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Nanocelluloses, derived from the biopolymer cellulose, are a class of sustainable functional nanomaterials featuring

exciting properties. They have been extensively researched as key components in the design of super capacitors, pH-
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responsive reversible flocculants, aerogels, sensors, pharmaceuticals, chiral materials and catalysts. This review will focus

on the applications of nanocelluloses in catalysis. The first part illustrates their use as support, stabilizer and/or reducing

agent in the synthesis of various metal nanoparticle. Subsequently, the applications of these metal-hybrid nanocellulose

composites in catalysis are reviewed. Finally, catalysis involving nanocelluloses, without the use of metal nanoparticles, is

reviewed.

1 Introduction

The term “nanocelluloses” broadly defines a class of
nanomaterials obtained via top-down approaches from
vegetal or bacterial cellulose. Cellulose is the most abundant
biopolymer on earth and is composed of repeat units of
cellobiose, a dimer of glucose where each molecule of glucose
is joined by a B-1,4-glycosidic linkage (Figure 1). In nature,
these cellulose chains are assembled to form microfibrils,
which are further bundled into macrofibers and fibers, in a
hierarchical structure directed by hydrogen bonding.4 Native
cellulose is highly crystalline in nature and the study of this
property has been the topic of intense research and debates,
notably to define monocrystallites typical size within
cellulose.? Interestingly hydrolysis of these structures using
strong acids results in the breakage of only the most accessible
glycosidic linkages within the cellulose structure, and the
liberation of nano-sized and crystalline cellulose materials, also
called nanocelluloses. The most common hydrolysis method
relies on sulfuric acid, because it introduces a small number of
sulfate ester groups on the nanocellulose surfaces, making
them easily dispersible in water.®® Cellulose crystallites were
isolated for the first time in the late 1940s via this method
from cotton.*® Soon after, Ranby showed that stable colloidal
suspensions of these negatively charged cellulose particles
could be obtained.*™ ** Other synthetic techniques include
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Figure 1 a) Structural hierarchy of the cellulose fiber component from the tree to
the anhydroglucose molecule. b) Preparation of nanocrystals by selective acid
hydrolysis of cellulose microfibrils. Reproduced with permission from

mechanical refining, HCl or enzymatic hydrolysis, which do not
affect their surface chemistry.14

Nanocelluloses are rod-like or ribbon-like objects with a length
typically ranging from 50-1000 nm and a width varying from 3-
50 nm, and therefore, have high length-to-width (aspect)
ratios (10 to 100).15’19 Their morphology largely depends on
the cellulose source and the conditions of preparation (type
and concentration of acid, acid-to-cellulose ratio, reaction time
and temperature). They have been produced from a wide
variety of sources,20 such as wood, cotton, bamboo,21
bacteria,? algae, tunicates,? eucalyptus,21 spruce bark,?* soy
husk,?® etc. The size and morphology of nanocellulose have
been well-defined and extensively studied” ** ¥ because they
both influence their colloidal and macroscopic properties such
as suspension rheology, phase separation concentration, liquid
crystal behavior, orientation under electric or magnetic field
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. . e . . 15, 24
and mechanical reinforcement ability in nanocomposites.

They have a high specific surface area,28 high aspect ratio, high
crystalline order and chirality, superior mechanical strength,
and controllable surface chemistry.ls‘ 17,2931 addition, they
are renewable, biodegradable, non-toxic, thermally stable
and accessible industrially in large scale.®®

In 1959, Marchessault et al. first demonstrated that
colloidal suspensions of CNCs spontaneously organize into a
chiral nematic phase above a certain critical concentration.®’
Consequently, CNCs have been used to produce iridescent and
birefringent films,38' ¥ for biotemplating to produce chiral
mesoporous silica®®™® 4547 and gold
nanoparticle films with chiral plasmonic properties.48' *° Their

32-35

44 . . .
and carbon™, titania films

high mechanical strength have been exploited since the mid
1990’s, when it was shown that CNCs were efficient reinforcing
fillers in latex-based polymer matrices, leading to applications
in polymer and plastic manufacturing.ls’ 23,3051 More recently,
they have been used for producing hydrogels,52 aerogels,53' >4
shape memory polymers,55 sensors,56 and pH-responsive
flocculants.>” *® As a consequence, nanocelluloses have been
applied to the paper, cosmetics, food, pharmaceuticals and
biomedical industries.>®" Several review articles and book
chapters have been published over the last years that detail
the various properties and applications of nanocelluloses.”® ™
17, 26, 29-31, 62-75

A key feature in the development of novel catalysts resides
in the importance of engineering an easy recovery step.76
Among the many applications of nanocelluloses, their use in
the design of such recyclable catalysts is appealing for a
number of reasons: 1) The high surface area, thermal stability
and functionalizable surface makes them interesting supports;
2) The natural surface chemistry of nanocellulose, mostly
composed of hydroxy and sulfate ester groups, play a key role
in their ability to reduce metal species, and their high
crystalline order and chiral properties may participate in
catalytic events; 3) Nanocellulose suspensions in water are
very stable and confer enhanced stability to catalysts
supported by them. They afford avenues for the generation of
biphasic catalytic systems akin to, for instance, ionic quuids;77'
8 4) Finally nanocelluloses are bio-sourced, biodegradable,
non-toxic, and available industrially in large scale. The most
developed approach has been to use nanocelluloses as
support for metal nanoparticles (NPs). Other examples include
the grafting of organometallic species or the chemical

Table 1 Nomenclature and size distribution of nanocelluloses

modification of the nanocelluloses to afford organocatalysts.
In the following sections, we introduce the nanocelluloses
nomenclature and their various properties. Then we detail
how nanocelluloses are used to produce supported metal NPs
and review the use of these hybrid systems in catalysis. At last,
other applications of nanocelluloses in catalysis in absence of
metal NPs are covered.

2 Nanocellulose nomenclature

In the literature, a wide range of nomenclature is used to
categorize these nanocelluloses, for example, nanocrystallites
of cellulose (NCCs), nanocrystalline cellulose (NCCs), cellulose
nanocrystals (CNCs), cellulose nanowhiskers (CNWs), cellulose
nanofibers (CNFs), nanofibrillated cellulose (NFCs),
nanofibrous cellulose (NFCs), bacteria cellulose, bacterial
cellulose and/or bacterial nanocellulose (BCNs). In the past,
attempts have been made to rationalize the use of these terms
based on their morphology and synthetic procedure.ls’ 17, 26,72,
> We have summarized the nomenclature of nanocelluloses in
Table 1 based on their size distribution and method of
preparation. We have broadly categorized the nanocelluloses
into three categories in Table 1: (i) nanocrystallites of cellulose
(NCCs), nanocrystalline cellulose (NCCs), cellulose nanocrystals
(CNCs) and/or cellulose nanowhiskers (CNWs), which are
produced from acid hydrolysis and are typically shorter in
length, narrower in width and higher in crystallinity; (ii)
cellulose nanofibers (CNFs), nanofibrillated cellulose (NFCs)
and/or nanofibrous cellulose (NFCs), which are those obtained
from mechanical treatment and are frequently longer, wider
and lower in crystallinity, and (iii) bacterial cellulose and/or
bacterial nanocellulose (BCNs), which are derived from
bacteria, and are the longest and widest in the family. It is
essential to introduce a standard nomenclature for the family
of nanocelluloses. Some attempts in this directions have been
taken by the Technical Association of Pulp and Paper Industries
(TAPPI).79 However, there is no set definition for each sub-set
yet, and the literature reveals that various nanocelluloses co-
exist in the broad and overlapping material space. In our
review, the applications of all forms of nanocelluloses in
catalysis shall be included.
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Nomenclature Abbreviations AuealkniluTo I R D o ] References*
(nm) (sources)
Cellul tals, N talli
€ ul0se nanocrystals, Nanocrystatine CNCs, NCCs, Acid hydrolysis 14, 80-88

cellulose, Nanocrystallites of cellulose,

Crystalline cellulose, Cellulose CNXLs, XNLs,

Length: 50 — 500
Width: 3-15

(Wood, Cotton, Rice,

R CNWs Ramie, Sisal, Tunicates)
nanowhiskers
i 80, 81, 89-9
Cellulose nanofibers, Nanofibrillated CNFs Length: 50 — 3000 Mechanlcal treatmen.t 14,80, 81, 8594
) . (Wood, Microcrystalline
cellulose, Nanofibrous cellulose NFCs Width: 5-50

cellulose, Tunicates)

Bacteria cellulose, Bacterial cellulose, Bacteria CNs
Bacterial nanocellulose, Bacteria nanofiber  BNCs, BNFs

Length: 200 — 3000
Width: 10-75

. 14, 95-97
Bacteria !

* Proposed references are representative examples and do not constitute an exhaustive list

3 Nanocelluloses as support for metal NPs

Applications of nanocelluloses as a metal NP support has
attracted a lot of attention in the past decade. Metal NPs
possess properties which are unique and distinct from those of
their bulk or molecular t:ounterparts.98 Metal NPs are
thermodynamically unstable and tend to aggregate to form
bulk metal without the use of capping agents, ligands or
supports in their synthesis. Because of their high surface area,

reductive surface functional groups and water suspendability,
nanocelluloses are attractive supports for metal NPs. The
following section shall review the synthesis of metal NPs
supported onto nanocelluloses in detail. Table 2 gives a list of
metal NP-nanocellulose hybrid composites with non-catalytic
applications, whereas Table 3 lists metal NP-nanocellulose
hybrid composites with applications in catalysis.

Table 2 Metal, alloy and oxide NPs — nanocellulose hybrid composites with non-catalytic applications. Metal, alloys and oxides are listed in alphabetical order

Metal/oxide NP Precursor I
) (synthesis of NPs) Nanocellulose used Application Reference
a) Silver nanoparticles

AgNO; . . L
ANg NPs (reduction with dopamine Polydopamine coated CNCs Antibacterial activity %
(~7) .

hydrochloride)
Ag NPs AgNO; . 100
(10 -380) (reduction by NaBH,) Amine grafted CNCs
Ag NPs AgNO; CNCs with varied sulfur - 101
(2-3) (reduction by NaBH,) content
Ag NPs AgNO; - . . - 102
(6.3+3.1) (reduction by NaBH,) TEMPO-oxidised CNFs Antibacterial activity
Ag NPs

. AgNO; . . - 103

(spherical: 1 - 10; . . o CNCs Antibacterial activity
dendritic: 5 — 10 um) (reduction by CNCs: 100°C, 12h)
Ag NPs AgNO; - 54
(3-4) (reduction by CNFs) TEMPO-oxidised CNFs Aerogels
Ag NPs AgNO; . . . - 104
(5-14) (reduction by NaBH,) Bacteria CNFs Antibacterial activity

AgNO;
'(Alg7NlPi 5.9) (reduction by bacterial CNFs: Bacteria CNFs Antibacterial activity 105

T 80°C, 4h)

Ag NPs AgNO; - . . . 106
(10-15) (reduction by NaBH,) TEMPO-oxidised CNCs Antibacterial activity
Ag NPs AgNO; - . 107
(<10) (reduction by NaBH,) TEMPO-oxidised CNCs DNA biosensor

This journal is © The Royal Society of Chemistry 20xx
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AgNO; ) .
Ag NP P te- f;
g NFs (reduction by aldehyde groups on eriodate-oxidised surface Antibacterial activity 108
(20 - 45) CNCs
CNC surface)
CNFs
g?zzann;c::yfrzd) ?ri'(\ilScation by NaBH,) (Polymethacrylic acid Antibacterial activity 109
P Y 4 (PMAA) used as stabiliser)
AgNO; Bacteria CNFs
,&g—Nf;) (reduction by (triethanolamine as Antibacterial activity 110
triethanolamine) complexing agent)
Bacteria CNFs
AgNO; : )
Ag NPs (reduction by NH,NH,, NH,0OH, (ponV|ny!pyrrolldone (PVP) Antibacterial activity 1
(~30) ascorbic acid) and gelatin used as
additional stabilisers)
Ag NPs AgNO, EEN,\F/ISPO-OXIdISEd bacteria ] 2
(10-20) (reduction by CNFs: 100°C, 1h)
Ag NPs AgNO, Bact'erla C'NFs Substrate enh.anced 13
(size not reported) (reduction by sodium citrate) (sodium citrate as raman scattering
P v additional stabiliser) (SERS) substrates
b) Silver salts and silver alloy nanoparticles
AgCI NPs AgNO; and NaCl Bacteria CNFs Antibacterial activity 114
(size not reported)
CNCs
Ag-Au alloy NPs AgNO; and HAuCl, (capping agent used: ) 115
(3-7) (NaBH, reduction) sodium citrate)
Ag-ZnO NPs AgNO; and Zn(Ac0O),-2H,0 . . - 116
(9-135) (80-100°C, 1-2h, pH10) CNCs Antibacterial activity
c) Other metal, metal alloys and metal oxide nanoparticles
HAuCl, Security paper
Au NPs . . . . X . 117
(Reduction by citrate ions and Wood or bacteria CNFs making: optical
(~10) ;
surface of CNFs) properties
CdS NP
(Ndss) s Cd(NOs),.5H,0 and Na,s Bacterial CNFs - 118
Cug sCogsFe,04 NPs FeCl;, CoCl,, CuCl, CNCs ) 119
(13.5) (200°C, 24h)
CNCs .
Fes0, FeSO,-7H,0 (PDDA, PVP, Si0, and B- A::‘r’:npat:;’;gzal 120
(5.9-14.1) (reaction in NaOH) cyclodextrins used as P .
. o residues
additional stabilisers)
. Ni(NO3),
NiNPs (reduction by CNCs: 400-500°C,  CNCs - 121
(5-12)
2h)
Pt NPs H,PtCls . CNCs ] 5
(5-30) (CNCs as reducers in scCO,)
H,Se0; and Na,SeO;
se NPs (reduction by CNCs: 100-160°C,  CNCs . 122
(10 -20)
16h)
TiO, NPs
(Length: 26 £ 3; Commercial TiO, NPs CNFs - 123
Width: 16  2)
Adsorption and
TiO, NPs (20—-60 nm Commercial TiO, NPs CNFs demetallatl(?n of. 124
aggregates) heme proteins via
electrochemistry
without the use of any external reducing agent.125 The next

3.1 Synthesis of metal NPs

Nanocelluloses were first used as template for synthesizing
metal NPs in 2003, when Woodward and coll. precipitated Pd,
Au and Ag from their metal precursors onto bacterial CNFs,

4 | Green Chem., 2015, 00, 1-3

example in literature came in 2007 with the synthesis of Se

and Ni NPs by Exarhos and coll.
carbon were prepared by the thermal treatment (400-500°C)
of Ni(NOs), in the presence of CNCs acting as the source of

121, 122

Ni NPs of 5 to 12 nm on

carbon. Thermal reduction of CNC at lower temperatures with

This journal is © The Royal Society of Chemistry 2015
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Se precursors was used in the synthesis of Se NPs onto rod-like
carbon structures. Following these preliminary works, the use
of nanocelluloses for metal NPs gradually increased. There are

a) Reduction using an external agent

Metal Precursor

H OH OH OH OH

External reducing agents

without using strong reducing agents like NaBH,, which shows
the positive role of CNC in the sustainable synthesis of metal
NPs. CNCs are believed to act in synergy with H, to perform

OH OH

Eg. NaBH,, H,, Ascorbicacid,

HCI, thiourea, scCO,

b) Reduction via modified nanocellulose surface

H OH H OH

" Surface

—

Modification

c) Reduction using nanocelluloses

H OH OH OH OH

Metal Precursor

Tl ca/R e iH Metal Precursor w

Reduction by modified
surface groups
OH OH

No external reducing agent

Figure 2 Three approaches for synthesis of metal NP-nanocellulose hybrid composite: a) reduction using an external agent, b) reduction via modified

nanocellulose surface, and c) reduction using nanocelluloses

mainly three approaches in the synthesis of metal NPs, shown
in Figure 2 and described in the following sub-sections.

3.1.1 Reduction using an external reducing agent

The first and most common approach is to use an external
reducing agent to reduce a metal precursor into metal NP on
the nanocellulose surface. Ag NPs have been synthesized on
various types of nanocelluloses by reducing AgNO; with
NaBH4.1°°'102' 104,106, 107, 109111, 126, 127 ) qine and coll. studied the
effect of the number of sulfate ester on the CNC surface on NP
formation and nucleation of Ag NPs by borohydride reduction.
CNCs, with a minimum quantity of sulfate, proved to be vital
for the nucleation of small, monodisperse Ag NPs. 191 Other
external reducing agents like triethanolamine, NH,NH,, NH,OH
and ascorbic acid have also been used for reducing Ag salts
into Ag NP.M% 1 Ay NPs have been synthesized from HAuCl,
onto nanocelluloses by using external reducing agents (NaBH49‘
17, 128130 g poly(ethyleneimineBl‘ 132) as well. Schlesinger et
al. demonstrated that the size of Au NPs increases with
increasing concentration 8
Borohydride reduction

of the metal salt solution.”
has also been applied towards
synthesizing Pd NPs,133 Ru NPs,127 cuo™ NPs, and alloy NPs,
including Au-Pd,135 Pd-Cu,136 and Au-Ag.115 In case of alloy NPs,
varied size distributions could be achieved by varying the ratio
of the two metal precursor used. A more atom-economical
alternative to borohydride reduction is the use of H, gas as a
reducer of metal precursors. Our group applied this approach
to synthesize Pd NPs>**” and Ru NPs**® onto CNCs. Notably, in
the latter, CNCs not only act as supports for NPs but also
participate in the reduction of Ru(lll) to Ru (0). It is the first

reported study where the RuCl; could be reduced to Ru (0) NPs

This journal is © The Royal Society of Chemistry 2015

the reduction under mild conditions of room temperature and
4 bars H,.

3.1.2 Reduction via modified nanocellulose surface

The second approach for using nanocellulose as bio-
templates for metal NPs is to modify their surface by attaching
chemical groups that have reducing/coordinating capabilities,
and using these modified nanocelluloses to form metal NPs
from their metal salts, without the use of any external
reducing agent. Tam and coll. used polydopamine-coated CNCs
to generate Ag NPs from AgNO;, where the Ag ions were
reduced by dopamine.gg‘ 139 Interestingly, they used B-
cyclodextrin as an additional capping agent in one synthesis
and only polydopamine-coated CNCs in the other.”®
Periodate-oxidised CNCs have also been used in the formation
of Ag NPs from Ag (I) salt, where the aldehyde groups on the
CNC surface have been proposed to act as reducing agents.108
Au NPs have also been synthesized from their metal salt using
surface-modified nanocelluloses as reductants. Tam and coll.
grafted PAMAM (poly(amidoamine)-dendrimer onto CNCs, and
the amine groups were used for reducing HAuCl, into Au NPs.
140 The size distributions of Au NPs were broader when using
CNC-PAMAM as a reducing agent compared to conventional
borohydride reduction, and the greater the PAMAM loading
was, the more polydisperse the resulting Au NPs were. It was
rationalized that PAMAM was a very active reducing agent,
thus causing rapid HAuCl, reduction and seeding and poor
growth control. Huang et al. used the HS-functionalized CNCs
for reducing HAuCl, to Au NPs.'*

Green Chem., 2015, 00, 1-3 | 5
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3.1.3 Reduction using nanocelluloses 3.2 Characterization of metal NP-nanocellulose hybrid composites
The third approach, and the simplest, is to use the surface

hydroxyl groups on the nanocelluloses itself for reducing metal

Visualization of metal NP-nanocellulose hybrid composites

is an essential part of the synthesis of metal NPs onto
precursors into metal NPs. In this method, the nanocelluloses

act as both support and reducers for the generation of NPs.
54, 103, 112, 142 114

nanocellulose surfaces. Transmission electron microscopy
(TEM), cryo-TEM, atomic force microscopy (AFM), and field

Throﬁgh this aplgzoﬁlgh' Ag NPSS'MG 147 AgCl NPs, ’l;\ll; emission gun scanning electron microscopy (FEG-SEM) are a
NPs,”™ Pd EOPS' ant NPs, o1 CUOngQSFeZO“ NPs, few visualization techniques. The most widely used technique
FesO4 NPs,”™" Se NPs, Ni NPs™™" and Fe" = NPs have been ' — 3
synthesized via hydrothermal procedures. Remarkably,

Thielemans, Walsh and coll. synthesized Pd NPs supported on
to CNCs in a one-pot synthesis in sub-critical and supercritical
CO, from Pd(hexafluoroacetylacetonate), (Pd(hfac)z).145 The
advantage of using supercritical CO, was that at the end of the
reaction, dry Pd NPs supported onto CNCs were obtained
simply by venting out the CO,. Pressure (240-2200 psi),
reaction time (2-17 h), and weight ratio of the precursor
Pd(hfac), to CNCs (1-4% w/w) affected the size of the Pd NPs
obtained. These results show that the diameter of Pd NPs
varied between 6 and 13 nm. The smaller NPs were attached
on the CNCs, while NPs with diameters above 13 nm appeared
not to remain attached to the CNC surface. In another work,
Thielemans, Walsh and coll. synthesized Pt NPs supported

Figure 3 TEM images of metal,NPs supported by CNCs: a) Pd on wood pulp CNCs/
(reproduced from Cirtiu et al.” by permission of The Royal Society of C emistr%);
b) Pt on cotton CNCs (reproduced from Benaissi et al.” by permission of The|
Royal Society of Chemistry); c) Au on wood pulp CNCs (reproduced from Lam et
al.” by permission of The Royal Society of Chemistry); d) Cu on tunicate CNCs

(reprinted with permission from Padalkar et al.
Chemical Society).

. Copyright 2010 American

onto CNCs in supercritical CO,/water system, where they
reduced H,PtClg into Pt in aqueous solution using CNCs as
reducing agent. They reported an interesting phenomena that
the reaction only proceeded when water was in contact with
supercritical COZ.5 Recently, our group described a highly atom
economical synthesis of Ag NPs onto the CNCs directly from
bulk Ag metal in presence of light, water and CNC suspension.
In this study, CNCs played a key role as high surface support
and in situ reducers to drive the depletion of Ag from a metal
wire and afford 1.3 nm £ 0.3 nm Ag NPs.

The mechanism of binding metal NPs onto nanocelluloses
studied in much detail. Unmodified
nanocelluloses have a hydrophillic surface covered with

have not been
hydroxyl groups. The most classically used nanocellulose rely
on a sulfuric acid digestion, which also leaves sulfate esters, at
the surface. When the surface is fully oxidized using TEMPO,
carboxylate functionalities are introduced. All these oxygen
containing moieties are very effective metal center stabilizers
134, 143, 144, 146 ThIOIS being
known for their strong affinity for metal surfaces, especially for
gold, SH-functionalized CNCs were used to effectively stabilize
Au NPs.**! Interestingly, CNCs are very efficient towards the
formation of small metal NPs and their stabilization, notably
under catalytic conditions. 137,138

via the formation of dative bonds.

6 | Green Chem., 2015, 00, 1-3

is TEM, along with its analytical tools. TEM observation of
hybrid organic-inorganic systems is very difficult because
nanocelluloses and metal NPs have different density and
sensitivity to beam damage.l‘ %7 \While metallic NPs are very
stable, nanocelluloses may be damaged by the electron beam,
resulting in local sample destruction. Moreover, a large
defocus has to be applied to visualize the less dense cellulose.
When NPs imaged with
nanocelluloses, this leads to an overestimation of their size.

metal are simultaneously
Consequently, only a few TEM images are available in the
literature where nanocelluloses and supported metal NPs
could be seen simultaneously with cIarity.1 To overcome this
issue, negative staining with heavy metal, such as uranyl
acetate, has been applied, which outlines the CNCs with
precision. However, this technique is not adapted in cases
where the metal NPs are smaller than 3-4 nm, a size
comparable to the footprint of the halo caused by staining.
Recent results demonstrated that highly sensitive direct
detection device (DDD) cameras associated with phase plates
allowed simultaneous observation of CNCs and sub-nanometer
thick Pd patches at their surface. In this experiment, the
organic and inorganic phases were observed together at near-
focus conditions.™’ Representative examples of TEM images of
metal NP-nanocellulose hybrid composites are displayed in

Figure 3.

This journal is © The Royal Society of Chemistry 2015
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Table 3 Metal/oxide NP — nanocellulose hybrid composites with catalytic applications. Metal, alloys and oxides are listed in alphabetical order

Metal/oxide Type of nanocellulose used
NP Precurso_r (additional capping agent or Catalytic reaction Reference
.. (synthesis of NPs) .
(size in nm) support used, if any)
a) Silver nanoparticles
Ag NP Ag wire and AgNO3 CNCs Hydrogenation of
(1.3+0.3) (reduction by CNCs) aldehydes, 4- 149
nitrophenol, alkenes
and alkynes
Ag NP AgNO; Polydopamine-coated CNCs Reduction of 4-
(~10) (Reduction by dopamine) (B-cyclodextrin agent used as nitrophenol 139
additional capping agent)
Ag NPs AgNO; NFCs Reduction of
(~6.2) (Reduction by NaBH,) (poly(amidoamine), PAMAM, Rhodamine B 126
dendrimer) (decoloration of the
dye)
Ag NPs AgNO; TEMPO-oxidised CNFs Aza-Michael reaction
(4.0 £2.0) (Reduction by NaBH,) 127
Ag NPs AgNO; CNCs Electrocatalysis: 142
(10 to 50) (Reduction by CNC) reduction of oxygen
b) Gold and gold-alloy nanoparticles
Au NPs HAuCl, CNCs modified into mesoporous Biosensor
(4.5+0.4,5.6  (Reduction by NaBH,) photonic cellulose by co-templating (undergo color changes 128
+0.6,7.1% with urea/formaldehyde resin on exposure to 2-
0.6) mercaptoethanol)
Au NPs HAuCl, PAMAM dendrimer-grafted CNCs Reduction of 4-
(2-4) (Reduction with and without nitrophenol 140
NaBH,)
Au NPs HAuCl, CNCs Reduction of 4- 143
(30.5+13.4) (Reduction by CNCs) nitrophenol
Au NPs HAuCl, HS-functionalized CNC Alkyne-Aldehyde-
(2-3) (Reduction by -HS groups on Amine-coupling 141
the CNC surface)
Au NPs HAuCl, Poly(diallyldimethyl ammonium Reduction of 4-
(2.95 £ 0.06) (Reduction by NaBH,) chloride) (PDDA)-coated carboxylated nitrophenol 9
CNCs
Au NPs HAuCl, Bacteria CNFs (Heme proteins: Electrocatalysis:
(~9) (Reduction by horseradish peroxidase, hemoglobin reduction of H,0, 150
poly(ethyleneimine) and myoglobin immobilised onto
CNFs)
Au NPs HAuCl, Bacteria CNFs: poly(ethyleneimine) Electrocatalysis:
(~9) (Reduction by used as linking agent reduction of H,0, in 131
poly(ethyleneimine) biosensers
Au NPs HAuCl, CNFs Reduction of 4- 130
(<5) (Reduction by NaBH,) nitrophenol
Au NPs HAuCl, TEMPO-oxidised CNFs Enzyme immobilisation: 151
(2-7) (Reduction by NaBH,) bio-catalysis
Au-Pd NPs HAuCl,.3H,0 and [Pd(NH;),]-Cl,  TEMPO-oxidised CNFs Reduction of 4- 135
(4-9) (Reduction by NaBH,) nitrophenol

c¢) Cadmium sulphide nanoparticles

This journal is © The Royal Society of Chemistry 20xx
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CdS NPs Cdcl, Bacteria CNFs Photocatalysis: methyl
(10 -20) (Thermal treatment in presence orange (MO) 152
of thiourea) degradation
d) Copper, copper oxide and copper alloys nanoparticles
Cu NPs CuCl, TEMPO-oxidised CNFs Reduction of 4-
(~5) (Reduction by nitrophenol 153
ascorbic acid)
CuO NPs CuSO, CNCs Reduction of 4- 134
(~7) (Reduction by NaBH,) nitrophenol
Cu-Pd NPs PdCl, and CuCl, Bacteria CNFs Water denitrification:
(Pd =~3.7; (Reduction by KBH,) nitrate reduction 136
Cu ="~4.0)
e) Iron nanoparticles
Fe NPs FeCl; (Reduction by H,) CNCs from bamboo pulp Methylene blue
degradation, Reduction 148
of 4-nitrophenol
f)  Palladium nanoparticles
Pd NPs PdCl, CNCs Reduction of methylene 144
(1-7) (Reduction by CNCs) blue and 4-nitrophenol
Pd NPs PdCl, Bacteria CNFs Heck Reaction 133
(~20) (reduction by KBH,)
Pd NPs PdCl, CNCs Hydrogenation of
(3.6 +0.8) (reduction by H,) phenol; 3
Heck coupling
g) Platinum nanoparticles
Pt NPs H,PtClg Wood nanomaterials Reduction of 4-
(11-101) (Reduction by wood nitrophenol 146
nanomaterial)
Pt NPs H,PtClg CNCs; carbon black as additional Electrocatalyst for
(~2) (Reduction by CNCs) support oxygen 147
electroreduction
Pt NPs H,PtClg Bacteria CNFs Electrocatalysis:
(3-4) (Reduction by NaBH, and HCHO oxidation of hydrogen 154
) in fuel cells
h) Ruthenium nanoparticles
Ru NPs RuCl; (Reduction by NaBH,) TEMPO-oxidised CNFs Aerobic oxidation of 127
(8.0+2.0) benzyl alcohol
i)  Titania nanoparticles
TiO, NP Ti(OBu), Bacteria CNFs Photocatalysis: Methyl 155
(4.3-8.5) (Thermal treatment) Orange degradation

Alongside visualization of metal NPs, it is very important to
validate the chemical nature of the NPs seen in the images.
This analysis can be done via TEM by using energy dispersive X-
ray spectroscopy (EDX), which allows for quantitative
measurement of chemical composition. Furthermore, it is vital
to evaluate the oxidation state of the metal NPs, especially in
the context of catalysis. For this, the most common technique
used is X-ray photoelectron spectroscopic (XPS) analysis. In
addition, thermogravimetric analysis (TGA) is done to monitor
the thermal stability of these hybrid composites. Usually, the
thermal stability of the modified nanocelluloses composites
are higher than nanocelluloses alone.™® Furthermore, X-ray
powder diffraction (XRD) experiments are carried out to
determine any change in crystallinity within the nanocelluloses
after the modification. Usually no significant change in the
crystallinity of the nanocelluloses is observed.™ Inductive
coupled plasma (ICP) coupled with atomic emission
spectroscopy (AES) or mass spectroscopy (MS) as detection

8 | Green Chem., 2015, 00, 1-3

methods is also conducted to determine the metal loading
within the synthesized hybrid materials. The same methods
are also used to study the leaching of metal NPs in catalytic
product, which is essential for determining the robustness and
heterogeneous nature of the catalytic system.m’ 134,138, 149, 157

4 Catalysis by metal NP-nanocellulose hybrid
composites

NP catalysis has gained momentum in the recent years as
they provide a bridge between the homogeneous and
heterogeneous catalytic systems.158 They bridge the efficacy,
selectivity, and moderate reaction conditions of homogeneous
systems to the easy separation, recyclability and affordability
of heterogeneous systems. Metal NP-nanocellulose hybrid
composites have been more and more applied towards
catalysis, especially in the last 5 years. Nanocelluloses provides
interesting properties compared to conventional supports and

This journal is © The Royal Society of Chemistry 2015
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thus afford novel catalytic systems, with unique features,
notably in terms of NP stability, NP reactivity and selectivity
(vide infra), but also with the goal of afford sustainable
alternatives to known methods. Besides catalysis, they have
been used for antibacterial applications,gg’ 102-106, 108-111, 114, 116,

154 54 . 107 . . 124
aerogels, DNA biosensors, protein adsorption,

a) Ag NPs/ Au NPs /
NO, PdNPs/ Pt NPs / NHz
Au-Pd NPs / CuNPs/
CuO NPs supported on
nanocelluloses
O NaBHjy4 or H, OH
b)
OH Pd NPs supported
on CNCs
4 bar Hy, rt, 24h
Water
\ OH
©  cHO
AN
» >
F /
R
AgNPs supported SN
N Ph OH
PR g > on CNCs
100°C, 24h,
40 bars H, ©/\
Water

-

OH

Pd NPs supported
©)Hq on CNCs R
4 bar Hy, rt, 24h

Water

Ru NPs supported

e) | AN on CNCs O
(= 4 bar Hy, t, 24h /-

Water R

substrate enhanced raman scattering (SERS) substrates,113

security paper making: optical properties,117 and adsorption of
pharmaceutical residues (Table 2).120 In the following sections,
we shall focus on the catalytic applications of the metal NP-
nanocellulose  hybrid composites, which have been
summarized in Table 3.

This journal is © The Royal Society of Chemistry 2015
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4.1 Reductions

Metal NP-nanocellulose hybrid composites have been
widely applied towards the reduction of 4-nitrophenol to 4-
aminophenol (Scheme 1a). This reaction has been successful
using Au NPs,” 3% 140143 g Nps 139 pg NPs,*** Au-Pd NPs,**® Pt
NPs,146 Cu NPs™® and CuO NPs.*®** This reduction reaction with
metal NPs supported onto nanocelluloses in the presence of
NaBH, occurs at room temperature, reaching completion
between 15-30 mins, and giving excellent conversions of 95-
100%. The turn over frequencies (TOFs) for the reduction of 4-
nitrophenol to 4-aminophenol by metal NPs supported onto
nanocelluloses were much higher than metal NPs supported
onto other polymer supports. The higher TOFs were because
of the highly dispersed metal NPs, which were exposed on the
nanocellulose surface, allowing effective contact with the
reactants.” 130 13% 140, 143 4-nitrophenol reduction has been
postulated to follow the Langmuir-Hinshelwood mechanism.
Metal hydrides are formed when borohydride ions react with
metal NPs on the metal surface, with the simultaneous
adsorption of nitrophenolate ions. The rate-determining step
is the electron transfer from the borohydride ion to the 4-
nitrophenolate ion, through the metal NP surface. This reduces
the 4-nitrophenolate ion into a 4-aminophenolate ion. Finally,
H* and 4-aminophenolate ions rearrange and 4-aminophenol
desorbs from the metal surface.’ Tam and coll. carried out the
reduction of 4-nitrophenol with Ag NPs supported onto
poly(dopamine)-coated CNCs. They compared the efficiency of
4-nitrophenol reduction with Ag NPs to Au, Pd and Cu NPs and
found that Ag NPs featured higher TOFs compared to others.
Interestingly, they could further accelerate the catalytic
process with further incorporation of B-cyclodextrin into the
system thanks to host-guest interactions between 4-
nitrophenol and cyclodextrins. Huang and coll. inferred that
the catalytic activity for the reduction of 4-nitrophenol
depends on the metal NP size, that is, smaller Pt NPs exhibited
enhanced catalytic activities.™*® They used varied sizes of Pt
NPs for the reaction and the catalytic activities of the Pt
particles followed the order of: spherical Pt NPs (2.3 + 0.5 nm)
> spherical Pt nanoclusters (21.5 £ 5.2 nm) > Pt NPs (4.5 + 0.8
nm) > cubic Pt NPs (15.9 + 2.9 nm). Even though the size of
spherical Pt nanoclusters was larger than that of the cubic Pt
NPs, the kinetic data indicated that the Pt clusters were
catalytically more active than the cubic Pt NPs. This could be
explained on the following account: the nanoclusters were
composed of more than 50 particles with an average diameter
of about 3.0 nm; the larger percentage of edge and corner
atoms in structures might have increased their catalytic

153

Scheme 1 Reduction reactions by metal NP-nanocellulose hybrid composites: a)
reduction of 4-nitrophenol, b) hydrogenation of phenol, c) hydrogenation aromatic
aldehydes, alkene and alkynes, d) enantioselective hydrogenations of prochiral
ketones, and e) arene hydrogenations
activities. Recently our group showed that Ag NPs supported
onto CNCs could perform the same reaction but with H, (40
bar) as a reducer place of NaBH,, thus affording a more atom
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economical access to the aromatic

149

highly demanded
amines.
Ramaraju et al. studied the decoloration of rhodamine B
dye by Ag NPs supported onto CNFs, additionally stabilized by
PAMAM dendrimer. The dye was reduced by NaBH, in the
presence of Ag NPs acting as catalysts.126 They explained the
catalytic mechanism as follows: the nucleophilic borohydride
ion donates its electrons to Ag NPs and the electrophillic
Rhodamine B captures electrons from the Ag NPs. Therefore,
Ag NPs serve as a catalytic electron relay for the redox
reduction degradation of Rhodamine B. Without metal NPs,
potential difference between the borohydride ion and the dye
is too high and there is no electron transition. The similar
reduction of methylene blue with NaBH, was reported with
Pd*** and very recently with less toxic and earth-abundant
Fe'*® on nanocellulose. Interestingly, the latter example shows
the use of CNC for potential water pollution remediation
systems. The reduction of nitrates for water denitrification was
also reported with Cu-Pd NPs on bacterial CNFs.B®
Hydrogenation of C-C and C-O multiple bonds is a very
active research field, with applications in all chemical
industries, from petro chemistry to pharma, and nanocellulose
hybrids offer interesting examples (Schemel).159 Pd NPs
supported onto CNCs were first described by us for the
hydrogenation of phenol at 4 bars H,, room temperature, in
water for 2h (Scheme b).3 In this work, we compared the
activity of PANPs@CNCs with the one of commercial Pd
catalysts on various support, such as PdNPs@AIl,O; and

oH RuNPson CNFs o
_ =
120 °C, Toluene, 24h
Scheme 2 Oxidation of benzyl alcohol using Ru NPs supported on CNFs as
catalysts

PANPs@C, at several Pd loadings. 0.5% PdNPs@CNCs
performed similarly to 1% PdNPs@AI,O3, which showed 100%
conversion. Other commercial systems with higher loading (5%
PdNPs@Al,0; and 5% PdNPs@C) performed poorly. The
phenol/Pd molar ratio was kept fixed in all studied cases to
establish a fair comparison. These results demonstrated that
CNCs behaved like a regular support from a catalytic activity
perspective. Good activity obtained with PANPs@CNCs was
also likely enabled by the very small size of the PdNPs. In
another work, we could use Pd NPs supported onto CNCs in
the enantioselective hydrogenation of prochiral ketones at 4
bars H,, at room temperature and in water for 2h (Scheme
d).137 Remarkably, here the CNCs not only acted as supports
for Pd NPs, but they were actively involved in the reaction,
acting as chiral inducers during hydrogenation, to afford
enantiomeric excesses (ee) up to 65%. While these are low
compared to ees reported for chiral complexes attached to
supports, including ceIIquse,160 this result is unprecedented
for a biosourced support. Although less active than their Pd
counterparts, Ag NPs have proved active for the
hydrogenation of aldehydes and have surpassed them in terms
of chemoselectivity. For instance, silica-supported Ag NPs were
reported for the selective hydrogenation of C=O bonds over

10 | Green Chem., 2015, 00, 1-3

C=C bonds."®" **? such systems, were the particles are around

5 nm in size were prepared by calcination at 500°C and proved
C=0-selective for citral hydrogenation. In another example,
manganese oxide supported AgNPs, produced under strongly
acidic conditions (pH = 1), catalyzed the hydrogenation of
acetophenone.163 Polymers, in the form of
polyvinylpyrrolidone (PVP), were also used as Ag nanocolloids
(4 £ 0.5 nm) supports for the selective reduction of a,B-
unsaturated aldehydes.164 CNCs were used extensively as
AgNPs support (see tables 2 and 3. Our group used them for
the reduction of aromatic aldehydes, alkenes and alkynes at 40
bar H, and 100°C for 24h, with excellent conversions (Scheme
c).149 At last, we showed that Ru NPs supported onto CNCs
performed remarkably well for the difficult hydrogenation of
arenes under very mild conditions (4 bars H,, room
temperature, in water, for 24h) (Scheme 1e).138 The product
was easily extracted in a biphasic system, and the catalysts
could be recycled up to 6 times with no loss of activity.

4.2 Oxidations

Ru NPs supported onto CNFs have been used for catalyzing
the oxidation of benzyl alcohol to benzaldehyde at 120°C for
24h with 89% vyields (Scheme 2).127 These results proved
superior to catalysis done by Ru NPs supported onto titania or
alumina. In the proposed mechanism, Ru NPs formed the Ru"
=0 species with the help of atmospheric oxygen. This is
followed by the assistance of formed Ru-oxo species in the
formation of benzaldehyde from benzyl alcohol. The system
was recyclable up to 4 cycles.

4.3 Coupling Reactions

Heck coupling reactions (Scheme 3a) using Pd NPs
supported onto nanocelluloses have been studied by various
research groups. Our group demonstrated that Heck coupling
reactions using model substrates, styrene and iodobenzene,
could be carried out efficiently by Pd NPs supported onto CNCs
in a 1:1 mixture of water—acetonitrile at 100°C. Using K,CO; as
a base, 75% of iodobenzene was converted in stilbene within
24 h, at a molar ratio iodobenzene/Pd of 170/1. Zhou et al.
carried out the similar Heck coupling reactions in DMF and
triethylamine at 120°C for 10h, using Pd NPs supported onto
bacterial CNFs.'*? They also expanded the scope of the
reaction to other aryl halides and acryl acetates. The catalyst
was recyclable up to 5 cycles with no significant metal
leaching. In this study, Pd leaching was studied by ICP-AES
analysis before and after the fifth reaction cycle. The Pd
concentration was found to be 8.12% after the fifth cycle.
However, no Pd metal was detected in the final coupling
product, indicating possible Pd loss during the workup.
Thielemans, Walsh and coll. have also used Pd NPs supported
onto CNCs for the Heck coupling reactions at 100 — 130°C, for
16h, with good yields.145 Huang et al. carried out an A3-
coupling reaction (coupling of aldehyde-alkyne-amine) utilising
Au NPs supported onto thiol-functionalized CNCs (Scheme 3b).
The system exhibited excellent activity both in water and
without solvent at 80°C for 24h, with high promiscuity towards

This journal is © The Royal Society of Chemistry 2015
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a variety of reactants."*! The catalyst was recyclable up to 11
cycles. A different study reported the first aza-Michael

A R
+ Pd NPs supported
on nanocelluloses

Ph—X Ph

b) : _CHO .

N

\\\i

0

Au NPs supported onto o
thio functionalized CNCs l 80°C, 24h

L

X

Ag NPs supported on K\
N

CN

9 (\NH

N\) TEMPO oxidised CNFs
©/ . 27 °C 20 mins
CN
7 o

Scheme 3 a) Heck coupling reaction with Pd NPs supported onto
nanocelluloses, b) A-3 coupling reaction with Au NPs onto CNCs, and c) aza-
Michael reaction with Ag NPs onto CNFs

reaction (Scheme 3c) of 1-phenylpiperazine with acrylonitrile
using the Ag NPs supported onto TEMPO-oxidized CNFs at
27°C, for 20 mins with 99 % vyields and 100 % selectivities.”’
This system was recyclable up to 4 cycles.

4.4 Electrocatalysis

Evans et al. demonstrated one of the earliest applications
for metal NP-nanocellulose hybrid composites in electrolysis in
2003.'% They used Pd supported onto bacterial CNFs as
catalysts for H, evolution when incubated with sodium
dithionite. This result demonstrated the potential application
of bacterial CNFs for anodic oxidation of H, and therefore,
their aptness in energy conversion devices. Experimental data
also showed that bacterial CNFs possessed greater thermal
stability and lower H, crossover characteristics compared to
Nafion 117-based proton exchange membrane (PEM) fuel
cells, which are the most prevalent. Another study revealed
that Pt NPs supported on bacterial CNFs possessed high
electrocatalytic activity in H, oxidation reactions.® The single
cell performance of Pt NPs supported on bacterial CNFs was
tested at 20, 30, and 40°C under non-humidified conditions. In
addition, matrix proton conductivity could be improved by
doping bacterial CNF pellicles with proton or inorganic acids,
increasing the current density. Johnson et al. studied Pt NPs
supported onto CNCs in oxygen
electroreduction.™ Their results were comparable to state-of-
the-art Johnson Matthey Pt/C. In another work, they used Ag
NPs supported onto CNCs for electrocatalytic oxygen
reduction. The electrocatalytic oxygen reduction reaction is

electrocatalysis for

This journal is © The Royal Society of Chemistry 2015
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a cathode reaction in alkaline fuel cells, and silver is a better
cathode material for alkaline fuel cells because it has an
activity almost equal to that of platinum but is significantly less
expensive.

4.5 Photocatalysis

Photocatalysis provides an efficient way of degrading dyes
accumulated in the environment, mainly in water. Metal NP-

nanocellulose hybrid composites have been used as
photocatalysts for degradation of a model pollutant, methyl
orange (MO). CdS supported onto bacterial CNFs

demonstrated high-efficiency photocatalysis with 82% MO
degradation after 90 min irradiation and recyclability up to 5
times."? Similar results were also shown with TiO, supported
onto bacterial CNFs for degradation of MO.'* Doping the
catalyst with nitrogen enhanced its photocatalytic activity.
Notably, both catalysts resulted in better photocatalytic
activity than the commercially available ones.

4.5 Biosensing and Enzyme Immobilisation

Due to their excellent biocompatibility and limited toxicity,
metal NP-nanocellulose hybrid composites provide an
making biosensors and enzyme
immobilization. Wang et al. developed a high performance
biosensor based on Au NP-nanocellulose hybrid composites.150
Heme proteins such as horseradish peroxidase, hemoglobin
and myoglobin were immobilized on the surface of Au NP—
bacterial CNF nanocomposites. Heme proteins are important
peroxidases that contain iron heme prosthetic groups in their
polypeptide pockets, and can catalyze the oxidation of
substrates when activated by peroxides. Therefore, to check
the bioactivity of these heme proteins, H,0, is often selected
as a target compound. The immobilized heme proteins showed
electrocatalytic activities towards the reduction of H,0, in the
presence of the mediator hydroquinone. The response of the
developed biosensor to H,0, was related to the amount of Au
NPs in the Au NP-bacterial CNF nanocomposite. In another
study, the Au NP—bacterial CNFs were used for fabrication of a
horseradish peroxidase biosensor, which was highly sensitive
H,0, with a detection limit lower than 1 uM.131 Also, porous
composite films containing CNFs and TiO, nanoparticles were
obtained in a layer-by-layer assembly process for creating
conducting pathways for electrons in a relatively open
cellulose structure potentially suitable for the immobilization
of large redox proteins such as methemoglobin.124

Thiol sensors serve as markers for the diagnosis of
metabolic diseases like skin lesions, edema, liver damage and
pancreatitis. Mac Lachlan and coll. used Au NP-nanocellulose
composites for sensing 2—me|'t:aptoethano|.128 The Au-loaded
mesoporous photonic cellulose films exhibited large color
changes upon exposure to 2-mercaptoethanol. These results
indicated that the mesoporosity of the host matrix renders the
NPs accessible to analytes, and alluded to the use of Au NP-
loaded mesoporous photonic cellulose for novel sensors.

Luong and coll. used Au NPs supported onto CNCs for the
immobilization of enzymes, cyclodextrin glycosyl transferase
(CGTase) and alcohol oxidase.”™ This catalytic platform

excellent route for
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exhibited significant biocatalytic activity with excellent enzyme
stability and without apparent loss of the original activity. The
recovered specific activities were ~70% and 95% for CGTase
and alcohol oxidase, respectively. This strategy provides a
novel platform for the scale-up of enzyme-catalyzed processes
at the industrial level with improved performance,
homogeneity, reusability, and cost effectiveness.

5 Other types of catalysis

In recent years, a few examples in the literature have

OH OH OH OH CI OH OH N; OH
el - diels

SOCly, Py NaN;, DMF

Toluene, 100 °C, 48h 52

65°C, 16h (/\/’l/\l
N
N/
N_

OH N; OH OH N—Z7OH
—_—

[MPIM][Br], CuSO,, NaAsc,
H,0, 70 °C, 2 days

Scheme 4 Surface modification of CNCs
emerged where the nanocelluloses have been applied for
catalysis without the use of metal NPs. In this section we shall

summarize various catalytic systems using nanocelluloses,
without metal NPs (Table 4).

Table 4 Catalytic systems based on nanocelluloses in absence of metal NPs

and ether bonds:
decomposition of
coat protein of
model viruses

Imidazolium- ) lon-exchange 168
grafted CNCs reactions

Mesoporous FeCl Photo-

a-Fe,0; with (so|—3 el method) degradation of 169
CNC support g methylene blue

Rh(l) on .
TEMPO- Rh,(OOCCF3), Cyclopropanation 156

(ligand exchange) of styrene

oxidised CNCs

Catalyst Precursor Refer
v (Synthesis of Catalytic reaction
system ence
catalyst)
Phthalocyanine (PC)
(electrostatic
Cu-

interaction and H- Aerobic oxidation
tetrasulfonat I 157
bonding between of alcohols and
e PC grafted

cationic CNC and alkyl arenes

on CNCs -
anionic sulfonate
Cu-PC)
Co (Il) on
fethylenedmm Oxidation of 165
ine- CoCl,
. . benzyl alcohols
functionalize
d CNCs
HCl-treated ) Eh(ljr:‘clllti-;r;imﬂc 166
CNFs YOTOTysts
amino-acids
Hydrolysis of
HCl-treated . esters, 167
CNFs monophosphate,
amide,
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Thielemans and coll. modified the surface of CNCs using
copper (l) catalyzed azide—alkyne cycloaddition to graft an
imidazolium salt (Scheme 4).168 The modified CNCs were then
examined for their potential application in ion-exchange
reactions. The ion exchange capability of modified CNCs was
tested by suspending them in an aqueous solution of lithium
bis(trifluoromethanesulfonyl)imide overnight. The bromide
anion was successfully exchanged with bistriflimide. This work
demonstrates a method to immobilize imidazolium salts,
producing a heterogeneous system in which the anion can be
easily exchanged, and hence, provides an opportunity for
synthesizing a wide variety of catalytic and ion-exchange

systems.
Wada and coll. presented the hydrolytic activities of CNFs
through their latest work. They used the abundant

nucleophillic hydroxyl groups on the surface of HCI treated-
CNFs for hydrolysis of esters, as well as monophosphate,
amide, and ether bonds (Scheme Sa).167 They incubated small
organic substrates with CNFs under mild conditions (10 mM
HEPES buffer solution, pH 7.4, 30°C, atmospheric pressure) for
examining the hydrolytic activities of CNFs. The order of the
hydrolysis rates was estimated to be ester > monophosphate >
amide bonds. On the other hand, CNFs could not hydrolyse the
ether bonds. The crystalline nanofiber structure of cellulose
was essential for their hydrolytic activities. When CNFs
obtained from green algae (Cladophora) (which had similar
diameters and lengths as those obtained from tunicates) were
used under the same reaction conditions, similar activities
were observed. This observation suggested that the hydrolytic
activities were independent of the crystal polymorphs of CNFs.
On the other hand, CNFs obtained from cotton and wood,
which have smaller diameters and lengths, showed decreased
hydrolytic activities than those from tunicates and green algae,
suggesting that the hydrolytic activities were strongly
dependent on the cellulose source and their sizes. Following
these results, they applied the hydrolytic abilities of CNFs to
the decomposition of coat protein of the model virus,
filamentous M13 bacteriophage. CNFs could decompose the
coat proteins, followed by a drastic decrease in virus’ infection
capabilities of host cells. Through their work, they anticipated

This journal is © The Royal Society of Chemistry 2015
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that the CNFs could lead to a novel class of artificial enzymes
and called them cellizymes. In a different study, they used
CNFs for chirality-specific hydrolytic activities for model amino
acid substrates with activated amide bonds (Scheme 5a).166
The resulting chiral specificities significantly correlated with
the amino acid species and crystal structures of the CNFs.

In an interesting study, Co (ll) was immobilised using its
coordination to amine-functionalized nanocellulose to obtain a
heterogeneous catalyst for the oxidation of various primary
and secondary benzylic alcohols to their corresponding
aldehydes and ketones, in o-xylene at room temperature, with
good yields and recyclability.165 A low loading of Co (ll) (1.04
wt %) could be afforded because of distribution of cobalt on
the nanocelluloses with high surface Another
heterogeneous catalyst was devised by grafting copper
tetrasulfonate phthalocyanine (Cu-PC) onto CNCs for selective
aerobic oxidation of benzylic alcohols to corresponding
ketones under mild conditions with good yields.157 The grafting
was due to electrostatic interactions and H-bonding between
cationic CNC and anionic sulfonate Cu-PC. The system was
recyclable up to 7 times and showed no leaching of Cu during
the catalysis. Liang et al. synthesized mesoporous a-Fe,0; via
sol-gel methods using CNCs as template and studied its photo-
catalytic properties.169 The prepared a- Fe,0; catalyst was
used for the photo degradation of methylene blue, and the

area.

Substrates: Amino acids

a)
" HN@NOZ
Substrates: H
Esters, Amides, +,
Monophosphates, HsN o o n
Ethers Chirality specific
hydrolysis
Hydrolysis
H H H OH N Product
Products
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— = /A trans
t
| CNC-Rh, PR ‘COOEt
+ _—
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Scheme 5 a) Hydrolytic activities of HCl-treated CNFs,
Cyclopropanation by the heterogeneous catalyst CNC-Rh,

and b)

results revealed that a- Fe,0; on CNC templates had improved
photo-catalytic activity than that of samples prepared without
CNCs. Liu et al. recently designed yet another heterogeneous
catalyst using CNCs for cyclopropanation.156 To prepare the
catalyst, the CNCs were synthesized by TEMPO-mediated
oxidation of microcrystalline cellulose, transforming the
primary hydroxyl groups at C6 position to carboxyl groups. The
diRhodium (II) moieties were then anchored on the surface of
CNCs by a ligand exchange between Rh,(OOCCF;), and
carboxyl groups to give the CNC-Rh, catalyst. Cyclopropanation
of styrene with ethyl diazoacetate (Scheme 5b) catalyzed by
heterogeneous CNC-Rh, catalyst at room temperature gave
excellent yields. Remarkably, the study also concluded that the
contribution of physisorbed Rh,(OOCCF;3), on CNCs to the
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reaction was negligible
immobilized counterpart.

in comparison to its covalently

6 Conclusions

Nanocelluloses, comprising the whole class of crystalline
celluloses in the nano-domain (CNCs, CNFs and bacterial CNFs)
has proved to be a versatile support for metal NPs. Their high
surface  area, thermal stability, non-toxicity  and
inexpensiveness provide researchers a sustainable template
for metal NPs. Moreover, the hydroxyl groups on its surface
has been utilised in the recent years for reducing metal
precursors, and hence, opening a greener approach for metal
NP synthesis, without the use of any external reducing agents.
The metal NP-nanocellulose hybrid composites have found
diverse applications in paper, polymer, plastics, chiral
templating, flocculants, aerogels, hydrogels, drug delivery,
cosmetics, pharmaceutics and catalysis. This review focused on
the use of nanocelluloses for the design of catalytic systems.
These demonstrate appealing abilities as recyclable catalysts.
Recently, researchers have demonstrated that these
nanocelluloses only support materials for
heterogeneous catalysis, but also play a key role in the
reactions themselves, for example as chiral inducers in the
enantioselective hydrogenations, or as chiral recognition
centres in chirality specific hydrolysis of amino acids. Over the
years, the characterisation techniques for these nanocelluloses
and their modified hybrids have improved. These advances will
heavily steer the catalytic applications of nanocelluloses in the
coming years. Nanocellulose suspensions in water provide a
robust system in which biphasic catalysis can be explored.
These suspensions provide an ionic liquid-like environment to
the metal NPs and metal salts in them. Based on that, another
noteworthy direction to take would be to investigate the
ligand exchange reactions using organometallic precursors in
the CNC-water suspension. The system, thus obtained, would
be interesting to check for catalysis, for example in C-H
activations, C-C coupling reactions, etc. We conclude that the
use of nanocelluloses in novel catalytic applications has been
founded with the work done in the last few years, and it is now
open to researchers to implement nanocelluloses in innovative
applications.

could not
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