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Cellulose nanomaterials (CNs) are a new class of cellulose particles with
properties and functionalities distinct from molecular cellulose and wood pulp,
and as a result, they are being developed for applications that were once
thought impossible for cellulosic materials. Momentum is growing in CN re-
search and development, and commercialization in this field is happening
because of the unique combination of characteristics (e.g., high mechanical
properties, sustainability, and large-scale production potential) and utility
across a broad spectrum of material applications (e.g. as an additive, self-
sustaining structures, and template structures) that CNs offer. Despite the
challenges typical for materials development, CN and near-CN production is
ramping up with pilot scale to industry demonstration trials, and the first
commercial products are starting to hit the marketplace. This review provides
a broad overview of CNs and their capabilities that are enabling new appli-
cation areas for cellulose-based materials.

INTRODUCTION

Cellulose is the world’s most abundant polymer,
representing 1.5 9 1012 tons of the planet’s total
annual biomass production,1 an almost inex-
haustible source of raw material. Not surprisingly,
then, cellulose-based products are prolific within
our society, as demonstrated by the enormity of the
world-wide industries in cellulose derivatives,
paper/packaging, textiles, and forest products. Nev-
ertheless, to meet the needs of modern society for
high-performance materials while advancing sus-
tainability and renewability, we must ask more
from cellulose-based materials. And cellulose is
responding. Over the past decade, advances in
cellulose nanomaterials (CNs) have demonstrated
cellulose-material utilization possibilities that were
thought impossible. CNs fill a unique gap in the
cellulose size spectrum previously used by industry
(Fig. 1). Currently, industry is adept at using
molecular cellulose for cellulose derivatives (e.g.,
cellulose acetate), pulp fiber (e.g., individual wood/
plant fibers) for paper and packaging, and large
particles from wood (e.g., saw dust, chips, flakes,

veneer, lumber, and even tree stems) to create
thousands of different engineered wood products.
The ‘‘gap’’ that CNs fill lies between molecular
cellulose and individual wood fibers (e.g., pulp). CNs
can do things that neither molecular cellulose nor
pulp can do. As such, CNs are a new class of
cellulose-based ‘‘building blocks’’ that are inspiring
advances in cellulose science, technology, and pro-
duct development for the next generation of renew-
able/sustainable products.

CNs are nanosized particles with highly ordered
bundles of cellulose chains aligned along the bundle
axis, giving them new properties, as compared with
pulp fibers and wood particles. CNs have high aspect
ratios, high mechanical properties, low thermal expan-
sion, low density, and surface-accessible hydroxyl
groups that can readily be chemically modified to give
additional functionalities.2,3 When compared with
inorganic nanoparticles (INPs), CN properties are not
necessarily unique. Yet, some key drivers in the
development of CN technology are its sustainability,
biodegradability, low/minimal environment, health
and safety risks (based on preliminary testing4,5),
and processing at industrial scale with relatively low
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costs.6 Thus, CNs can help satisfy consumer, industry,
and government demands for products made from
renewable and sustainable resources with low envi-
ronmental impact and low environmental, animal/
human health, and safety risks.

Over the past decade, there has been explosive
growth in CN research and development (e.g., less
than 20 articles in 2005 to more than 650 in 2015)*
and patents.7–9 Research in CN is covering an ever
broadening scope of topics, including improved CN
production technologies,10–12 rheology,13 surface
functionalization,2,3 characterization techniques,14

composites processing,15 self-assembly,16 optical
properties,16 barrier properties,17,18 predictive mod-
eling,19 life cycle analysis,20 and environment-
health-safety.5 Research in and development of var-
ious application areas include additives to adhesives,

cements, inks, drilling fluids, paper products, cos-
metics, barrier/separation membranes,7,17 antimi-
crobial films, transparent-flexible electronics,21

biomedical,4,22,23 continuous fibers and textiles, cat-
alytic supports,24 batteries, supercapacitors, food
coatings,25 and many more emerging applica-
tions.6,26 There have been several review articles
and books27,28 describing various aspects of CN.
Many are referenced in this review.

In 2015, CNs began to enter the marketplace with
a near-CN product FiberLeanTM produced by
IMERYS29 as a coating material for paper, NCCTM

produced by Celluforce as an adhesive additive,30

Signo307 with CN inks,31 Nippon Paper Cellulose
Nanofiber as an additive to disposable diapers,32

and others. Additionally, several laboratory-scale
efforts have progressed to pilot scale and industrial
production/demonstration projects, as well as to
full-scale commercialization.6,33 In the fourth quar-
ter of 2015, there were several CN pilot processing
facilities (10–1000 ton/day) across Europe, North

Fig. 1. Various cellulose-based materials. Cellulose nanomaterials fills a ‘‘gap’’ between the molecular cellulose and the wood pulp, providing a
new particle type to work with.

*Estimates were based off of a May 2016 Web of Science search,
with a manuscript title search for Cellulose AND (nanofib* OR
nanowhisk* OR nanocrystal* OR microfib* OR nanomaterial*)
OR Nanocellulose.
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America, and Japan,33 and market forecasts suggest
significant growth potential, with an estimate for
the U.S. market of 6 million metric tons annually.34

All of this demonstrates that CNs have moved
beyond being a scientific curiosity.

This review gives a broad overview of CN capa-
bilities and applications. The review describes CNs
and their properties and summarizes how CNs are
being used to create new interactions/structures
that are enabling new application areas for cellu-
lose-based materials.

CELLULOSE NANOMATERIALS

There are many different varieties of CNs, pre-
senting a wide spectrum of shapes, sizes, and
properties. In general, variations in CN arise from
three general factors: (I) cellulose source, (II) the
extraction/production method, and (III) surface
chemistry.

Cellulose Sources

CNs have been extracted/produced from a wide
variety of cellulose sources (trees, plants, tunicate,
algae, bacteria), and they have been produced from
recycled paper products and other biomass residual
streams (e.g., carrot pulp and coconut husks) as
summarized in the following review papers.10–12,19

The influence of cellulose source on CN arises from
the cellulose biosynthesis process, which is highly
specific to the cellulose-producing organism. During
biosynthesis, individual cellulose molecules assem-
bled into ordered bundles, elementary fibrils, or
nanofibrils that subsequently end up as CN.
Because the biosynthesis processes of trees and
plants are similar, the CNs extracted from them are
similar, with some subtle differences.11 In contrast,
there are large differences in the biosynthesis
processes comparing plant versus tunicate versus
algae versus bacteria, and thus, the resulting CNs

extracted from them are considerably different in
terms of particle aspect ratio, length, width, cross-
section morphology, and crystal structure, as sum-
marized by Moon et al.19 and Table I.

For large-scale CN production at lower costs, tree-
and plant-based cellulose sources are preferred
because the pulp/paper, packaging, pharmaceutical,
and textile industries have the necessary infras-
tructure. Although CNs from bacteria typically have
much lower production rates and higher production
costs, these particles may be practical for special-
ized applications in the medical area.35 In contrast,
CNs from tunicate and algae are expensive to collect
and extract and are used as idealized particles for
research purposes.

Isolation of Cellulose Nanomaterials

There are several approaches for the extraction of
CN as summarized in recent reviews.10,12,36–39

Continued research and development has focused
on optimizing processes to lower costs and to
increase yields, consistency, and quality. Processes
are multistep and tailored for the specific cellulose
source. Generally extraction consists of pretreat-
ment step(s) followed by refinement step(s). Pre-
treatments typically purify and homogenize the
starting material so that it reacts more consistently
in subsequent treatments. Afterward, additional
chemical or enzymatic treatments are performed
to facilitate the controlled fragmentation of the
cellulose source material during the refinement
step(s). There are two main refinement approaches
to fragment cellulose source materials into nano-
sized particles: mechanical shear and acid hydroly-
sis. Refinement by mechanical treatments use high
shear to tear the cellulose source material apart.12

The resulting particles are called cellulose nanofib-
rils (CNFs), and they have fiber/fibril morphologies
with high flexibility and aspect ratios (�10–100).

Table I. Particle morphology of various cellulose particle types

Particle type

Particle size

Crystallinitya (%)Length (lm) Width (nm) Height (nm)

CNFb >1 4–100 4–100 51–69
CNCb 0.05–0.5 3–20 3–20 54–88
t-CNC 0.1–4 �20 �8 85–100
AC >80%

Valonia >1 �20 �20 –
Micrasterias >1 20–30 5 –

BC
Acetobacter >1 30–50 6–10 65–79

WF and PF >2000 20–50 (lm) 20–50 (lm) 43–65
MCC 10–50 10–50 (lm) 10–50 (lm) 80–85

Adapted from Moon et al.19CNF cellulose nanofibers, CNC cellulose nanocrystals, t-CNC cellulose nanocrystals from tunicates, AC algae
cellulose, BC bacterial cellulose, WF wood fiber, PF plant fiber, MCC microcrystalline cellulose.aCellulose crystallinity estimated from
various x-ray diffraction approaches.bAxial cross-section shape is considered to vary between circular and square-like.
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Current technology, with pretreatments, produces
CNFs with diameters around 4–10 nm. Without
pretreatment, the resulting fibrils are much coarser,
typically 20–100 nm in diameter, and have been
generally referred to as cellulose microfibers
(CMFs).19 Nevertheless, the current International
Standards Organization (ISO) nomenclature stan-
dard for cellulose nanomaterials has grouped CNFs
and CMFs together.40 In contrast, refinement by
acid hydrolysis (typically sulfuric acid) preferen-
tially dissolves the disordered regions of the cellu-
lose source material, and the resulting particles are
called cellulose nanocrystals (CNCs).10 CNCs are
stiff, with spindle-like morphologies and aspect
ratios of �5–30, where the surface chemistry,
charge, and aspect ratio are determined by the
hydrolysis conditions.41

Types of Cellulose Nanoparticles

There are many varieties of CNs, and to facilitate
comparisons, CNs are typically grouped into five
categories: CNFs, CNCs, tunicate CNCs (t-CNCs),
algal cellulose (AC), and bacterial cellulose (BC)
(Table I). A more detailed description is given in
Moon et al.19 CNFs and CNCs are considered to be
in different categories because of vastly different
particle morphologies resulting from the isolation
methods (Fig. 2), where CNFs are flexible and more
like entangled network-forming fibers (e.g.,

spaghetti), while CNCs are considered to be stiff
rods (e.g., rice). In contrast, the t-CNC particles are
much larger than CNCs from plants/trees, while
algal and BC are more fibril-like (with BC being
more ribbon-like) with minimal branching. Because
of these differences in particle morphology (and
crystal structure), they are typically listed sepa-
rately from CNFs. Note that these categories pre-
clude the role of surface chemistry. Different
surface chemistries are categorized as subcategories
to the major CN types. As examples of the size
ranges involved, pulp fibers, which are traditionally
used in the paper/packaging industries, wood fiber
(WF) and plant fiber (PF) are typically millimeter-
long particles while microcrystalline cellulose
(MCC) used in pharmaceutical and food industries
is composed of micron-sized particles. In contrast,
CNs have at least two dimensions at the nano-
length scale (<100 nm). Some examples of commer-
cially produced CNs are NCC by Celluforce,45

BioPlusTM by API,46 FiloCell by Kruger,47 and
BGB-Ultra by Bluegoose,48 and the near-CN
microfibrillated product FiberLeanTM produced by
IMERYS.29

Surface Chemistry

The surface chemistry of CNs is critically impor-
tant in determining how the particles interact with
their environment, controlling their dispersion in

Fig. 2. Micrographs showing various CN types. (a) CNFs produced using pretreatments produced from a CNF pilot plant located at FPL.42 (b)
CNFs produced without pretreatments produced from a CMF pilot plant located at the Process Development Center at UMaine.43 (c) CNCs
produced from a CNC pilot plat located at FPL.44 (d) FiberLeanTM.29

Moon, Schueneman, and Simonsen2386



solvents or polymers, rheology, self-assembly and
agglomeration, and CN–CN and CN-polymer inter-
facial bond strength. Chemical modification routes
primarily target the accessible hydroxyl groups (-
OH) on CN surfaces, and the challenge in some cases
is doing the modification without dissolving or alter-
ing the CN. A wide variety of chemistries have been
explored and summarized in recent reviews.3,18,49

Research and development continues on new modi-
fication routes, in particular for reactions that target
cellulose carbons, as opposed to only the –OH groups.
A large array of surface modifications by covalent
(e.g., sulfonation, oxidation, esterification, amida-
tion, carbamation, etherification, nucleophilic sub-
stitution, silylation, urethanization/carbanylation,
and click-chemistry) and noncovalent (e.g., adsorp-
tion, surfactants, and electrostatic) methods are
reported. Examples of some applications for sur-
face-modified CNs are improved processing and
performance of CN-matrix composites, adjusting
hydrophilic-hydrophobic balance, fluorescent label-
ing for imaging,50 polymer grafting, nanoparticles for
catalyst,24 and templated structures.3

Properties

Cellulose nanomaterials have a unique combina-
tion of properties: high mechanical properties
(Table II), low thermal expansion, thermal stability
to �200–250�C, relatively low density (1.6 g/cm3)
compared with inorganics and metals, birefrin-
gence,51 high optical transparency,52 and
biodegradability,53

One common trait among all CN types is the
parallel stacking of cellulose chains along the
particle length. This high order of stacking is the
result of extensive intra- and inter-chain hydrogen
bonding, making organized cellulose an exception-
ally stable polymer, which gives the CNs high
mechanical properties along the length of the
particle (i.e., fiber axial direction). This ordered
stacking of cellulose molecules also results in very
high anisotropy; i.e., the properties transverse to
the cellulose chain are very different, and usually
lower, than the properties in the direction of the
chain.54

Environmental Health and Safety

Preliminary work on toxicity of as-produced CNs
without surface modification have shown low-to-
minimal adverse health effects from oral (i.e.,
ingestion) or dermal (i.e., contact with skin) studies.
Nevertheless, pulmonary (i.e., respiratory) and
cytotoxicity (i.e., effects of CNs on cell viability)
studies have yielded conflicting results.5,20,58 The
toxicity of various CNs is an area of active study,
both with and without specific surface functional-
ization, as well as studies to develop best
approaches for monitoring workplace safety.14 Life
cycle analyses (LCAs) have been used to assess
environmental impact and for adapting manufac-
turing process to achieve best practices for mass
production.20,59,60 Results show that CNs exhibit
prominent environmental advantages over the
other nanomaterials, such as carbon nanotubes.60

CAPABILITIES WITH CELLULOSE
NANOMATERIALS

The high surface-area-to-volume ratio of CNs
allows them to exert a large effect on their local
surroundings, while acting as a stiff phase in
suspensions and composites. This differentiation
allows CNs to do things that neither molecular
cellulose nor wood/plant pulp materials can do. A
few general examples are described as follows.

Rheology Modifiers

Rheology is a fundamental part of working with
CNs as they are produced as aqueous suspensions,
are incorporated into various solvents and polymers
in the manufacturing of composites, and are used as
rheology modifier additives (e.g. in adhesives, cos-
metics, drilling fluids, paints). As a result of this the
rheology of CNs in various solvents and polymer
mixtures has been widely studied.13,61 The rheology
behavior can be complex but shows a great ability to
tailor shear thinning behavior as compared with
molecular cellulose or pulp. This decrease in the
viscosity with increasing shear rate, similar to other
INPs with high aspect ratios,62 is useful in applica-
tions like paints, where during application, flow is

Table II. Properties of various cellulose particles

Material EA (GPa) ET (GPa) rf (GPa) ef (%) CTEA (ppm/K) TcA (W/mK)

Experimental
CN 57–180 2.7–70 1.6–6.4 – – –
WF and PF 5–45 – 0.3–0.8 1.3–23 – –
MCC 21–29 – – – – –

Modeling
Cellulose Iba 110–206 5–98 5.4–7.7 5.1–6.7 2–6 5.7

Adapted from Moon et al.,19EA elastic modulus in axial direction, ET elastic modulus in transverse direction. rf tensile strength (tensile
testing), ef strain to failure (tensile testing), CTEA coefficient of thermal expansion in axial direction. TcA thermal conductivityaModel
Cellulose IB data collected from Refs. 54–57, 107 and 108.
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wanted so the paint can wet and coat the surface;
then once applied, the paints regain their high
viscosity and flow stops (e.g., no dripping). The
reduction in viscosity at higher shear rates for CN-
suspensions is a result of alignment of the CN fibers
in the direction of shear, thereby greatly reducing
their interaction volumes. Several variables have
been shown to influence the shear thinning rheology
behavior: solvent and CN-solvent interaction, poly-
mer system, temperature, and CN morphology, size
distribution, surface charge, chemistry, and concen-
tration. Although both CNFs and CNCs are shear
thinning, there are differences in behavior as
reported in Ref. 63; in general, the longer CNF
particles alter the rheology at much lower solids
loadings as compared with CNCs.

Reinforcement of Polymers

The development of CN-reinforced matrix compos-
ites exploits CN high mechanical properties, high
surface-area-to-volume ratio, and high particle
aspect ratio. Much of the work to date has been
extensively reviewed.10,11,15,18,19,38,39,64,65 For
nanoparticle-matrix composites, achieving disper-
sion of the nanoparticle reinforcement phase is key to
maximizing their effectiveness at altering the matrix
polymer properties. This has been one challenge for
CNs as they are naturally hydrophilic while most
industrially relevant polymers are hydrophobic,
resulting in a high propensity for agglomeration. In
general, CNFs are more difficult to disperse than
CNCs. Significant progress has been made in obtain-
ing a good CN dispersion in a variety of polymers (e.g.,
thermosets, thermoplastics, bio-based, hydrophobic,
and hydrophilic) using various surface functional-
ization strategies in conjunction with composite
possessing methods (solution casting, melt-com-
pounding, partial dissolution, fiber spinning). As a
result, CN additions have been shown to dramati-
cally alter the thermomechanical and dynamic
mechanical properties of many matrix polymers.
The extent to which CNs can alter polymer materials
depends on CN (I) dispersion, (II) alignment, (III)
surface chemistry, (IV) interfacial properties, (V)
particle morphology, (VI) percolation (interconnected
network structure), and (VII) the matrix polymer.
Expanding the property space of polymer materials is
of great industrial interest, particularly for plant-
based polymer matrices where CN additions main-
tain the renewable/biodegradable properties.

Network Structures

CNs in suspension can self-assemble into intercon-
nected networks, the arrangement of which is depen-
dent on CN type, morphology, surface chemistry,
suspension characteristics, shear state, and solvent
properties.16 By controlled removal of the solvent, the
resulting monolithic solid has a CN interconnected-
network structure reminiscent of the structure in the
starting suspension. The rate and method of solvent

removal (e.g., solution casting and freeze drying) also
influences the final CN network structure. These CN-
network structures can have much different proper-
ties compared with what can be produced with
molecular cellulose or pulp, and they can be broadly
grouped into four categories: (I) interconnected fiber
network structures, (II) dense aligned fiber struc-
tures, (III) chiral nematic structures, and (IV) aero-
gels. Interconnected fiber networks are typically
produced from air drying during solution casting.
The density of the fiber packing is dependent on
drying rates, and by applying mechanical shear, it is
possible to produce a dense network of highly aligned
CNs in the shear direction.66 In general, CNFs more
readily form a network structure and are more
extensive/entangled than what are produced by
CNCs; a hint of this can be seen when comparing
Fig. 2a and c. Unique to CNCs, the spindle-like
particles self-assemble into chiral nematic structures
(e.g., helix of stacked pseudo-planes of CNCs with
their long axes parallel to the plane of the layers).16

Aerogels are considered separately here because the
drying process (e.g., freeze drying and super critical
drying) produces CN-networks with extremely low
densities (10�4–10�2 g/cm3), high surface areas (100–
600 cm2/g), and high porosity.67–71 Additionally, it is
possible to produce hierarchical pore structures with
freeze drying, where the CN-network results in the
nanoscale pores between the CN fibrils, while ice
crystals leave micron-sized pores.71

Optical Properties

The nanodimensional diameters of CNs result in
lower light scattering compared with the micron-to-
millimeter size of pulp fibers, making good trans-
mittance and low-haze CN-composites possible.16,19

Several factors have been shown to influence the
optical transmittance, including CN particle size,
volume fraction, alignment, dispersion, the wave-
length of light, index of refraction difference
between CN and the matrix, volume fraction of
voids, film thickness, and film surface roughness.
One optical property that is unique for CNCs comes
about from the liquid crystalline nature of CNC
suspensions, which allows CNCs to self-assemble
into nematic and chiral nematic structures. These
highly ordered structures persist in the final com-
posite, resulting in interesting optical phenom-
ena.16,72,73 When the nematic structure is
preserved, the highly aligned CNCs result in trans-
parent composites. And when the chiral nematic
structures are preserved, an iridescent/pearlescent
optical behavior is observed.16 By tailoring the CNC
suspension and composite processing properties, it
is possible to control the color of the dried film.

Templated CN Structures

CNs with their high surface area and surface
reactivity have been used as templates for chemical
synthesis and deposition of INP.13,14 Templating
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with CNs has primarily focused on two areas: (I)
isolated INP deposition and (II) coatings on CN
structures. For isolated INP deposition, various
metallic (e.g., Ag, Au, Cu, Ni, Pd, Pt, Ru, or Se) or
ceramic (e.g., CdS, CuO, Fe3O4, PbS, TiO2, or ZnS)
nanoparticles have been deposited on either indi-
vidual CNs, CN network structures, or CNC chiral
nematic structures. The optimization of INP cover-
age has focused on controlling the INP surface
density, maximizing INP surface area, and mini-
mizing agglomeration or coalescing of INP. The new
capabilities CNs provide are an alternative method
for the synthesis of INP, minimization of INP
agglomeration/coalescence, and production of
ultra-fine INP distributions.

For coatings, the focus has been complete cover-
age of the CN particles, or CN self-assembled
network structures, typically with silica-based or
titania-based materials, and creating a near-perfect
patterning at the tens of nanometer length scale.3

The CN-network can then be subsequently burned
out (or carbonized), producing free-standing hollow
(or carbonized) core hierarchical structures
(nanometers up to millimeters) patterned by the
CN-network. The unique capabilities that CNs
bring is an alternative approach for producing these
structures. New application possibilities with CN
template structures are in the areas of biosensors,
catalysis, photovoltaics, drug delivery, filters,
antimicrobial applications, and others.

Barrier

Because of the tight packing of cellulose chains
within CNs and the ability to produce dense perco-
lated CN-networks, CN-network structures and
CN-polymer composites have attracted interest as
barrier films17–19 with uses in filtration74 and
packaging applications. For filtration, the porosity
in CN-networks can remove ultra-fine particu-
lates74 and with corresponding surface chemistry
can be used to screen chemicals.75 In general, the
extensive CNF network structures have been better
suited for filtration applications than CNCs. In CN-
polymer composites, improved barrier properties
result from the increased tortuosity provided by the
nanoparticles. The barrier properties of CN struc-
tures and composites have been shown to depend on
CN (I) particle morphology, (II) surface chemistry,
(III) dispersion, (IV) alignment, (V) volume fraction,
(VI) interfacial properties, and (VII) the matrix
polymer. To date, most of the work has focused on
oxygen permeability and water vapor transmission
(WVT).17–19 CNs have been shown to lower oxygen
permeability in most polymer systems. In contrast,
for WVT, CN influence is dependent on the
hydrophobicity of the polymer matrix material.
Hydrophilic polymers like starch show lower WVT
with CN additions, whereas in hydrophobic poly-
mers, CN additions increase WVT.18

POTENTIAL APPLICATION AREAS

The recent availability of large volumes of CN
materials for research and pilot studies has spurred
significant growth in research and development in
many application areas. A partial list is given here.

Additive to Adhesives

CNs have been examined as adhesive additives,
primarily examining their impact on wood adhe-
sives for panel products. An example is the combi-
nation of CMFs, CNFs, and CNCs with urea
formaldehyde (UF) adhesives for use in laminated
veneer lumber, particle board, oriented strand
board, and fiber board.76–79 Common findings from
this research include significantly increased viscos-
ity that limited the loading levels of the fibrils,
enhancements in mechanical performance, and
sometimes, reductions in formaldehyde emissions.

Additive to Paper-Based Products

With their high mechanical and barrier proper-
ties, ability to form nanoscale entanglements, and
bonding affinity to cellulose surfaces (e.g., wood
pulp fibers), CNs are an excellent choice for incor-
poration into paper-based products.80–82 CNFs are
easy to incorporate into the paper manufacturing
processes, and they can be blended with additives
(e.g., clays) for additional functionality where the
CNFs act as carriers and/or binders. Two strategies
for incorporating CNFs into paper-based materials
have been (I) surface coatings and (II) bulk addi-
tions. As a surface coating, CNFs fill voids between
pulp fibers (Fig. 3), resulting in enhanced strength,
improved barrier properties (e.g., air, gas, water
vapor, grease, and oils), increased surface smooth-
ness, higher opacity, higher coating hold-out, and
improved printing. Roll-to-roll possessing is one
method being explored in scaling up the application
of CNF coatings on paper.83 Alternatively, CNFs
can be incorporated into the bulk of the paper,
either by direct addition to the pulp or by embed-
ding layers of CNFs in a laminated paper sheet.
Bulk additions of CNFs have been shown to alter
mechanical properties, paper density, air perme-
ability, and optical properties (e.g., brightness and
opacity).80 The extent to which CNFs alter perfor-
mance depends on the CNF characteristics (e.g.,
morphology, size distribution, and surface charge),
pulp type, additive formulations, and the paper
manufacturing process.80

Despite the challenges of introducing a new
additive and the resulting process changes, industry
is moving forward with using CNF and near-CNF to
unlock new performance opportunities. Fiber-
LeanTM,29 a cellulose microfibrillated fiber/mineral
commercial product, which bonds better to paper
surfaces and has less mineral loss as compared with
current coatings. Additionally, Nippon Paper has
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publicly announced that it is developing disposable
diapers that incorporate CNFs for improved odor
absorbance.32

Additive to Drilling Fluids

The safety, sustainability, and strong shear thin-
ning properties of CNs makes them a natural addi-
tive to drilling fluids in oil and gas drilling operations.
Interestingly, CNC additions have shown self-assem-
bled structures that give stronger shear-thinning
properties and additional functionality to the drilling
fluid. CNC additions to bentonite/water-based dril-
ling fluids have demonstrated that strong surface
interactions and high particle mobility allowed CNCs
to form ‘‘core–shell’’ structures around bentonite
particles, which subsequently gave the drilling fluid
enhanced rheological properties (e.g., stronger shear-
thinning), higher temperature stability, and less
fluid loss.84 This mechanism provides a new capabil-
ity to tailor the functionality and performance of
drilling fluids, potentially reducing the volume of
additives. No commercial products are yet on the
market, but there is a growing patent literature.85

Additive to Cement-Based Materials

In the broad area of cement-based materials,
cellulose derivatives and natural fibers (wood/plant
pulp fibers) have shown potential to advance both
performance and sustainability.86–88 CNs may also

be pertinent in the development of new admixtures
and reinforcement materials. Research has focused
on CNs as a strength enhancer for various cemen-
titious materials. Although fiber-reinforced cement
composite mechanical improvements have been
attributed to the fiber bridging mechanism89 in
which the millimeter length particles span across
the crack and apply resistance to crack opening, the
applicability of this mechanism with CNs may be
limited as the particles may not be long enough to
extend across cracks and restrict their opening.
Despite this, small CN additions (0.2–7 wt.%) to
cementitious materials have been shown to increase
mechanical properties (e.g., stiffness and
strength),90–92 which was attributed to CNs altering
the hydration reactions, affecting how the cement
cures. Cao et al.91 proposed that CNCs preferen-
tially self-assemble in a loose network structure
around the surface of the cement particles, provid-
ing (I) steric stabilization allowing for better parti-
cle mixing, and (II) a fast water transport path
outside the hydration product shell during the
hydration reaction, allowing for more reactions to
take place. This mechanism may give a new capa-
bility for optimizing the hydration reaction kinetics
and thereby achieve higher strength cementitious
materials. Additionally, CN additions were also
shown to alter rheology (e.g., yield stress for mate-
rial flow) and to decrease set times of cement pastes,
properties of interest in various cement

Fig. 3. Scanning electron images of CMF coatings on paper surfaces showing how CMFs fill voids between pulp fibers, to create smoother,
denser surfaces. (a) Uncoated paper, (b) with CMF coating 1 g/m2 with CMFs produced from a CMF pilot plant located at the Process
Development Center at UMaine.43

Moon, Schueneman, and Simonsen2390



applications. Applications could include CNs being
added to concrete, mortar, dental glass, roof tiles,
bone cement, etc.

Food Coatings

CN applications in food span the range of possi-
bility from reinforcement of plastic film for packag-
ing, to the use of pure CNF in film form, to food
additives for stabilization of food (e.g., ice cream), to
functional food ingredients, typically as a fat
replacement/reducer.93 One new use for CNs is
their incorporation in food coatings applied directly
to the surface of fruit (Trademarked as
‘‘Innofresh’’).94 Recent publications show advan-
tages in the preharvest treatment of cherries to
prevent rain cracking,95 extension of shelf-life of
pome fruits and bananas (unpublished data,
Yanyun Zhao, Oregon State University), and the
preservation of anthocyanin containing fruits such
as blueberries, which allows the fruit to be pre-
served (e.g., canned) while retaining the nutritional
benefits and color of the anthocyanins in the fruit
(Fig. 4).96 We can expect to see the use of CNs, and
especially CNFs, due to its history and growing
documentation of low toxicity (see the section on
EHS), to increase in food applications in the future.

Transparent-Flexible Electronics

Transparent-flexible CN composite substrates are
being developed for a variety of electronic devices/
applications, including thin film transistors,
organic-light emitting diodes, photovoltaic devices,
printed foldable antennas, and resistive touch
screens and sensors.21 The CN properties of trans-
parency, high mechanical properties, thermal sta-
bility to �250�C, and low coefficient of thermal
expansion (CTE) are all important to transparent-
flexible substrates. The electronic devices are very
thin multilayer structures with fine details; thus,
substrates must have ultra-smooth surfaces to avoid
device electrical shorts or leakage, as well as good
‘‘printability’’ (i.e., easily wet by the printing ‘‘ink’’
but maintaining good edge retention). Typical
device fabrication processes are sputter coating,
inkjet printing.97 thermal evaporation, and spin
coating. Most of the work to date has been done at
the laboratory scale and has been focused on proof of
concept. Nevertheless, this is now transitioning to
pilot- and large-scale fabrication runs and tech-
niques,98 such as roll-to-roll and screen printing.
CN advantages have also led to an additional focus
on device sustainability and recyclability.99,100

Catalysis Support Structures

CN network structures are being developed as a
support material for a wide range of catalytic
reactions, such as reductions, oxidation, coupling
reactions, electro-catalysis, and photo-catalysis.24

The unique aspect of CNs is a combination of three

factors: their nanoscale dimensions and, therefore,
large surface area; their ability to self-assemble into
porous network structures; and their reactive sur-
face, which facilitates the deposition of a fine
dispersion of INP on the CN network structure.
This allows the development of tailored CN-INP
network composites that have an extremely large
catalyst surface area, which is critical for commer-
cially viable catalytic reactions. Most work to date
has been at the laboratory scale, but expectations
are high for commercial development.

Biomedical Applications

With their biocompatibility, biodegradability, and
low cytotoxicity,4 CNs are being studied for a wide
array of medical applications, such as drug delivery,
tissue repair-healing-replacement, and medical
implants.4,101–103 In the area of tissue repair-heal-
ing-replacement, most work has centered on BC
hydrogels because of their collagen-like, hierarchi-
cal, three-dimensional nanofiber network structure
that can be controlled directly during biosynthesis.
For tissue repair and healing (e.g., skin and bone),
BC-based hydrogels provide a nontoxic, biocompat-
ible platform for the growth of cells, which can then
more readily activate and accelerate tissue repair
and regeneration. Commercial products, XCell�,
and DermafillTM104 are BC hydrogel bandages that
gently conform to the skin, allowing active fluid
management, pain-free dressing changes, a barrier
to bacteria, and show better and faster healing
effects and less inflammatory response as compared
with conventional bandages.101 For replacement
tissues (e.g., blood vessel, ligament, meniscus, car-
tilage, and heart valves), work has centered around
BC hydrogel tubes for potential use as vascular
grafts.35,105,106 Clinical trials in rats, pigs, and
sheep for up to 1 year have indicated the BC tubes
remain stable. Nevertheless, no commercial prod-
ucts are on the market yet. For medical implants,
biocompatible CN-composites are being developed to
minimize the stiffness mismatch between the device
and the surrounding tissue, subsequently lowering
inflammatory responses.106 One example is cortical
implants, in which CN-based stimuli responsive

Fig. 4. Blueberries coated by InnofreshTM (treatment) vs uncoated
(control) in light syrup (18 degrees Baume) at ambient condition
(e.g., 20 ± 2 �C) after 1 week.
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composites are being developed that are stiff to
facilitate installation and undergo in situ softening
by absorption of body water, a mechanism driven by
CN-matrix and CN–CN interfaces.102 Clinical trials
are ongoing.

GRAND CHALLENGES

One of the fundamental challenges of working
with any biomaterial, including CNs, is its suscep-
tibility to water. Understanding the fundamental
relationship of cellulose in its many forms with
water is a complex and fascinating subject, mastery
of which still eludes the scientific community. A
second grand challenge is metrology.14,107–109

Although advances have been made in recent years,
precisely determining the size distribution of a CNC
dispersion or the length distribution of CNF
remains challenging. We now have several produc-
ers, but no producer’s product is the same as
another. Many companies are reluctant to use a
product when it must be sole sourced. The develop-
ment of CN-metrology is a challenge that, when
overcome, will speed the adoption of CNs in the
marketplace. A final grand challenge is finding a
path to facilitate commercialization. Strategic,
holistic, interdisciplinary (and well-funded)
research programs focused on specific applications
and with significant input from the product manu-
facturer are needed to facilitate the commercializa-
tion process. Often research has been funded and
carried out in an attempt to solve some particular
problem, but the solution developed was not com-
mercially relevant. Although researchers do
advance knowledge with their work, working with
insufficient communication with the marketplace
and product value chain is not efficient in terms of
facilitating the revolutionary and transformative
shifts that are commercially attainable with CNs.
Finding ways to educate scientists about the needs
of the marketplace is a grand challenge for all
scientific disciplines but especially CN at this early
stage of commercial development. For example,
many lab-scale, proof-of-concept composite materi-
als have been made with solvent casting. Except in
certain specific cases, this technique is not appro-
priate for industrial-scale processes. Additionally,
rushing to find the ‘‘killer app’’ contains a potential
trap of not doing it right the first time and slowing
the commercialization process.

We envision a nanocellulose revolution that will
change the way people live, work, and play. In the
future, it will hold an important niche in the more
sustainable world most of humanity is wanting and
creating at this point in history. The future is
bright, but it will require hard and careful work to
manifest the many benefits nature has bestowed on
us in that most enigmatic of natural polymers,
cellulose.
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15. K. Oksman, Y. Aitomäki, A.P. Mathew, G. Siqueira, Q.
Zhou, S. Butylina, S. Tanpichai, X. Zhou, and S. Hoosh-
mand, Compos. A 83, 2 (2016).

16. J.P.F. Lagerwall, C. Schutz, M. Salajkova, J. Noh, J.H.
Park, G. Scalia, and L. Bergstrom, NPG Asia Mater. 6, e80
(2014).

17. N. Lavoine, I. Desloges, A. Dufresne, and J. Bras, Carbo-
hydr. Polym. 90, 735 (2012).

18. M. Mariano, N. El Kissi, and A. Dufresne, J. Polym. Sci. 52,
791 (2014).

19. R.J. Moon, A. Martini, J. Nairn, J. Simonsen, and J.
Youngblood, Chem. Soc. Rev. 40, 3941 (2011).

20. J.A. Shatkin and B. Kim, Environ. Sci Nano 2, 477 (2015).
21. H. Zhu, Z. Fang, C. Preston, Y. Li, and L. Hu, Energy

Environ. Sci. 7, 269 (2014).
22. D. Klemm, F. Kramer, S. Moritz, T. Lindstrom, M.

Ankerfors, D. Gray, and A. Dorris, Angew. Chem. Int. Ed.
50, 5438 (2011).

23. R.M.A. Domingues, M.E. Gomes, and R.L. Reis,
Biomacromolecules 15, 2327 (2014).

24. M. Kaushik and A. Moores, Green Chem. 18, 622 (2016).
25. C. Gomez, H.A. Serpa, J. Velasquez-Cock, P. Ganan, C.

Castro, L. Velez, and R. Zuluaga, Food Hydrocoll. 57, 178
(2016).

26. J.A. Shatkin, T.H. Wegner, E.M. Bilek, and J. Cowie, Tappi
J. 13, 9 (2014).

Moon, Schueneman, and Simonsen2392

http://www.fpl.fs.fed.us/documnts/pdf2014/usforestservice_nih_2014_cellulose_nano_workshop_report.pdf
http://www.fpl.fs.fed.us/documnts/pdf2014/usforestservice_nih_2014_cellulose_nano_workshop_report.pdf
http://www.fpl.fs.fed.us/documnts/pdf2014/usforestservice_nih_2014_cellulose_nano_workshop_report.pdf
http://dx.doi.org/10.1155/2011/837875
http://dx.doi.org/10.1016/j.indcrop.2016.02.016


27. M.T. Postek, R.J. Moon, A.W. Rudie, and M.A. Bilodeau,
Production and Applications of Cellulose Nanomaterials
(Peachtree Corners: TAPPI Press, 2013).

28. K. Oksman, A.P. Mathew, A. Bismarck, O. Rojas, and M.
Sain, eds., Handbook of Green Materials (New York: World
Scientific, 2014).

29. FiberLean Technologies. http://www.fiberlean.com/fi
berleanmfc. Accessed 15 June 2016.

30. C. Macdonald, Celluforce’s NCC has a few promising
applications (Pulp & Paper Canada, 2016), http://www.pul
pandpapercanada.com/news/celluforces-ncc-has-a-few-promis
ing-applications-1100000148. Acccessed 15 June 2016.

31. Mitsubishi Pencil, Uni-Ball Signo307. http://www.uni-ball.
co.th/en/product/uniball-signo-307.html. Accessed 15 June
2016.

32. Nippon Paper Industries Co.Ltd, Launch of World’s First
Commercial Products Made of Functional Cellulose Nano-
fibers, http://www.nipponpapergroup.com/english/news/year/
2015/news150916003182.html. Accessed 15 June 2016.

33. J. Miller, Nanocellulose State of the Industry-December
2015 (Market-Intell LLC, 2015), http://www.tappinano.org/
media/1114/cellulose-nanomaterials-production-state-of-
the-industry-dec-2015.pdf. Accessed 15 June 2016.

34. J. Cowie, E.M. Bilek, T.H. Wegner, and J.A. Shatkin, Tappi
J. 13, 57 (2014).

35. P. Gatenholm and D. Klemm, MRS Bull. 35, 208 (2010).
36. A. Isogai, J. Wood Sci. 59, 449 (2013).
37. H.P.S.A. Khalil, Y. Davoudpour, M.N. Islam, A. Mustapha,

K. Sudesh, R. Dungani, and M. Jawaid, Carbohydr. Polym.
99, 649 (2014).

38. H.P.S.A. Khalil, A.H. Bhat, and A.F.I. Yusra, Carbohydr.
Polym. 87, 963 (2012).

39. G. Siqueira, J. Bras, and A. Dufresne, Polymers 2, 728
(2010).

40. ISO, Standard terms and their definitions for cellulose
nanomaterials (ISO/AWI TS 20477 Nanotechnologies,
underdevelopement), http://www.iso.org/iso/home/store/cat
alogue_tc/catalogue_detail.htm?csnumber=68153. Accessed
15 June 2016.

41. L. Chen, Q. Wang, K. Hirth, C. Baez, U.P. Agarwal, and
J.Y. Zhu, Cellulose 22, 1753 (2015).

42. R. Reiner and A. Rudie, Production and Applications of
Cellulose Nanomaterials, ed. M.T. Postek, R.J. Moon, A.W.
Rudie, and M.A. Bilodeau (Peachtree Corners: TAPPI
Press, 2013), p. 177.

43. The Process Development Center, Nanofiber Development
(UMaine), http://umaine.edu/pdc/nanofiber-r-d/. Accessed
15 June 2016.

44. R. Reiner and A. Rudie, Production and Applications of
Cellulose Nanomaterials, ed. M.T. Postek, R.J. Moon, A.W.
Rudie, and M.A. Bilodeau (Peachtree Corners, GA: TAPPI
Press, 2013), p. 21.

45. CelluForce, NCC, http://celluforce.com/en/. Accessed 15
June 2016.

46. American Process Incorporated, BioPlus, http://american
process.com/bioplus/. Accessed 15 June 2016.

47. Kruger, FiloCell, http://filocell.com/en/. Accessed 15 June
2016.

48. Bluegoose, BGB Ultra, http://bluegoosebiorefineries.com.
Accessed 15 June 2016.

49. S. Eyley and W. Thielemans, Nanoscale 6, 7764 (2014).
50. J.W. Grate, K.-F. Mo, Y. Shin, A. Vasdekis, M.G. Warner,

R.T. Kelly, G. Orr, D. Hu, K.J. Dehoff, F.J. Brockman, and
M.J. Wilkins, Bioconjugate Chem. 26, 593 (2015).

51. A.G. Dumanli, H.M. van der Kooij, G. Kamita, E. Reisner,
J.J. Baumberg, U. Steiner, and S. Vignolini, ACS Appl.
Mater. Interfaces 6, 12302 (2014).

52. H. Zhu, S. Parvinian, C. Preston, O. Vaaland, Z. Ruan, and
L. Hu, Nanoscale 5, 3787 (2013).

53. K. Kuemmerer, J. Menz, T. Schubert, and W. Thielemans,
Chemosphere 82, 1387 (2011).

54. F.L. Dri, L.G. Hector, R.J. Moon, and P.D. Zavattieri,
Cellulose 20, 2703 (2013).

55. J.A. Diaz, Z. Ye, X. Wu, A.L. Moore, R.J. Moon, A. Martini,
D.J. Boday, and J.P. Youngblood, Biomacromolecules 15,
4096 (2014).

56. F.L. Dri, X. Wu, R.J. Moon, A. Martini, and P.D. Zavattieri,
Comput. Mater. Sci. 109, 330 (2015).

57. X. Wu, R.J. Moon, and A. Martini, Cellulose 21, 2233
(2014).

58. J. Vartiainen, T. Pohler, K. Sirola, L. Pylkkanen, H. Ale-
nius, J. Hokkinen, U. Tapper, P. Lahtinen, A. Kapanen, K.
Putkisto, P. Hiekkataipale, P. Eronen, J. Ruokolainen, and
A. Laukkanen, Cellulose 18, 775 (2011).

59. Q. Li, S. McGinnis, C. Sydnor, A. Wong, and S. Renneckar,
ACS Sustain. Chem. Eng. 1, 919 (2013).

60. M. Hervy, S. Evangelisti, P. Lettieri, and K.-Y. Lee, Com-
pos. Sci. Technol. 118, 154 (2015).

61. M.M.D. Lima and R. Borsali, Macromol. Rapid Commun.
25, 771 (2004).

62. H. Chen, Y. Ding, and A. Lapkin, Powder Technol. 194, 132
(2009).

63. M.-C. Li, Q. Wu, K. Song, S. Lee, Y. Qing, and Y. Wu, ACS
Sustain. Chem. Eng. 3, 821 (2015).

64. C. Miao and W.Y. Hamad, Cellulose 20, 2221 (2013).
65. J.-H. Kim, B.S. Shim, H.S. Kim, Y.-J. Lee, S.-K. Min, D.

Jang, Z. Abas, and J. Kim, Int. J. Precis. Eng. Manufact.
Green Technol. 2, 197 (2015).

66. A.B. Reising, R.J. Moon, and J.P. Youngblood, J. Sci.
Technol. For. Prod. Process. 2, 32 (2012).

67. W.S. Chen, H.P. Yu, Q. Li, Y.X. Liu, and J. Li, Soft Matter
7, 10360 (2011).

68. H. Sehaqui, M. Salajkova, Q. Zhou, and L.A. Berglund, Soft
Matter 6, 1824 (2010).

69. T.C.F. Silva, Y. Habibi, J.L. Colodette, T. Elder, and L.A.
Lucia, Cellulose 19, 1945 (2012).

70. L. Heath and W. Thielemans, Green Chem. 12, 1448 (2010).
71. M. Paakko, J. Vapaavuori, R. Silvennoinen, H. Kosonen,

M. Ankerfors, T. Lindstrom, L.A. Berglund, and O. Ikkala,
Soft Matter 4, 2492 (2008).

72. R. Bardet, N. Belgacem, and J. Bras, ACS Appl. Mater.
Interfaces 7, 4010 (2015).

73. S. Beck, J. Bouchard, and R. Berry, Biomacromolecules 12,
167 (2011).

74. H.Y. Ma, C. Burger, B.S. Hsiao, and B. Chu, Biomacro-
molecules 12, 970 (2011).

75. W. Thielemans, C.R. Warbey, and D.A. Walsh, Green
Chem. 11, 531 (2009).

76. H. Zhang, Y. She, S. Song, Q. Lang, and J. Pu, J. Adhes.
Sci. Technol. 27, 1023 (2013).

77. S. Veigel, J. Rathke, M. Weigl, and W. Gindl-Altmutter, J.
Nanomater. (2012). doi:10.1155/2012/158503.

78. N. Ayrilmis, Y.-K. Lee, J.H. Kwon, T.-H. Han, and H.-J.
Kim, Build. Sci. 97, 82 (2016).

79. E. Mahrdt, S. Pinkl, C. Schmidberger, H.W.G. van Her-
wijnen, S. Veigel, and W. Gindl-Altmutter, Cellulose 23,
571 (2016).

80. F.W. Brodin, O.W. Gregersen, and K. Syverud, Nord. Pulp
Pap. Res. J. 29, 156 (2014).

81. T. Taipale, M. Osterberg, A. Nykanen, J. Ruokolainen, and
J. Laine, Cellulose 17, 1005 (2010).

82. R. Bardet and J. Bras, Handbook of Green Materials: 1
Bionanomaterials: Separation Processes, Characterization
and Properties, eds. K. Oksman, A.P. Mathew, A. Bismar-
ck, O. Rojas, and S. Mohini (New York, NY: World Scien-
tific, 2014), p. 207.

83. V. Kumar, A. Elfving, H. Koivula, D. Bousfield, and T.
Martto, Ind. Eng. Chem. Res. 55, 3603 (2016).

84. M.-C. Li, Q. Wu, K. Song, Y. Qing, Y. Wu, and A.C.S. Appl,
Mater. Interfaces 7, 5006 (2015).

85. V. Lafitte, J.C. Lee, S.A. Ali and P.F. Sullivan, US patent
application number: 13/834,841 (2013).

Overview of Cellulose Nanomaterials, Their Capabilities and Applications 2393

http://www.fiberlean.com/fiberleanmfc
http://www.fiberlean.com/fiberleanmfc
http://www.pulpandpapercanada.com/news/celluforces-ncc-has-a-few-promising-applications-1100000148
http://www.pulpandpapercanada.com/news/celluforces-ncc-has-a-few-promising-applications-1100000148
http://www.pulpandpapercanada.com/news/celluforces-ncc-has-a-few-promising-applications-1100000148
http://www.uni-ball.co.th/en/product/uniball-signo-307.html
http://www.uni-ball.co.th/en/product/uniball-signo-307.html
http://www.nipponpapergroup.com/english/news/year/2015/news150916003182.html
http://www.nipponpapergroup.com/english/news/year/2015/news150916003182.html
http://www.tappinano.org/media/1114/cellulose-nanomaterials-production-state-of-the-industry-dec-2015.pdf
http://www.tappinano.org/media/1114/cellulose-nanomaterials-production-state-of-the-industry-dec-2015.pdf
http://www.tappinano.org/media/1114/cellulose-nanomaterials-production-state-of-the-industry-dec-2015.pdf
http://www.iso.org/iso/home/store/catalogue_tc/catalogue_detail.htm%3fcsnumber%3d68153
http://www.iso.org/iso/home/store/catalogue_tc/catalogue_detail.htm%3fcsnumber%3d68153
http://umaine.edu/pdc/nanofiber-r-d/
http://celluforce.com/en/
http://americanprocess.com/bioplus/
http://americanprocess.com/bioplus/
http://filocell.com/en/
http://bluegoosebiorefineries.com
http://dx.doi.org/10.1155/2012/158503


86. F. Ridi, E. Fratini, and P. Baglioni, J. Colloid Interface Sci.
357, 255 (2011).

87. F. Pacheco-Torgal and S. Jalali, Constr. Build. Mater. 25,
575 (2011).

88. K.E. Kurtis, MRS Bull. 40, 1102 (2015).
89. American Concrete Institue, Report on fiber reinforced

concrete (Reapproved 2009) 544.1R-96 (ACI, 2009), https://
www.concrete.org/store/productdetail.aspx?ItemID=
544196. Accessed 15 June 2016.

90. Y. Cao, P. Zavaterri, J. Youngblood, R. Moon, and J. Weiss,
Cem. Concr. Compos. 56, 73 (2015).

91. J. Claramunt, M. Ardanuy, and L.J. Fernandez-Carrasco,
BioResources 10, 3045 (2015).

92. F. Mohammadkazemi, K. Doosthoseini, E. Ganjian, and M.
Azin, Construct. Build. Mater. 101, 958 (2015).

93. H.C. Gomez, A. Serpa, J. Velasquez-Cock, P. Ganan, C.
Castro, L. Velez, and R. Zuluaga, Food Hydrocoll. 57, 178
(2016).

94. Y. Zhao, J. Simonsen, G. Cavender, J. Jung, and L. Fu-
chigami, US patent application number 20140272013 A1
(2014).

95. J. Jung, Z. Deng, J. Simonsen, R.M. Bastias, and Y. Zhao,
Sci. Hortic. 200, 161 (2016).

96. J. Jung, G. Cavender, J. Simonsen, and Y. Zhao, J. Agric.
Food Chem. 63, 3031 (2015).

97. N. Thi Thi, M. Nogi, and K. Suganuma, J. Mater. Chem. C
1, 5235 (2013).

98. S. Khan, L. Lorenzelli, and R.S. Dahiya, IEEE Sens. J. 15,
3164 (2015).

99. Y.H. Zhou, C. Fuentes-Hernandez, T.M. Khan, J.C. Liu, J.
Hsu, J.W. Shim, A. Dindar, J.P. Youngblood, R.J. Moon,
and B. Kippelen, Sci. Rep. 3, 1536 (2013). doi:10.1038/
srep01536.

100. Y.H. Jung, T.-H. Chang, H. Zhang, C. Yao, Q. Zheng, V.W.
Yang, H. Mi, M. Kim, S.J. Cho, D.-W. Park, H. Jiang, J.
Lee, Y. Qiu, W. Zhou, Z. Cai, S. Gong, and Z. Ma, Nat.
Commun. 6, 7170 (2015). doi:10.1038/ncomms8170.

101. N. Petersen and P. Gatenholm, Appl. Microbiol. Biotech-
nol. 91, 1277 (2011).

102. M. Jorfi and E.J. Foster, J. Appl. Polym. Sci. (2015). doi:10.
1002/APP.41719.

103. D. Klemm, F. Kramer, H. Ahrem, V. Kopsch, T. Richter, W.
Fried, U. Udhard, A. Sterner-Kock, M. Scherner, S. Reutter,
and J. Wipperrnann, Handbook of Green Materials: 1 Bio-
nanocomposites: Processing, Characterization and Proper-
ties, eds.K.Oksman,A.P.Mathew,A. Bismarck,O.Rojas,and
S. Mohini (New York, NY: World Scientific, 2014), p. 217.

104. Dermafill.http://www.dermafill.com/.Accessedon15June2016.
105. D.A. Schumann, J. Wippermann, D.O. Klemm, F. Kramer,

D. Koth, H. Kosmehl, T. Wahlers, and S. Salehi-Gelani,
Cellulose 16, 877 (2009).

106. D. Klemm, D. Schumann, U. Udhardt, and S. Marsch,
Prog. Polym. Sci. 26, 1561 (2001).

107. ISO/TR 19716, Characterization of cellulose nanocrystals
(ISO/TR 19716 Nanotechnologies, Draft Report), https://
www.iso.org/obp/ui/#iso:std:iso:tr:19716:ed-1:v1:en. Ac-
cessed 15 June 2016.

108. CSA, Z5100-14 - Cellulosic nanomaterials - Test methods
for characterization (Canadian Standards Association,
2014), http://www.ccohs.ca/products/csa/27036672014. Ac-
cessed 15 June 2016.

109. C. Davis, R. Moon, S. Ireland, L. Johnston, J. Shatkin, K.
Nelson, E. Foster, A. Forster, M.Postek, and A. Vladar,NIST-
TAPPI Workshop on Measurement Needs for Cellulose
Nanomaterials (SpecialPublication 1192, NIST, 2015),http://
dx.doi.org/10.6028/nist.sp.1192. Accessed 15 June 2016.

Moon, Schueneman, and Simonsen2394

https://www.concrete.org/store/productdetail.aspx?ItemID=544196
https://www.concrete.org/store/productdetail.aspx?ItemID=544196
https://www.concrete.org/store/productdetail.aspx?ItemID=544196
http://dx.doi.org/10.1038/srep01536
http://dx.doi.org/10.1038/srep01536
http://dx.doi.org/10.1038/ncomms8170
http://dx.doi.org/10.1002/APP.41719
http://dx.doi.org/10.1002/APP.41719
http://www.dermafill.com/
https://www.iso.org/obp/ui/%23iso:std:iso:tr:19716:ed-1:v1:en
https://www.iso.org/obp/ui/%23iso:std:iso:tr:19716:ed-1:v1:en
http://www.ccohs.ca/products/csa/27036672014
http://dx.doi.org/10.6028/nist.sp.1192
http://dx.doi.org/10.6028/nist.sp.1192

	Overview of Cellulose Nanomaterials, Their Capabilities and Applications
	Abstract
	Introduction
	Cellulose Nanomaterials
	Cellulose Sources
	Isolation of Cellulose Nanomaterials
	Types of Cellulose Nanoparticles
	Surface Chemistry
	Properties
	Environmental Health and Safety

	Capabilities with Cellulose Nanomaterials
	Rheology Modifiers
	Reinforcement of Polymers
	Network Structures
	Optical Properties
	Templated CN Structures
	Barrier

	Potential Application Areas
	Additive to Adhesives
	Additive to Paper-Based Products
	Additive to Drilling Fluids
	Additive to Cement-Based Materials
	Food Coatings
	Transparent-Flexible Electronics
	Catalysis Support Structures
	Biomedical Applications

	Grand Challenges
	ACKNOWLEDGEMENTS
	References




