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ABSTRACT
Cellulose1 is the most abundant sustainable material on earth.2,3 This biopolymer
has excellent mechanical material properties (e.g. high strength, high modulus, low
density, etc.) and is renewable, eco-friendly, biodegradable, non-toxic and
reusable. Due to the significant emergence of forest nanotechnology, the growing
interest of sustainability and the more restriction of petroleum-derived materials,
there is an utmost need for development of new production methods and costefficient solutions in order to engineer new cellulosic nanomaterials. Scientific
research on and the use of wood-derived nanocellulose have developed enormously
over the past decade.4-8 The material is widely utilized by the forest products
industry in research projects and pilot-scale activities, and there is now a strong
drive to commercialise nanocellulose for future applications (e.g. packaging,
cosmetics, nanocomposites, pharmaceuticals, hygiene products, foams, paper and
paperboard). Thus, the commercialization of nanocellulose is forthcoming with a
projected GDP of 600 billion USD worldwide by 2020.9,10 However, low moisture
resistance, high energy use in production as well as need for sustainable and
versatile methods for surface engineering have been described as obstacles for this
future development. In this context, although notable success has been made for
the production of nanocelluloses, there is still a need for development of
environmentally benign approaches, which reduce the overall energy consumption,
avoid the use of radical initiators and chlorine-based oxidants. To address the
above challenges, we disclose a novel eco-friendly strategy for the scalable direct
fabrication and versatile functionalization of nanocelluloses from wood pulp using
metal-free catalysis and UV-light (Figure 1).

Here the organic acid mediated
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nanocellulose production is high yielding and requires low energy in-put and the
catalytic direct surface engineering is modular and applicable to different types of
nanocellulosic materials.

Introduction
There are two types of wood-based nanocelluloses11,12 derived from wood, the
nanofibrillated cellulose (NFC) and the nanocrystalline cellulose (NCC). The NFC is
spaghetti-like in structure, long and flexible, less than 100 nm in width and several
microns in length, have both crystalline and amorphous regions intact. Potential
applications of NFC and NCC include; functional and barrier coatings in paper and
paperboard, strength additives, films, emulsion, foams, optical devices, adhesive,
composites, biomedical engineering, cement, packaging, fillers, non-woven, textile and
separation membranes. Therefore different chemical methods have been developed for
their production. For example, NCC is made by hydrolysis using inorganic acids (e.g.
sulphuric acid and phosphoric acids) and renders highly crystalline and rigid
nanoparticles.13-15 Since the amorphous region of the fibril is degraded the yield is low
(30-50 % yield). With respect to NFC fabrication, examples of routes that have been
investigated are: mechanical agitation (high-energy),11,12,16,17 chemical-mechanical
methods (carboxymethylation route (high energy, carboxymethylation),18,19 2,2,6,6,tetramethylpiperidine-1-oxyl (TEMPO)-NaClO-oxidation-homogenization (low-energy,
radical mediator, chlorine-based oxidant),7,20 enzymatic hydrolysis-homogenization
(low energy, biocide added due to enzyme stability).21 Life cycle analyses have shown
that all these fabrication process exhibit prominent environmental advantages over other
nanomaterials like carbon nanotubes.22,23 Among them the enzymatic-pretratment route
and mechanical agitation exhibits lowest environmental impact. However, the stability
of enzymes and high energy in production by the mechanical are important cost-factors.
With respect to the chemical treatment methods, it was shown that the (TEMPO)NaClO-oxidation-homogenization route had a lower impact as compared to the
carboxymethylation route. However, the presence of active radical initiator and nonselective chlorine-based oxidants is a disadvantage in large-scale production. Moreover,
it was shown that sonication processes have more environmental impact as compared to
2

homogenization routes. Once the nanocellulose materials are produced they exhibit
several important properties. However, they are very moisture sensitive and the surface
is hard to modify under environmentally benign conditions. In fact, the direct
modification of heterogeneous cellulose is very challenging and therefore it is
commonly dissolved prior to modification.24 Here Cordova-Hafren disclosed in 2005
that heterogeneous lignocelluloses could be directly functionalized and hydrophobized
using organocatalysis.25,26 These approaches have also recently been utilized for the
direct surface functionalization of nanocellulose. “Click chemistry” a concept
introduced by Scharpless and co-workers have also been utilized for the surfacefunctionalization to a cellulose surface. However, a functionalized group has to be
introduced prior to the application of a “click” chemistry reaction. Here the application
of organocatalysis brings a direct route to achieve this under environmentally benign
conditions.

Figure 1. The direct formic acid mediated route to NFC and “organoclick” functionalization of
nanocelluloses.
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Results and discussion
Based on our research in eco-friendly chemistry and the above challenges in
nanocellulose production, we envisioned a new process for the fabrication of
nanocellulose using organic acid mediated hydrolysis of wood-pulp (Figure 1). Similar
to the enzyme-pre-treatment route it would have the advantage of being a mild but it
would also be more robust and the organic acid could be readily recycled. However,
today organic acids such as formic acid are employed for complete depolymerization of
wood biopolymers to monomeric units. Thus, the current literature supported that a
potential NFC fabrication process may be hard to control and result in low yields.
Moreover, we wanted to invent a modular strategy for the surface modification of this
NFC using first organic catalysis followed by “click” chemistry. This “organoclick”
chemistry functionalization of the NFC should be an important tool to add for the
expansion and use of nanocelluloses in the above-mentioned applications. We began to
investigate the organic acid mediated NFC fabrication.
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Figure 2. TEM pictures of different samples: Top left is sulphite softwood dissolving pulp. Top right is
formic acid fabricated NFC. Bottom left is formic acid fabricated NFC. Bottom right is NFC derived from
the TEMPO-NaClO oxidation- homogenization route.

Here sulphite softwood dissolving pulp was pre-treated with formic acid at various
temperatures followed by homogenization. To our delight, we discovered that we could
produce NFC in quantitative yield at relatively low temperatures (70-90 °C). The
transmission electron microscopy (TEM) studies of the fine white powder revealed that
the fibers had been individualized and the diameters of the fibers were in the nanoscale
size (<20 nm, Figure 2). We also found out that the formic acid derived NFC could
aggregate upon standing due to lack of charge. In comparison, the NFC derived by the
TEMPO-NaClO-oxidation-homogenization of sulphite softwood dissolving pulp did not
aggregate due to the charges introduced on the cellulose surface. Therefore, the formic
acid derived NFC was made to a foam material (Figure 3a) after its fabrication with a
specific surface area (SBET) of 6.7 m2g-1 and pore size (PBJH) of 91.8 nm (Figure 3a). In
5

comparison, the foam made from the TEMPO-NaClO-oxidation-homogenization route
had a SBET of 19.3 m2g-1 and PBJH of 110 nm. We also developed a route for NFC
production based on TEMPO-aerobic oxidation-formic acid treatment in order to
introduce charge and avoid the use of NaClO as the terminal oxidant.

Figure 3a. Foam material from freeze-dried NFC: The left foam material is NFC from TEMPO method.
The right foam material is NFC from formic acid method.

Fourier transform infrared (IR) spectroscopic analysis of the organic acid fabricated
NFC revealed that the surface had been esterified by a small amount of formic acid.
This may be one of the reasons that the nanocellulose could be generated under such
mild conditions. However, the NFC was not hydrophobic. The formic acid method was
also performed on a 10g scale and the corresponding NFC was fabricated in quantitative
yield. The remaining formic acid was recycled and used again. Being satisfied with the
development of this mild and scalable NFC production route, we embarked on the
organocatalytic surface modification of the NFC foam. The silane bond is robust and
more stable to basic conditions than the ester bond. There are also a lot of commercial
silanes that could be attached by this metal-free route. A screen of different acids for
their ability to catalyse the sillylation of octanol revealed that (S)-tartaric acid and
maleic acid were excellent catalysts for this transformation. Thus, a variety of different
silanes (1a-1d) were investigated for the direct catalytic silylation of NFC using (S)tartaric acid as the catalyst (Scheme 1). Elemental analysis revealed that all had been
modified with a small degree of substitution. Even at these low degrees of substitution
the direct catalytic attachment of hydrophobic silanes to the nanocellulosic materials
made them water repellent (Figure 3b). The metal-free catalysis was also conducted on
TEMPO-NaClO-homogenization derived NFC and it became hydrophobic as well.
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Performing the same procedure on filter paper enabled us to measure the contact angle,
which ranged between 96-130 degrees for attachment of silanes (1a-1d). The
measurement of the pore size on the formic acid derived-NFC foam substituted with the
C16 silane 1d revealed that the specific surface area (SBET) and pore size (PBJH) was 7.0
m2g-1 and 77.7 nm, respectively. The pore volume was also similar before and after the
direct hydrophobization (VBJH 0.015 vs 0.014 cm3g-1). Hence, the NFC foams stayed
intact after the direct catalytic silylation had been performed. The attachment of
aminopropyl (AmP) silane 1d is also notable since it demonstrated that organic amines
could be attached by this way, which are useful for catalytic applications and binding of
metal and enzyme catalysts.8 In fact, this was also demonstrated for the AmP-NCF by
binding Pd(II) salts to form AmP-NCF-Pd(II)-complexes. Next, reduction with NaBH4
converted the Pd(II) salt to Pd nanoparticles and a sustainable AmP-NCF-Pd(0)nanocatalyst was formed. To our delight, it was found to be an efficient catalyst for C-C
bond-forming reactions (See SI).

Scheme 1. Direct organocatalytic surface modification of heterogeneous NFC with silanes 1.

Figure 3b. Hydrophobized NCF with C-16 silane 1d.
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Having established a versatile organocatalytic direct nanocellulose modification
method, we chose to investigate the “organoclick” strategy for functionalization of NFC
using (S)-tartaric acid and UV light. Therefore formic acid generated NFC was first
catalytically modified with thiapropylsilane (TPSi) and allylsilane groups using (S)tartaric acid as the catalyst. Next, the thiol-ene click reactions were performed on the
olefin- and thiol-functionalized NFCs, respectively, using a UV-lamp and a metal-free
initiator (Tables 1, Scheme 2). The thiol end-group functionalized polyesters were
chosen as the initial substrates for the allyl-modified NFC since the polyester groups
could be readily detected by FT-IR (Table 1). Consequently the reaction was performed
and after significant soxhlet extractions it was determined that the polyesters (poly(εcaprolactone) (PCL) and poly(δ-valerolactone) (PVL)) had been attached by FT-IR
analysis. We also attached n-octane-1-thiol by the click reaction. This reaction is much
faster as compared to when the polyesters were used as the substrates. This was
carefully confirmed by monitoring the homogeneous click reactions between n-octane1-thiol and thiol end-group functionalized PCL with trimethoxyallylsilane using 1H
NMR analysis.

Table 1.
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The thiol-ene click reactions between TPSi-modified-NCF and the olefin end-group
functionalize polyesters (PCL and PVL), which had been produced by chemoselective
enzyme- or (S)-tartaric acid-catalyzed polymerizations, were also investigated (Scheme
2a). The reactions worked smoothly generating polyester (PCL and PVL) functionalized
NFCs. An important factor in the engineering of the cellulose surface is the attachment
of fluorescent and UV-active groups with applications in sensors and biological
applications (e.g. cell uptake and viability). However, the introduction of a functional
group on the NFC surface is not eco-friendly and even hazardous solvents are employed
(pyridine). Another important potential application for NFC is to use it as a sustainable
supporting material for organic molecules that serve as ligand or catalysts in
homogeneous catalysis. Thus, the direct attachment of catalysts on the NFC would
make the cellulose surface catalytically active and open up for several applications
including diagnostics and heterogeneous catalysts. To demonstrate the potential for this
selective chemistry, we decided to investigate the attachment of the pharmaceutical
agents quinidine and quinine to the NFC (Scheme 2b). These natural products isolated
from the bark of the cinchona tree exhibit important biological activities (e.g. antimalaria, anti-arrhythmic heart, lupus and arthritis). They are also used as fluorescent
markers, organocatalysts and organic chiral ligands for metal-catalysts. Here they
mediate several important asymmetric reactions (e.g. conjugate additions, oxidations,
kinetic resolutions and Sharpless asymmetric dihydroxylation) used in selective organic
synthesis. Consequently, formic acid-fabrication of NFC was followed by its
“organoclick” direct functionalization with cinchona alkaloids. Here the (S)-tartaric acid
direct modification to generate TPSi-modified NFC was followed by “click” reaction
with quinine under UV-light and a metal-free photo catalyst. The same procedure was
performed with quinine. After extensive soxhlet extraction, we investigated the
fluorescent activity of the NFC, TPSi-modified NFC and the NFCs treated with a
cinchona alkaloid.

Only the quinidine-TPSi-NFC and quinine-TPSi-NFC were

fluorescent whereas the TPSi-NFC and NFC were not (Figure 4). The above described
“organoclick” chemistry strategy was also successful on TEMPO-NaClO produced
NFC, NCC and filter paper. Several thiol and olefin functionalize molecules were
directly attached on allyl- and TPSi-modified cellulosic materials, respectively. Thus,
the disclosed eco-friendly technology can be considered a broad and versatile strategy
9

for the direct surface engineering of nanocellulose and lignocellulosic materials. We
also cross-linked the formic acid- and fabricated NFC-foams by first functionalized
them with equal amounts of TPSi and allyl silane using (S)-tartaric acid as the catalyst.
Next, the resulting TPSi-and allyl-functinoalized NFC foams were reacted under UV
light to generate cross-linked hydrophobic NFC, which were analysed by elemental,
TEM and gas adsorption analyses. For example, the TEM analysis showed that a fine
network was formed with SBET = 7.5 m2g-1, PBJH = 69.2 nm and VBJH = 0.013 cm3g-1 for
the formic acid generated NFC (Figure 5). The cross-linking approach was also applied
on TEMPO-NaClO-derived NFC. The strategy of producing TPSi-and allylfunctinoalized NFCs allows for selective attachment of different compounds with an
olefin or a thia-group. This was demonstrated by the attached of both quinine and
polyester with a thiol end-group to the TPSi-and allyl-functinoalized NFC as
determined by elemental analysis, FT-IR and UV-spectroscopy.
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Scheme 2.

Figure 4. Modified NFC under a UV-lamp: A: modified NFC with (3-mercaptopropyl)trimethoxysilane.
B: after click reaction with Quinidine. C: after click reaction with Quinine.
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Figure 5. TEM image of cross-linked NFC foam material by the “organoclick” strategy.

Conclusions
In summary, we have developed a unique eco-friendly concept for the scalable
fabrication and direct engineering of NFC using metal-free catalysis and UV-light. The
nanocellulose production requires low energy input, is high yielding and the formic acid
mediator can be recycled. It also avoids the usages of radical initiators and chlorinebased oxidants, which produces organochlorines and persistent pollutants including
dioxins in industrial production. The “organoclick” engineering of the NFC was
demonstrated by making it hydrophobic as well as introducing different types of
functional groups (e.g. alkyl, thia, amino and olefinic groups) by using non-toxic direct
organic acid-catalyzed silylation. It was also found that the AmP-NFC could bind metal
salts and be converted to a AmP-NFC-Pd(0)-nanoparticle catalyst for C-C bond-forming
reactions. Next, the versatility of the concept was further demonstrated by performing
click-reactions on the TPSi and allyl-functionalized NFC under UV-light. Here
biodegradable polyesters produced by catalytic “green” chemistry as well as natural
products, which are pharmaceutical, fluorescent and catalytically active agents serving
as metal-free catalysts and ligands for asymmetric synthesis, were smoothly attached to
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the nanocellulose. The eco-friendly strategy disclosed here (Figure 1) addresses several
of the obstacles and challenges in the future developments of nanocelluloses such as
eco-friendly production and functionalization as well as water and moisture sensitivity.
It also opens up for new applications of nanocellulose in different areas (e.g.
pharmaceuticals, electrodes, sensors and as heterogeneous catalyst) with complete
sustainable chemistry and materials chemistry.
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