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Abstract

To increase its potential in particular fields of interest, cellulose and Nanocellulose
have undergone a wide range of chemical modifications. These changes either
altered the composition of the nanocellulose itself or added various functional
groups—ranging from simple molecules to polymers—to its surface. Among many
other chemicals, aliphatic and aromatic mono- and di-isocyanates are a class of
compounds that have been applied to surface modification of cellulose for a
century. Although they have just recently been employed with nanocellulose, they
have demonstrated significant promise as chemical linkers and surface modifiers to
graft certain functional chemicals and polymers onto the nanocellulose surface.
This article examines the modification of cellulose and nanocellulose utilising
isocyanates, such as hexamethylene diisocyanate (HMDI), toluene diisocyanate
(TDI), diphenylmethane diisocyanate (MDI) and phenyl isocyanate (PI), as well as
their derivatives and polymers. Additionally, it outlines the most popular methods
for modifying nanocellulose, along with their benefits and drawbacks. The
difficulties of employing isocyanates generally for nanocellulose modification are
finally covered.

Introduction

The most abundant biopolymer on Earth is
cellulose. Nearly 1012 tonnes of cellulose are
produced annually by plants. Plants have around
33% of the cellulose found in wood and cotton,
compared to wood's 50% and cotton's 90%. It
makes up 40–60% of the mass of the wood and,
after pulping, can be obtained as fibres 20–40 mm
thick1,2. Natural or synthetic fibres made from

wood pulp are referred to as cellulose fibres. It
can also be made utilising plant-based resources
such the esters of plant materials including bark,
leaves, and wood. The remaining natural fibres
come from sources including cotton, jute, flax,
hemp, and ramie, while the main artificial fibres
are lyocell, viscose, and modal. Due to their high
strength, high moisture absorption, and extreme
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light weight, these fibres are mostly utilised to
make chemical filters, biocomposites, house
textiles, and textiles for everyday use. The market
for cellulose fibre is estimated to be worth
US$33.003 billion in 2019 and is expected to
grow at a CAGR of 5.53 percent to reach
US$48.088 billion by 2026. The demand for
cellulose fibres is increasing globally due to
growing concerns about environmental
degradation and climate change, which is
expected to drive the growth of the cellulose fibre
market during the forecast period. Companies are
looking for alternatives to fibres sourced from
petrochemicals and are moving toward
environmentally friendly and biodegradable
fibres. Additionally, since cellulose fibres are
widely utilised in the textile and garment
industries, the expansion of these sectors globally
is boosting demand for cellulose fibre and is
anticipated to accelerate the growth of the
cellulose fibre market in the upcoming years. The
market for cellulose fibre suffered from the recent
new coronavirus disease outbreak. The pandemic
caused a fall in the textile and garment sector,
which had a detrimental effect on the market
expansion for cellulose fibres. The rising global
focus on developing an environmentally friendly
and biodegradable fibre is one of the major
reasons supporting the market expansion for
cellulose fibre.

More and more companies are attempting to
switch to a green choice for fibres from the
conventionally used petrochemical based fibres
that cause significant environmental carbon
emissions as the topic of climate change,
environmental pollution, and sustainability has
taken a storm. As a result, the demand for
cellulose fibres is increasing. This demand is
expected to continue to expand over the course of
the forecast period, accelerating the expansion of
the cellulose fibre market.

Cellulose fibres have an advantage over other
materials because they can be recycled.
Additionally, cellulose fibres are rapidly being
considered to reinforce and replace plastics in
numerous applications due to their eco-friendly
qualities.

Cellulose nano-fiber is such a material that
demonstrates similar properties to plastic, such as
being lightweight, strong, transparent, and with
high impermeability to water and gas, which is
the reason it is being seen as a substitute to
plastics not only in the food industry but also in
numerous other industries like medicine,
cosmetics, and electronics.

Research and development on cellulose fibres
have increased due to the need for a
biodegradable and environmentally friendly
fabric, and new fibres are being developed as
alternatives to currently-used fibres.

For instance, German Institutes for Textile and
Fiber Research Denkendorf (DITF) created a
substance called PURCELL while searching for a
replacement for glass-fiber-reinforced plastics.
Since the substance is made entirely of cellulose,
it is 100% recyclable. The market for cellulose
fibre is expected to expand in the upcoming years
due to the increasing opportunity that the ongoing
advancement of research is presenting to replace
environmentally harmful fibres with
environmentally favourable ones3.

In 2019, the percentage of cellulose fibres derived
from wood that was consumed globally increased
to 7%, a 17 percent rise from the previous year.
Lyocell, Modal, and viscose are cellulose fibres
made from wood4. Figure 1 shows the percentage
of wood-based cellulose fibre consumed globally
between 2016 and 2019.
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Figure 1.Year wise consumption share of wood based cellulose fiber

Besides its conventional application in the paper
and packaging sectors and its expanding
transformation into textile fibres, cellulose can be
treated, synthesised into useful nanoparticles5.
Cellulose nanocrystals (CNCs) are among them;
they are crystalline nano-rods with a thickness of
3–10 nm and a length of a few hundred nm6. They
are taken from pulp fibres using an established
industrial process that involves the use of acids7.
Using a variety of chemicals and procedures, they
can also be isolated directly from wood and
lignocelluloses8-10. Additionally, tunicate
cellulose can be used to produce CNCs with
micrometer-lengths11. Another type of
nanocellulose is cellulose nanofibrils (CNFs),
which are semi-crystalline spaghetti-like nano-
particles with a thickness of 5 to 30 nm and a
length of only a few micrometres6. They are
created by mechanically fibrillating pulp fibres
using a variety of methods, such as
homogenization and microfluidization5. Along
with having strong mechanical qualities, being
biodegradable, and having a large surface area,
CNCs and CNFs are well known for the ability to

change their surfaces because to the many
hydroxyl groups. Additionally, they can position
themselves in functional liquid crystalline
formations that are formed in 1D, 2D, and 3D
nanostructures12. The automotive sector13,
medication delivery14, tissue engineering15,
packaging16, and water filtering17 are just a few of
the applications where CNCs and CNFs have
demonstrated considerable potential as a result of
these intriguing features. As a result, from 208 in
2009 to 2372 in 2018, nanocellulose-related
publications and patents grew each year. Figure 2
shows the amount of articles published on
nanocellulose in the previous ten years
demonstrates the growing demand for
nanocellulosic materials (Web of Science, July
2019, cellulose nanocrystals/whiskers/fibers/
fibrils; micro/nanofibrillated cellulose,
nanocellulose; nanocrystalline cellulose)18. Over
20 nanocellulose production facilities, including
CelluForce, Innventia, and Blue Goose
Biorefinaries, have been established as a result in
the past 20 years5.
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Figure 2. The amount of articles published on nanocellulose in the previous ten years18

Nanocellulose's potential has substantially
increased due to the hydroxyl groups on its
surface. Through conventional reactions like
acetylation and oxidation, a wide variety of
chemical functionalities have been added to
nanocellulose surfaces19, 20. Functional materials
and polymers were occasionally grafted onto the
surface as part of the reaction. These adjustments
sought to alter the surface characteristics of
nanocellulose in order to enhance its processing
with nonpolar matrices21-23 or alter its affinity for
specific polar and nonpolar molecules24, 25. In
other cases, the modification intended to add
functional groups to the surface of nanocellulose
to focus on certain applications26. In this situation,
whether they were simple chemicals or polymers,
a chemical linker was frequently required to
connect these functional groups to nanocellulose.
Despite being used with cellulose for a century,
aliphatic and aromatic isocyanates have gained
more interest recently among other modifiers and
linkers for nanocellulose modification. They are a
highly fascinating class of compounds that are
best known for their interactions with polyols to
produce polyurethanes27.

For the modification of cellulose and
nanocellulose, aliphatic and aromatic mono- and
di-isocyanates, including phenyl isocyanate (PI),
toluene diisocyanate (TDI), diphenylmethane
diisocyanate (MDI), and hexamethylene
diisocyanate (HMDI), as well as their polymeric
forms, have all been employed28-31, are depicted
in figure 3. PI and n-octadecyl isocyanate (OI)
were mainly used to decrease the hydrophilicity
of cellulose and nanocellulose as they do not have
the necessary second isocyanate to function as a
linker, while TDI, PPDI, MDI, and HMDI have
been used both as surface modifiersand chemical
linkers32, 33. The fundamental difference between
TDI, MDI, and HMDI is in their molecular
stiffness, which is mostly determined by the
benzene rings. Due to its two benzene rings, MDI
is the hardest, but HMDI is the most flexible due
to its aliphatic chain. For instance, polyurethane
foams based on MDI are stiffer than those based
on TDI34. TDI is a very remarkable di-isocyanate
since its 2,4-isomer's isocyanates respond
differently.
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Figure 3. The most commonly used aromatic and aliphatic mono- and di-isocyanates for cellulose and
nanocellulose modification

Due to steric hindrance from the nearby methyl
group, the ortho isocyanate is 5–10 times less
reactive than the para isocyanate35,36. Due to the
ability of one material to react with the para
isocyanate first, followed by the interaction of the
other material with the ortho isocyanate, 2,4-TDI
is extremely useful for binding components to one
another.

Amines like triethylamine were discovered to be
efficient catalysts for the reaction between
isocyanates and the hydroxyl groups of
nanocellulose and the subsequent formation of
polyurethane linkages37. However, they could also
promote the self-polymerization of isocyanates as
a side reaction.

This review examines the application of
molecular and polymeric aliphatic and aromatic

mono- and di-isocyanates to the surface
modification of cellulose and nanocellulose. The
literature reports for each material will be divided
into groups according to the purpose of the
surface modification. Some of these reports used
application-oriented methodologies, concentrating
on altering the properties of cellulose and
nanocellulose to function in particular
applications, while other reports used property-
oriented methodologies, aiming to enhance the
properties of cellulose and nanocellulose
generally, such as hydrophobic nature and heat
resistance, without focusing on a particular
application. However, the majority of research
concentrated on using isocyanates to accelerate up
the process of cellulose and nanocellulose in
nonpolar thermoplastic and thermoset matrices to
produce reinforced composites with better
interfacial adhesion.
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Aliphatic and Aromatic Isocyanates in the
Modification of Cellulose

The earliest study38 on the reaction between
isocyanates and cellulose appears to have been
written by Charles in 1920. Subsequent reports39-

41 focused on the use of the reaction in the textile
industry to create cellulose fibres with enhanced
mechanical and thermal qualities. With an
emphasis on Phenyl Isocyanate, Ellzey et al. and
Ohno et al., respectively, in 1962 and 1970,
further investigated the interaction between
cellulose and isocyanates42, 43. Later, Ohno
investigated how cellulose interacted with di-
isocyanates (2,4-TDI and HMDI)44, 45.

Isocyanates were used to treat cellulose, mostly to
lessen its hydrophilicity or increase its
biocompatibility. PI, cyclohexyl isocyanate,
HMDI, and oxime-blocked isocyanate oligomers
were used to react with cellulose to lessen its
hydrophilicity28, 46, 47. Botaro et al. used a more
involved method to achieve the same result, in
which cellulose fibres were treated with alkenyl
isocyanate and then radical polymerized with
additional monomers (styrene or methylacrylate)
to form hydrophobic polymeric brushes around
the fibres48,49. By submerging cellulose fabric in
an aqueous polyethylene glycol solution,
impregnating it with an organic 2,4-TDI solution,
and then thermally pressing it, Badanova et al.
were able to hydrophobize the material50.

The biocompatibility of cellulose with human
blood was also enhanced by the application of
isocyanates. One of its isocyanates, for instance,
was used to react with cellulose sheets before the
other isocyanate was used to react with molecules
that contained betaine51. Similar to this, cellulose
fabric was treated with 2-methacryloyloxyethyl
isocyanate to enable phosphoryl choline to be
grafted onto it afterwards. This increased the
fabric's biocompatibility for use as a hemodialysis
substrate for blood purification52. The reaction of
cellulose acetate membranes with phenyl, propyl,
and butyl isocyanates improved their mechanical,
chemical, and thermal properties53, 54.

Utilizing aliphatic and aromatic isocyanates to
modify nanocellulose

In general, there are three main categories of
nanocellulose: nanofibrillated cellulose (NFCs),
nanocrystalline cellulose (NCCs), and bacterial
nanocellulose (BNCs). This nanocellulose can be
made using top-down or bottom-up techniques55.
NCCs and NFCs are typically isolated and
extracted from crops, higher plants, and by-
products of forestry and agriculture such banana
stems, rice straws, pineapples, oil palm, rubber,
lalang, and sugar palm fibres using top-down
approaches such as enzymatic, chemical, or
physical techniques. Contrarily, bacterial
nanocelluloses (BNCs) are created by a specific
bacterial family (Glueconoacetobackerxylinius)
and are grown as microfibrils in a culture medium
using a bottom-up method56.

Recently, researchers have become increasingly
interested in using nanocellulose as a reinforcing
agent. Basically, because nanocellulose is
hydrophilic, it can disperse easily in polar
polymers. The three hydroxyl groups that are
joined to each glucopyranose ring are responsible
for this characteristic. Additionally, some
aggregates are produced as a result of their huge
surface area and strong hydrogen bonding, which
makes compounding with the majority of
hydrophobic polymers ineffective57. The surface
of nonpolar polymers must be altered through
physical, chemical, and biological methods in
order to expand the applications of
nanocellulose58. There are numerous physical
methods that can be used, including electric
discharge (plasma treatment), ultrasonic
treatment, irradiation, and surface fibrillation,
according to a prior paper review by Islam et al.59.
However, among other surface modification
techniques, chemical procedures such as
esterification, carboxylation, cationization,
silylation, and polymer grafting are the most often
used60. The procedure involves replacing the
hydroxyl groups on nanocellulose's surface with
other chemical groups. By increasing the amount
of stable positive or negative charges on its
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surface, this procedure seeks to enhance the
compatibility and dispersion of nanocellulose61. It
is necessary to carry out chemical alteration in a
way that preserves nanocellulose's original
morphology and the structural integrity of its
crystal59.

Isocyanates62 have been used to change cellulose
for almost a century, but they were only utilised
to modify nanocellulose for the first time in 2008.
Isocyanates were employed to graft polymers
onto the surface of starch nanocrystals two years
prior63, 64. Since then, isocyanates have been used
more frequently to modify nanocellulose.
Compared to cellulose, modification of
nanocellulose only occurred in heterogeneous
circumstances, which implies that it primarily
occurred on the surface of the material. Except for
the inert C3 hydroxyls, nanocellulose has up to
15% of its hydroxyls on the surface65-67.
Nanocellulose is more interesting than cellulose
for producing functional cellulosic materials
because it allows a more significant grafting of
molecular structures on its surface due to the high
percentage of surface hydroxyls.

Nearly every report in this collection focused on
nanocellulose hydrophobization. In contrast to
cellulose nanocrystals (CNCs), which were
hydrophobized by a reaction between 2,4-TDI68

and castor oil as well as a reaction between 2,4-
TDI and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) and 2,4-TDI, Cellulose
nanofibrils (CNFs) were hydrophobized by a
reaction with OI69. Better heat stability and
hydrophobicity were seen in the modified
CNCs70. When CNFs are reacted with HMDI and
certain alkyl diamines, CNFs having amine
groups on the surface are produced71. A CNF
aerogel was cross-linked with HMDI to enhance
its mechanical qualities by submerging it in a
HMDI in acetone solution72.

It has also been reported to employ nanocellulose
to reinforce thermosets in various forms (foams,
films, coatings) consisting of lignin, castor oil,
poly(ethylene glycol), polyether polyols, or other
polyols. Adding nanocellulose to the polyol/di-
isocyanate mixture to crosslink the mixture as

a whole was done in some of these
investigations73-75. In other studies, the
nanocellulose was reacted with the di-isocyanate
utilising one of its isocyanates, and then cross-
linked with a solution of the polyol and the same
di-isocyanate76-83.These publications' principal
finding was that nanocellulose alteration
improved the thermoset's mechanical or
thermomechanical capabilities. There was also
evidence of a rise in the thermoset's glass
transition temperature.

Issues Associated with Isocyanates

It is obvious that mono- and di-isocyanates have a
lot of potential for modifying nanocellulose.
However, there are other obstacles restricting
their utilisation in addition to their documented
toxicity84,85. The necessity of moisture-free
settings for isocyanate reactions to occur is one of
the key difficulties. The isocyanates will be
hydrolyzed and cross-linked to generate a
polyurea in the presence of moisture. In addition,
before the process, the nanocellulose must be
swapped to organic solvents. In general, this is a
concern because nanocellulose, particularly
CNFs, has a propensity to clump in these
solvents, which affects the uniformity of the
reaction. Ultrasonication is typically used to
reduce aggregation, however this method is
problematic since it may partially destroy the
nanocellulose and/or change its surface
properties86.

Controlling the reaction between di-isocyanates
and nanocellulose is another problem. Only one
of the two isocyanates in di-isocyanates is
supposed to interact with the surface hydroxyl
groups of nanocellulose. This may not be viable
in practise since a sizeable portion of the di-
isocyanate reacts with both of its isocyanates,
rendering the graft ineffective. Since the
isocyanates in 2,4-TDI are not all similarly
reactive, this problem might be more difficult to
overcome for HMDI. Furthermore, both of
HMDI's isocyanates have a higher chance of
reacting with nanocellulose because of its more
flexible molecular structure than 2,4-TDI. Due to
steric hindrance, the ortho isocyanate of 2,4-TDI
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has a 5–10 times lower reactivity than the para
isocyanate35, 36. Despite this difference in
reactivity, the reaction conditions significantly
affect the selectivity between para and ortho. In
response to its reaction with 2,4-TDI,
Abushammala has developed an useful technique
to quantify the ortho isocyanates on the
nanocellulose surface87. The 2,4-TDI and
nanocellulose reaction could be optimised using
this technique to achieve a maximum para/ortho
selectivity of 93 percent, which means that 93
percent of the 2,4-TDI molecules that reacted
with the nanocellulose surface have their ortho
isocyanates available for a subsequent grafting88.
The research also demonstrated that reaction
temperature reduced the difference between the
reaction kinetics of para and ortho isocyanates,
which has a negative impact on selectivity89.

Isocyanate self-polymerization, whether it occurs
in the reaction mixture or on the surface of
nanocellulose, is a major problem. With the help
of a catalyst and heat, isocyanates can dimerize to
generate uretidinediones and carbodiimides, or
they can trimerize to form isocyanurates or even
larger oligomers. The effectiveness of
nanocellulose modification is negatively impacted
by the numerous opportunities for isocyanates to
self-polymerize90-92.

Conclusion

For the surface modification of nanocellulose,
numerous alkyl and aryl mono- and di-
isocyanates have been employed. Numerous of
these adjustments up to this point have been
geared on making nanocellulose compatible with
nonpolar thermoplastic and thermoset matrices for
the creation of composites with improved
interfacial adhesion. The primary goal was to
enhance the composites' mechanical features. The
effect of nanocellulose alteration on the
composite's thermal characteristics, including
thermal stability and crystallisation kinetics, has
occasionally been studied. To boost the potential
of nanocellulose for specific applications like
water filtration and biotechnological ones, a few
more modifications incorporated functional

groups to the surface of the material. Despite the
reported potential of isocyanate compounds as
chemical linkers and surface modifiers, their
interactions with nanocellulose are complicated
by a number of factors, such as the need for a
moisture-free environment, the agglomeration of
nanocellulose during solvent exchange, the
adaptability of the reaction, and isocyanate self-
polymerization.

References

1. Sun, R. Cereal Straw as a Resource for
Sustainable Biomaterials and Biofuels:
Chemistry, Extractives, Lignins,
Hemicelluloses and Cellulose, 1st ed.;
Elsevier: Amsterdam, The Netherlands,
2010.

2. Spence, K.L., Venditti, R.A., Rojas, O.J.,
Habibi, Y. and Pawlak, J.J. The effect of
chemical composition on microfibrillar
cellulose films from wood pulps: Water
interactions and physical properties for
packaging applications. Cellulose 2010,
17, 835–848.

3. The "Cellulose Fiber Market - Forecasts from
2021 to 2026" report Research And
Markets.com's , Dublin, Dec. 29, 2021.

4. Report on  Global share of cellulose fiber
consumption, 2016 – 2019, by  Lucia
Fernandez, June 2, 2022,
https://www.statista.com/statistics/131158
1/global-share-of-cellulose-fiber
consumption/

5. Mao, J., Abushammala, H., Brown, N. and
Laborie, M.-P. Comparative assessment of
methods for producing cellulose I
nanocrystals from cellulosic sources. In
Nanocelluloses: Their Preparation,
Properties, and Applications, ACS
Symposium Series; ACS Publications:
Washington, DC, USA, 2017; Volume
1251, pp. 19–53.

6. Standard Terms and Their Definition for
Cellulose Nanomaterial; International
Organization for Standardization (ISO):
Geneva, Switzerland, 2017.



Int. J. Adv. Multidiscip. Res. (2022). 9(6): 117-130

125

7. Bondeson, D.; Mathew, A.; Oksman, K.
Optimization of the isolation of
nanocrystals from microcrystalline
cellulose by acid hydrolysis. Cellulose
2006, 13, 171.

8. Abushammala, H.; Goldsztayn, R.; Leao,
A.; Laborie, M.-P. Combining steam
explosion with 1-ethyl-3-
methylimidazlium acetate treatment of
wood yields lignin-coated cellulose
nanocrystals of high aspect ratio.
Cellulose 2016, 23, 1813–1823.

9. Abushammala, H.; Krossing, I.; Laborie,
M.-P. Ionic liquid-mediated technology to
produce cellulose nanocrystals directly
from wood. Carbohydr. Polym. 2015, 134,
609–616.

10. Leung, C.W.; Luong, J.H.; Hrapovic, S.;
Lam, E.; Liu, Y.; Male, K.B.; Mahmoud,
K.; Rho, D. Cellulose nanocrystals from
renewable biomass. U.S. Patent 8,900,706,
2 December 2014.

11. Sacui, I.A., Nieuwendaal, R.C., Burnett,
D.J.,  Stranick, S.J.,  Jorfi, M.,  Weder, C.,
Foster, E.J., Olsson, R.T. and Gilman,
J.W. Comparison of the properties of
cellulose nanocrystals and cellulose
nanofibrils isolated from bacteria,
tunicate, and wood processed using acid,
enzymatic, mechanical, and oxidative
methods. Acs Appl. Mater. Interfaces
2014, 6, 6127–6138.

12. Moon, R.J., Martini, A., Nairn, J.,
Simonsen, J. and Youngblood, J. Cellulose
nanomaterials review: Structure,
properties and nanocomposites. Chem.
Soc. Rev. 2011, 40, 3941–3994.

13. Kiziltas, A., Erbas Kiziltas, E., Boran, S.
and Gardner, D.J. Micro-and
nanocellulose composites for automotive
applications. In Proceedings of the SPE
Automotive Composites Conference and
Exhibition (ACCE), Novi, MI, USA, 11–
13 September 2013.

14. Plackett, D., Letchford, K., Jackson, J. and
Burt, H. A review of nanocellulose as a
novel vehicle for drug delivery. Nord.
Pulp. Pap. Res. J. 2014, 29, 105–118.

15. Dugan, J.M., Gough, J.E. and Eichhorn,
S.J. Bacterial cellulose sca_olds and
cellulose nanowhiskers for tissue
engineering. Nanomed. 2013, 8, 287–298.

16. Khan, A., Huq, T., Khan, R.A., Riedl, B.
and Lacroix, M. Nanocellulose-based
composites and bioactive agents for food
packaging. Crit. Rev. Food Sci. Nutr.
2014, 54, 163–174.

17. Voisin, H., Bergström, L., Liu, P. and
Mathew, A. Nanocellulose-based
materials for water purification.
Nanomaterials, 2017, 7, 57.

18. Hatem Abushammala  and Jia Mao, A
Review of the Surface Modification of
Cellulose and Nanocellulose Using
Aliphatic and Aromatic Mono- and Di-
Isocyanates, Molecules 2019, 24, 2782;
doi:10.3390/molecules24152782

19. Fraschini, C., Chauve, G. and Bouchard, J.
TEMPO-mediated surface oxidation of
cellulose nanocrystals (CNCs).Cellulose
2017, 24, 2775–2790.

20. Wu, Z., Xu, J., Gong, J., Li, J. and Mo, L.
Preparation, characterization and
acetylation of cellulose nanocrystal
allomorphs. Cellulose 2018, 25, 4905–
4918.

21. Yuan, H.; Nishiyama, Y.; Wada, M.;
Kuga, S. Surface acylation of cellulose
whiskers by drying aqueous emulsion.
Biomacromolecules 2006, 7, 696–700.

22. Salajková, M.; Berglund, L.A.; Zhou, Q.
Hydrophobic cellulose nanocrystals
modified with quaternary ammonium
salts. J. Mater. Chem. 2012, 22, 19798–
19805.

23. Song, Z.; Xiao, H.; Zhao, Y.
Hydrophobic-modified nano-cellulose
fiber/PLA biodegradable composites for
lowering water vapor transmission rate
(WVTR) of paper. Carbohydr. Polym.
2014, 111, 442–448.

24. Cervin, N.T., Aulin, C., Larsson, P.T. and
Wågberg, L., Ultra porous nanocellulose
aerogels as separation medium for
mixtures of oil/water liquids. Cellulose
2012, 19, 401–410.



Int. J. Adv. Multidiscip. Res. (2022). 9(6): 117-130

126

25. Laitinen, O., Hartmann, R., Sirviö, J.A.,
Liimatainen, H., Rudolph, M., Ämmälä,
A. and Illikainen, M. Alkyl aminated
nanocelluloses in selective flotation of
aluminium oxide and quartz. Chem. Eng.
Sci. 2016, 144, 260–266.

26. Morandi, G. And Thielemans, W.
Synthesis of cellulose nanocrystals
bearing photocleavable grafts by ATRP.
Polym. Chem. 2012, 3, 1402–1407.

27. Akindoyo, J.O., Beg, M., Ghazali, S.,
Islam, M., Jeyaratnam, N. and Yuvaraj, A.
Polyurethane types, synthesis and
applications–a review. RSC Adv. 2016, 6,
114453–114482.

28. Zhang, C.; Gilbert, R.; Fornes, R.
Preliminary studies of reduction of
moisture absorption of cellulose using
masked isocyanates. In Abstracts of
Papers of the American Chemical Society;
American Chemical Society: Washington,
DC, USA, 1992; Volume 203.

29. Chen, W.; Bin, Q.; Bai, Z.-W.; Zhou, X.-
P.; Xie, X.-L. Partial carbamoylation of
cellulose microspheres: A new method to
prepare adsorbents for liquid
chromatography. Chin. J. Polym. Sci.
2013, 31, 1725–1732.

30. Chen, W., Zhang, M.,  Feng, Y., Wu, J.,
Gao, X., Zhang, J., He, J. and Zhang, J.
Homogeneous synthesis of partially
substituted cellulose phenylcarbamates
aiming at chiral recognition. Polym. Int.
2015, 64, 1037–1044.

31. Okada, Y., Yamamoto, C., Kamigaito, M.,
Gao, Y., Shen, J. and Okamoto, Y.,
Enantioseparation using cellulose tris (3,
5-dimethylphenylcarbamate) as chiral
stationary phase for HPLC: Influence of
molecular weight of cellulose. Molecules
2016, 21, 1484.

32. Zhang, X., Wang, L., Dong, S., Zhang, X.,
Wu, Q., Zhao, L. And Shi,Y.
Nanocellulose 3, 5-
Dimethylphenylcarbamate Derivative
Coated Chiral Stationary Phase:
Preparation and Enantioseparation
Performance. Chirality 2016, 28, 376–381.

33. Guo, J.; Du, W.; Gao, Y.; Cao, Y.; Yin, Y.
Cellulose nanocrystals as water-in-oil
Pickering emulsifiers via intercalative
modification. Colloids Surf. A
Physicochem. Eng. Asp. 2017, 529, 634–
642.

34. Mix, R., Gähde, J, Goering, H. and
Schulz, G. Segmented polyurethanes with
4, 40-bis-(6-hydroxyhexoxy) biphenyl as
chain extender. Part 2. Synthesis and
properties of MDI-polyurethanes in
comparison with 2,4-TDI-polyurethanes.
J. Polym. Sci. Part A Polym. Chem. 1996,
34, 33–44.

35. Belgacem, M.N., Quillerou, J. and
Gandini, A. Urethanes and polyurethanes
bearing furan moieties—3. Synthesis,
characterization and comparative kinetics
of the formation of diurethanes. Eur.
Polym. J. 1993, 29, 1217–1224.

36. Semsarzadeh, M. and Navarchian, A.
Kinetic Study of the Bulk Reaction
Between TDI and PPG in Prescence of
DBTDL and FEAA Catalysts Using
Quantitative FTIR Spectroscopy. J.
Polym. Eng. 2003, 23, 225–240.

37. Evans, R., Wearne, R.H. and Wallis, A.F.
E_ect of amines on the carbanilation of
cellulose with phenyl isocyanate. J. Appl.
Polym. Sci. 1991, 42, 813–820.

38. Charles, G.P.E. Manufacture of new
products derived from cellulose. U.S.
Patent 1,357,450, 2 November 1920.

39. Welch, C.M. Process for the reaction of
isocyanates with cellulose in the presence
of organic phosphites. U.S. Patent
2,993,888, 25 July 1961.

40. George, M. Structural element made from
paper and like sheets. U.S. Patent
2,428,979, 14 November 1947.
Isocyanate. Text. Res. J, 1962, 32, 1029–
1033.

41. Ellzey, S., Jr.;Wade, C.P.; Mack, C.H.
Part II: Textile Properties of Fabric
Modified by Reaction with Phenyl
Isocyanate. Text. Res. J., 1962, 32, 1029–
1033.



Int. J. Adv. Multidiscip. Res. (2022). 9(6): 117-130

127

42. Ellzey, S., Jr. and Mack, C.H. Reaction of
Aryl Isocyanates with Cotton Cellulose:
Part I: Variables in the Reaction Using
Phenyl Isocyanate. Text. Res. J. 1962, 32,
1023–1029.

43. Ohno, Y. and Uchimoto, I. Studies on
reaction of cellulose with isocyanate. 1.
Reaction of cellulose with phenyl
isocyanate. Kog Kagaku Zasshi 1970, 73,
2527–2530.

44. Ohno, Y., Sato, T. and Miyamoto, K.
Studies on reaction of cellulose with
isocyanate. 3. Reaction of cellulose with 2,
4-diisocyanatotoluene in n, n-dimethyl
formamide. Nippon. Kagaku. Kaishi 1976,
3, 1300–1303.

45. Sato, T., Ohno, Y. and Tamura, T. Studies
on reaction of cellulose with isocyanate. 5.
Reaction of cellulose with hexamethylene
diisocyanate in n, n-dimethyl formamide.
Nippon. Kagaku. Kaishi 1978, 5, 760–
764.

46. Peng, X.; Kawase, T.; Sato, M.; Ikeno, K.;
Sawada, H. Surface modification of
cellulose and polyester by oligomeric
fluoroalkylating agents having oxime-
blocked isocyanate groups. Sen-I
Gakkaishi 2002, 58, 91–97.

47. Rajkumar, S.; Tjong, J.; Nayak, S.; Sain,
M. Wetting behavior of soy-based resin
and unsaturated polyester on surface-
modified sisal fiber mat. J. Reinf. Plast.
Compos. 2015, 34, 807–818.

48. Botaro, V.R. and Gandini, A. Chemical
modification of the surface of cellulosic
fibres. 2. Introduction of alkenyl moieties
via condensation reactions involving
isocyanate functions. Cellulose 1998, 5,
65–78.

49. Botaro, V.R., Gandini, A. and Belgacem,
M.N. Heterogeneous chemical
modification of cellulose for composite
materials. J. Thermoplast. Compos. Mater.
2005, 18, 107–117.

50. Badanova, A.K., Taussarova, B.R. and
Kutzhanova, A.Z. Hydrophobic finishing
of cellulosic textile material. World. Appl.
Sci. J. 2014, 30, 1409–1416.

51. Yuan, J.; Zhang, J.; Zang, X.; Shen, J.;
Lin, S. Improvement of blood
compatibility on cellulose membrane
surface by grafting betaines. Colloids.
Surf. B Biointerfaces 2003, 30, 147–155.

52. Furuzono, T.; Ishihara, K.; Nakabayashi,
N.; Tamada, Y. Chemical modification of
silk fibroin with 2-methacryloyloxyethyl
phosphoryl choline. II. Graft-
polymerization onto fabric through 2-
methacryloyloxyethyl isocyanate and
interaction between fabric and platelets.
Biomaterials, 2000, 21, 327–333.

53. Ghatge, N.; Sabne, M.; Gujar, K.;
Mahajan, S. Modification of cellulose
acetate by aliphatic isocyanates for reverse
osmosis studies. Int. J. Polym.
Mater.,1984, 10, 281–291.

54. Mahajan, S.; Sabne, M.; Gujar, K.;
Ghatge, N. Selectivity of isocyanate
modified cellulose acetate membranes to
sugars. Int. J. Polym. Mater., 1985, 11,
39–45.

55. Abitbol, T., Rivkin, A., Cao, Y., Nevo, Y.,
Abraham, E., Ben-Shalom, T.,Shoseyov,
O. Nanocellulose, a tiny fiber with huge
applications. Current Opinion in
Biotechnology, 2016, 39(I), 76–88.
https://doi.org/10.1016/j.copbio.2016.01.0
02

56. Klemm, D., Kramer, F., Moritz, S.,
Lindström, T., Ankerfors, M., Gray, D., &
Dorris, A. Nanocelluloses: A new family
of nature-based materials. Angewandte
Chemie - International Edition, 2011,
50(24), 5438–5466.
https://doi.org/10.1002/anie.201001273.

57. F. Fahma, N. Hori, T. Iwata, A. Takemura,
Preparation and characterization of
polychloroprene nanocomposites with
cellulose nanofibers from oil palm empty
fruit bunches as a nanofiller, Journal of
Applied Polymer Science, 2014, 131,
40159. DOI:
https://doi.org/10.1002/APP.40159



Int. J. Adv. Multidiscip. Res. (2022). 9(6): 117-130

128

58. S. Afrin, Z. Karim, Isolation and surface
modification of nanocellulose: necessity
of enzymes over chemicals, Chem Bio
Eng Reviews, 2017, 4, 5, 289-303. DOI:
https://doi.org/10.1002/cben.201600001

59. M.T. Islam, M.M. Alam, M. Zoccola,
Review on modification of nanocellulose
for application in composites,
International Journal of Innovative
Research in Science, Engineering and
Technology, 2013, 2, 5444-5451.

60. N. Halib, F. Perrone, M. Cemazar, B.
Dapas, R. Farra, M. Abrami, G.
Chiarappa, G. Forte, F. Zanconati, G.
Pozzato, L. Murena, N. Fiotti, R. Lapasin,
L. Cansolino, G. Grassi, M. Grassi,
Potential applications of nanocellulose-
containing materials in the biomedical
field, Materials (Basel), 2017, 10, 8, 977.
DOI: https://doi.org/10.3390/ma10080977

61. Y. Habibi, L. Lucia, O. Rojas, Cellulose
nanocrystals: chemistry, self-assembly,
and applications, Chemical Reviews,
2010, 110, 3479-3500. DOI:
https://doi.org/10.1021/cr900339

62. Habibi, Y. and Dufresne, A. Highly filled
bionanocomposites from functionalized
polysaccharide nanocrystals.
Biomacromolecules, 2008, 9, 1974–1980.

63. Labet, M., Thielemans,W. and Dufresne,
A. Polymer grafting onto starch
nanocrystals. Biomacromolecules, 2007,
8, 2916–2927.

64. Thielemans,W., Belgacem, M.N. and
Dufresne, A., Starch nanocrystals with
large chain surface modifications.
Langmuir, 2006, 22, 4804–4810.

65. Gu, J., Catchmark, J.M., Kaiser, E.Q. and
Archibald, D.D., Quantification of
cellulose nanowhiskers sulphate
esterification levels. Carbohydr. Polym.,
2013, 92, 1809–1816.

66. Nishiyama, Y.; Langan, P.; Chanzy, H.
Crystal structure and hydrogen-bonding
system in cellulose Iβ from synchrotron
X-ray and neutron fiber di_raction. J. Am.
Chem. Soc., 2002, 124, 9074–9082.

67. Verlhac, C., Dedier, J. and  Chanzy, H.
Availability of surface hydroxyl groups in
Valonia and bacterial cellulose. J. Polym.
Sci. Part A Polym. Chem., 1990, 28,
1171–1177.

68. Shang,W., Huang, J., Luo, H., Chang,
P.R., Feng, J. and Xie, G. Hydrophobic
modification of cellulose nanocrystal via
covalently grafting of castor oil. Cellulose,
2013, 20, 179–190.

69. Missoum, K., Bras, J. and Belgacem,
M.N. Organization of aliphatic chains
grafted on nanofibrillated cellulose and
influence on final properties. Cellulose,
2012, 19, 1957–1973.

70. Yu, H.-Y. and Qin, Z.-Y. Surface grafting
of cellulose nanocrystals with poly (3-
hydroxybutyrate-co-3-hydroxyvalerate).
Carbohydr. Polym., 2014, 101, 471–478.

71. Stenstad, P., Andresen, M., Tanem, B.S.
and Stenius, P. Chemical surface
modifications of microfibrillated cellulose.
Cellulose, 2008, 15, 35–45.

72. Verdolotti, L., Stanzione, M., Khlebnikov,
O., Silant’ev, V., Postnova, I., Lavorgna,
M. and Shchipunov, Y. Dimensionally
Stable Cellulose Aerogel Strengthened by
Polyurethane Synthesized in Situ.
Macromol. Chem. Phys., 2019, 220,
1800372.

73. Li, Y., Ren, H. and Ragauskas, A.J. Rigid
polyurethane foam/cellulose whisker
nanocomposites: Preparation,
characterization, and properties. J.
Nanosci. Nanotechnol., 2011, 11, 6904–
6911.

74. Li, Y. and Ragauskas, A.J. Ethanol
organosolv lignin-based rigid
polyurethane foam reinforced with
cellulose nanowhiskers. RSC Adv., 2012,
2, 3347–3351.



Int. J. Adv. Multidiscip. Res. (2022). 9(6): 117-130

129

75. Rueda, L., d’Arlas, B.F., Zhou, Q.,
Berglund, L.A., Corcuera, M.,
Mondragon, I. and Eceiza, A. Isocyanate-
rich cellulose nanocrystals and their
selective insertion in elastomeric
polyurethane. Compos. Sci. Technol.,
2011,71, 1953–1960.

76. Faruk, O., Sain, M., Farnood, R., Pan, Y.
and Xiao, H. Development of lignin and
nanocellulose enhanced bio PU foams for
automotive parts. J. Polym. Environ.,2014,
22, 279–288.

77. Cordero, A.I., Amalvy, J.I., Fortunati, E.,
Kenny, J.M. and  Chiacchiarelli, L.M. The
role of nanocrystalline cellulose on the
microstructure of foamed castor-oil
polyurethane nanocomposites. Carbohydr.
Polym., 2015, 134, 110–118.

78. Girouard, N.M., Xu, S., Schueneman,
G.T., Shofner, M.L. and Meredith, J.C.
Site-selective modification of cellulose
nanocrystals with isophorone diisocyanate
and formation of polyurethane-CNC
composites. ACS Appl. Mater. Interfaces,
2016, 8, 1458–1467.

79. Ikhwan, F., Ilmiati, S., Adi, H.K.,
Arumsari, R. and Chalid, M. Novel route
of synthesis for cellulose fiber-based
hybrid polyurethane. In Proceedings of the
Innovation in Polymer Science and
Technology, Medan, Indonesia, 7–10
November 2016; p. 12019.

80. Gimenez, R.B., Leonardi, L., Cerrutti, P.,
Amalvy, J. and Chiacchiarelli, L.M.
Improved specific thermomechanical
properties of polyurethane nanocomposite
foams based on castor oil and bacterial
nanocellulose. J. Appl. Polym. Sci., 2017,
134.

81. Leng, W., Li, J. and Cai, Z. Synthesis and
characterization of cellulose nanofibril-
reinforced polyurethane foam. Polymers,
2017, 9, 597.

82. Kong, X., Wolodko, J., Zhao, L.and
Curtis, J.M. The preparation and
characterization of polyurethane
reinforced with a low fraction of cellulose
nanocrystals. Prog. Org. Coat., 2018, 125,
207–214.

83. Hubmann, M., Kong, X. and Curtis, J.M.
Kinetic stabilization of cellulose
nanocrystals in a photocurable prepolymer
for application as an adhesion promoter in
UV-curable coatings. Prog. Org. Coat.,
2019, 129, 101–115.

84. Musk, A.W., Peters, J.M. and Wegman,
D.H. Isocyanates and respiratory disease:
Current status. Am. J. Ind. Med. 1988, 13,
331–349.

85. Bengtström, L., Salden, M. and Stec, A.A.
The role of isocyanates in fire toxicity.
Fire. Sci. Rev., 2016, 5, 1–23.

86. Marx-Figini, M. Studies on the ultrasonic
degradation of cellulose macromolecular
properties. Die Angew. Makromol. Chem.
Appl. Macromol. Chem. Phys., 1997, 250,
85–92.

87. Abushammala, H. A Simple Method for
the Quantification of Free Isocyanates on
the Surface of Cellulose Nanocrystals
upon Carbamation using Toluene
Diisocyanate. Surface 2019, 2, 444–454.

88. Abushammala, H. On the Para/Ortho
Reactivity of Isocyanate Groups during
the Carbamation of Cellulose
Nanocrystals Using 2,4-Toluene
Diisocyanate. Polymer 2019, 11, 1164.

89. Aranguren, M.I. and Williams, R.J.
Kinetic and statistical aspects of the
formation of polyurethanes from toluene
diisocyanate. Polymer 1986, 27, 425–430.

90. Buckles, R.E.; McGrew, L. A kinetic
study of the dimerization of phenyl
isocyanate. J. Am. Chem. Soc. 1966, 88,
3582–3586.



Int. J. Adv. Multidiscip. Res. (2022). 9(6): 117-130

130

91. Schwetlick, K. And  Noack, R. Kinetics
and catalysis of consecutive isocyanate
reactions. Formation of carbamates,
allophanates and isocyanurates. J. Chem.
Soc. Perkin Trans. 2, 1995, 2, 395–402.

92. Guo, J.; He, Y.; Xie, D.; Zhang, X.
Process investigating and modelling for
the self polymerization of toluene
diisocyanate (TDI)-based polyurethane
prepolymer. J. Mater. Sci. 2015, 50, 5844–
5855.

Access this Article in Online

Website:
www.ijarm.com

Subject:
Polymer science

Quick Response Code

DOI:10.22192/ijamr.2022.09.06.011

How to cite this article:
Lokesh Kumar. (2022). Review on the Use of Mono- and Di-Isocyanates to Modify the Surface of
Cellulose and Nano-Cellulose. Int. J. Adv. Multidiscip. Res. 9(6): 117-130.
DOI: http://dx.doi.org/10.22192/ijamr.2022.09.06.011


