 500 nm.

The dimensions and crystallinity of CNCs depend on

the cellulose source and extraction conditions (Abdul

Khalil et al. 2014; Habibi et al. 2010; Klemm et al.

2011; Nechyporchuk et al. 2016).

On the other hand, CNFs are generally produced by

the mechanical delamination of cellulosic pulp aque-

ous suspensions in a high-pressure homogenizer

(HPH). During this process, a highly entangled

network of nanofibrils with both crystalline and

amorphous domains is produced owing to the high

shear force used. Depending on the processing con-

ditions, CNFs can get disintegrated into flexible

nanofibers that are 20–50 nm in diameter and

500–2000 nm in length (Abdul Khalil et al. 2012).

An in-depth review of the methods for the production

of CNFs and CNCs and their properties are presented

in the following sections.

Production of CNFs

A number of studies have been conducted on the

isolation and characterization of CNFs from various

natural sources (Abe et al. 2007; Chirayil et al. 2014;

Deepa et al. 2011; He et al. 2014; Li et al. 2014). CNFs

can be extracted from plant cell walls by simple

mechanical shearing or by a combination of chemical

and mechanical routes. Examples of such methods

include HPH, grinding, cryocrushing, and high inten-

sity ultrasonic treatment, which lead to transverse

cleavage of the cellulose fibers. A brief review of the

most common CNF preparation routes and equipment

is provided below.

High-pressure homogenization

HPH is a widely used method for the large-scale

production of CNFs. Two types of equipment are

typically employed for this process, namely homog-

enizers and microfluidizers. The homogenization

process, as well as the equipment, has been exten-

sively used in the dairy and food industries, primarily

to stabilize food emulsions. During the homogeniza-

tion process for the production of CNFs, cellulose

slurry is pumped at a high pressure and fed through a

spring-loaded valve assembly. As the valve opens and

closes rapidly, the fibers are exposed to a large

pressure drop and subjected to shearing and impact

forces. This combination of forces leads to a high

degree of microfibrillation of the cellulose fibers. The

extent of cellulose fibrillation depends on the number

of homogenization cycles as well as applied pressure.

The higher the pressure, the higher would be the

disruption efficiency per pass through the equipment.

Methods for the production of CNFs were first

reported by Herrick et al. (1983) and Turbak et al.

(1985). They fed dilute cellulosic wood pulp-water

suspensions through a mechanical homogenizer and

the large pressure drop in the homogenizer facilitated

micro fibrillation. Li et al. (2014) extracted CNFs from

de-pectinated sugar beet pulp by combining chemical

treatment with HPH. The diameter of the resultant

CNFs ranged from several nanometers to 70 nm and it
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was shown that the crystallinity of the nanofibers

increased significantly after treatment. Chen et al.

(2014) also reported a method to fibrillate raw dried

cotton fibers into separate CNFs by chemical purifi-

cation and pretreatment using a high speed blender

combined with nanofibrillation by HPH. The resultant

nanofibers were found to be approximately 10–30 nm

in diameter and high aspect ratios. Further, Pelissari

et al. (2014) isolated CNFs from banana peel using a

combination of chemical treatment methods including

alkaline treatment, bleaching, and acid hydrolysis.

Suspensions of chemically treated fibers were passed

through an HPH to produce CNFs (Pelissari et al.

2014).

Microfluidizers have been used as an alternative to

homogenizers for CNF production. Unlike homoge-

nizers, which operate at a constant pressure, the

microfluidizer operates at a constant shear rate. In this

technique, cellulose suspension is passed through a

thin chamber of a specific geometry (e.g., Z or

Y-shape) with an orifice width of 100–400 lm. By

applying a high pressure, strong shear forces are

produced. In addition, the suspension impacts the

channel walls allowing cellulose fibrillation. It is

necessary to repeat the process several times and use

chambers of various sizes in order to improve the

degree of fibrillation. Lee et al. (2009a, b) examined

the effect of the number of passes of microcrystalline

cellulose (MCC) slurry through a microfluidizer on the

morphology of the resultant CNFs. They found that the

aspect ratio of the nanofibrillar bundles increased after

10–15 passes, whereas an additional 20 passes led to

agglomeration of the CNFs owing to increased surface

area and increased amount of surface hydroxyl groups.

Grinding

In the grinding process, cellulose fibers are forced

through a gap between two specially modified grooved

discs, one of which is static and the other revolving at

about 1500 rpm. During the process, the cell wall

structure is broken down by the high shear forces,

resulting in the production of individual nanosized

fibers. The extent of fibrillation depends on the

distance between the discs, morphology of the disc

channels, and number of passes through the grinder.

Abe et al. (2007) obtained CNFs with a uniform

diameter of 15 nm from wood by grinding in the

undried state. This study demonstrates a powerful, yet

quite simple method for the production of CNFs from

plant fibers. In another study by Iwamoto et al. (2005),

when homogenized cellulosic pulp was subjected to

grinding treatment, the fibril bundles were further

fibrillated. Ten repetitions of the grinder treatment

resulted in the production of uniform nanofibers that

were 50–100 nm wide.

Cryocrushing

Cryocrushing is yet another method for producing

nanofibers, in which the fibers are frozen using liquid

nitrogen and then subjected to high shear forces. In

this process, high impact forces act on the frozen fibers

and the ice crystals exert pressure on the cell walls,

causing them to rupture and leading to the formation of

microfibrils. Cryocrushing combined with a high

pressure fibrillation process was used by Wang and

Sain (2007) for isolating nanofibers from soybean

stock. The resultant fibers were 50–100 nm in diam-

eter. In another study, Alemdar and Sain (2008)

reported the extraction of CNFs from wheat straw and

soy hull by mechanical treatment involving cryocrush-

ing. They investigated the chemical composition,

morphology, as well as physical and thermal proper-

ties of the nanofibers in an effort to study the feasibility

of using the nanofibers in biocomposite applications.

They showed that the diameter of the wheat straw

nanofibers was in the range of 10–80 nm with length

on the order of a few thousand nanometers. Chakra-

borty et al. (2005) also reported a novel technique for

producing cellulose microfibrils through mechanical

methods. Their method involved severe shearing in a

refiner followed by high-impact crushing under liquid

nitrogen.

High intensity ultrasonication

This process involves a combination of chemical

pretreatment and high-intensity ultrasonication.

Owing to the impact of ultrasonic waves, the

micron-sized cellulose fibers are gradually disinte-

grated into nanofibers. Before ultrasonication, the

plant fibers are purified to prepare cellulose fibers by

mild acid hydrolysis followed by alkali and bleaching

treatments. In this process, non-cellulosic materials

such as lignin and hemicelluloses are removed. After

chemical pretreatment, the purified cellulose fibers are

soaked in distilled water, following which about
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110 mL of the solution containing chemically purified

cellulose fibers is placed in an ultrasonic generator

operating at a frequency of 20–25 kHz. Ultrasonica-

tion is conducted for 30 min to isolate the nanofibers.

Li et al. (2014) prepared nanocellulose fibers by

pretreating cellulose in a NaOH/urea/thiourea solution

and then defibrillating the fibers by ultrasonication.

They achieved a high yield of 85.4% and the prepared

nanocellulose fibers were about 30 nm in diameter

with the cellulose II crystal structure. In addition, the

nanofibers possessed high thermal stability with

thermal degradation commencing at 270 �C and a

maximum degradation temperature of 370 �C. Chen
et al. (2014) reported the separation of CNFs from

poplar wood by explosive chemical pretreatment and

high-intensity ultrasonication. When the output power

of the ultrasonic generator used for chemically puri-

fied cellulose fibers was greater than 1000 W, CNFs

that were 5–20 nm in diameter and several microns in

length were obtained.

Steam explosion process

This process involves vapor phase cooking for a short

duration at a temperature in the range of 180–210 �C,
followed by explosive decompression and sudden

release of pressure. In this process, the cellulosic

biomass is pressurized for a short period of time in an

autoclave with steam, following which it is explo-

sively discharged to the atmospheric pressure. This

results in the sudden disintegration of the starting

material into a fibrous dispersed solid. Substantial

breakdown of the lignocellulosic structure, hydrolysis

of the hemicellulose fraction, de-polymerization of the

lignin components, and defibrillation occur. Deepa

et al. (2011) reported the extraction of CNFs from the

banana plant by the steam explosion process in an

autoclave. In another study, Chirayil et al. (2014)

employed the steam explosion process for extracting

CNFs from isora fiber in an autoclave. Their technique

involved alkaline treatment, bleaching, acidic steam

treatment, and homogenization. The results of their

study showed that the prepared CNFs had a nanofib-

rillar network-like structure with high crystallinity and

good thermal stability. Cherian et al. (2010) also

reported the application of the steam explosion

process for the successful extraction of CNFs from

pineapple leaf fibers. Steam coupled with acid treat-

ment of the pineapple leaf fibers was found to be

effective for depolymerization and defibrillation,

resulting in the production of nanofibrils.

Electrospinning

Electrospinning is a rather simple and cost-effective

method for the production of nanofibers, in which a

solution is extruded and electrospun under the action

of a high electric field. Once the voltage is sufficiently

high, a charged stream of matter is ejected following a

rather complicated loop. During this process, the

solvent evaporates leaving behind randomly oriented

nanofibers that accumulate on the collector. Direct

dissolution of cellulose is a difficult process. There-

fore, CNF production using electrospinning requires a

suitable solvent or chemical derivatization of cellulose

(Dufresne 2013).

Various systems for the direct dissolution of

cellulose without chemical derivatization have been

studied. Examples of such systems include N,N-

dimethylacetamide (DMAc)/LiCl (Frey 2008),

dimethyl sulfoxide (DMSO)/triethylamine/SO2 (Quan

et al. 2010), N-methylmorpholine-N-oxide (NMMO)

(Kulpinski 2005), and NaOH/urea aqueous solution

(Qi et al. 2010). In addition, CNFs have also been

produced by the electrospinning technique by dissolv-

ing cellulose fibers in solvents such as ethylene

diamine, with either potassium thiocyanate or potas-

sium iodide utilized as the salt. However, only a few

fundamental studies have been conducted on this

method. Ma et al. (2005) prepared cellulose acetate

(CA) nanofibers by the electrospinning technique with

an acetone/dimethyl formamide (DMF)/trifluo-

roethylene (3:1:1) mixture as the solvent. The diam-

eter of the resultant fiber ranged from 200 nm to 1 lm.

Extrusion

Twin-screw extrusion is considered a promising

technology for biomass conversion as well as CNF

production. It is a physico-chemical method, in which

cellulose pulp is subjected to heat, compression, and

shear force leading to the physical disruption and

chemical treatment of cellulose as it passes through the

extruder. The aspect ratio and porosity of the final

product depends on the extrusion parameters such as

barrel temperature, screw speed, and moisture. Com-

pared to other production routes, extrusion is a highly

productive process that can be completed in a short
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duration of time and uses water efficiently (Karuna-

nithy and Muthukumarappan 2010, 2011; Olea et al.

2015). However, there also some disadvantages to the

extrusion process such as low treatment rate, low pulp/

liquid ratio, and the use of a relatively high temper-

ature. These parameters need to be optimized in order

to achieve sufficient shear forces for inducing delam-

ination of the fibers as well as preventing cellulose

degradation (Senturk-Ozer et al. 2011). CNFs with a

high solid content of 25–40 wt% were produced in the

powder form from never-dried refined needle-leaf

bleached kraft pulp through the twin-screw extrusion

process after 10–14 passes. Upon increasing the

number of passes, while the moisture in the pulp

evaporated and the degree of fibrillation of the pulp

increased, some degradation also occurred (Ho et al.

2015).

Extrusion has also been used to produce composites

with in situ CNF production. Pulp nanofibrillation and

further melt compounding with polypropylene was

reported by Suzuki et al. (2013). Never-dried refined

needle-leaf bleached kraft pulp disintegrated into nano

and micron-sized pieces, when it was processed in a

twin-screw extruder with polypropylene, with maleic

anhydride-grafted-polypropylene as a compatibilizer.

Hietala et al. (2014) studied the twin-screw extrusion

process for the production of composites from starch

and CNFs, while Cobut et al. (2014) produced

composites from thermoplastic starch and TEMPO

(2,2,6,6-tetramethylpiperidine-1-oxyl)-CNFs.

Aqueous counter collision

Aqueous counter collision (ACC) is an eco-friendly

extraction method for the preparation of CNFs. In this

technique, two jets of cellulose aqueous suspensions

collide against each other under high pressure, result-

ing in wet pulverization and the liberation of CNFs.

One of the disadvantages of ACC is that the size of the

processed cellulosic material needs to be lower than

the nozzle diameter (150 lm) in order to avoid

clogging (Kondo et al. 2014). Kose et al. (2011)

produced CNFs using ACC from bacterial cellulose

(BC) aqueous suspensions. The resultant CNFs had a

diameter of 30 nm. They also found that the Ia
crystalline phase in cellulose changed to the Ib phase

with over 70% crystallinity. Interestingly, the ACC-

treated CNFs exhibit hydrophilic and hydrophobic

behavior resulting in switching surface effects

depending on the characteristics of the substrate. In

another study by Kondo et al. (2014) NFC was

produced by the ACC treatment of MCC. The

resulting CNFs had a diameter of 15 nm and length

of 700 nm.

Production of CNCs

Generally, the preparation of CNCs from natural fibers

involves four steps: (1) mechanical size reduction; (2)

purification by alkali and bleaching treatments, (3)

controlled chemical treatment, predominantly by acid

hydrolysis, which removes the inter-fibril regions and

amorphous parts and releases CNCs, and (4) mechan-

ical or ultrasound treatment.

In the first step, raw fibers are washed and dried.

The cleaned raw fibers are then broken down by

milling or grinding. The milled powder is of uniform

size on the millimeter/micrometer scale, which allows

it to be effectively treated by chemical methods. Alkali

treatment is then conducted using aqueous KOH or

NaOH solutions in order to remove alkali soluble

materials like hemicellulose and other impurities,

which cover the external surface of the fiber cell walls

(Savadekar and Mhaske 2012; Zainuddin et al. 2013).

It has been suggested that a minimum of 50% of

hemicellulose should be removed to increase cellulose

digestibility (Lee et al. 2014).

The primary mechanism behind alkali treatment is

the interruption of OH bonding in the fiber network

structure, which leads to the separation of inter-

fibrillar regions from the cellulose fibers. The mech-

anism is as follows.

½Fiber-OH þ NaOH

! Fiber-O-NaþðalkoxideÞ þ H2O�

Generally, alkali treatment can be divided into two

categories: (1) alkali solution heating and (2) alkali

cooling by autoclaving. The former is carried out

using a combination of high temperature (70–90 �C)
and mechanical stirring, while the latter involves

cooling the fibers and then subjecting to high temper-

ature treatment (160 �C) (Shi et al. 2011; Shin et al.

2012).

Next, bleaching or delignification is an additional

important step for the further removal of residual

cementing materials, mainly lignin, in the alkali-
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treated fibers (Panaitescu et al. 2013; Shi et al. 2011).

In fact, removal of lignin is necessary to enhance fibers

digestibility up to the point where cellulose is exposed

for solubilisation process and prepared for hydrolysis

(Lee et al. 2014).

Typically, the alkali-treated fibers are bleached by

boiling with sodium chlorite (NaClO2) solution under

acidic conditions (Sundari and Ramesh 2012), which

are created by means of an acetate buffer solution

consisting of NaOH and glacial acetic acid diluted

with distilled water (Acharya et al. 2011; Savadekar

and Mhaske 2012). When the fibers are placed in the

acidic buffer solution, sodium chlorite breaks down

into chlorine dioxide (ClO2) in the presence of the

buffer salts. These acids are capable of releasing

hydronium ions (H?) for the hydrolytic cleavage of

glycosidic bonds in cellular molecular chains within

amorphous regions along the cellulose fibrils. Thus,

the hierarchical structure of the nanofibril bundles are

broken down into a nanocrystalline structure (Shi et al.

2011; Tee et al. 2013).

Acid hydrolysis

Acid hydrolysis of native cellulose with, for example,

a high concentration solution of H2SO4 is a well-

known and effective process for producing well-

defined CNCs. In addition to H2SO4, other types of

acids have also been used for the acid hydrolysis of

native cellulose including HCl, oxalic acid, HBr,

H3PO4, and HNO3 (Lee et al. 2009a, b; Maiti et al.

2013; Sonia et al. 2013).

As mentioned previously, during the acid hydrol-

ysis process, the amorphous portions and local inter-

filler contacts of cellulose are hydrolyzed, whereas

stable crystallites remain intact and can be isolated in

the form of rod-like nanocrystallite particles. CNCs

suspended in a strong acid are diluted with water and

washed. They are then neutralized or dialyzed with

distilled water to remove the free acid from the

suspension and finally, subjected to ultrasonication or

other mechanical method to disintegrate them.

Anionically charged sulfate ester groups are intro-

duced on the CNC surface during hydrolysis with

H2SO4. While this negative charge causes sufficient

dispersion at the individual CNC level in water, the

introduction of acidic sulfate groups also compromises

the thermostability of the CNCs. To increase the

thermal stability of the CNCs, neutralization of the

sulfate groups by increasing the pH to over 7 using

NaOH has been proposed (Kargarzadeh et al. 2012;

Ping and You-Lo 2010). It is worth noting that besides

the source of cellulose, the acid hydrolysis conditions

such as concentration of acid, temperature, and

duration of reaction also play an important role in

determining the final properties of CNCs. Typically,

high acid concentrations, long reaction times, and high

temperatures lead to high surface charge and narrow

size. However, these conditions also result in lower

yield, decreased crystallinity, and lower thermal

stability of CNC (Kargarzadeh et al. 2012; Martı́nez-

Sanz et al. 2011).

One of the major drawbacks of H2SO4 hydrolysis is

that the sulfate groups introduced on the CNCs

through acid hydrolysis accelerate the degradation of

cellulose, which results in limited thermal stability of

cellulose. This negatively affects the role of CNCs in

various applications such as reinforcement in

nanocomposites. Therefore, in recent years, there is

increasing focus on the use of mineral acids other than

H2SO4 for the hydrolysis of cellulose. Espinosa et al.

(2013) compared the properties of CNCs extracted via

both H2SO4 and H3PO4 hydrolysis. They observed that

the CNCs extracted by H3PO4 hydrolysis exhibit flame

resistance and higher thermal stability compared to

those obtained by H2SO4 hydrolysis. Tang et al.

(2015) extracted CNCs from old corrugated container

fiber by a process involving a combination of H3PO4

hydrolysis, enzymatic hydrolysis, and sonication.

They showed that the enzymatic hydrolysis step

following H3PO4 was effective in enhancing the

CNC yield. Moreover, they showed that enzymatic

hydrolysis imparted improved dispersion, increased

crystallinity, and enhanced thermal stability to the

resulting CNCs. In another study, facile extraction of

thermally stable CNCs via HCl hydrolysis of cellulose

raw material under hydrothermal conditions was

reported by Yu et al. (2013). They obtained thermally

stable CNCs with a high yield of 93.7% by combining

hydrothermal hydrolysis and neutralization of the acid

with ammonia. They achieved highly stable aqueous

CNC suspensions, owing to the presence of ammo-

nium groups. Table 1 presents some of the recent data

obtained on the effect of cellulose source and acid

hydrolysis conditions on the yield of CNCs.
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Hydrolysis with solid and gaseous acids

In addition to the poor thermal stability of the final

CNCs, acid hydrolysis has some other disadvantages

as well such as acid corrosion of equipment, health,

and environmental hazards as in addition to high

energy and chemical consumption. Recently, a num-

ber of studies have focused on replacing liquid acids

with solid acid. Liu et al. (2014) demonstrated a green

and sustainable method for the preparation of CNCs

from bleached hardwood pulp by using concentrated

phosphotungstic acid (H3PW12O40) hydrolysis. They

obtained rod-like CNCs that were 15–40 nm in width

and hundreds of nanometers in length. They concluded

that the resulting CNCs exhibited much better thermal

stability than the partially sulfated CNCs prepared by

H2SO4 hydrolysis. Moreover, the solid acid could be

easily recovered and recycled by extraction with

diethyl ether. However, the high cost of solid acid,

prolonged hydrolysis time, and low yield are

Table 1 Hydrolysis conditions used for the preparation of CNCs from various cellulosic fiber sources

Source Concentration and type of acid Time and temperature Yield (%) References

Wood fiberboard wast 58% (v/v)

H2SO4

25 min

68 �C
23.5 Couret et al. (2017)

Mandacaru spines 60% (v/v)

H2SO4

60, 90, 120 min

45 �C
– Nepomuceno et al. (2017)

Waste paper 60% (v/v)

H2SO4

1 h

45 �C
19 Danial et al. (2015)

Cotton 63.9% (w/w)

H2SO4

50 �C
45 min

41.7 Sun et al. (2016)

Kenaf fibers 65% (w/w)

H2SO4

45 �C
40 min

41 Kargarzadeh et al. (2012)

Tomato peels 64% (w/w)

H2SO4

45 �C
30 min

15.7 Jiang and Hsieh (2015)

Oil palm trunk 64% (w/w)

H2SO4

45 �C
60 min

19 Lamaming et al. (2015)

Posidonia oceanica leaves 6.5 mol/L

H2SO4

55 �C
40 min

30.1 Bettaieb et al. (2015)

Posidonia oceanica waste 64% (w/w)

H2SO4

45 �C
30 min

14 Fortunati et al. (2015)

Recycled news paper 65% (w/w)

H2SO4

45 �C
60 min

54.6 Mohamed et al. (2015)

Coconut fiber 60% (w/w)

H2SO4

45 �C
45 min

– do Nascimento et al. (2016a, b)

44% (w/w)

H2SO4

60 �C
360 min

–

Microcrystalline cellulose 6 mol/L

HCl

110 �C
4 h

90 Yu et al. (2013)

Cotton 85% (v/v)

H3PO4

50 �C
180 min

– Espinosa et al. (2013)

Oil palm empty fruit bunch 64% (–)

H2SO4

40 �C
60 min

– Haafiz et al. (2014)

65% (w/w)

H2SO4

45 �C
40 min

– Mohd et al. (2016)
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disadvantages of solid acid hydrolysis. In order to

overcome these drawbacks, Hamid et al. (2015),

reported that sonication at an optimum sonication

power of 225 W combined with hydrolysis using solid

phosphotungstic acid dramatically reduced the oper-

ating time from 30 h to 10 min. The CNCs obtained

were 15–35 nm in diameter and 150–300 nm in length

with about 88% crystallinity and 85% yield.

Hydrolysis with gaseous acid is another technique

for CNC production. In this technique, wet cellulose

with high moisture content is hydrolyzed in the

presence of an acidic gas, which is absorbed by the

cellulose fibers. The acidic gas reacts with the

moisture in the material, producing a high local acid

concentration. This leads to a high rate of hydrolysis in

the amorphous domains and local inter-fibril contacts.

Subsequently, mechanical treatment such as grinding

or ultrasonication is required for further defibrillation

and for producing CNCs. Various types of gaseous

acids such as HCl, HNO3, and trifluoroacetic acid can

be used in this procedure (Kontturi et al. 2012).

Hydrolysis with metal salt catalysts

Transition metal salts have also been used as homo-

geneous acid catalysts for the cellulose hydrolysis

process. They are generally categorized based on their

valence state into monovalent (e.g., NaCl, KCl),

divalent [e.g., CaCl2, FeCl2, FeSO4, Mn(NO3)2], and

trivalent [e.g., FeCl3, Fe2(SO4)3, Al(NO3)3, Cr(NO3)3]

catalysts. They are effective as catalysts for the

degradation of the glycosidic linkages in cellulose

during the acid hydrolysis process (Liu et al. 2009; Yi

et al. 2013). It is worth noting that the valence state of

the transition metal ions plays an important role in

determining the hydrolysis efficiency. During hydrol-

ysis, hydronium ions (H?) are generated due to

polarization between the metal ions and water

molecules and these ions effectively co-catalyze the

acid hydrolysis reaction in the presence of metal ions

(Kamireddy et al. 2013; Yahya et al. 2015). Li et al.

(2013a, b) reported that the crystallinity of nanocel-

lulose improved by 19% compared to native cellulose

upon treatment with Fe(III) ions. On the other hand,

Yahya et al. (2015) found that the addition of an Ni(II)

inorganic salt resulted in an increase in the crys-

tallinity of nanocellulose. In addition, the different

valence states of the transition metals could affect the

yield of the final product (Li et al. 2013a, b).

Recently, Chen et al. (2016) studied the efficiency

of three different transition metal salts, namely

Fe(NO3)3, Co(NO3)2, and Ni(NO3)2, which acted as

co-catalysts along with H2SO4 for the preparation of

CNCs. They found that these transition metal salts

were able to selectively degrade the amorphous

structure of cellulose and increase the crystallite size

(8.12–27.8 nm) as well as improve the crystallinity

index (65.5–70.3%), compared to native cellulose. In

addition, the higher trivalent oxidation state of the

Fe(III) cations allowed more effective hydrolysis

during the preparation of the cellulose crystallites

compared to systems with divalent cations (Co(II) and

Ni(II)). The CNCs obtained were 18.5–31.5 nm in

diameter. In another study conducted by Yahya et al.

(2015), it was found that the CNCs produced by acid

hydrolysis were shorter in length and had lower aspect

ratio compared to nanocellulose produced by catalysis

with nickel.

Pretreatment

There are two major difficulties associated with the

mechanical fibrillation process for producing nanocel-

lulose. Firstly, mechanical disintegration of the fibers

into nanocellulose requires a high amount of energy

and secondly, the fibers aggregate when the slurry is

pumped through the disintegration device. Efficient

pretreatment is known to help reduce energy con-

sumption by 20–30 times (Siró and Plackett 2010). For

example, by combining mechanical treatment with

chemical or enzymatic treatments, it is possible to

decrease the energy consumption from 20,000–30,000

kWh/ton to around 1000 kWh/ton (Pääkkö et al.

2007). The choice of the pretreatment method is

dependent on the cellulose source and, to a lesser

degree, on the desired morphology of initial cellulose

for further treatment. It is worth noting that appropri-

ate pretreatment of cellulose fibers promotes accessi-

bility, increases the inner surface area, alters

crystallinity, breaks hydrogen bonds, and boosts the

reactivity of cellulose. Consequently, the energy

demand is decreased and the nanocellulose production

process is promoted with pretreatment (Abdul Khalil

et al. 2014; Šturcová et al. 2005). For example, during

the pretreatment of plant materials, non-cellulose

components such as hemicellulose and lignin are

partially or completely removed and the individual
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fibers are isolated (Hubbe et al. 2008). In the case of

bacterial nanocellulose, bacteria and other impurities

are removed from the slurry during pretreatment

(Ashjaran et al. 2013). Pretreatment is a very impor-

tant step, because it can alter the structural organiza-

tion, crystallinity, and polymorphism of cellulose, as

well as various properties of the pretreated feedstock

(Mariano et al. 2014). Various pretreatment tech-

niques have been reported in the literature including

the pulping process, bleaching and alkali treatments

(Chirayil et al. 2014), enzymatic treatment (Tibolla

et al. 2014), and oxidation (Cao et al. 2012; Missoum

et al. 2013). Carboxymethylation and acetylation of

the fibers followed by homogenization is another

effective technique for reducing energy consumption

during CNF production (Aulin et al. 2009; Taipale

et al. 2010; Tingaut et al. 2009). Similarly, mechanical

refining, grinding, and cryocrushing have been also

used to produced CNFs. Additionally, microwave-

assisted pretreatment (Chowdhury and Abd Hamid

2016), e-beam irradiation (Kim et al. 2016), chemical

swelling (Haafiz et al. 2014) and extrusion pretreat-

ments (Olea et al. 2015) have been proposed recently

for use in the CNC production process. More infor-

mation on the energy consumption during the manu-

facturing of CNFs and CNCs as well as various

effective pretreatment techniques for the energy

efficient manufacturing of nanocellulose can be found

in a report by Bharimalla et al. (2015).

Surface modification of nanocellulose

Nanocellulose particles exhibit some properties that

can limit their applications. CNCs and CNFs are

sensitive to moisture, are hydrophilic, and exhibit low

thermal stability (Siqueira et al. 2010). During the last

decade, many techniques have been suggested for

overcoming these limitations. Methodologies for sur-

face modification and fiber pretreatment are now well

developed and can be used to improve specific

properties of the nanoparticles, particularly to allevi-

ate difficulties in dispersing them in apolar solvents or

polymers.

The nanosized structure is responsible for the

exponential increase in the hydrogen bonding-induced

aggregation of these materials. Surface modification

can be used, for example, to impart new steric or

electrostatic effects to the particles (Araki 2013).

Additionally, the generation of radical groups, cova-

lent bonds, and coating of the particles have been

suggested as methods for improving the surface

properties of cellulose. These routes can decrease the

surface energy of the particles, allowing the nanoma-

terial to be used in a broader number of systems.

Cellulose can be chemically modified owing to the

presence of active sites that can be modified under

certain conditions. There are three hydroxyl groups in

each of the cellobiose member rings. The secondary

(C2 and C3) and primary alcohol (C6) groups can be

substituted by other functional groups and long chains.

Additionally, they can be oxidized as well.

However, native cellulose is arranged in the form of

fibers and most of the chains remain unexposed. In the

solid state, a major portion of the hydroxyl groups re-

sides within the structure and does not participate in

surface chemical reactions. For example, in the

microscopic cellulosic fibers, only 2% of the hydroxyl

groups are accessible at the surface (Dufresne 2013).

The degree of substitution of the hydroxyl groups (DS)

can be increased by maximizing the available surface

area and exposing the internal hydroxyl groups by

using, for example, swelling agents (Crawshaw et al.

2002; Lazko et al. 2014).

In pristine fibers, the amorphous domains are

considered to be regions with very different surface

reactivity compared to crystalline domains. Since the

amorphous phase has only a few hydrogen bonds

among the chains and the bonds are weaker compared

to those in the crystalline regions, these regions

become more accessible. Experimental results show

that the reaction rates for C2, C3, and C6 hydroxyl

groups in the amorphous phase are similar, which is

different from the behavior in the crystalline phase

(Rowland and Howley 1988; Rowland and Roberts

1972). In the crystalline phase, the strong intra-

molecular bonds make OH3 (OH bonded to C3)

almost unavailable for reaction. However, the other

hydroxyl groups exhibit intermediate or high reaction

rates (Rowland and Howley 1988).

Covalent modifications

It is clear that the chemical reactions in nanocellulose

exhibit some unique features. The higher crystallinity,

accessibility to hydroxyl groups, and surface energy

impart chemical properties to nanocellulose that are

different from those of pristine fibers. First, it is
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important to keep the crystalline structure intact and

avoid softening or liquid retention during reaction.

This is crucial since the mechanical properties of the

nanoparticles are important in most of the applica-

tions. The reactions occur on the particle surface and

swelling or dissolution agents are not typically

employed. Such agents are unnecessary because the

higher surface area of the nanoparticles increases the

total number of available –OH groups compared to the

pristine fiber.

Hettegger et al. (2016) have visualized quite well,

the influence of particle size on the surface reactivity.

They managed to graft a fluorescent molecule onto

micro and nanocellulose surfaces through a simple

click-chemistry reaction. By measuring the fluores-

cence of the material, it was possible to observe a very

high DS for the nanofibers. There are a number of

other reports on the surface modifications of cellulose

nanomaterials by the grafting of acrylamide (Yang and

Ye 2012), tetra alkyl ammonium (Trifol et al. 2016),

rosin (de Castro et al. 2016), ascorbic acid (Filpponen

and Argyropoulos 2010), and others functional

molecules. Grafting techniques such as esterification,

etherification, oxidation, and radical reactions will be

discussed in detail next.

Non-covalent modifications

Hydrophobicity can also be induced on the nanocel-

lulose surface via adsorption of molecules or macro-

molecules such as surfactants, oligomers, or

copolymers. These additives can cover the nanopar-

ticles and interact with the surface by electrostatic and

van der Waals forces or hydrogen bonds, thereby

imparting hydrophobic characteristics to the particles

(Habibi 2014).

Surfactants were used to stabilize CNC particles in

nonpolar solvents for the first time towards the end of

the 1990s (Heux et al. 2000). It is now clear that

surfactants can modify the surface properties of

nanoparticles and thereby improve their stability and

dispersion. Recently, the effect of surfactant addition

in CNC systems on the dispersion of the nanofiller in

water (Hu et al. 2015), organic solvents (Abitbol, et al.

2014; Chi and Catchmark 2017), and even polymers

during melt extrusion (Nagalakshmaiah et al.

2016a, b) was examined. The results of some small

angle neutron scattering and UV spectroscopy exper-

iments suggest the presence of very thin layers (15 Å)

of surfactant around the CNCs (Bonini et al. 2002;

Elazzouzi-Hafraoui et al. 2009). The use of anionic

(Heux et al. 2000) or non-ionic molecules (Hu et al.

2015) as nanoparticle coatings has been reported in the

literature. While the effect of anionic surfactants on

the properties of iridescent solid films (Bardet et al.

2015) has been investigated recently, cationic surfac-

tants are used more commonly in practice. The surface

charges of CNCs (Lin and Dufresne 2014b; Shafeiei-

Sabet et al. 2013) and CNFs (Li et al. 2015) are often

reported to be negative in the literature. Therefore,

cationic surfactants, which carry positive charges,

would be attracted to the CNC or CNF surfaces.

Uncharged polymers also appear to adsorb or at

least interact with CNCs. Ben Azouz et al. (2011) were

able to decrease the viscosity of an aqueous solution of

polyethylene oxide (PEO) by adding a certain amount

of CNC to the system. This indicates that some of the

PEO polymer chains interacted with the nanoparticle

surface. With subsequent increase in the PEO con-

centration, a threshold level was overcome (surface

saturation limit was overcome) and the system

viscosity increased again.

Mercerization

While the mercerization process is not exactly a

surface modification method used to achieve func-

tionalization, it is related to the organization of the

chains into different polymorphs. In this process

developed by John Mercer, cellulose I is transformed

into cellulose II using concentrated solutions of

NaOH. Normally, this transformation occurs at an

NaOH concentration (by weight) of around 17%

(Dinand et al. 2002).

Since the 1980s, Sarko, Nishimura, and Okano have

studied the mechanism involved in the mercerization

process (Nishimura 1987a,b; Okano and Sarko

1984, 1985). The results of these studies suggest that

the transformation of the crystalline phase from

cellulose I (with parallel chains) to cellulose II

(antiparallel chains) passes through an intermediary

state known as Na-cellulose (with antiparallel chains),

which consists of organized swollen cellulose induced

by fiber hydration.

There are different theories on how cellulose

conversion actually occurs. Some authors suggest that

the network of hydrogen bonds is disrupted during

mercerization owing to cellulose swelling. In that
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case, long chains can undergo conformational change

through folding (Simon et al. 1988). Further, it has also

been suggested that the crystalline conversion process,

in fact, depends on the presence of the amorphous

phase. At the interface between the crystalline and

amorphous domains, it is possible to find parallel and

antiparallel chains close to each other with random

placement. This allows the deposition of antiparallel

chains in the crystalline form during precipitation.

This antiparallel cellulose II structure appears to

possess a lower energy and is more stable than the

pristine cellulose I arrangement. Na-cellulose trans-

forms into cellulose II with NaOH removal. The

conversion of cellulose I to cellulose II is irreversible

and depends on the amorphous phase content in the

fiber, since type II cellulose is less crystalline than type

I. Kobayashi et al. (2011) found that during the

removal of water from hydrated cellulose, the chains

progressively contract, resulting in reduced distance

between the cellulose sheets. Simultaneously, the

internal structure of the chains is maintained.

Mercerization as well as ball milling (Nge et al.

2013) can be useful methods for preparing CNCs with

the type II morphology (Borysiak and Grząbka-

Zasadzińska 2016; Yue et al. 2012). CNC nanoparti-

cles with the cellulose-II structure can exhibit different

morphologies depending on the synthesis processes

used such as regeneration, hydrolysis of the mercer-

ized cellulose II pulp, or mercerization of CNC

nanoparticles with the type I structure (Hao et al.

2015; Jin et al. 2016; Kim et al. 2006). Some papers

report the preparation of spherical or irregular

nanocrystals composed of cellulose II or mixtures of

I and II polymorphs. The different morphologies are

well illustrated in the study by Dhar et al. (2015), who

prepared various types of CNCs from raw bamboo.

The authors were able to obtain CNC I, CNC II, and

CNC I ? II (i.e., a type II polymorph converted from

previously isolated CNC I). The morphologies of the

particles obtained are presented in Fig. 2.

Esterification

Esterification of nanocellulose particles may be used

as a method for attaching functional molecules to the

material surface. New ester bonds are created during

this process by the reaction of carboxylic acids and

alcohols, as illustrated in Fig. 3. This reaction is

widely employed for the production of commercial

grades of cellulose derivatives such as CA.

The acylation reaction is one such specific esteri-

fication route. This reaction is based on the introduc-

tion of acetyl-COCH3 groups on the cellulose surface,

resulting in the formation of new ester bonds. For

example, pristine cellulose can be converted into CA

by its reaction with acetic anhydride in an acidic

medium. This specific type of reaction is known as

acetylation (Jonoobi et al. 2010; Lin et al. 2011).

Different routes have been suggested for the

acylation of cellulosic materials. This includes the

use of catalysts such as trimethylamine (de Menezes

et al. 2014), imidazole (Pires et al. 2015), and lipase

(Božic et al. 2015) to introduce different functional

molecules on the cellulose surface by the formation of

new ester bonds (Ji et al. 2015). Some specific routes

were also proposed by Stenstad et al. (2008) who

studied the oxidation of C3. This reaction involved

glucose ring opening and the formation of a reactive

three-member ring.

The esterification reactions can be performed in

aqueous or non-aqueous media. Huang et al. (2012)

used a single step process to produce functionalized

CNFs through ball milling in DMSO, creating a flow-

birefringent suspension of modified nanoparticles in

the organic solvent. Pasquini et al. (2008) used

dodecanoyl chloride in pyridine to promote a nucle-

ophilic reaction with the elimination of HCl. This

process resulted in the insertion of long chains on the

surface of sugar cane cellulose fibers. Espino-Pérez

et al. (2014), developed a ‘‘green’’ SolReact method,

wherein a series of nontoxic carboxylic acids were

simultaneously used as both grafting agents and

solvents, facilitating the insertion of phenolic groups

on the CNC surface without employing hazardous

solvents.

Several interesting applications have been devel-

oped based on this reaction in various areas. Saini et al.

(2015) used the esterification reaction to attach benzyl

penicillin to MFC, in order to synthesize antimicrobial

materials. Nielsen et al. (2010) grafted fluorescent

molecules on CNCs, converting the nanocrystals into

pH-sensors and leading the suspensions to present

fluorescent properties as illustrated in Fig. 4a.

Cunha et al. (2014) grafted CNFs and CNCs with

lauroyl chloride (C12) through ester bonds. A combi-

nation of various nanoparticles was used to stabilize

the oil/water/oil interfaces. Owing to the C12 chains
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Fig. 2 SEM images of three different CNC polymorphs: a CNC I, b CNC II, and c CNC I ? II. Adapted with permission from Dhar

et al. (2015), Copyright 2015. Reproduced with permission from Royal Society of Chemistry

Fig. 3 Generic scheme of

the esterification reaction

Fig. 4 a Suspensions of pH responsive CNC at increasing pH

values and DFM micrographs of o/w/o emulsions stabilized by

b NFC/CNCC12, and c CNC/CNCC12. Adapted with

permission from Nielsen et al. (2010) and Cunha et al. (2014),

Copyright 2010 and 2014. Reproduced with permission from

Royal Society of Chemistry and American Chemical Society
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grafted on the particles, they were able to build a

double layer of nanoparticles and control the compo-

sition of the inner (CNF/CNC) and outer (CNCC12/

CNFC12) layers. Some images of the resulting

emulsions are shown in Fig. 4b, c. Alternatively, the

oxidation of hydroxyl to carboxylic groups on

nanocellulose can follow many routes. The newly

introduced C = O groups can act as a receptor of free

electrons from the nucleophile. The TEMPO reagent is

the most frequently employed oxidant and will be

discussed further in this section.

The most popular esterification reaction involving

nanocellulose materials occurs during the isolation of

CNCs using H2SO4 and is known as sulfonation.

Sulfonation takes place as side reaction and leads to

the formation of organosulfates during the hydrolysis

of the amorphous phase of cellulose. During the

reaction, H2SO4 attacks the C6, with subsequent

elimination of water. The reaction scheme is given

in Fig. 5.

The extent of esterification strongly depends on the

reaction conditions employed such as temperature,

fiber/acid ratio, and hydrolysis time (Bondeson et al.

2006; Teodoro et al. 2011). Besides, factors such as

cellulose source and pretreatment methodologies that

can modify the accessibility of the chains are also

relevant. Desulfonation has been studied over the last

several years and many techniques such as basic

(Roman and Winter 2004), solvolytic (Jiang et al.

2010), and even auto-catalyzed acidic desulfation

(Beck and Bouchard 2014) have been proposed.

Silylation

Reaction with silyl (R3Si-) groups, i.e., silylation, is

possible for nucleophilic groups such as alcohols,

carboxylic acids, and amines. Similar to esterification,

silylation is used to attach molecules to the surface of

the nanoparticles via covalent bonding. One of the first

reports discussing the use of silylation to graft

molecules on the nanocellulose surface was published

by Goussé et al. (2002). In this work, a series of

alkyldimethyl chlorosilanes were used to stabilize

CNCs in organic solvents. Owing to the newly

acquired hydrophobic characteristics imparted by the

long chains, the CNC particles were stable in

hydrophobic organic solvents. However, the authors

called attention to the possibility of ‘‘over silylation’’,

wherein the particle chains on the surface become

soluble in the reaction medium and microfibrillar

characteristics are lost (Goussé et al. 2004). The

scheme of the reaction between cellulose and chlorosi-

lane is shown in Fig. 6.

Over the last several years, similar reaction mech-

anisms have been employed in other studies to

introduce silane groups on the cellulose surface, with

the goal of improving the mechanical properties of

polymers (Pei et al. 2010), achieving antimicrobial

activity (Saini et al. 2016), and improving the wetting

properties of aerogels by non-polar liquids (Aulin et al.

2010).

Kämäräinen et al. (2016) have fabricated a material

with potential biomedical uses, specifically for diag-

nostic applications. Using the photolithography tech-

nique, the researchers were able to deposit a

chemisorbed hydrophobic alkylsilane layer on a

CNF film. The shape of the alkylsilane layer could

be controlled via oxidation by exposure to a UV/ozone

environment. Photolithography technique allowed

spatial control of the adsorption of bovine serum

albumin (BSA) on the support by altering the pH.

Figure 7 schematically illustrates the construction of

the material.

Etherification

Etherification involves the creation of new ester bonds

(R–O–R0) on the surface of cellulose materials con-

taining hydroxyl groups. This reaction is also well-

known for cellulose materials because of its industrial

Fig. 5 Scheme for the

cellulose sulfonation

reaction during acid

hydrolysis
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importance during the preparation of carboxymethyl

cellulose. It is an easy method for conducting the

defibrillation of fibers during the preparation of NFCs

(Habibi 2014). Similar to the esterification reaction,

etherification of cellulose has been studied over the

last 30 years and progressive improvements have been

made in the regioselective mechanisms by using

appropriate solvents (Fox et al. 2011). In the case of

nanocellulose, cellulose dissolution should be avoided

and etherification occurs only on the particle surface.

There does not appear to be any preference for specific

hydroxyl groups in this reaction, especially if the

modification is aimed at improving the compatibility

of nanocellulose with a hydrophobic polymer, for

example.

Bae and Kim (2015) conducted the reaction shown

in Fig. 8, wherein long hydrophobic chains were

grafted on the nanocellulose surface by reacting a

cellulose alcoholic group with an alkyl group with

subsequent elimination of a halide ion (Br-). In this

reaction, R refers to octane and dodecane groups. A

similar mechanism was used by Hassan et al. (2012) to

graft modified terpyridine, resulting in the formation

of a highly fluorescent nanocellulosic material with

potential applications in LEDs and solar cells.

Furthermore, etherification can also be performed

by the copolymerization of acrylic derivatives

(Anirudhan and Rejeena 2014) or a mixture of

nanoparticles with the epoxy matrix (Dufresne and

Belgacem 2013). Hasani et al. (2008) prepared

Cellulose-OH Si

R

H3C CH3

Cl

Cellulose

Si

R

H3C CH3

O
+

Fig. 6 Scheme for the

reaction of cellulose with

silane derivatives. Here, R

represents various

alkyldimethylchlorosilanes

such as C3H7, C4H9, C8H17,

and C12H25

Fig. 7 Schematic illustration of a CNF film modified through

the chemisorption of n-octyldimethylchlorosilanes and creation

of a hydrophilic-hydrophobic pattern using photolithography.

Adapted with permission from Kämäräinen et al. (2016),

Copyright 2016. Reproduced with permission from Springer

Fig. 8 Example of an alkyl bromide reaction on a cellulose surface
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cationic CNCs by the reaction of the hydroxyl groups

on cellulose with the epoxy group present in the (2,3-

epoxypropyl)-trimethylammonium chloride (EPT-

MAC) molecule. This reaction resulted in a positively

charged nanoparticle with modified gelling and rhe-

ological properties. Cationic nanofibrillated cellulose

was also produced by Ho et al. (2011). In this study,

trimethylammonium was grafted on the surface of

cellulose pulp by etherification using a HPH to

disintegrate the pulp, resulting in the formation of

CNFs. Recently, Gorgieva et al. (2015) also grafted a

hydrophobic anthraquinone derivative on the surface

of nanocellulose particles by creating ether bonds.

Several characterization techniques such as light

scattering were used to quantify the agglomeration

of the particles. Modification of the nanofibers in the

suspension was studied using labeled fibers.

Polymer grafting

Long chains such as polymers or oligomers can be

grafted on the surface of nanocellulose by creating

new covalent bonds using the previously described

methodologies such as esterification, acetylation, and

silylation, among others (Roy et al. 2009). Surface

modification occurs by the reaction of the active sites

on the cellulose surface with the reactive end groups

found in the macromolecules used. In general, all the

reactions can be achieved by two methodologies,

namely ‘‘grafting from’’ and ‘‘grafting onto’’. This

nomenclature is more closely related to the general

reaction steps than to the formation of new covalent

bonds between the particles and polymeric chains.

The ‘‘grafting from’’ methodology is based on the

in situ growth of polymer chains grafted onto the

surface. The new chains will grow attached to the

surface by the hydroxyl groups, which act as initiators.

Some examples are based on ring opening polymer-

ization (Tehrani and Neysi 2013) and radical poly-

merization techniques including atom transfer radical

polymerization (Wang et al. 2015; Yin et al. 2016; Yu

et al. 2016). On the other hand, ‘‘grafting onto’’

polymerization involves the simple attachment of the

desired polymer onto the particle surface. Some of

these reactions have been performed by click chem-

istry (Benkaddour et al. 2013; Nielsen et al. 2010),

using epoxy groups (Li et al. 2010), or nucleophilic

addition (Lin and Dufresne 2013). Besides the

‘‘grafting from’’ and ‘‘grafting onto’’ methodologies,

many other interesting examples of polymer grafting

can be found in the literature. A few examples are

provided in Table 2.

As discussed earlier, the insertion of polymers can

decrease the surface energy of the nanomaterials as a

result of increase in the hydrophobic characteristics of

the particles. In addition, physical entanglements can

be created between the matrix chains and grafted

chains when the latter exhibit the same characteristics

as the bulk polymer. As a result, the grafted chains

become an effective part of the matrix, while being

covalently bonded to the nanoparticles at the same

time. This further increases the compatibility between

the two components and promotes other effects such

as co-crystallization of the polymer chains.

However, the grafted polymers are normally long

chains with a higher volume than the pristine hydroxyl

groups around the nanoparticles. The presence of these

long chains restricts the interactions between the

nanoparticles through hydrogen bonding. Conse-

quently, in the case of CNCs, the formation of a

particle percolation network can be prevented, which

forms the basis of the outstanding mechanical prop-

erties presented by nanocomposites.

TEMPO-oxidation

TEMPO-oxidation is one of the most popular surface

modification methods for nanocellulose materials. The

purpose of this reaction is to transform the surface

hydroxyl groups into carboxylic acid groups and the

reaction is performed by the oxidation of nanocellu-

lose using 2,2,6,6-tetramethylpiperidine-1-oxyl

(TEMPO) reagent. This reaction was introduced by

Davis and Flitsch (1993) and adapted to glucans by De

Nooy et al. (1995) as a technique to selectively oxidize

primary alcohols such as the hydroxyl group present in

cellulose C6. As a result of this reaction, the hydroxyl

group is oxidized to carboxylic acid (–COOH), which

is useful for subsequent substitution reactions.

Under certain conditions, the TEMPO reagent

transforms into an N-oxoammonium salt

(R1R2N
?=O), which acts as a catalyst for further

reaction. The catalyst is restored to its TEMPO form

by sodium hypochlorite and sodium bromide. The

general reaction mechanism under basic conditions is

presented in Fig. 9. In the case of cellulose, it has been

found that the TEMPO reaction can cause some

depolymerization. However, the probable cause of the
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2,3-scission of glucose units is the presence of

secondary oxidants that can be aggressive towards

cellobiose such as sodium hypochlorite (De Nooy

et al. 1995). The reaction can be conducted under

acidic or basic pH values. The reaction mechanism

and reaction kinetics strongly depend on the pH and

temperature conditions. In addition, parameters such

as reaction time and TEMPO concentration should be

controlled in order to minimize secondary reactions.

The TEMPO-oxidation reaction is normally quan-

tified by the DS of the hydroxyl groups, which is

normally measured by conductometric titration. Car-

boxyl group concentrations of around 1 mmol/g

indicate that the oxidation process occurred success-

fully (Hoeng et al. 2015; Martoı̈a et al. 2015; Fraschini

et al. 2017). In the case of CNC, TEMPOmodification

is usually used to obtain unoxidized intermediaries,

which serve as functional groups for posterior graft-

ing. In a remarkable study, Mangalam et al. (2009)

were able to attach DNA molecules to the CNC

surface subjected to TEMPO reaction. The

polynucleotide-cellulose complex obtained exhibited

reasonable chemical stability and was promising for

potential applications in nucleic acid research.

TEMPO-oxidized materials are popular as support

for biomedical and packaging applications. TEMPO-

nanocellulose has already been reported as a promis-

ing material for the adhesion and proliferation of cells,

in addition to exhibiting antimicrobial activity (Jiang

et al. 2016; Lin and Dufresne 2014a).

Besides the creation of new organic functionalities,

TEMPO-oxidation is a popular method of cellulose

pretreatment (such as enzymatic treatment) to obtain

CNFs through mechanical shearing (Martoı̈a et al.

2015; Nechyporchuk et al. 2014). When TEMPO-

oxidation is applied to pristine fiber, defibrillation

becomes easier and the process consumes less energy.

Carboxylic acid content of around 300 lmol/g appears

to be sufficient for reducing the number of passes

required to obtain MFC gel (Besbes et al. 2011). In

general, the gel can be obtained using 5–60 passes,

depending on the cellulose source and pretreatment

Table 2 Examples of cellulose polymer grafting

Graft agent Reaction pathway Particle References

Oligoethers Esterification Cellulose Bras et al. (2010)

n-Octadecyl isocyanate Esterification CNC and

CNF

Siqueira et al. (2009)

Poly(ether amines) Peptidic coupling CNC Azzam et al. (2010)

Poly(ethylene glycol) TEMPO/PEG-NH2 CNC Araki et al. (2001)

Acid chlorides Esterification CNC de Menezes et al.

(2009)

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) Esterification CNC Yu et al. (2012)

Poly(acrylicacid-co-acrylamide-co-2-acrylamido-2-methyl-

1-propanesulfonic acid)

Copolymerization Nanocellulose Anirudhan and

Rejeena (2014)

Poly(ethylene oxide) a-Epoxy, x-methoxy-PEG CNC Kloser and Gray

(2010)

2-Ethyl-2-oxazoline Tosylation/polymerization CNC Tehrani and Neysi

(2013)

Poly(e-caprolactone) Ring-opening

polymerization

CNC Habibi et al. (2008)

Poly(lactic acid) Ring-opening

polymerization

CNC Goffin et al. (2011)

Poly(acrylic acid) Cu-mediated radical

polymerization

CNC Majoinen et al. (2011)

Poly(glycidylmethacrylate) Ammonium cerium(IV)

nitrate

Nanocellulose Martı́nez-Sanz et al.

(2013)

Poly(urethane) Polyol-isocyanate

polymerization

CNC Marcovich et al.

(2006)
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method applied (Nechyporchuk et al. 2014; Nge et al.

2013).

Radiation

The use of energy sources other than heat is not new in

organic or polymer chemistry. Low energy radiation is

normally used for material characterization. Addition-

ally, a number of radical reactions are initialized by

UV light, which is common in polymerization reac-

tions. Additionally, different energy levels can be

accessed depending on the wavelength of the radiation

source.

High energy radiation can be applied for modifying

the surface of cellulosic materials. For example,

gamma radiation is a type of high energy ionizing

radiation, which can lead to the formation of reactive

intermediates such as ions and free radicals. These

species promote several reaction pathways including

polymer and molecule grafting, oxidation, cross-

linking, and scission degradation. Some examples of

the application of radiation in cellulose processing are

listed in Table 3.

The application of gamma radiation in the process-

ing of cellulose nanomaterials is quite new and only a

few studies exploring this technique are available in

the literature. Khan et al. (2013) were able to decrease

the oxygen and carbon dioxide permeabilities of PCL/

CNC by treating the composite surface with gamma

radiation. A few years earlier, the same group had

reported mechanical and permeability modifications

of a nanocellulose/methylcellulose composite film and

had demonstrated that the modifications depended on

the radiation intensity.

UV light, which is lower in energy than gamma

radiation, can be used to create supramolecular

healable materials from cellulose nanocomposites

(Coulibaly et al. 2013). UV light has been used in

the traditional manner as a photo initiator in some

studies, for producing composites by in situ polymer-

ization. Recently, Wang et al. (2016) functionalized

CNC surfaces by attaching ethacryloyl groups to

produce CNC-bis(acyl)phosphane oxide, which was

Fig. 9 Basic scheme of the

TEMPO reagent cycle

during the oxidation of

primary alcohols (R or R0:
H)
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used as a polymerization initiator. The monomers used

in this study included methyl methacrylate (MMA),

butyl acrylate, N-isopropylacrylamide (NIPAAm),

and 2-hydroxyethyl acrylate (HEA). All the reactions

were activated by the incidence of light.

Microwave energy has also been applied to chem-

ical processes for a number of decades. The so-called

‘‘microwave chemistry’’ is utilized in many processes

for promoting sample digestion, extraction, chemical

reactions, pre-concentration, and desorption of ana-

lytical substrates. Some common applications of

‘‘microwave chemistry’’ include catalysis, environ-

mental engineering, and nuclear chemistry and engi-

neering (Zlotorzynski 1995). In the context of

cellulosic materials, this technique is applied for the

purpose of improving hydrolysis by controlling the

experimental conditions. The method exploits the fact

that the polar water molecules held within the

cellulose structure absorbs microwave energy,

whereas nonpolar materials do not. An advantage of

microwave chemistry is that it can provide excellent

heat transfer within the cellulose samples, since the

heat originates from electromagnetic energy and not

by direct contact (Hesas et al. 2013). Many papers

have reported the use of microwave radiation in

cellulose hydrolysis (Ni et al. 2015; Teng et al. 2016).

Kaith and Kalia (2008) grafted flax fibers with

several binary vinyl monomers from mixtures con-

sisting of MMA/vinyl acetate, MMA/acrylamide, and

MMA/styrene under the influence of microwave

radiation and found that under optimal conditions, a

power of 210 W was required to achieve 24.64%

grafting. As expected, the grafted fibers became

moisture depleted and the inclusion of the grafted

fibers into a phenolic matrix improved the mechanical

properties of the matrix. More recently, some papers

have reported the use of microwave energy for

cellulose acetylation via an iodine-catalyzed reaction.

This approach is interesting because it is a solvent-free

method and different DS values can be achieved by

controlling the temperature and duration of the

reaction, with best results achieved for only 30 min

of reaction (Eranna et al. 2016; Zepič et al. 2015).

Plasma

A relatively new and rapidly developing strategy for

surface modification involves the use of ionized gases

(i.e., plasma). The gaseous matter in a plasma contains

a large amount of active particles, which promote

chemical and physical reactions on the surface of

organic materials, imparting hydrophilic or hydropho-

bic characteristics to the material.

Table 3 Application of different types of radiation for the processing of cellulose materials

Cellulose source Radiation Source/

frequency

Potency Objective References

Cotton Gamma Co60 0–200 kGy – Kleiner et al. (2013)

Carboxymethyl cellulose Gamma Co60 4.8 kGy Cross-linking Khafaga et al. (2016)

Rapeseed straw Gamma Co60 400–1200 kGy Free radical induction Zhang et al. (2016)

Flax fibers Gamma – 10–50 Gy Glycidyl methacrylate

grafting

Moawia et al. (2016)

CNC Gamma Co60 20 kGy Polymer compatibilization Lacroix et al. (2014)

Nanocellulose Gamma Co60 0.5–50 Gy Permeability decrease Khan et al. (2010)

CNC UV – – Monomers polymerization Wang et al. (2016)

Cellulose fibers UV 300 nm 180 W Cellulose dyeing Bhatti et al. (2012)

Microcrystalline

cellulose

Microwave 2450 MHz 0–1000 W Cellulose hydrolysis Teng et al. (2016)

Cellulose Microwave – 300–800 W Acetylation Li et al. (2009)

Wood Microwave 450 MHz 800 W Acetylation Eranna et al. (2016)
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Plasma is formed when a high voltage is applied

between two electrodes. The electrons produced are

accelerated and collide with the substrate breaking

covalent bonds and producing radicals. Similarly,

electrons in the atmospheric plasma can collide with

the air particles, forming ozone species, which oxidize

the surface of the substrate (Rouette 2001). Plasma

modification can be used to functionalize cellulose

substrates with styrene (Parida et al. 2012), titanium,

and zinc oxide (Jazbec et al. 2015; Mihailović et al.

2011), improve protein immobilization (Zhao et al.

2016), and for various other applications.

Nanocellulose aerogels were plasma modified by

Lin et al. (2015) and Shi et al. (2013). In both studies, it

was possible to obtain hydrophobic aerogels with

excellent adsorption properties. These aerogels could

be used as oil adsorbent materials or heat insulators.

The functional characteristics of the modified surface,

in fact, depend on the type of plasma used. Different

types of plasmas such as O2, N2, and CF4 can generate

hydrophilic (O2 and N2) or hydrophobic (CF4) mate-

rials (Kurniawan et al. 2012). Flynn et al. (2013) also

reported surface modification by means of a combined

ammonia–nitrogen plasma. Moderate nitrogen group

functionalization was observed.

Further, Nourbakhsh (2015) studied the interac-

tions of polyester and nylon with nanocellulose by

plasma and laser treatment. Both treatment processes

were able to enhance the compatibility of the polymers

with the nanocellulose layer deposited from a suspen-

sion. However, the final materials showed different

morphologies when observed by SEM.

Life cycle assessment of nanocellulose

LCA, also known as life cycle analysis, is a particu-

larly useful environmental management tool for

assessing and evaluating the environmental burden

induced by the production, use, and disposal of a

product or the provision of a service (Duda and Shaw

1997; Walker et al. 2015). In other words, LCA

attempts to measure the total environmental effect of a

product ‘‘from cradle to grave’’. LCA has been

recommended by the National Nanotechnology Ini-

tiative and National Research Council (2011, 2012)

and is widely used for a variety of purposes including

hotspot identification, material selection and product

design, and product and process comparisons (Walker

et al. 2015). In fact, LCA can be employed to identify

methods that result in the best environmental perfor-

mance of nanomaterials. Methods that cause minimal

impact with no loss in the desirable technical attributes

of nanomaterials constitute the best choices for up-

scaling, while the other methods must be reanalyzed to

identify alternative inputs or production pathways.

Additionally, LCA is useful for comparing alterna-

tives, identifying hotspots, choosing production routes

and improving processes themselves. It can challenge

conventional wisdom and advances the knowledge

base (Curran 2014; Kralisch et al. 2015; Finnveden

et al. 2009).

LCA is governed by a series of standards issued by

the International Organization for Standardization

(ISO), in particular 14040 and 14044 (2006a, b).

Although the ISO gives a consensus definition for

LCA and provides a general framework for conducting

an assessment, it has some limitation and it leaves

much to interpretation by the person conducting the

assessment.

As example, data availability is one of the limita-

tions for the early research stage LCA. Collecting data

for an existing process can be difficult and this task

becomes even more problematic when data for a not

yet established process is needed. Laboratory pro-

cesses can be completely different than the same step

in a production plant as the equipment and vessels

used are not comparable at all to the machineries of

industrial plant. Furthermore, Laboratory processes

are often far from being optimized, especially in terms

of resources efficiency and do not have the advantage

of economies of scale. Therefore, a comparison with

an existing competing product often disfavors such a

new, sustainable product under development through

underestimation of its potential (Piccinno et al. 2018).

Consequently, LCA studies have been criticized for

producing different results for seemingly the same

product. Furthermore, an aspect that is simply a

characteristic of LCA methodology may be perceived

as a limitation if it does not fulfil the user’s immediate

need. For example, the LCA frame work does not take

social welfare into consideration and someone who is

interested in understanding the social aspects of

product is recommended to apply some other tool.

Other limitations are inherent in the design of LCA

methodology and how it was intended to be conducted.

Another limitation occurs during application when the

modeler has alternative approaches from which to
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choose, leading to widely varying results from case to

case. However, these limitations can be improved

through research, or using alternate modeling choice

(Curran 2014). Despite these limitation, LCA offers a

strong environmental toll in the way toward

sustainability.

LCA consists of 4 stages. The first stage involves

definition of the scope of analysis. In this stage, the

unit of analysis and system boundaries of the study are

established. The second stage involves analysis of the

life cycle inventory (LCI) and includes data collection

and balance calculations for all the unit processes in

the life cycle. The results are presented in the form of

inputs and outputs for the entire system. The third

stage involves life cycle impact assessment (LCIA).

The results from the LCIA analysis can be converted

into a quantified measure of the potential environ-

mental and/or human health impact using the so-called

characterization factors (CFs), in this stage. The final

stage of LCA is the interpretation of results, which is

based on all the three previous stages of assessment

(Gilbertson et al. 2015; Hohenthal et al. 2012;

Klöpffer 1997).

The assessment can be made from cradle-to-gate,

cradle-to-customer, or end-of-life. In the cradle-to-

gate studies, only the raw material extraction and

production stages of the life cycle are considered. On

the other hand, in the cradle-to-customer studies, steps

until the product has been transported to the customer

are considered. Most of the studies are restricted to the

cradle-to-gate scope and do not consider the use or

end-of-life impacts of a product. Only a few studies

have reported the inclusion of end-of-life stage in the

LCA. This stage may involve analysis of nanoemis-

sion from products in the pure form. Therefore, none

or almost none of the studies are fully ISO-compliant

(Gavankar et al. 2012; Hohenthal et al. 2012;

Kekäläinen 2013).

LCA has been used for nanomaterials, products

containing nanomaterials, and manufacturing pro-

cesses involving nanomaterials such as CNFs (Khanna

et al. 2008b), polymer nanocomposites (Khanna et al.

2008a), socks with silver nanoparticles (Meyer et al.

2011), semiconductor manufacturing (Krishnan et al.

2008), plasma spraying (Moign et al. 2010), and

titanium dioxide (Grubb and Bakshi 2011). However,

only a few studies have addressed the LCA of

nanocellulose so far.

The first study on the environmental impact of

nanocellulose was reported by Hohenthal et al. (2012).

In this report, a cradle-to-gate LCA for NFC was

conducted using the impact assessment methodology,

ReCiPe, to provide values for climate change (CC)

potential, eutrophication, terrestrial acidification

(TA), and fossil fuel depletion. This LCA used a

combination of lab and pilot scale measurements,

estimates, and expert opinions to assess three different

processing routes, including enzymatic pretreatment

with HPH, chemical (TEMPO-oxidation) pretreat-

ment with HPH, and chemical pretreatment with

mechanical refinement in a Cavitron disperser. From

an environmental perspective, the main differences

between the various NFC production options include

electricity consumption, raw material efficiency, and

water consumption. NFC production with enzymatic

pretreatment is an energy-intensive process, with high

yield and low water consumption. While chemical

pretreatment of NFC consumes less energy, more

water is required for the process and it has a lower

yield. The embodied environmental burden of the

chemicals used in the production of NFC is another

important threat. It was found that the effluents from

TEMPO and NaBr treatments can cause sufficient

cleaning technology addition and treatment can lower

this burden. Assessment of the biodegradability of

both functionalized and natural NFCs in an aqueous

environment indicated that the functionalized NFCs

have a lower biodegradation rate than unmodified

NFCs. However, the threshold biodegradation limit of

90% was reached within the test duration. The authors

also assessed the economic and social sustainability of

NFCs, in addition to conducting an LCA assessment of

NFC-coated board, for which data can be found

(Hohenthal et al. 2012).

Another study on the LCA of nanocellulose was

reported by Li et al. (2013a, b). They conducted a LCA

of four comparable chemical–mechanical routes for

lab scale nanocellulose fabrication through a cradle-

to-gate approach with the Eco-Indicator 99 impact

assessment method. Figure 10 shows the cradle-to-

gate LCA system boundary of the lab-scale production

of MFCs.

The nanocellulose fabrication routes considered in

this LCA are presented in Fig. 11. The starting

material for producing nanocellulose was delignified

kraft pulp. The various routes considered included

TOSO (TEMPO-oxidation for chemical modification,
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sonication for mechanical disintegration), TOHO

(TEMPO-oxidation for chemical modification,

homogenization for mechanical disintegration),

CESO (chloroacetic acid etherification for chemical

modification, sonication for mechanical disintegra-

tion), and CEHO (chloroacetic acid etherification for

chemical modification, homogenization for mechani-

cal disintegration). More details on the production of

nanocellulose can be found in the paper by Li et al.

(2013a, b).

The results of LCA studies are critically dependent

on the impact assessment method used. Several impact

assessment methods were used in this study and

energy and global warming potential (GWP) were the

two important environmental metrics investigated. It

was observed that the fibrillation of MFCs via

sonication demands a larger amount of energy than

the homogenization process. In the homogenization

process, the chemical steps (including CE or TO) were

more energy consuming than the mechanical process.

Overall, TOHO requires the least energy across the

entire process life cycle. This is an important consid-

eration in choosing appropriate industrial scale-up

options for these processes. Thus, sonication does not

appear to be competitive with homogenization (Li

et al. 2013a, b). The GWP values follow the same

trend as the energy demand for these processes, since

the greenhouse gas emissions mostly contain carbon

dioxide and result directly from the use of fossil fuels

for energy production. The GWP values were in the

range of 190–1169 kg CO2 equivalent/kg nanocellu-

lose, which is higher than the GWP values (0.7–3.0 kg

CO2 equivalent/kg nanocellulose) reported by Hohen-

thal et al. (2012).

In addition to energy and GWP, Eco-Indicator 99

(EI99, Sima Prov v2.08) also provides an end point

damage assessment using a variety of environmental

impact metrics. EI99 has three weighting sets reflect-

ing different perspectives for evaluating the environ-

mental damage, namely the egalitarian (E), hierarchist

(H), and individualist (I) perspectives. The order of

environmental impacts evaluated by EI99 was found

to be the same as the energy and CC models: TOHO

(lowest in each perspective) to CEHO to TOSO to

Fig. 10 Cradle-to-gate

LCA system boundary for

lab-scale nanocellulose

fabrication. Adapted with

permission from Li et al.

(2013a, b), Copyright 2013.

Reproduced with

permission from the

American Chemical Society

Fig. 11 Process flow for the fabrication of MFCs. The colored

arrows indicate four distinct pathways: red-TOSO, yellow-

CESO, green-TOHO, and blue-CEHO. Adapted with permis-

sion from (Li et al. 2013a, b), Copyright 2013. Reproduced with

permission from the American Chemical Society. (Color

figure online)
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CESO (highest perspective). Table 4 shows the EI99

results for the nanocellulose production routes.

Piccinno et al. (2015) conducted a cradle-to-gate

LCA of NFCs extracted from carrot waste. The

fabrication route considered in this study consisted

of a combination of enzymatic depolymerization

pretreatment followed by homogenization to produce

liberated MFCs. Two different spinning methods,

namely wet spinning (routes 1a and 1b in Fig. 12) and

electrospinning (route 2), were examined as alterna-

tives for improving the orientation of the fibers.

Briefly, in route 1a, the MFC was coated with a

copolymer, GripX, consisting of a primary amine

functionalized chitosan backbone and xyloglucan

side-chains. In route 1b, the wet spinning method

was examined without a coating. In both routes 1a and

1b, an aqueous solution of sodium alginate was added

to the mixture, which acted as a carrier polymer for the

subsequent spinning process. In route 2, poly(ethylene

oxide) was used as the carrier polymer and added to

the aqueous solution. Figure 12 shows the MFC

liberation and production processes as well as the

system boundaries for electrospun nanofibers. More

details on the LCI assessment can be found in their

report (Piccinno et al. 2015).

The impact assessment methods used in this study

were ReCiPe, EI99, and IPCC 2007 Global Warming

Potential. To evaluate the production process and

improve it, ReCiPe midpoint and endpoint indicators

were used with the hierarchist perspective as cumu-

lative energy demand (CED). The results showed that

there was a significant difference in the cumulative

energy demand between the two wet-spinning and

electrospinning routes. The difference could be due to

the smaller scale of the electrospinning process, lower

yield (60%) of the spun fiber, or importantly, due to the

high-energy consumption of the electrospinning appa-

ratus. The wet-spinning process demanded signifi-

cantly less energy and the defibrillation of MFCs was

identified as the most energy demanding step along

this route. The defibrillation energy accounted for 72

and 88% of the total endpoint energy in routes 1a (with

the GripX coating) and 1b (without coating),

Fig. 12 Production process and system boundaries for yarn spinning (I) and MFC liberation (II). Adapted with permission from

Piccinno et al. (2015), Copyright 2015. Reproduced with permission from the American Chemical Society

Table 4 EI99 results for nanocellulose production with dif-

ferent impact method perspectives. Adapted with permission

from Li et al. (2013a, b), Copyright 2013. Reproduced with

permission from the American Chemical Society

Method CEHO CESO TOHO TOSO

Eco-indicator I/I (pt) 0.23 0.73 0.15 0.65

Eco-indicator H/H (pt) 0.35 0.78 0.16 0.60

Eco-indicator E/E/(pt) 0.30 0.84 0.18 0.72
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respectively. It was found that the enzymatic treatment

step (conducted at 40 �C for 24 h) had the highest

environmental impact contribution in the defibrillation

process. On the other hand,GripX had a higher relative

contribution to the terrestrial ecotoxicity potential

derived from the hazardous solvent waste produced

during the process. This waste goes to a hazardous

waste incineration plant (Piccinno et al. 2015).

A thorough comparison was done between this

study and the study by Li et al. (2013a, b). It was

observed that the total energy for the enzymatic

extraction process was lower than that for the wood

pulp-based production process, i.e., HO and SO. This

difference was attributed to the different energy inputs

for the wood pulp production process, in which a high

portion of the CED is generated by chemical inputs

without contribution from electricity. On the other

hand, in the carrot waste process, electricity accounts

for at least 95% of the CED as the entire reaction takes

place in water and therefore, almost no chemicals are

used. A similar pattern was observed for GWP. The

impact of the TOHO process was 1.9 kg CO2 equiv-

alent, which is very close to the GWP reported in this

study (1.5 or 1.6 kg CO2 equivalent) (Piccinno et al.

2015). Based on this comparison, the authors con-

cluded that their technology had the potential to

outperform other nanocellulose technologies from an

environmental perspective.

A cradle-to-gate assessment of three production

routes for NFCs from wood pulp was conducted by

Arvidsson et al. (2015). The novelty of this study lay in

the fact that two different pretreatment processes were

employed before the mechanical treatment of pulps,

with the assumption that the pretreatment would

reduce the energy demand for NFC production. Three

production routes, namely enzymatic route, car-

boxymethylation, and a route without pretreatment,

were examined. Figure 13 shows the steps in the three

production routes considered.

The ReCiPe impact assessment method was also

used in this study. Four impact categories including

energy use (CED) and GWP were considered in

addition (Li et al. 2013a, b; Piccinno et al. 2015) to

water depletion (WD) and TA, which is an emission-

based impact category and does not always correlate

with CC for bio-based systems. Thus, it provides a

different perspective on environmental impact. A

hierarchist scenario was also selected in this study

(Arvidsson et al. 2015).

The results indicate that although a pretreatment

process was used, the carboxymethylation route had a

higher CED than the no-pretreatment route. Reduction

in chemical usage during carboxymethylation treat-

ment is the most obvious way to reduce the CED of

this route. For example, solvent recovery methods can

be implemented, if technically feasible. The environ-

mental impacts of the enzymatic and no-pretreatment

routes were similar for the four impact categories. For

the enzymatic route, pulp production was the main

contributor to CED and GWP, whereas enzymatic

treatment was the main contributor to TA (due to

phosphate buffer production) and WD (due to water

used for washing). Reducing direct water use for

washing would, thus, be a method to reduce theWD of

the enzymatic route. In the case of the no-pretreatment

route, the treatment process was the main contributor

to CED, GWP, and WD, whereas pulp production

contributed significantly to TA. Reduced electricity

use during treatment would be the most obvious

method of reducing the environmental impacts of

CNFs in this route (Arvidsson et al. 2015). The authors

also claimed that the environmental impacts of the

production of NFC by the enzymatic and no-pretreat-

ment routes were lower than those of MFC/NFC

produced by TEMPO-oxidation and homogenization

reported by Li et al. (2013a, b).

The LCA of CNCs was first reported by de

Figueirêdo et al. (2012). The environmental impacts

of two CNC production processes, namely acid

hydrolysis extraction of CNCs from unripe coconut

fiber (EUC system) and from white cotton fiber (EC

system) were evaluated. Figure 14 shows the bound-

aries for both the EUC and EC systems. Many

environment aspects were studied including energy,

water, and emissions present in the liquid effluents.

Some of the metrics studied included chemical oxygen

demand (COD), biological oxygen demand (BOD),

total nitrogen, nitrate, total phosphorus, phenols,

furfural, and hydroxymethylfurfural (HMF). The

environmental impact categories assessed by the

ReCiPe method included CC, WD, eutrophication,

and human toxicity.

LCI assessment revealed that water, energy, and

other environmental footprints increased when unripe

coconut fiber was used to produce CNCs. The energy

demanded by the EUC system was significantly higher

than that necessary for EC. The energy demand in both

systems was mostly related to the extraction step in the
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production of CNCs (processes 1 and 2 in Fig. 14).

The energy associated with these steps stems from the

electricity required to chop fibers and warm up the

chemical solution. In addition, most of the water

required for EUC (99.57%) and EC (96.16%) is used

in turbines at hydropower plants for producing the

energy required for these processes. Thus, electricity

production and distribution are the main processes

responsible for water use in both the systems.

Processes 1 and 2 in the EUC and EC systems required

131 and 138 L/g of water for producing 1 g of CNC

(de Figueirêdo et al. 2012). This volume of water is

Fig. 13 Flowchart for the three production routes a enzymatic route, b carboxymethylation route, and c no pretreatment route. Adapted

with permission from Arvidsson et al. (2015), Copyright 2015. Reproduced with permission from American Chemical Society
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significantly higher than the water required for

producing carbon nanotubes, which is around

0.108–0.121 L/g (Singh et al. 2008). Thus, the CNC

production process may be considered to be water-

intensive.

Besides water and energy, the EUC system also

generated effluents with significantly higher pollution

loads as indicated by metrics such as COD, BOD, total

nitrogen, phenol, furfural, and HMF, compared to the

EC system. Among the extraction processes, process 1

contributed to high loads of COD, BOD, total

nitrogen, furfural, and HMF. The phenol load came

from the extraction of unripe coconut fibers. The

washing of the fibers and pretreatment to remove

extractives and lignin in process 1 was the main cause

of the COD, BOD, phenol and total nitrogen loads. On

the other hand, furfural and HMF were produced

during fiber hydrolysis and were related to the

dehydration of hemicellulose and cellulose at high

temperatures, particularly during acid hydrolysis. On

Fig. 14 Boundaries for the a EUC and b EC systems. Adapted with permission from de Figueirêdo et al. (2012), Copyright 2012.

Reproduced with permission from Elsevier
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the other hand, the main cause for the high nitrate and

total phosphorous load in the EC system was cotton

production in the farms and application of fertilizers

(de Figueirêdo et al. 2012).

LCA of the EC and EUC systems shows that EUC

exerts a greater impact on CC, human toxicity, and

eutrophication compared to EC, whereas it has a lower

impact on WD compared to the EC system. It was

found that the production and distribution of electric-

ity is primarily responsible for the impact on CC,

human toxicity, and eutrophication in both systems.

The production of copper for use in the electricity

distribution cables is mainly responsible for the

emission of toxic substances and nutrients causing

human toxicity as well as marine and freshwater

eutrophication. While process 1 in the EUC system

also generates toxic substances and nutrients, these

substances have lower human toxicity impacts and

eutrophication compared to the substances released

during the production and distribution of electricity. In

the EC system, besides electricity production and

distribution, the production of cotton in the farms also

significantly contribute to eutrophication (de Figueir-

êdo et al. 2012). Table 5 presents the results of the

effects of the EUC and EC systems on various impact

categories.

The results reported in this study indicate that the

production of 1 g of CNFs with methane as the

feedstock contributes 0.7–1.3 kg of CO2 equivalent to

CC and 0.5–0.53 kg of 1.4-DB equivalent towards

human toxicity. These values are at the same level as

those calculated for the EUC system. However, the

corresponding values for the EC system are lower

(Table 5) (de Figueirêdo et al. 2012; Khanna et al.

2008c).

In a recent work presented by do Nascimento et al.

(2016a, b) the environmental impact of CNC

fabrication from coconut fiber using four different

methods, was compared. Lignin was recovered from

coconut fibers via four different methods and one of

the following chemicals was used to hydrolyze

cellulose: (1) dilute sulfuric acid (CNH1); (2) con-

centrated sulfuric acid (CNH2); (3) ammonium per-

sulfate (CNO); and iv) high powered ultrasound

(CNU). Figure 15 shows the extraction and production

routes for CNC from coconut fiber. The hierarchical

version of the ReCiPe method at the midpoint level

was used for impact assessment and the following

categories were considered: CC, TA, water body

eutrophication (FE), marine eutrophication (ME),

human toxicity (HT), and WD.

Inventory analysis revealed that the CNU method

used the least amount of resources and generated the

least emission loads for the production of 1 g of CNC.

Interestingly, a positive correlation between yield and

power consumption was observed in this study. On the

other hand, the CNH2 and CNOmethods exhibited the

lowest yield and highest energy consumption, whereas

the CNUmethod resulted in a higher yield and reduced

energy use. The CNH1 process exhibited higher yields

of CNCs than CNH2. This decrease in yield was

attributed to the high concentration (64% w/w) of

H2SO4 used, which speeds up the hydrolysis of the

amorphous domains of cellulose chains, resulting in

nanocrystals with smaller diameters. On the other

hand, the low CNO yield was related to the high

reaction time, high demand for equipment use, and

low selectivity of ammonium persulfate oxidation.

CNO had high nitrogen emission compared to the

other methods because of the use of ammonium

persulfate (APS), which contains NH4
? ions (do

Nascimento et al. 2016a, b). The CNH2 method

resulted in the highest BOD, COD, total phosphorus,

furfural, and HMF emission loads as reported by de

Table 5 Impact category assessments for the EUC and EC systems producing 1 g of CNC. Adapted with permission from de

Figueirêdo et al. (2012), Copyright 2012. Reproduced with permission from Elsevier

Impact category Unit EC system EUC system

Climate change kg CO2 eq 0.122171 1.086412

Human toxicity kg 1,4-DB eq 0.134797 0.291122

Freshwater eutrophication kg P eq 0.000024 0.000134

Marine eutrophication kg N eq 0.000065 0.000320

Water depletion m3 0.142959 0.135922
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Figueirêdo et al. (2012). Moreover, CNU exhibited the

least environmental impact in all categories consid-

ered in the impact evaluation process. Similar behav-

ior was observed for mass and economic allocation

procedures. Mass allocation reduced the environmen-

tal impact of CNCs, while economic allocation

increased the impact. The higher impact of economic

allocation was attributed to the higher price of CNC

than lignin.

do Nascimento et al. (2016a, b) also compared the

environmental effect of the extraction of CNC by

CNU with other studies. A lower impact was observed

in all the assessed categories (CC, terrestrial acidifi-

cation, water body eutrophication, human toxicity, and

water depletion), for the CNUmethod compared to the

method proposed by Rosa et al. (2010). This was due

to the higher yield, lignin recovery, better energetic

efficiency, use of totally chlorine-free (TCF) reagent

in the bleaching process, no use of sulfuric acid, and no

requirements to dialyze the CNC solution.

The comparison also showed that CNCs produced

from the CNU process had a lower impact on CC

compared to theMFCs obtained fromwood pulp using

TEMPO or mechanical treatment methods, as reported

by Li et al. (2013a, b). However, NFCs extracted by

enzymatic pretreatment followed by microfluidiza-

tion, as reported by Arvidsson et al. (2015) and

Piccinno et al. (2015), presented a smaller environ-

mental impact than the CNU CNCs.

Based on the results obtained in this study, the

authors also concluded that to reduce the environ-

mental impact of nanocellulose produced from plant

fiber with high lignin contents such as coconut fiber,

pressed oil palm mesocarp fiber, and sugarcane

bagasse, both nanocellulose and lignin should be

extracted. The extracted lignin has superior properties

and can be used in a wide range of applications as

antioxidants, antimicrobial agents, composite rein-

forcements, binder, and for hydrogel fabrication (do

Nascimento et al. 2016a, b; Thakur and Thakur 2015).

Fig. 15 Extraction and

production routes of CNC

from coconut fiber. Adapted

with permission from do

Nascimento et al. (2016a, b),

Copyright 2016.

Reproduced with

permission from Elsevier
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Besides evaluating the environmental impact of

nanocellulose, it is very important to also investigate

the environmental effect of other products prepared

from nanocellulose such as composite-reinforced

nanocellulose. The environmental impacts of manu-

facturing BC and NFC-reinforced epoxy composites

were evaluated by Hervy et al. (2015). This evaluation

was done with a cradle-to grave LCA approach, by

considering the manufacturing phase, use phase, and

end-of-life. This report is the first to examine the

cradle-to grave life cycle of a product prepared from

nanocellulose.

A comparison of the environmental impacts of BC/

NFC reinforced polymer composites and glass fiber-

reinforced polymer composites has also been reported.

Two commercially available benchmark materials

were chosen for this comparison: (1) 30 wt. %

randomly oriented glass fiber-reinforced polypropy-

lene (GF/PP) composites and (2) polylactide. The

system boundary for the nanocellulose reinforced

epoxy composites and benchmark materials is shown

in Fig. 16. The CML 2001 impact assessment method

(April 2013 version) developed by the Centre for

Environmental Science at Leiden University was used

for this LCA analysis (Guinee 2001). In the LCA, the

use phase of parts made from the polymer and

composite in a car and their end-of-life were consid-

ered as a hypothetical scenario. To evaluate the

environmental impact associated with the use phase

of the polymer and composite parts in a car, fuel

consumption was considered to be a function of the

weight of the parts in the car. The end-of-life of plastic

wastes were divided into three categories based on

their final destiny: wastes that go into landfills; wastes

that are incinerated to recover energy, or wastes that

are recycled. Owing to the uncertainty associated with

the recycling process, the LCA model assumed that

60% of the composite panels would go into the

landfill, whereas 40% would be incinerated to recover

energy (Hervy et al. 2015).

The cradle-to-gate analysis revealed that the BC

and NFC-reinforced epoxy composites had higher

GWP and abiotic depletion potential for fossil fuels

(ADF) compared to neat polylactic acid (PLA) and

glass fiber-reinforced polypropylene (GF/PP). It was

also observed that the major environment impact was

related to the production of NFCs and the biosynthesis

of BC. Moreover, the composite manufacturing pro-

cess was also an important contributor to the environ-

mental impact. Among the various composite

production routes considered in this study, the com-

posite produced via vacuum assisted resin infusion

Fig. 16 System boundaries for the model representing the life

cycle of BC and NFC-reinforced polymer composites (left), and

PLA and GF/PP composites (right). The red, blue, and green

arrows represent consumables or raw materials required, energy

input, and waste (materials and energy), respectively. For

interpreting the colors in the figure, the reader is referred to the

web version of this article. Adapted with permission from Hervy

et al. (2015), Copyright 2015. Reproduced with permission from

Elsevier. (Color figure online)
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(VARI) exhibited very poor environmental perfor-

mance. This may be attributed to the use of environ-

mentally unfriendly consumables in the

manufacturing process (Hervy et al. 2015).

The use phase and end-of-life LCA studies showed

that PLA contributed significantly to the cradle-to-

grave GWP and ADF, whereas GF/PP composites had

lower contributions. This was due to the differences in

the mass required between the two materials to

achieve the same performance. Conversely, it was

found that the use of nanocellulose-reinforced epoxy

composites led to lower cradle-to-grave GWP and

ADF compared to PLA and GF/PP. The LCA study

showed that while the manufacturing of nanocellu-

lose-reinforced epoxy composites might not be as

environmental friendly as the manufacture of neat

PLA and GF/PP, the ‘‘green credentials’’ of nanocel-

lulose-reinforced epoxy composites were comparable

to those of the neat PLA and GF/PP composites when

the use phase and end-of-life of the composites were

considered. This suggests that nanocellulose-rein-

forced epoxy composites with high nanocellulose

loading are desirable for producing materials with

‘‘greener credentials’’ compared to the best perform-

ing commercially available bio-derived polymers

(Hervy et al. 2015).

Conclusion

Research on nanocellulose and the production of

nanocellulose-based materials have significantly

increased over the last few decades owing to their

nanoscale dimensions and unique optical, electrical,

magnetic, and mechanical properties, as well as

biodegradability and nontoxicity. Nanocellulose can

be extracted from various lignocellulosic biomass

sources. Based on the preparation technique used and

the appearance of nanocellulose, they are divided into

two general groups, namely CNFs and CNCs. CNFs

are produced mainly via mechanical treatment such as

grinding or homogenization and are flexible fibers that

are 500–2000 nm in length and 20–50 nm in diameter.

On the other hand, CNCs are produced via acid

hydrolysis, which is a chemical treatment process.

CNCs are whiskers or needle-shaped and are shorter

with length in the range of 100–500 nm and diameter

in the range of 3–50 nm. The size of the isolated CNFs

and CNCs depends on the preparation conditions and

source of cellulose. Besides the conventional mechan-

ical and chemical treatment processes, which are

traditionally used to prepare CNFs and CNCs, other

promising production techniques as well as pretreat-

ment processes have also been proposed in order to

develop an economically efficient and eco-friendly

production route for nanocellulose. The hydrophilic

nature of nano-sized cellulose fibers prevents good

dispersion of these materials in hydrophobic poly-

mers, thereby leading to poor mechanical properties.

Surface modification before or after mechanical

defibrillation could be a solution for this problem.

Various surface modification techniques including

both chemical as well as physical treatment proce-

dures have been used to modify nanocellulose and

enhance its compatibility with polymeric matrices, as

discussed in this review paper. So far, most of the

reports on the LCA of nanocellulose have assessed the

cradle-to-gate impact, while the gate-to-grave impact

of nanocellulose and the LCA of other nanocellulose-

based materials remain less understood. Additionally,

it should be noted that the current LCA impact

methods do not adequately characterize human and

environmental toxicity effects from nanomaterials.

There are several gaps in knowledge regarding CNC

and CNF, affecting the ability to draw conclusions

from the available data about the safety of cellulose

nanomaterials. While few available data indicate

health or environmental hazards, the available data

do not allow a conclusion of safety or harm from

exposure, at this time (Shatkin and Kim 2015, 2017).

However, so far, it has been assumed that there are no

nanocellulose emissions into the environment or

nanocellulose interactions with humans (Li et al.

2014; Yanamala et al. 2014; Colombo et al. 2015).

Up to date there has been significant progress in

understanding the various nanocellulose particle

forms, their production, commercialization and appli-

cation. Although several commercial-scale applica-

tions have been started recently, there has not been as

much progress on useful and cost-effective applica-

tions yet and sooner or later it will be reached. There is

a huge market for nanocellulose and it can be an

appropriate future sustainable material for wide range

applications in our daily life. It is anticipated that the

world market of nanocellulose will be 60 billion

dollars in 2020 and of course a breakthrough is

necessary in nanocellulose research. Additionally,

regulation and standardization of nanocellulose for
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safety and properties will be necessary for future

commercialization. We anticipate that nanocellulose

provide scientist and technologists fascinating options

in the coming years.
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M, Wågberg L (2009) Nanoscale cellulose films with dif-

ferent crystallinities and mesostructures: their surface

properties and interaction with water. Langmuir

25:7675–7685
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Borysiak S, Grząbka-Zasadzińska A (2016) Influence of the

polymorphism of cellulose on the formation of nanocrys-

tals and their application in chitosan/nanocellulose com-

posites. J Appl Polym Sci 133. https://doi.org/10.1002/app.

42864
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S, BelgacemMN (2015) Heterogeneous flow kinematics of

cellulose nanofibril suspensions under shear. Soft Matter

11:4742–4755

Meyer DE, Curran MA, Gonzalez MA (2011) An examination

of silver nanoparticles in socks using screening-level life

cycle assessment. J Nanopart Res 13:147–156
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