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Cellulose nanofibril (CNF) is defined as a nano-scale fibrous material which
can be obtained from cellulose fiber by means of a mechanical shearing action.
Its diameter is in the range of 5 – 50 nm and its length is typically several
micrometers. CNF is being studied by academia and industry for various
applications; however, the most promising of these is considered to be as a
starting material for the preparation of cellulose aerogel. An aqueous
suspension of CNF produces a homogeneous hydrogel structure at a
concentration of 1 wt % due to mechanical entanglement and interfibrillar
hydrogen bonding. This unique capability of CNF to build up a self-assembled
hydrogel structure allows for the preparation of a highly porous aerogel through
direct water removal by means of freeze-drying. However, the network
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structure of CNF aerogels is built by interfibrillar hydrogen bonds between
adjacent individual fibers. As a result, the network structure of CNF aerogel is
easily destroyed by absorbed water. This weakness of the wet strength limits
the wider application of the CNF aerogel.
In this research, a cross-linked CNF aerogel was prepared. As cross-linking
agents, maleic acid and hypophosphite were used. The cross-linking reaction
was composed of esterification between maleic acid and cellulose in a
suspension state and the formation of cross-linking by means of chemical bonds
between cellulose-grafted maleic acid and hypophosphite in an aerogel state.
Through this cross-linking reaction, the network stability of the CNF aerogel in
a wet state was reinforced. Unlike typical CNF aerogels, the cross-linked CNF
aerogel maintained its original shape after immersion in water under a mild
shear condition. Moreover, the cross-linked CNF aerogel was rapidly able to
absorb considerable amounts of water. The cross-linked CNF aerogel exhibited
shape-recovery characteristics as well in a wet state. The shape-recovery
characteristics of the wet cross-linked CNF aerogel were explained in terms of
the interaction between the absorbed water and the amorphous region of the
CNF.
As potential applications, carrying media or a supporting matrix for
precious materials are feasible. In order to evaluate the potential applicability
of these suggestions, the ion-adsorption performance of the cross-linked CNF
aerogel was investigated. The surface charge of CNF was made positive by
means of a surface modification with glycidyltrimethylammonium chloride
(GTMAC). Through an etherification process, GTMAC was grafted onto the
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surface of the CNF and the zeta potential of the cationic CNF was then
increased to +39.5 mV. From the cationically modified CNF, a positively
charged cross-linked CNF aerogel was prepared. The functional groups
generating the surface charge of the positively charged cross-linked CNF
aerogels were quaternary ammonium and carboxylic groups. For the negatively
charged cross-linked CNF aerogel, only carboxyl groups contributed to the
surface charge. As a result, the zeta potential of both cross-linked CNF aerogels
was affected by the pH of the aqueous media. The pH also affected the ionadsorption performance of the cross-linked CNF aerogels. An adsorption
isotherm was carried out and the theoretical maximum adsorption performances
of the cross-linked CNF aerogels were calculated using the Langmuir
adsorption model. The ns value, representing the maximum ion-absorption
capacity of the negatively charged cross-linked CNF aerogel, was 0.79 mmol/g
for nickel ion, while the ns value of the positively charged aerogel was 0.62
mmol/g for permanganate ions. These values are low relative to previously
reported performance levels of chemically modified micro-particular cellulose
absorbent materials, but they are higher than those of commercially available
strong acid ion-exchange resins.

Keywords: cellulose nanofibril, aerogel, cross-linking, shape recovery, cationic
modification, ion adsorption
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Chapter 1
Introduction
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1. Introduction

Cellulose is the most abundant and renewable biopolymer which can be
derived from biomass on earth. Its annual production is estimated to be 1010 –
1011 tons (Samir et al. 2005). By far, woody biomass is the source of most
cellulose. Cellulose is a fibrous, water-insoluble polymer with excellent
mechanical properties, lending structural support to trees through the
production and utilization of cellulose as the main structural material.
Additionally, non-woody plant fibers (e.g., cotton, hemp, kenaf), algae, fungi,
bacteria, and marine animals (tunicate) are also important sources of cellulose.
A highly developed hierarchical structure is the most important
characteristics of cellulose fiber. Cellulose is a homopolysaccharide which
consists of a linear chain of β(1→4)-linked anhydro-D-glucose units.
Monomeric glucose includes three hydroxyl groups, which contribute to the
formation of the fiber structure. During biosynthesis, van der Waals forces and
inter- and intramolecular hydrogen bonds are developed between adjacent
hydroxyl groups. As a result, cellulose chains are aggregated in elemental
fibrils with a diameter of 2 – 20 nm. These cellulose microfibrils are aggregated
into a fiber bundle by interfibrillar hydrogen bonds, thus composing the fiber.
Cellulose nanofibril (CNF) is defined as a nano-scale fibrous material which
can be obtained from cellulose fiber by means of a mechanical shearing action.
CNF is composed of an aggregation of 10 – 50 cellulose elemental fibrils. Its
diameter ranges from 5 to 50 nm and it length is typically several micrometers.
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Given its high specific surface area and strong mechanical properties, CNF
has been studied by academia and industry for various applications. For
example, CNF has been employed as a reinforcing agent for biocomposite
materials (Shibata et al. 2010) or as a building material for translucent sheets
(Yano et al. 2005). However, one of the most promising applications is
considered to be as a starting materials for the preparation of cellulose aerogels.
Aerogels are high porous, ultra-lightweight materials that are formed by the
removal of the liquid dispersion medium from the gel without a collapse of the
network structure (Hüsing et al. 1998). Since the introduction of aerogels by
Kistler (1931), they have commonly been prepared by a sol-gel process and the
supercritical fluid drying of inorganic metal-oxide materials or polymers (Pierre
et al. 2002). However, these processes require multiple solvent-exchange stages
and considerable amount of energy as well. Therefore, there are environmental
and economic issues which need to be solved.
CNF is a long and flexible nanofiber with an aspect ratio greater than 1000.
As a result, CNF produces a homogeneous hydrogel structure in an aqueous
suspension due to mechanical entanglement at a concentration 1 wt %. This
unique ability of CNF to build up a self-assembled hydrogel structure allows
for the preparation of highly porous aerogels through direct water removal by
means of freeze-drying (Pääkkö et al. 2008). Furthermore, numerous hydroxyl
groups exist on the CNF surface due to its intrinsic chemical structure, and dried
CNF produces strong interfiber hydrogen bonds. Indeed, there is no need for
any crosslinking treatment when using the sol-gel process and solvent exchange
method, nor is supercritical drying needed, unlike conventional aerogels.
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Besides the high porous structure and high specific surface area, the CNF
aerogel exhibits flexible mechanical characteristics, unlike most aerogels,
which are brittle. Furthermore, various functionalities can be instilled into CNF
aerogels for different applications through the use of the numerous hydroxyl
groups as a starting point for a chemical modification process. Therefore, many
potential applications can be expected when using CNF aerogels, such as
kinetic energy absorbers, thermal and acoustic insulating materials, reinforcing
platforms, and drug carrier and tissue engineering scaffolds (Sehaqui et al.
2010).
However, the network structure of CNF aerogel is built by interfibril
hydrogen bond. In high humidity or wet condition, interfibril bond of CNF
aerogel is weaken by water molecule therefore aerogel network is easily
destroyed. This weakness of wet strength limits the wide application of CNF
aerogel.
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2. Objectives of the study
CNF is an attractive material for the production of aerogels. Without an
additional treatment, CNF in aqueous suspension easily builds up a hydrogel
with a three-dimensional fiber network structure because of its morphological
and surface chemical properties. During the freeze-drying of CNF hydrogel,
porous fiber network is maintained and strong interfibril bond is formed by
hydrogen bond because of abundant hydroxyl groups of cellulose. Therefore, a
highly porous and ultralight aerogel with strong mechanical properties is
produced. However, interfibril hydrogen bond becomes a major disadvantage
of CNF aerogel when exposed to aqueous condition. In high humidity or wet
condition, CNF aerogel is severely weaken and easily destroyed.
The main objective of this study is to improve the network stability of CNF
aerogel in wet state by means of the covalent cross-linking treatment of
cellulose. Physical, mechanical, and structural characteristics of prepared crosslinked CNF aerogel were investigated. As a method for imparting additional
functionalities for a wider range of potential applications of the cross-linked
CNF aerogel in aqueous media, the surface charge characteristics of the CNF
aerogel was modified and its adsorption performance was investigated.
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3. Literature reviews
3.1. Mechanical treatments for the preparation of CNF

The preparation of a nano-scaled cellulose fibrous material through a
mechanical treatment was reported for the first time by Turbak et al. (1983) and
by Herrick et al. (1983). They successfully isolated cellulose microfibrils from
cut cellulose fiber using a Gaulin laboratory homogenizer. During the
homogenizing process, cellulose fiber slurry is pumped toward the valve
assembly under a high pressure. As the fiber passes through the fine gaps of the
valve, the pressure is drastically decreased and the fiber is therefore subjected
to high shearing forces. Although they reported this mechanical treatment
process nearly 30 years ago, this concept is still widely used by many
researchers (Nakagaito et al. 2004, Iwamoto et al. 2005, Aulin et al. 2009).
Another mechanical treatment for the preparation of CNF involves the use
of a microfluidizer. Inside the microfluidizer, cellulose fiber is passed through
a z-shaped microchannel at a high pressure, up to 2070 bar. As a result, the
cellulose fiber encounters a high shear rate up to 107 s-1 and is disintegrated into
CNF (Siqueira et al. 2010).
A grinder can also be used to treat cellulose fiber mechanically (Taniguchi
et al. 1988, Iwamoto et al. 2007). As the pulp slurry is passed through a gap
between a static grinding stone and a rotating grinding stone, shear force is
applied and cellulose nanofibers are produced as a result.
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In addition to the mechanical treatment methods above, other techniques
such as cryo-crushing (Dufresne et al. 1997, Chakraborty et al. 2005, Alemdar
et al. 2008), the use of refiners (Heiskanen et al. 2012), or the use of a highspeed blender (Uetani and Yano 2011) have also been employed.
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3.2. Pretreatments for the preparation of CNF
To produce CNF by means of the mechanical disintegration of cellulose
fibers into a nano-scale fibrous material, much energy is inevitably consumed.
It was reported that during the high-pressure homogenization process of
creating CNF, a maximum energy of 70,000 kWh/t can be consumed (Eriksen
et al. 2008). Zimmermann et al. (2010) also evaluated the energy used by the
microfluidizer process. As the pass numbers were increased, the viscosity of
the fiber slurry and the energy consumption both increased sharply. For
example, only 8.5 kW was required for four passes, whereas 14,875 kW was
needed for seven passes. High energy consumption during the process of its
production is one of the main drawbacks of CNF; therefore, several
pretreatment techniques have been developed.
The most promising pretreatment technique is an oxidation process
mediated by 2,2,6,6-tetramethyl-piperidine (TEMPO) which modifies the
cellulose surface under a mild aqueous condition (Saito and Isogai 2004, Saito
et al. 2006, 2007, Isogai et al. 2011a). TEMPO-mediated oxidation involves the
oxidation of cellulose through the addition of NaClO into the cellulose fiber
suspension with TEMPO as a catalyst and NaBr at pH 10-11 at room
temperature. By means of the catalytic reaction of TEMPO, the primary
hydroxyl groups of cellulose are selectively oxidized to a carboxylate group,
and only NaClO and NaOH are consumed. As a result, the interfibrillar
hydrogen bonding between the adjacent cellulose microfibril is inhibited by the
electrostatic repulsion force induced from the carboxylic acid, thus facilitating
the disintegration of the cellulose nanofibril. Based on the same principle,
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several modified TEMPO-mediated oxidation pretreatment methods have been
reported. Hirota et al. (2009) and Saito et al. (2009) employed a modified
TEMPO-mediated oxidation system that uses NaClO2 as the main oxidant and
NaClO instead of NaBr. This system is effective under a more mild condition,
pH 7. Another system, a TEMPO electro-mediated oxidation system, was
reported by Isogai et al. (2011a) and Isogai et al. (2011b). In this system,
oxidation is carried out with 4-acetamido-TEMPO at pH 6.8 without NaClO or
NaClO2. Compared to the two oxidation systems above, a similar level of
carboxylate content is achieved in this case, although longer oxidation times
are required.
After the TEMPO-oxidation pretreatment, the interfibrillar hydrogen
bonding of the cellulose microfibril is inhibited; therefore, a low intensity of
the shear force is required for the full disintegration of the CNF. Typically, a
blender or a homogenizer is employed for a mechanical treatment; however,
Johnson et al. (2008) reported that 97.5 % of CNF recovery can be achieved by
ultrasonication for 30 min. When the ultrasonication time was increased to 4
hours, CNF with a thickness of 0.74 nm was produced.
In terms of energy consumption, Isogai et al. (2011) reported that with a
TEMPO-mediated oxidation pretreatment, energy consumption could be
reduced considerably. Compared to the energy consumption of 1400 MJ/kg for
the high-pressure homogenizer process of untreated slurry, only 7 MJ/kg was
required when TEMPO-oxidation was applied before the homogenizer process.
Energy consumption during the CNF mechanical process can be reduced
through an enzymatic pretreatment of cellulose fiber. With the enzymatic
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hydrolysis of fiber, cellulose is slightly degraded by cellulase. Specifically, an
amorphous region of cellulose is selectively hydrolyzed due to its higher
accessibility to enzymes. As a result, the disintegration of cellulose microfibril
is facilitated (Pääkkö et al. 2007). Henriksson et al. (2007) also reported that
with an enzymatic pretreatment, the endoglucanase swelling of pulp fiber was
increased, thus facilitating the disintegration of the fiber during a high-pressure
homogenization process. Siqueira et al. (2010a, 2010b) focused on the impact
of enzymatic pre- and post-treatments on the morphology of CNF and on the
final properties of a CNF-rubber composite. One notable finding was that the
results were highly dependent on a combination of endoglucanase and an
exoglucanase treatment conditions during the pre- and post-treatments.
Another pretreatment system is carboxymethylation (Aulin et al. 2010).
With a principle similar to that of the TEMPO-mediated oxidation system,
carboxy-methylation increases the anionic charge of the cellulose microfibril.
This results in low energy consumption during the mechanical disintegration
process. Taipale et al. (2010) reported that after a carboxymethylation
pretreatment, the specific energy consumption of the microfluidizer was 2.2
MWh/t, while 5.5 MWh/t was needed when a pretreatment was not used.
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3.3. Surface modification of cellulose nanomaterials
On account of the abundant hydroxyl groups of the cellulose backbone
chain, CNF is a hydrophilic material which is not compatible with non-polar
polymer matrixes or solvents. When mixed with non-polar media, CNF forms
irreversible aggregation or surface passivation so as to reach an energetically
favorable state (Johansson et al. 2011). Through a surface modification
technique, this limitation of the commercial application of CNF can be
overcome. Moreover, various new functionalities can be realized, and the range
of potential applications of CNF can be widened through the surface
modification approach.
Surface modifications of CNF include surface adsorption, molecule
grafting, and polymer grafting (Missoum et al. 2013). The surface properties of
CNF can be tuned by the physical adsorption of chemicals with different
desired functionalities. The most common materials are surfactants. Syverud et
al. (2011) treated CNF with a surfactant in an effort to improve its compatibility
with non-polar media. On the surface of CNF films, n-hexadecyl trimethylammonium bromide (cetyltrimethylammonium bromide, CTAB) was adsorbed
and the hydrophilic characteristics of the CNF film changed, becoming more
hydrophobic, without a change of the mechanical properties. Xhanari et al.
(2011) also reported a similar result using surfactants with different chain
lengths (cetyltrimethyl-, didodecyl-, and dihexadecyl ammonium bromide.)
Ryu et al. (2012) adjusted the CNF network characteristics by means of
polymer adsorption. As polyethylenimine was adsorbed onto the CNF surface,
the aggregation of CNF occurred and the network strength and dehydration
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speed increased as a result. A layer-by-layer (LbL) technique was also
employed as a means of the surface modification of CNF. Wägberg et al. (2008)
built up polyelectrolyte multilayers (PEM) on the CNF surface with
poly(dimethyl

diallyl

ammonium

chloride),

polyethylenimine,

and

poly(allylamine hydrochloride). As the polyelectrolyte layers were deposited
on the CNF surface, the surface charge of the CNF alternated between a positive
and a negative charge, and the thickness of the PEM increased.
By the molecule grafting, chemicals with various functional groups can be
introduced onto the CNF surface; consequently, surface properties of CNF can
be modified. Due to the abundant hydroxyl groups on the surface of CNF,
different graft reactions such as etherification, esterification, oxidation,
sialylation, or acetylation can be employed (Habibi et al. 2010). The surface
charge property of CNF was modified through an etherification process. Ho et
al. (2011) treated cellulose nanocrystal with chlorocholine chloride (ClChCl) in
DMSO media. They reported that cationically modified CNF produced more
transparent films than non-modified CNF and that clay was dispersed better in
a cationic CNF suspension. Jin et al. (2011) reported that cationically modified
nanocellulose film exhibited antibacterial activity toward both Gram-positive
and Gram-negative bacteria. During the application of CNF as a biocomposite,
miscibility with the polymer matrix is the most pertinent issue. Therefore,
various surface modifications for hydrophobicity have been studied. Rodionova
et al. (2010) reported the gas-phase surface esterification of CNF with
trifluoroacetic acid anhydride and acetic acid in an effort to prepare
hydrophobic CNF films. In research by Tingaut et al. (2010), acetylation was
employed to prepare hydrophobic CNF. The grafting of acetyl moieties not only
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prevented the hornification of CNF during the drying process but also improved
the dispersibility of CNF in chloroform. As a result, the degree of miscibility
with poly(lactic acid) was increased and the biocomposite showed improved
filler dispersion capabilities, greater thermal stability, and reduced
hygroscopicity. Likewise, in the research of Jonoobi et al. (2010) kenaf fibers
were acetylated and then mechanically disintegrated. The resulting
hydrophobic kenaf fibers were more easily isolated compared to non-treated
fibers. Goussé et al. (2004), Andresen et al. (2007), and Lu et al. (2008) reported
the sialylation of CNF. The hydrophobic CNF exhibited good performance as a
water-in-oil emulsion stabilizer (Andresen et al. 2007). In research by Lu et al.
(2007),

CNF

was

treated

with

3-aminopropyl-triethoxysilane,

3-

glycidoxypropyl-trimethoxysilane, and a titanate coupling agent. The resulting
hydrophobic CNF and an epoxy resin composite showed improved mechanical
properties, with good adhesion between the CNF fibers and the epoxy resin as
well.
Polymer grafting onto the surface of CNF can be accomplished by means
of two methods: the “grafting-onto” and the “grafting-from” methods (Zhao
and Brittain 2000). In the “grafting-onto” approach, presynthesized polymer
chains are attached onto the hydroxyl groups of the cellulose using a coupling
agent. Therefore, the molecular weight of the attached polymer can be easily
controlled. However, the grafting yield is relatively low due to the steric
hindrance induced by the attached polymer chains.
In the “grafting-from” approach, initiators are immobilized onto the CNF
surface and polymers are in-situ polymerized using an initiator. Therefore, a
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higher graft yield becomes feasible due to the lower steric hindrance compared
to the “grafting-onto” approach. However, a homopolymer also forms during
the polymerization process, and it is difficult to inhibit this.
The “grafting-from” approach was employed by Li et al. (2011). In their
research, CNF modified by 2-bromoisobutryl was prepared. The grafted
functional groups were activated, and poly(butyl acrylate)(PBA) was
synthesized in situ by means of atom-transfer radical polymerization. The PBAgrafted CNF was mixed with polypropylene and the resulting biocomposite
exhibited significantly improved compatibility, interface adhesion, and
mechanical strength with an increase in the degree of polymerization of the
PBA chain. Littunen et al. (2011) prepared a CNF composite using a redoxinitiated free radical method. Cerium ammonium nitrate was used as an initiator
and the polymer in their study was synthesized using the acrylic monomers of
glycidyl methacrylate, ethyl acrylate, methyl methacrylate, butyl acrylate, and
2-hydroxyethyl methacrylate. The nanofibrillar morphology of CNF was not
changed by the polymerization process and the resulting hydrophobic polymergrafted CNF exhibited improved heat resistance. In research by Lönnberg et al.
(2011), CNF was grafted with poly(lactic acid) via ring-opening polymerization.
Biocomposite materials containing 0, 3, and 10 wt % CNF were prepared, and
the strongest biocomposite materials were obtained after reinforcement with
CNF grafted with the longest poly(lactic acid) graft chain.
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3.4. Preparation of cellulose aerogel
Cellulose aerogels can be prepared with either dissolved cellulose or
aqueous cellulose nanofibers according to the type of cellulose starting material.

3.4.1. Cellulose aerogel made by dissolving cellulose
Owing to its strong intra- and inter-molecular hydrogen bonds, cellulose
cannot be dissolved in most solvents. Nonetheless, several solvent systems are
able to dissolve cellulose. Cellulose can be dissolved in alkali solutions such as
LiOH and NaOH, though it must be pretreated. Several organic solvents, such
as N-methylmorpholine-N-oxide (NMMO), N,N-dimethylacetamide (DMAc),
dimethylsulfoxide (DMSO), and N-N-dimethylimidazolidinone (DMI), are
widely employed to dissolve cellulose (Isogai and Atala 1998, Wang et al. 2008)
as well.
In the research of Qi et al. (2013), cellulose was dissolved in a NaOH/urea
solution. A NaOH/urea solution containing multi-walled carbon nanotubes
(MWCNTs) was precooled to -120 °C. Cotton linters were added to the mixture,
and after vigorous stirring for 5 minutes, a cellulose-MWCNT solution was
produced. A sol-gel step was then carried out by immersing the cellulose
solution into an H2SO4 solution for 5 minutes. After the rapid freezing and
freeze-drying of the hydrogel, a cellulose-MWCNT nanocomposite aerogel
was produced. Likewise, systems of LiCl/DMAc and of LiCl/DMSO for
dissolving cellulose to produce cellulose aerogel were employed by Duchemin
et al. (2010) and by Wang et al. (2012), respectively.
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A supercritical CO2 drying process is widely used to prepare inorganic
aerogel with silica, carbon nanofiber, or clay, among other materials. This
drying technique has also been utilized to prepare cellulose aerogels. Tan et al.
(2001) prepared a cellulose aerogel using cellulose acetate and cellulose acetate
butyrate as starting materials. These cellulose esters were dissolved in acetone
and cross-link-treated with diisocyanate. Then, gelation took place in a
mechanical shaker for 1 – 15 days. The resulting cellulose gel was exposed to
supercritical CO2 at a pressure of 5.3 MPa and at a temperature of 4 °C for 5
days, followed by 11.7 MPa and 50 °C for 6 hours. The pressure was
subsequently decreased gradually to atmospheric pressure at 50 °C. The
resulting cellulose aerogel showed high mechanical strength. Liebner et al.
(2008), Gavillon et al. (2008), and Cai et al. (2012) also reported cellulose
aerogels prepared by the supercritical CO2 drying of dissolved cellulose gel;
however, different methods for preparing the dissolving cellulose were applied.
Liebner et al. (2008) dissolved cellulose in N-methylmorpholine -N-oxide
(NMMO) at 100 °C. Gelation was then carried out by the cooling of molten
NMMO containing cellulose. In research by Gavillon et al. (2008),
microcrystalline cellulose was dissolved in a NaOH/water solution. Gelation
was done by increasing the temperature of the cellulose/NaOH/water solution.
After supercritical CO2 drying, highly porous cellulose aerogel with a specific
surface area as large as 280 m2/g of was produced. Cai et al. (2012) produced a
cellulose-silica nanocomposite aerogel by dissolving cellulose in a LiOH/urea
solution.
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3.4.2. Cellulose aerogel made from aqueous cellulose nanofibers
For the first time, Pääkkö et al. (2008) prepared a cellulose aerogel by
means of the freeze-drying of CNF hydrogel. CNF is a nano-sized flexible
fibrous material which can be used easily to build a complex three-dimensional
fiber network structure by mechanical entanglement in aqueous media. As a
result, the CNF suspension forms a hydrogel structure at a very low
concentration above 1 wt%. During a freeze-drying process, the volume of the
CNF suspension is maintained without a collapse of the three-dimensional fiber
network, and CNF aerogel is produced. Also, after freeze-drying, hydroxyl
bonds are formed between adjacent cellulose nanofibrils. Thus, the CNF
aerogels exhibit strong mechanical properties.
Aulin et al. (2010) also prepared a cellulose aerogel by the freeze-drying
of a CNF suspension. CNF was produced by a high-pressure homogenizer
treatment of pulp dissolved by a carboxymethyl treatment. After rapid freezing
in liquid nitrogen followed by freeze-drying, the CNF aerogel was produced.
The density of the aerogel was almost linearly proportional to the CNF
suspension concentration. Sehaqui et al. (2010) also prepared a cellulose
aerogel using a similar process; however, they added xyloglucan (XG) to the
CNF suspension as a mechanical strength enhancer. The resulting cellulose-XG
aerogel exhibited greater mechanical strength compared to conventional
polymer/silica aerogels. Cervin et al. (2012), Chen et al. (2011), and Zhang et
al. (2012) also prepared cellulose aerogels rapid by the freezing and the freezedrying of CNF suspensions.
The supercritical fluid drying technique was also employed as drying
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process for a cellulose nanofiber suspension. Heath and Thielemans (2010)
used cellulose nanocrystal (CNC) as a starting material. They prepared
cellulose hydrogel through the high-intensity ultrasonication of a CNC
suspension. The hydrogel was then subjected to ethanol solvent exchange and
a subsequent supercritical CO2 drying step. Bacteria cellulose was also
employed as a starting material for cellulose aerogels. Liebner et al. (2010) and
Russler et al. (2012) produced bacterial cellulose using Gluconacetobacter
xylinum. After 30 days of cultivation, bacterial cellulose layers with thicknesses
of 3 – 4 cm were produced. These bacterial cellulose hydrogels underwent an
ethanol solvent exchange treatment, and the resulting alcogels were subjected
to supercritical CO2 drying. The prepared bacterial cellulose aerogel exhibited
an ultra-lightweight characteristic, and its density was only 8.25 mg/cm3.
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3.5. Functionalization of cellulose aerogel
CNF aerogels are fascinating materials with high porosity and a high
specific surface area. The inherent high modulus and strength of the native
cellulose and its biodegradability, biocompatibility, availability, renewability,
and capacity for chemical modification are also important advantages of
cellulose aerogels (Syverud and Stenius 2009, Yano et al. 2004). Therefore,
cellulose aerogels have great potential applicability in various areas, such as
kinetic energy absorbers, thermal and acoustic insulators, in pharmaceutical and
biomedical applications as drug carrier and tissue engineering scaffolds, and as
storage materials (Sehaqui et al. 2010).
CNF aerogels can be chemically functionalized in various ways with
different applications. The most common approach is a hydrophobic treatment
for the application of the CNF aerogel as an oil absorbent. Jin et al. (2011)
treated CNF aerogels with (tridecafluoro-1,1,2,2,tetrahydroocyl)trichlorosilane
(FTCS) using a chemical vapor deposition (CVD) technique. After a posttreatment, the prepared superhydrophobic CNF aerogel exhibited excellent oilabsorbing performance. Similarly, Cerving et al. (2012) and Zheng et al. (2014)
also prepared an oil-absorbing CNF aerogel by the CVD of silane chemicals.
As an alternative to the silane treatment, Korhonen et al. (2011) reported that a
superhydrophobic CNF aerogel can be prepared by means of TiO2 nanoparticle
deposition. In research by Kettinene et al. (2011), the wettability of a TiO2deposited CNF aerogel was controlled by exposure to UV light. However, an
oleophobic CNF aerogel was also prepared by the CVD of a fluorine chemical
(1,1,2,2,-perfluorodecyltrichlorosilane) by Aulin et al. (2010)
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The nanofibrillar network structure of CNF aerogels is easily destroyed by
absorbed water; however, a potential application which replaces the
superabsorbent polymer has been reported, demonstrating improved
mechanical stability in a wet state. Brodin et al. (2012) prepared TEMPOoxidized CNF and chemi-thermomechanical pulp (CTMP) composite aerogels.
The CTMP fibers exhibited a mechanical reinforcing effect. Therefore, water
adsorption capacity was nearly identical to that of a conventional
superabsorbent polymer. Zhang et al. (2012) treated a CNF aerogel with
polyamide-epichlorohydrin resin. The resulting cross-linked aerogel showed
good network stability in water and good water absorbency.
In the research of Pääkkö et al. (2008), a CNF aerogel underwent a
polyaniline-dodecyl benzene sulfonic acid (PANI(DBSA)) treatment. By
dipping the CNF aerogel into a PANI(DBSA)-doped toluene solution, a PANIfunctionalized aerogel with some conductivity was prepared. Similarly, Olsson
et al. (2010) reported a CNF aerogel treated with cobalt ferrite nanoparticles
which showed magnetic behavior. Koga et al. (2012) suggested that the CNF
aerogel can be used as a catalyst template. They prepared a Cu(I) ion-adopted
TEMPO-oxidized CNF aerogel through an ion-exchange process. The Cu-CNF
aerogel exhibited excellent catalytic performance in an azide-alkyne Huisgen
[3+2] cycloaddition reaction.
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Chapter 2
Preparation of cross-linked cellulose nanofibril
aerogel
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1. Introduction
CNF is a long and flexible nanofiber with a high aspect ratio. In
assessments of the morphological characteristics, CNF fibers become
mechanically entangled in aqueous suspensions, and a homogenous hydrogel
structure forms at a concentration of 1 wt %. After rapid freezing and freeze
drying of CNF hydrogel, a highly porous and ultra-lightweight aerogel can be
prepared. On the other hand, a conventional aerogel is prepared by a sol-gel
process and with the supercritical fluid drying of inorganic materials or
regenerated cellulose. Compared to the conventional aerogel, the CNF aerogel
does not require multiple solvent-exchange or intensive energy-consuming
drying processes.
In addition to the eco-friendly preparation process, various functionalities
can be instilled into the CNF aerogel given its chemical structure and the
hydroxyl groups of the cellulose used to create it. For example,
superhydrophobic (Cerving et al. 2012), electroconducting (Pääkkö et al. 2008)
and magnetic (Olsson et al. 2010) aerogels have been reported. Moreover
numerous potential applications are expected, such as kinetic energy absorbers,
thermal and acoustic insulating materials, reinforcing platforms, and drug
carrier and tissue engineering scaffolds (Sehaqui et al. 2010).
However, the network structure of the CNF aerogel is built by the
interfibrillar hydrogen bonding of adjacent fibers. When CNF is exposed to
moisture, its hydrogen bonds weaken, causing the CNF aerogel to be destroyed
easily. In this chapter, a cross-linked CNF aerogel was prepared using maleic
acid and sodium hypophosphite. Maleic acid was grafted onto cellulose fiber,
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with the covalent cross-linking of cellulose fibers formed by the ensuing
reaction between the maleic acid and the sodium hypophosphite. The prepared
cross-linked CNF aerogel exhibited improved network stability in a wet state,
as well as good water absorbency. In addition, the physical, mechanical, and
structural characteristics of the cross-linked CNF aerogel were investigated.

23

2. Materials and methods
2.1.

Preparation of cellulose nanofibril
Commercial bleached eucalyptus kraft pulp was used as a raw material.

Dried pulp sheets were dispersed in deionized water and were refined using a
laboratory valley beater as a mechanical pretreatment. After 10 minutes of
disintegration, the pulp slurry was beaten for 12 minutes and 30 seconds to
obtain a freeness value of 450 mL CSF. The beaten pulp slurry was concentrated
until its solids content was 2 wt %. The beaten fiber suspension was processed
using a grinder (Super Masscollider MKCA6-3, Masuko Sanguo Co.). The pulp
fibers were then passed through a gap between a static ceramic grinding stone
and a rotating grinding stone revolving at 1,500 rpm. The gap was adjusted to
-60 μm, with 40 passes.
After the grinding treatment, the viscosity of the fiber suspension was
drastically increased and CNF suspension exhibited the properties of a hydrogel,
as shown in Fig. 2-2. As shown in Fig. 2-3, the pulp fiber was separated into
nanofibrils with widths ranging from 10 to 50 nm.
The chemical composition of the CNF produced was measured by the
NREL (National Renewable Energy Laboratory, USA) method (NREL/TP510-42618). The contents of α-cellulose, hemicellulose, lignin and ash were
found to be 79.4%, 18.7%, 1.5%, and 0.5%, respectively.
It was reported that during the production of CNF, the cellulose chain is
damaged and the degree of the polymerization of cellulose was diminished by
mechanical shearing action (Abdul Khalil et al. 2014). The CED viscosity
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levels of the pulp raw material, beaten pulp, and the produced CNF were
measured according to the TAPPI T 230 om-99 method. The intrinsic viscosity
and degree of polymerization were calculated from the measured viscosity
according to a method devised by Shin (2011). This is listed in Table 2-1.

Table 2-1. CED viscosity and degree of polymerization of cellulose of untreated
pulp, beaten pulp and CNF.
Sample

Viscosity (cPs)

DP

Untreated eucalyptus pulp

14.1 ± 0.4

1128 ± 20

Beaten pulp

13.8 ± 0.5

1113 ± 24

CNF

9.9 ± 0.6

891 ± 42
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Fig. 2-1. Picture of a grinder and grinding stone

Fig. 2-2. Picture of CNF hydrogel
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Fig.2-3. SEM images of prepared CNF
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2.2.

Preparation of cross-linked CNF aerogel

2.2.1. Esterification of CNF with maleic acid
For the cross-linking of the CNF aerogel, maleic acid and sodium
hypophosphite were used as cross-linking agents. These reagent-grade
chemicals were supplied by Sigma-Aldrich and were used as a 40 wt % aqueous
solution without a further purification process.

Fig. 2-4. Molecular structure of maleic acid (left) and sodium hypophosphite
(right)
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In this research, CNF was made from bleached hardwood kraft pulp.
Therefore, it contains 18.7% of hemicellulose. However, it was assumed that
the CNF consisted of only cellulose to simplify the estimation of the maleic
acid dosage. The added amount of maleic acid was calculated as the molar ratio
to the anhydroglucose unit (AGU) of cellulose, as follows: 0.1 to 10 moles of
maleic acid per one mole of AGU. The amount of sodium hypophosphite was
10 wt% that of the maleic acid.
After mixing for 30 min, the CNF suspension containing maleic acid and
hypophosphite was held at 120 °C for 30 min using an autoclave (MLS-3020,
Sanyo Electric Co., Ltd.) for esterification between the maleic acid and
cellulose. The maleic-acid-treated CNF (CNF-MA) suspension was centrifuged
at 3,000 G for 10 min. After centrifuging, The CNFs were allowed to settle and
clear supernatants were removed. The CNF-MA pad was re-dispersed in
deionized water and additional centrifugal washing was carried out.
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2.2.2. Preparation of CNF aerogel by freeze-drying of CNF
hydrogel
After the centrifugal washing process, sodium hypophosphite was added
to the CNF-MA suspension at an amount of 10 - 40 wt % based on the ovendried CNF-MA. Next, the total solids content of the suspension was adjusted to
1.0 – 3.0 wt %, and it was transferred to a polystyrene cuvette as a mold. Before
the rapid freezing process, the CNF hydrogels in the cuvette were placed in a
refrigerator at 4 °C overnight. Through this precooling step, fracturing of the
frozen CNF suspension during the rapid freezing process could be minimized
(Zheng et al. 2014). The precooled CNF hydrogels were rapidly frozen at 196 °C using liquid nitrogen, and the frozen samples were subjected to freezedrying using a freeze-dryer (FD8518, Ilshin Lab) for three days. The cold trap
temperature was -80 °C and the vacuum level was maintained at 5 mmHg
during the freeze-drying process. After three days of freeze-drying, rectangular
CNF aerogels were prepared. The size of the CNF aerogel was 10 mm × 10 mm
× 41.5 mm, corresponding to the volume of the cuvette mold.

Cuvette mold

Aerogel

Fig. 2-5. Picture of produced cross-linked CNF aerogel and its dimensions
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2.2.3. Formation of cellulose cross-linking
The CNF aerogels were cured in a convection oven to form cross-linking
between the cellulose fibrils. The curing temperature was adjusted from 120 to
170 °C and the time was 10 min. At the temperature of 170 °C, the curing time
was varied from 1 to 30 min. After curing, no morphological changes of the
CNF aerogel were observed. The resulting cross-linked CNF aerogels were cut
into cubes 10 mm × 10 mm × 10 mm in size and were stored in a room with a
controlled constant temperature and humidity (23 °C and 50 % RH) for further
characterization.

Fig. 2-6. Picture of prepared cubic shaped cross-linked CNF aerogel
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2.3.

Characterization of cross-linked CNF aerogel

2.3.1. FT-IR spectroscopy
FT-IR spectroscopy was utilized to identify the ester linkage between the
maleic acid and the CNF. After the esterification process, the CNF-MA
suspensions were treated with a 0.1 M NaOH solution at room temperature for
1 hour to convert carboxylic acid to carboxylate anion. The NaOH-treated
CNF-MA suspension was vacuum-filtered and the resultant CNF-MA films
were dried in a convection oven at 40 °C for 2 days. The FT-IR spectra were
acquired from the CNF-MA films using a FT-IR spectrometer (Cary 660,
Agilent) in ATR mode. For each spectrum, 32 scans were collected with a range
of 600 - 4000 cm-1 at a resolution of 4 cm-1.

2.3.2. Carboxyl contents of CNF-MA
The carboxyl contents of untreated CNF and CNF grafted with maleic acid
were measured by means of conductometric titration. The CNF suspension with
an oven-dry weight of 1 g was diluted with deionized water. 2 mL HCl (0.1 M)
and 5 mL of NaCl (10 mM) were added and the total volume was adjusted to
500 mL. After sufficient mixing to obtain a stable suspension, the mixture was
titrated with 0.1 M NaOH. The typical titration curves are shown in Fig. 2-7.
The amounts of carboxyl groups were calculated using Eq. (2-1).

𝐶=

(𝑉1 − 𝑉0 )× 𝐶𝑁𝑎𝑂𝐻
𝑚
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Eq. (2-1)

In this equation, C is the carboxyl content (μmol/g), V1 and V0 are the
equivalent volumes of the added NaOH solution (mL), CNaOH is the
concentration of the NaOH solution (mol/g), and m is the dry weight of the CNF

Conductivity (μS/cm)

(g).
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Fig. 2-7. Typical conductometric titration curve.
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2.3.3. Moisture sorption measurement
Saturated salt solutions were used to adjust the relative humidity of air. In
this research, three types of saturated salt solutions were placed in a humidity
chamber (Table 2-1). Inside the humidity chamber, a weighing scale was also
placed. The aerogels after drying at 120 °C for 24 hours were transferred into
the humidity chamber and changes in the weights were recorded using a video
camera. The moisture content of the CNF aerogel was calculated from Eq. (22) for each period of time.
Moisture content, % =

𝑊−𝑊0
× 100 (2-2)
𝑊

Here, W is the weight of the CNF aerogel and W0 is the dry mass of the
CNF aerogel (g).

Table 2-2. Saturated salt solution and relative humidity
Saturated salt solution

Relative humidity of air (% RH at 23°C)

LiCl

15

CaCl2

37

NaCl

75
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2.3.4. Compressive strength and shape recovery test
To evaluate the compressive strength and shape-recovery performance of
the cross-linked CNF aerogel, a texture analyzer (TA XT Plus, Stable Micro
Systems, Ltd.) was used. A CNF aerogel cube was placed between the glass
bottom plate and a cylindrical probe with a diameter of 50 mm. The
compressive force was measured with a 50 kg load cell.

Fig. 2-8. Picture of texture analyzer (left) and cylindrical probe (right)

35

The compressive strength of a material is defined as the largest
compressive force that the material can tolerate without fracturing. However,
as CNF aerogel is a sponge-like material that can be compressed to more than
90 % of its original dimensions; thus, no fracture point or inflection point on
the strain curve was observed, as shown in Fig. 2-9. Therefore, in this research,
the compressive strength of the CNF aerogel was evaluated as the stress
required to compress the aerogel to a strain level of 90 %. In the compressive
strength test, the probe speed was adjusted to 1 mm/sec.

2,000
Compressive strength

Stress (kPa)

1,500
1,000
500
90 %

0
0

20

40

60
Strain (%)

80

Fig. 2-9. Stress-strain curve of cross-linked CNF aerogel
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100

For a quantitative evaluation of the shape-recovery performance of the
cross-linked CNF aerogel in a wet state, a texture profile analysis (TPA) was
carried out. This test consists of two cycles of compression of a sample.
Springiness is described as the rate at which a deformed material recovers to its
original condition after the removal of the deforming force. This is determined
by Eq. (2-3). That is, when the springiness value is closer to one, the CNF
aerogel easily recovers to its original shape after compression.

𝑇

Springiness = 𝑇2
1

(2-3)

Here, T1 is the compression time of the first compression cycle and T2 is
that of the second compression cycle.
For the TPA test, the probe speed was adjusted to 0.5 mm/sec. The interval
time between the first compression step and the second compression step was
5 seconds.
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Fig. 2-10. TPA curve of cross-linked CNF aerogel in wet state

2.3.5. Cross-sectional observation of the CNF aerogel
Cross-section images of the CNF aerogel were obtained using a scanning
electron microscope (SEM, Auriga, Carl Zeiss AG). The aerogel samples were
frozen at -196 °C using liquid nitrogen and were then fractured. The samples
were attached onto sample stubs with double-sided adhesive conductive carbon
tape with the fracture surface upward, and a platinum layer 5 nm thick was
deposited using a sputter coater.
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2.3.6. Specific surface area
The specific surface areas of the aerogels were determined using nitrogen
adsorption/desorption measurements (ASAP 2020, Micromeritics Instruments
Co.) at a temperature of -196 °C. The samples were dried at 105 °C for 24 hours
to remove any moisture. Before the adsorption process, the specimens were
degased at 120 °C for 4 hours for the complete elimination of moisture. Both
adsorption and desorption isotherms were measured, and the surface area was
determined from the adsorption curve by the Brunauer-Emmett-Teller (BET)
method.
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3. Results and Discussion
3.1.

Esterification of CNF with maleic acid
The cross-linking of cellulose using maleic acid and hypophosphite ions

takes place in two separate reactions. The first step of the cross-linking of CNF
is an esterification reaction between maleic acid and the hydroxyl group of
cellulose. This reaction scheme is shown in Fig. 2-12. First, maleic acid in an
aqueous solution forms a five-membered cyclic anhydride by the dehydration
of two carboxylic groups. This intermediate reacts with the hydroxyl group of
cellulose, forming the ester linkage.
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Fig. 2-11. Maleic acid (left) and formation of five-membered cyclic anhydride
by dehydration of two carboxylic groups of maleic acid.

Fig. 2-12. Esterification between maleic acid and hydroxyl group of cellulose
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During this esterification reaction, sodium hypophosphite is used as a
catalyst. According to research by Yang et al. (2010), the degree of
esterification between maleic acid and cotton fiber can be evaluated by the
intensity of the ester carbonyl bond peak around 1730 cm-1 in the FT-IR
spectrum. When cotton fabric was treated with only maleic acid at 130 °C, the
ester carbonyl band intensity was 0.11. The reaction degree was increased by
the addition of sodium hypophosphite, and the maximum band intensity was
0.49. In this research, sodium hypophosphite corresponding to 5 wt % of maleic
acid was added to the reaction mixture as a catalyst.
The FT-IR spectra of the maleic-acid-treated CNF (CNF-MA) are shown
in Fig. 2-13. As the amount of maleic acid was increased, the peak intensity at
1570 cm-1 was increased. Due to the NaOH treatment, the carboxylic groups of
CNF and the grafted maleic acid were converted to carboxylate anion; this peak
is assigned to the C=O stretching vibration of the ester linkage. As a result, the
FT-IR spectra indicate that maleic acid was grafted onto CNF through an
esterification process.
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Fig. 2-13. FT-IR spectra of maleic acid treated filter paper CNF
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However, in this FT-IR experiment, Whatman No. 2 filter paper was used
as a starting material for the CNF to prepare pure cellulose raw material. When
CNF made of hardwood kraft pulp was used, the FT-IR spectrum of CNF-MA
exhibited a very small difference compared to that of the untreated CNF, as
shown in Fig. 2-14. This slight difference with regard to the FT-IR spectrum of
the CNF-MA appeared to be due to the chemical composition of the CNF. In
this work, bleached hardwood kraft pulp was used as a raw material to prepare
the CNF. It contains mostly hemicellulose and lignin, at 20 %. It appeared that
the carboxylate peak of CNF-MA at 1570 cm-1 was overlapped by the inherent
peak from the hemicellulose and lignin.

CNF-MA
Untreated CNF
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1700 1600 1500
Wavenumbers, cm-1
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Fig. 2-14. FT-IR spectra of untreated CNF and CNF-MA
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In order to form an ester linkage with polycarboxylic acid and the hydroxyl
group of cellulose, the formation of five-membered cyclic anhydride as a
reactive intermediate is required. Because maleic acid is bicarboxylic acid,
however, it is not able to react with other hydroxyl groups of cellulose once
grafted onto the cellulose with an ester linkage. Therefore, the amount of
grafted maleic acid was determined by measuring the carboxyl group content
by means of the conductometric titration of the CNF suspension. Table 2-3
shows the carboxyl group content of the maleic-acid-grafted CNF.

Table 2-3. Carboxyl group content of maleic acid grafted CNF
Maleic acid

Molar ratio of
MA to AGU

Carboxyl group content
μmol/g

Untreated CNF

CNF-MA

44
0.1

66

0.5

79

1

94

5

112

10

117
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3.2.

Cross-linking of cellulose
Because polycarboxylic acids such as 1,2,3,4,-butanetetracarboxylic acid

(BTCA) form multiple ester linkages with cellulose, they have widely been
used as a cross-linking agent in durable press finishing to produce wrinkleresistant cotton fabric since the 2000s (Yang et al. 2010, Cho et al. 2003). In
contrast, maleic acid is a bifunctional carboxylic acid, and once it forms an ester
linkage with cellulose, it cannot form a cyclic anhydride intermediate; therefore,
it also cannot produce a cross-linkage of cellulose. However, the C=C double
bond of maleic acid when grafted onto cellulose can be reacted with
hypophosphite to form a covalent bond above 140 °C; thus, the cross-linkage
of cellulose is produced, as shown in Fig. 2-15.

Fig. 2-15. Cross-linking of cellulose by the reaction between maleic acid
and hypophosphite
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3.3.

Internal structure of the CNF aerogel
Water in the CNF suspension is replaced with air without a collapse or

shrinkage of the network structure through rapid freezing and freeze-drying;
thus, CNF aerogel is produced (Aulin et al. 2010). Therefore, the apparent
volume of the resultant CNF aerogel is considered to be the original volume of
the CNF suspension in the mold. The density is proportional to the initial solids
content of the CNF suspension. The densities of the CNF aerogels are presented
in Table 2-4. The specific surface area of the CNF aerogel was 19.5 m2/g when
the density of the cross-linked CNF aerogel was 21.7 kg/cm3. The specific
surface areas were low compared to other organic/inorganic aerogels produced
by the sol-gel process with a subsequent supercritical CO2 drying process (400
– 654 m2/g, Cai et al. 2012), but these values were in good agreement with
previously reported values from freeze-dried CNF aerogels (15 – 45 m2/g at a
density of 7 – 103 kg/m3, Sehaqui et al. 2010)

Table 2-4. Density of CNF aerogel and specific surface area

Solids content of CNF hydrogel ( wt %)

1.0

1.5

2.0

2.5

3.0

Density of CNF aerogel (kg/m3)

11.2

16.2

19.9

26.7

31.5
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Cross-sectional images of the cross-linked CNF aerogel with a density of
21.7 kg/m3 are presented in Fig. 2-16. The internal network structure of the
cross-linked CNF aerogel was composed of nanopapers. As shown in Fig. 2-17,
these nanopapers were composed of randomly oriented cellulose nanofibers.
This type of nanopaper structure is commonly found in cellulose aerogels
prepared by the freeze-drying of a CNF suspension (Syverud et al. 2011,
Sehaqui et al. 2010, 2011, Cervin et al. 2012, Aulin et al. 2010). During the
freeze-drying of the CNF suspension, randomly distributed nanofibers are
pushed out by growing ice crystals and develop film-like cellulose nanopapers
(Svagan et al. 2008, Chen et al. 2011).
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Fig. 2-16. SEM image of internal networks structure of the cross-linked CNF
aerogel.

Fig. 2-17. High magnification SEM images of a lamella of cross-linked CNF
aerogel indicated with white box in Fig. 2-16.
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Response of the cross-linked CNF aerogel to moisture

3.4.

As the pulp fiber is disintegrated into cellulose nanofibril, the specific
surface area of the fiber is drastically enlarged, and the number of hydroxyl and
carboxyl groups exposed to the fiber surface also increases. Compared to
typical handsheet paper with a basis weight of 150 g/m2, the cross-linked CNF
aerogel exhibits a much higher equilibrium moisture content, as shown in Fig.
2-18.

Moisture content (%)

40
Cross-linked CNF aerogel
30

Handsheet paper

20
10
0
0

20

40
60
Relative humidity of air (%)

80

100

Fig. 2-18. Equilibrium moisture content of cross-linked CNF aerogel and
handsheet paper according to relative humidity of air
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The nanofibrillar network structure of a typical CNF aerogel is built by
hydrogen bonds and physical entanglements between adjacent CNFs.
Accordingly, when a typical CNF aerogel is exposed to moisture, the
interfibrillar hydrogen bonds are easily broken and the entire network structure
of the aerogel is weakened considerably. As shown in Fig. 2-19, untreated and
cross-linked CNF aerogels were immerged in deionized water. After mild
mixing for a 1 minute with a magnetic stirrer, the untreated CNF aerogel
disintegrated and individual nanofibrils were dispersed in water. On the other
hand, the cross-linked CNF aerogel maintained its original structure. This
indicates that the covalent cross-linking of cellulose was successfully formed
through the treatment with maleic acid and hypophosphite.

Fig. 2-19. Pictures of untreated CNF aerogel (left) and cross-linked CNF
aerogel (right) after 1 min magnetic stirring in water.
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As a result of the improved aerogel network stability in water, the crosslinked CNF aerogel exhibited good water absorption capability. A water
absorption test was carried out by immersing the cross-linked CNF aerogel into
deionized water. The cross-linked CNF aerogel is composed of hydrophilic
cellulose and numerous internal pores. When the cross-linked CNF aerogel was
immersed in water, it instantly absorbed water by the wetting of individual
fibers and by capillary action. However, shrinkage of the cross-linked CNF
aerogel was observed during the initial stage of absorption. As more water
penetrated into the interior of the cross-linked CNF aerogel, it recovered its
original shape. At the initial stage of absorption, the internal pores of the crosslinked CNF aerogel were partially filled with water, and an air-water interface
existed. As a result, the surface tension of water was applied to the cross-linked
CNF network and the aerogel was compressed. The cross-linked CNF network
was not destroyed, and endured this compression through covalent crosslinking. As more water was absorbed and the internal pores were filled by water,
the volume of water was increased and the air-water interface disappeared due
to the expansion of the aerogel. In contrast to the cross-linked CNF aerogel, the
untreated CNF aerogel was built with hydrogen bonds only; consequently, the
network structure was irreversibly destroyed and collapsed due to the absorbed
water.
In Fig. 2-20, the water-absorbing capabilities of the cross-linked CNF
aerogel with the density are presented. The volume of absorbed water
corresponded to the internal volume of the aerogel; therefore, the waterabsorbing capability in terms of the volume-to-volume ratio was maintained at
a value close to one. In contrast, the water-absorbing capability in terms of the
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weight-to-weight ratio increased as the density of the cross-linked CNF aerogel
decreased. For the sample with the lowest density of 11.3 kg/m3, the
compression of the cross-linked CNF aerogel during absorption was not fully
recovered because the network strength of the cross-linked CNF aerogel was
not strong enough to resist the compressive force driven by the surface tension
of the absorbed water. This partial collapse of the CNF aerogel during the
absorption process resulted in a decrease of the internal pore volume and water-

120

1.2

100

1.0

80

0.8

60

0.6

40

0.4

20

0.2

0

0.0
11.2

26.7
16.2
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Density of CNF aerogel (kg/m3)

31.5

Fig. 2-20. Water absorbing capability of cross-linked CNF aerogel
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Water absorption (L/L)

Water absorption (g/g)

absorbing capacity.

3.5.

Mechanical strength and shape recovery of the cross-linked CNF
aerogel
In Fig. 2-21, the stress-strain curves of the untreated and cross-linked CNF

aerogel with a density of 25.7 kg/m3 and a moisture content of 17.8 % are
compared. As shown in Table 2-5, the cross-linked CNF aerogel shows an
increase in the compressive strength of approximately 30 % compared to the
untreated CNF aerogel in a dry state. This change in the compressive strength
indicates that covalent cross-linking of the CNF formed due to the reaction
between the maleic acid and the hypophosphite.
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Fig. 2-21. Stress-strain curves of untreated and cross-linked CNF aerogel in dry
state.

Table 2-5. Compressive strength of untreated and cross-linked CNF aerogel in
dry state.
Specimen

Compressive strength
in dry state (kPa)

Untreated CNF aerogel

317

Cross-linked CNF aerogel

417
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A fiber network of paper and paperboard was built by the hydrogen bonds
between adjacent fibers. As the relative humidity increases, the cellulosic
material adsorbs more moisture. Adsorbed water molecules on the surface of
the fiber hinder the formation of interfibrillar hydrogen bonds, thus decreasing
the mechanical strength (Kang and Kim 2012, Kim et al. 2006, Song et al. 2005,
Lee et al. 2002). The compressive strength of the cross-linked CNF aerogel was
exponentially decreased as the moisture content increased, as shown in Fig. 222 and 23. This drastic decrease in the compressive strength indicates that a
considerable portion of the CNF network structure still consists of hydrogen
bonds after the cross-linking treatment. Nevertheless, the compressive strength
of the cross-linked CNF aerogel in a fully wet state was increased by about 50 %
compared to that of the untreated CNF aerogel, as shown Fig. 2-24 and in Table
2-6.
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Fig. 2-22. Stress-strain curves of cross-linked CNF aerogel according to the
moisture content.
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Fig. 2-23. Compressive strength of cross-linked CNF aerogel according to
moisture content.
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Fig. 2-24. Stress-strain curves of untreated and cross-linked CNF aerogel in wet
state

Table 2-6. Compressive strength of untreated and cross-linked CNF aerogel in
wet state.
Specimen

Compressive strength
in wet state(kPa)

Untreated CNF aerogel

120

Cross-linked CNF aerogel

180
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In addition to the increased compressive strength, the cross-linked CNF
exhibits remarkable shape-recovery behavior after compressive deformation. In
a dry state, the cross-linked CNF aerogel showed plastic deformation and
remained in a compressed shape, as shown in Fig. 2-25. By dropping a water
droplet onto the compressed dry cross-linked CNF aerogel, it recovered nearly
70 % of its original shape within a few seconds. This shape-recovery
characteristic of the cross-linked CNF aerogel in a wet state was evaluated by
a TPA test. As shown in Fig. 2-26, the wet cross-linked CNF aerogel recovered
its shape after compression, while the untreated CNF aerogel remained in a
compressed shape. The shape-recovery behavior of the cross-linked CNF
aerogel in a wet state is expressed in the time-stress curve generated from the
TPA test in Fig. 2-27. Quantitatively, the springiness value of the cross-linked
CNF aerogel was 0.78, while that of the untreated CNF aerogel was only 0.33.
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Fig. 2-25. Shape recovery of cross-linked CNF aerogel by water absorption.
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Fig. 2-26. Untreated (left) and cross-linked (right) CNF aerogel after
compression in wet state
35
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Fig. 2-27. TPA curves of untreated and cross-linked CNF aerogel in wet state
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Zhang et al. (2012) explained the shape-recovery characteristics of crosslinked CNF aerogels in terms of the interaction between the absorbed water and
the CNF. The compression of the fiber network of CNF aerogels arises from
the bending of individual fibers, interfibrillar bonding, and from friction
between adjacent fibers and the physical entanglement of fibers.
Compressive deformation of the fiber itself in the longitudinal direction
can be neglected, and only the bending of the fiber is taken into account due to
its high aspect ratio. However, the elastic modulus of the crystal region of
cellulose is known to be between 130 GPa and 250 GPa (Zimmermann et al.
2004, Sakurada et al. 1962), while that of the amorphous region is quite low,
reportedly at 12.2 GPa (Wang et al. 2014) or 10.4 GPa (Chen et al. 2004)
according to molecular modeling research. As a result, the bending of the CNFs
is confined to the amorphous region. When the cross-linked CNF aerogel is
exposed to water, individual CNFs become wet and the amorphous region of
cellulose swells somewhat. The swollen amorphous region forces an extension,
and the original shape of the CNF is recovered after the external force is
removed.
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Fig. 2-28. Shape recovery of cross-linked CNF in wet state
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The three-dimensional structure of the CNF aerogel is composed of twodimensional nanopapers, and this fiber network consists of hydrogen bonds
between adjacent cellulose nanofibers. In a wet state, the hydrogen bonds are
greatly reduced. When a typical CNF aerogel is exposed to external force in a
wet state, the number of interfiber bonds is greatly reduced and the structure
cannot withstand the shear forces induced by the compression of the fiber
network and the shape recovery of individual cellulose nanofibers. This results
in the destruction of the entire network structure. Specifically, the breakage of
the CNF network is concentrated at the connection points in the nanopapers due
to the lower mechanical stability of these regions compared to that of CNF
nanopaper itself.
In contrast, part of the fiber network of the cross-linked CNF aerogel
consists of the covalent cross-linkage of cellulose, and the network structure
possesses improved mechanical stability in a wet state. As a result, the crosslinked CNF aerogel is able to maintain its original interfiber network structure
when it is compressed. When the external force is removed, the deformed
individual fibers recover their original shape, and this expanding force is
applied to the entire network. As the compressed CNF nanopapers recover their
internal pore structure, additional water penetrates into the pores. As a result,
additional hydrodynamic force is generated, leading to further recovery.
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Fig. 2-29. Shape recovery of cross-linked CNF aerogel and redispersion of
untreated CNF aerogel after compression in wet state.

65

3.6.

Effect of the reaction condition on the cross-linked CNF
aerogel properties
The dosages of maleic acid and sodium hypophosphite and the curing

temperature and time were varied during the preparation of the cross-linked
CNF aerogel. To investigate the effect of these reaction conditions on the
properties of the cross-linked CNF aerogel, the springiness value from the TPA
test was used as an indicator of the degree of cross-linking.
As part of the preparation of the cross-linked CNF, the dosage of maleic
acid was adjusted during the esterification of the CNF. The molar ratio of maleic
acid to AGU for the CNF was varied from 0.1 to 10. For each maleic acid dosing
level, other reaction conditions were identical; the dosage of sodium
hypophosphite was 5 wt % of that of maleic acid, the added amount of sodium
hypophosphite was 20 wt % of that of CNF-MA after the centrifugal washing
step, the temperature and time were respectively 170 °C and 10 minutes during
each curing step. The solids content of the CNF-MA suspension with sodium
hypophosphite added to it was 2.5 wt %. As shown in Fig. 2-30, when the ratio
of maleic acid to AGU was 5, the springiness value of the cross-linked CNF
aerogel reached its maximum value, but the difference was not significant.
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Fig. 2-30. Springiness values of cross-linked CNF aerogel with dosage of
maleic acid
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After the esterification of CNF with maleic acid, untreated chemicals
were removed by centrifugal washing and sodium hypophosphite was then
added. At this stage, the dosage of sodium hypophosphite was adjusted from 10
to 40 wt % of that of CNF-MA. The molar ratio of maleic acid to AGU for the
CNF was 10 in the esterification stage, and the curing temperature and time
were respectively 170 °C and 10 minutes during the curing step. The solids
content of the CNF-MA suspension with sodium hypophosphite added to it was
adjusted to 2.5 wt %. In this sample group, the springiness value of the crosslinked CNF aerogel was highest when the dosage of sodium hypophosphite was
20 wt % of that of CNF-MA, as shown in Fig. 2-31. Above 20 wt %, the
springiness decreased as the dosage of sodium hypophosphite was increased.
Thus, the interfiber bonding of adjacent fibrils was hindered by the excessive
amount of sodium hypophosphite.
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Fig. 2-31. Springiness value of cross-linked CNF aerogel with amount of
sodium hypophosphite
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To evaluate the effect of the curing condition, the temperature was adjusted
from 120 to 170 °C. In this case, the curing time was 10 minutes. As presented
in Fig. 2-32, the springiness value increased continually as the curing
temperature was increased. In addition, the curing time was varied from 1 to 30
minutes when the curing temperature was 170 °C. As shown in Fig. 2-33, the
springiness value reached its maximum point at 10 minute, maintaining the
same level after a curing time of 30 minutes. To prepare the cross-linked CNF
aerogel under this curing condition, the molar ratio of maleic acid to AGU for
the CNF was 10 in the esterification stage, and the added amount of sodium
hypophosphite was 20 wt % of that of CNF-MA after the centrifugal washing
step. The solids content of the CNF-MA suspension with sodium
hypophosphite added to it was adjusted to 2.5 wt %.
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Fig. 2-33. Springiness value of cross-linked CNF aerogel with curing time
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35

4. Summary
In this study, a cross-linked CNF aerogel was produced. As the crosslinking agents, maleic acid and hypophosphite were used. The cross-linking
reaction consisted of two steps: 1) the esterification of CNF with maleic acid,
and 2) the formation of a cellulose cross-linkage by a reaction between maleic
acid and hypophosphite.
After the rapid freezing and freeze-drying of CNF suspension, ultralight
and highly porous CNF-MA aerogels were produced. After a curing treatment
of the produced CNF-MA aerogel, a cross-linked CNF aerogel was prepared.
Its internal structure consisted of cellulose nanopaper with numerous open
pores. The compressive strength of the cross-linked CNF was increased
compared to an untreated CNF aerogel both a dry and a wet state. It also showed
improved network stability toward moisture and water absorbency.
The cross-linked CNF aerogel showed plastic deformation behavior after
compression in a dry state. However, it exhibited shape-recovery characteristics
in a wet state. After compression in a wet state, the cross-linked CNF aerogel
recovered its original shape within a few seconds, while the untreated CNF
aerogel collapsed and did not recover its original shape. The shape-recovery
performance was evaluated using the springiness value from a TPA test. The
springiness value of the cross-linked CNF aerogel was 0.78, while that of the
untreated aerogel was only 0.33. The shape-recovery characteristic of the crosslinked CNF aerogel was explained in terms of the interaction between the
absorbed water and the CNF nanopaper.
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Chapter 3
Cationic modification of cellulose nanofibrils
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1. Introduction
Cellulose fibers have a negative charge due to the carboxyl group in
their chemical composition. The anionic charge of cellulose fiber surface repels
other anionic materials by electrostatic repulsive force.
However, the surface charge property of cellulose fiber can be
modified by chemical means. The most common cationic treatment agents are
epoxy-group moieties with a quaternary ammonium functional group. Upon a
surface modification treatment using these chemicals, cationically modified
cellulose will exhibit new functionalities. For example, Abbott et al. (2006)
reported that cationic cellulose can be used as an anionic dye remover. Roy et
al. (2007) reported antibacterial properties of cationic cellulose. These
chemicals are also widely used for cationic starch processes (Nachtergaele et
al. 1989).
In this study, the surface charge of CNF was modified to make it
cationic. Glycidyltrimethylammonium chloride (GTMAC) was used as a
cationic modification agent. The epoxy group of GTMAC reacted with the
hydroxyl group of cellulose and formed an ether linkage. GTMAC-grafted CNF
exhibited a positive charge due to the quaternary ammonium group of GTMAC.
However, it is known that water in the reaction mixture significantly influences
the reaction efficiency of the etherification reaction of epoxy-group moieties.
Therefore, the CNF suspension was dewatered using pressurized dewatering
equipment and the effects of the water content in the reaction mixture on the
degree of substitution and the reaction efficiency were investigated.
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2. Materials and methods
2.1. Preparation of CNF
Commercial bleached eucalyptus kraft pulp was used as a raw material.
Dried pulp sheets were dispersed in deionized water and were refined using a
laboratory valley beater as a mechanical pretreatment. After 10 minutes of
disintegration, the pulp slurry was beaten for 12 minutes and 30 seconds to
obtain a freeness value of 450 mL CSF. The beaten pulp slurry was concentrated
until its solids content was 2 wt %. The beaten fiber suspension was processed
using a grinder (Super Masscollider MKCA6-3, Masuko Sanguo Co.). The pulp
fibers were then passed through a gap between a static ceramic grinding stone
and a rotating grinding stone revolving at 1,500 rpm. The gap was adjusted to
-60 μm, with 40 passes.

2.2. Dewatering of CNF suspension
In this process, the CNF suspension was dehydrated using pressurized
dewatering equipment (Quro). A Whatman No. 2 filter paper was placed in the
bottom of the cylinder as the filter media, after which approximately 100 g of
the CNF suspension was transferred into the cylinder. Thereafter, the CNF
suspension was pressed at 6 bar for 1 hour. As a result, a CNF pad was created
with a solids content of about 7.5 wt%.
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2.3. Preparation of cationic CNF
For the preparation of the cationic CNF, glycidyltrimethyl-ammonium
chloride (GTMAC) was used as a cationization agent. As shown in Fig. 3-1, the
GTMAC was composed of epoxy and quaternary ammonium groups. NaOH
was used as a catalyst. These chemicals were obtained from Sigma-Aldrich and
were used without further purification.
The dosage of GTMAC was calculated as the molar ratio of GTMAC and
the anhydroglucose unit (AGU) of cellulose, under the assumption that the CNF
was composed of only cellulose. The dosage of NaOH was 5 wt % of the dry
mass of CNF.
The CNF pad was put in a plastic bag and mixed well with a 50 wt% NaOH
solution by intensive hand kneading. This mixture was heated to 70 °C for 30
min using a hot water bath. The GTMAC was then added to the reaction mixture.
This mixture was reacted at 70 °C for 4 hours in a hot water bath. During the
reaction, the mixture was hand kneaded every 15 minutes. At the end of the
reaction, the mixture was cooled down by adding deionized water. The
unreacted chemicals and by-products were removed by centrifugal washing at
3000G for 10 min. The CNF pad was redispersed in deionized water and the
subsequent centrifugal washing steps were carried out. This procedure was
repeated 6 times. In this way, a GTMAC-treated-CNF (CNF-GTMAC)
suspension was prepared.

76

Fig. 3-1. Molecular structure of GTMAC

5 wt % of O.D. CNF

3000 G, 6 times

Fig. 3-2. Scheme of cationic modification process of CNF using GTMAC
etherification
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2.4. Characterization of cationic modified CNF
2.4.1. Zeta potential
The zeta potential of the CNF suspension was measured using a Nanosizer
ZS (Malvern) based on the laser Doppler electrophoresis technique. A small
amount of CNF suspension was diluted with deionized water and then injected
into a folded capillary cell. The zeta potential was calculated by measuring the
electrophoretic mobility using the Smoluchowski approximation. The
temperature of the CNF suspension was held at 25 °C and the pH was about 6.

2.4.2. Nitrogen content measurement
To determine the amount of GTMAC grafted onto CNF, the nitrogen
content of the CNF-GTMAC was measured. As in the sample preparation step
for the FT-IR measurement in Chapter 2, CNF-GTMAC films were prepared.
The nitrogen content of the CNF-GTMAC film was determined using an
automatic Kjeldahl nitrogen analyzer (Kjeltec Auto 1035, Tecator AB).
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3. Results and Discussion
3.1. Etherification of cellulose by GTMAC
The cationic modification of CNF was achieved through an etherification
process involving the alkali-activated cellulose hydroxyl group and the epoxy
group GTMAC. This reaction scheme is shown Fig. 3-3. By grafting GTMAC
with a quaternary ammonium group, the negative surface charge of the CNF
surface is converted to a cationic charge. However, two side reactions also arise:
the hydrolysis of the GTMAC itself and the hydrolysis of the ether linkage of
the cationic cellulose (Fig. 3-4).
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Fig. 3-3. Etherification of cellulose by GTMAC

(a)

(b)

Fig. 3-4. Side reaction of cationic modification of CNF; (a): hydrolysis of
GTMAC, (b): hydrolysis of ether linkage between GTMAC and cellulose
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The cationic modification of CNF is carried out by means of esterification
between the dissolved GTMAC molecules and the hydroxyl groups on the CNF
surface. As the water content decreases, less water is available for the
hydrolysis of GTMAC; as a result, the GTMAC is able to react with the alkaliactivated cellulose (Zaman et al. 2012). That is, the water content of the reaction
mixture is one of the most critical factors for the cationic modification of CNF.
Based on the same principle, dry, semi-dry, and organic solvent reaction
systems have been developed for the cationization of starches (Bendoritiene et
al. 2006, Khalil et al. 2001), hemicellulose (Liu et al. 2011), and cellulose
nanocrystal (Zaman et al. 2012).
In this research, the water in the CNF suspension was dewatered using
pressurized dewatering equipment and the solids content of the resulting CNF
was increased to 7.5 wt %. GTMAC with a 90 wt % solids content was used as
cationization agent, and the consistency of the NaOH solution was 50 %. To
investigate the effect of the water content of the reaction mixture on the
cationization efficiency, the consistency of the CNF was controlled by adding
deionized water to the concentrated CNF pad (7.5 wt %). The molar ratio of the
GTMAC added to the AGU of CNF was 0.5. The reaction conditions are listed
in Table 3-1. As described above, the effect of the water content of the reaction
mixture on the cationic charge conversion of CNF was clearly observed, as
shown in Fig. 3-5. At a low solids content of the reaction mixture (0.5 – 2 %),
the zeta potential of the CNF did not change. As the solids content was
increased from 2 % to 7.4 %, the zeta potential of CNF was converted to a
positive charge, reaching a plateau at + 31 mV.
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Fig. 3-6 shows the zeta potential of CNF treated with different amounts of
GTMAC. The solids content of the CNF pads was 7.0 wt% in this case. The
molar ratio of the GTMAC added to the AGU of CNF was varied from 0.05 to
0.3. As shown in Fig. 3-6, the conversion of the zeta potential of CNF to a
positive charge was nearly proportional to the dosage of GTMAC in this range.
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Table 3-1. Cationization reaction conditions with different solids content of
starting CNF suspension or pad
Solids content of
reaction mixture, %
Solids content of
CNF suspension or pad, %

0.8

1.5

3.0

4.5

6.0

7.4

8.8

9.7

0.5

1.0

2.0

3.0

4.0

5.0

6.0

7.0

GTMAC to AGU ratio

0.5

NaOH dosage, %

5

Reaction temperature, °C

70

Reaction time, hrs

4

60

Zeta potential (mV)

40
20
0
-20

-40
-60
0

2

4

6

8

10

12

Solids content of reaction mixture (%)
Fig. 3-5. Zeta potential of GTMAC-treated CNF according to solids content of
reaction mixture
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Table 3-2. Cationization reaction conditions with different amount of GTMAC

GTMAC to AGU of CNF ratio

0.05

0.10

0.15

0.20

0.25

0.30

Solids content of
reaction mixture, %

7.6

7.9

8.2

8.5

8.8

9.1

Solids content of CNF pad, %

7.0

NaOH dosage, %

5

Reaction temperature, °C

70

Reaction time, hrs

4

Zeta potential, mV

60
40
20
0
-20
-40
-60
0.05

0.10
0.15
0.20
0.25
GTMAC to AGU molar ratio

0.3

Fig. 3-6. Zeta potential of GTMAC-treated CNF according dosage of GTMAC
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3.2. Degree of substitution and reaction efficiency
The degree of substitution (DS) of cationically modified CNF was defined
as the number hydroxyl groups on each anhydroglucose unit of cellulose which
are etherified by GTMAC (grafted GTMAC). Therefore, DS was derived as
following Eq.(4-1).
𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛 =

𝑛𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝐺𝑇𝑀𝐴𝐶
𝑛𝐴𝐺𝑈

(4-1)

GTMAC molecule contains one nitrogen atom, therefore the quantity of
GTMAC was measured by Kjeldahl analysis. The molar number of grafted
GTMAC onto CNF was calculated as Eq.(4-2).

𝑛𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝐺𝑇𝑀𝐴𝐶 =

𝑤𝑠𝑎𝑚𝑝𝑙𝑒 ×𝑁%
(4-2)
𝐴𝑤𝑁

Here wsample is weight of sample (g), N% is the portion of nitrogen of CNFGTMAC, and AwN is atomic weight of nitrogen, 14.007 (g/mol).
The molar number of AGU was calculated as Eq. (4-3) with the
assumption that CNF consists of cellulose only.

𝑛𝐴𝐺𝑈 =
Here Mw

GTMAC

𝑊𝑠𝑎𝑚𝑝𝑙𝑒 (𝐴𝑤𝑁 −𝑁%×𝑀𝑤𝐺𝑇𝑀𝐴𝐶)
𝐴𝑤𝑁 ×𝑀𝑤𝐴𝐺𝑈

(4-3)

is the molecular weight of GTMAC, 151.64 g/mol, and

MwAGU is the molecular weight of AGU, 162.15 g/mol.
Therefore, Eq.(4-1) is derived as following Eq.(4-4).
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𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛 =

𝑁% × 𝑀𝑤𝐴𝐺𝑈
(4-4)
𝐴𝑤𝑁 −𝑁%×𝑀𝑤𝐺𝑇𝑀𝐴𝐶

The reaction efficiency (% RE) refers to the percentage of the initially
added amount of GTMAC to the amount of GTMAC grafted onto CNF. The
reaction efficiency was calculated by Eq. (4-4)

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

𝑛𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝐺𝑇𝑀𝐴𝐶
𝑛𝑎𝑑𝑑𝑒𝑑 𝐺𝑇𝑀𝐴𝐶

× 100 (%) (4-5)

Showing the same tendency with the change in the zeta potential, the
degree of substitution (DS) and the reaction efficiency (% RE) were increased
as the water content of the cationic reaction mixture was decreased (Fig. 3-7).
On the other hand, when the solids content of the starting CNF pad was 7 wt %,
the reaction efficiency remained at the same level (Fig. 3-8). The maximum
value of the degree of substitution was 0.015 at a solids content of 9.7 wt % of
the reaction mixture.
As shown in Fig. 3-8, the maximum reaction efficiency was 5.3 %;
however, the reaction efficiency showed a slight decrease when the GTMACto-AGU ratio exceeded 0.20. The zeta potential of GTMAC exhibited a cationic
charge at this dosage level; therefore, it appeared that the use of GTMAC on
the hydroxyl groups of CNF was hindered by the electrostatic repulsive force.
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The degree of substitution and the reaction efficiency are rather low
compared to previously reported instances of the cationic modification of
cellulose nanomaterials, in which a semi-dry DMSO reaction system was used
to reduce the water content of the reaction mixture (a maximum degree of
substitution of 0.02, from Hasani et al. (2008) and a maximum reaction
efficiency of 22% from Zaman et al. (2012)). As described above, the reaction
of GTMAC with the alkali-activated hydroxyl groups of cellulose is in
competition with the alkali hydrolysis of the GTMAC and the degradation of
cationic cellulose. Compared to CNF, which is a suspended solid material,
GTMAC is a water-soluble molecule, and the alkali hydrolysis of GTMAC is a
more favorable reaction. As the water content of the reaction mixture is reduced,
less water is associated with the hydrolysis of GTMAC and more GTMAC can
be used in the etherification process. Therefore, the reaction efficiency and
degree of substitution can be optimized by decreasing the water content of the
reaction mixture. However, the extent of dewatering was limited due to the
intrinsic hydrophilic nature of CNF. In an aqueous suspension, individual CNF
fibers develop mechanical entanglement. As the solids content increases, CNF
fibers become densified and the network structure is reinforced. When the
consistency of the CNF suspension exceeds 7 wt%, the CNF pad becomes too
densified for hand kneading of the reaction mixture. Therefore, the total solids
content of the reaction mixture is limited to around 10 wt %. To increase the
reaction efficiency and degree of substitution further, the water content of the
reaction mixture can be reduced through the use of a polar organic solvent such
as DMSO for reaction media (Ho et al. 2011) or with the use of dried cellulose
as a raw material (Zaman et al. 2012). However, for the CNF suspension, these
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methods require the use of an organic solvent and a solvent exchange process.
The objective of this research is to prepare cationic CNF for a surface-chargemodified cross-linked CNF aerogel by an aqueous process. Therefore, the
methods described above were not considered.
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4. Summary
The surface charge of CNF was made positive through surface
modification with glycidyltrimethylammonium chloride (GTMAC). In an
etherification process, GTMAC was grafted onto the surface of CNF. Using the
quaternary ammonium groups of GTMAC, the zeta potential of the cationic
CNF was increased to +39.5 mV. The amount of grafted GTMAC was
determined using the nitrogen content of the CNF-GTMAC and the degree of
substitution was estimated.
It was found that the cationic reaction process was significantly affected
by the water in the reaction mixture. As the water content was increased, the
undesirable hydrolysis of GTMAC accelerated and less GTMAC was able to
react with the hydroxyl group of cellulose. In this research, CNF was produced
by a grinding treatment of pulp slurry, and the solids content was 2.0 wt %.
When this CNF suspension was used as a starting material for a cationic
modification process without a dehydration process, a charge conversion effect
did not arise. The water in the CNF suspension could be dehydrated using a
pressurized dehydrating device, and the zeta potential of CNF became positive.
However, the dehydration of CNF was limited to a solids content of 7 wt % due
to the tendency of CNF to form a strong fiber network structure. The maximum
reaction efficiency reached 4.1 % due to the dehydration of the CNF suspension.
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Chapter 4
Ion adsorption property of cross-linked
cellulose nanofibrils aerogel
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1. Introduction
One of potential application of the CNF aerogel is as a loading matrix
for precious materials such as catalysts or drug chemicals due to its high
specific surface area, strong mechanical properties and good biocompatibility
(Sehaqui et al. 2010). As noted in the previous chapter, a cross-linked CNF
aerogel with improved network stability in a wet state was prepared. The crosslinked CNF aerogel maintained its aerogel network structure in water with a
shear condition; therefore, it can likely be applied to underwater applications.
Applications of CNF as a loading matrix for chemicals have been reported
in previous studies. Dong et al. (2013) reported the loading of silver+
nanoparticles to a CNF suspension. Due to their positive charge, the silver
nanoparticles were adsorbed onto the surface of the CNF by electrostatic
attraction force, and strong gelation of the CNF was induced. Kolakovic et al.
(2011) also reported the application of CNF films as a loading matrix for drug
chemicals. They demonstrated that model active pharmaceutical ingredients
(APIs) can be loaded onto CNF aerogel by a simple filtration method with a
loading rate of 40%. Specifically, the drug release rate of the API-loaded CNF
film was sustained for three months. Valo et al. (2013) also reported the
application of CNF aerogel as a drug-delivery material. However, in their
research, model chemicals were loaded by means of a simple mixing process
with the CNF in a suspension state. Therefore, controlling the chemical loading
rate was difficult and the loaded chemicals can be lost during the aerogel
preparation process. In contrast, ionic chemicals can be loaded onto the crosslinked CNF aerogel by an ion-adsorption process. It was reported that

92

chemically modified cellulose materials exhibited good ion-adsorption
performance. Karnitz et al. (2007) prepared succinic-acid-modified sugarcane
bagasse, while de Melo et al. (2009) prepared maleic-anhydride-treated
microcrystalline cellulose. In both studies, carboxylic moieties were grafted
onto cellulose fibers and the anionic charge of the cellulose was enhanced by
the added carboxyl groups. Those chemically modified fibrous cellulose
samples exhibited superior cation exchange performance levels.
In this chapter, a negatively charged cross-linked CNF aerogel and a
positively charged cross-linked CNF aerogel were prepared with CNF grafted
with maleic acid and with CNF grafted with maleic acid and GTMAC,
respectively. To investigate of ion-adsorption characteristics of these crosslinked CNF aerogels, metal cation and anion solutions were used. The effects
of the contact time and the pH of the ion solution on the ion-adsorption
characteristics of the cross-linked CNF aerogel as well as the theoretical
adsorption capacities were determined by ion-adsorption experiments.
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2. Materials and methods
2.1. Preparation of CNF
Commercial bleached eucalyptus kraft pulp was used as a raw material.
Dried pulp sheets were dispersed in deionized water and were refined using a
laboratory valley beater as a mechanical pretreatment. After 10 minutes of
disintegration, the pulp slurry was beaten for 12 minutes and 30 seconds to
obtain a freeness value of 450 mL CSF. The beaten pulp slurry was concentrated
until its solids content was 2 wt %. The beaten fiber suspension was processed
using a grinder (Super Masscollider MKCA6-3, Masuko Sanguo Co.). The pulp
fibers were then passed through a gap between a static ceramic grinding stone
and a rotating grinding stone revolving at 1,500 rpm. The gap was adjusted to
-60 μm, with 40 passes. Prepared CNF suspension was dehydrated using
pressurized dewatering equipment (Quro). A Whatman No. 2 filter paper was
placed in the bottom of the cylinder as the filter media, after which
approximately 100 g of the CNF suspension was transferred into the cylinder.
Thereafter, the CNF suspension was pressed at 6 bar for 1 hour. As a result, a
CNF pad was created with a solids content of about 7.5 wt%.

2.2. Cationic modification of CNF
For the cationic surface modification of CNF, glycidyltrimethylammonium chloride (GTMAC) was used as a cationization agent. NaOH was
used as a catalyst. These chemicals were obtained from Sigma-Aldrich and used
without further purification. The dosage of GTMAC, which calculated as the
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molar ratio of GTMAC and anhydroglucose unit (AGU) of cellulose, 0.5 molar
ratio. The dosage of NaOH was 5 wt % of dry mass of CNF. After etherification
treatment with GTMAC at 70 °C for 4 hours, cationic modified CNF (CNFGTMAC) was produced.

2.3. Preparation of cross-linked CNF aerogels with negative and
positive charge
For the cross-linking of CNF aerogel, maleic acid and sodium
hypophosphite were used as cross-linking agent. As the starting materials,
untreated CNF suspension and CNF-GTMAC suspension were used.
The maleic acid and hypophosphite were added to CNF and CNF-GTMAC
suspension. The dosage of maleic acid, which calculated as the molar ratio of
maleic acid to AGU of cellulose, was 10 molar ratio. After mixing for 30 min,
the CNF suspension containing maleic and hypophosphite kept at 120 °C for
30 min using autoclave (MLS-3020, Sanyo Electric Co., Ltd.) for esterification
between maleic acid and cellulose. The maleic acid-treated CNF (CNF-MA)
and the maleic acid and GTMAC treated CNF (CNF-GTMAC-MA)
suspensions were centrifuged at 3,000 G for 10 min. After centrifuging, CNFs
were settled down and clear supernatants were removed. The CNF pad was redispersed in deionized water and additional centrifugal washing was carried out.
After centrifugal washing process, sodium hypophosphite was added to
CNF-MA suspension with amount of 20 wt % based on oven-dried CNF-MA
and CNF-GTMAC-MA. After that, total solids content of suspension was
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adjusted to 3.5 wt % and transferred to polystyrene cuvette as a mold. Before
rapid freezing, CNF hydrogels in cuvette were placed in refrigerator at 4 °C for
overnight. Through this precooling step, fracture of frozen CNF suspension
during rapid freezing can be minimized (Zheng et al. 2014). The precooled CNF
hydrogels were rapidly frozen at -196 °C using liquid nitrogen and the frozen
samples were subjected to freeze-drying using a freeze-dryer (FD8518, Ilshin
Lab) for three days. The cold trap temperature was -80 °C and the vacuum level
was maintained at 5 mmHg during the freeze-drying process. After three days
of freeze-drying, rectangular CNF aerogels with a density of 36 kg/m3 were
prepared. Thereafter CNF aerogels were cured in convection oven to form
cross-linking between cellulose fibrils. Curing temperature was 170 °C and
time was 10 min. Cross-linked CNF aerogels were cut into cubes with size of
10 mm × 10 mm × 10 mm.

2.4. Measurement of zeta potential of CNF-MA and CNFGTMAC-MA
Zeta potential of CNF suspension were measured using Nanosizer ZS
(Malvern) based on the laser Doppler electrophoresis technique. Small amount
of CNF suspension was diluted with deionized water and then was injected into
folded capillary cell. The zeta potential was calculated by measuring the
electrophoretic mobility using Smoluchwski’s approximation. Temperature of
CNF suspension was controlled at 25 °C.
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2.5. Evaluation of ion-adsorption properties
For the determination of the ion-adsorption performance of the crosslinked CNF aerogel, metal ions were used. For the cation adsorption of the
negatively charged cross-linked CNF-MA aerogel, nickel nitrate (Ni(NO3)2),
cobalt nitrate (Co(NO3)2), and cadmium nitrate (Cd(NO3)2) were used. For the
anion adsorption of the positively charged cross-linked CNF-GTMAC-MA
aerogel, potassium permanganate (KMnO4) was used. These chemicals were
purchased from Sigma-Aldrich. All solutions were prepared with deionized
water.
The ion-adsorption process was carried out in a batch process, as follows.
25 mL of metal ion aqueous solutions were prepared in a conical tube, with
different concentrations ranging from 0.1 to 5 mmol/L. A cubic cross-linked
CNF aerogel was immerged into each metal ion solution. The oven-dry weight
of a cubic cross-linked CNF aerogel sample was 0.036 g. During the ionadsorption process, the conical tubes containing the ion solutions were shaken
using a conical tube mixer. After the adsorption process, the CNF aerogels were
removed from the metal ion solutions and the concentrations of the remaining
metal ions in the solution were determined by ICP-OES (ICP-730 ES, Varian).
The adsorption capacity (nf) was calculated by the following equation (Eq. 41):
𝑛𝑓 = (𝑛𝑖 − 𝑛𝑠 )/𝑚

(4-1)

In this equation, ni is the initial molar numbers of ions, ns denotes the
remaining molar number of ions in the solution, and m is the weight of the CNF
aerogel.
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3. Results and discussion
3.1. Chemical stability of cationically modified CNF during maleic
acid esterification process
In the first step of the cross-linking treatment, the CNF is treated with
maleic acid. To activate the esterification process, a high temperature is
required. In this research, the CNF and maleic acid mixture is reacted at 120 °C
for 30 min using an autoclave. However, to prepare the positively charged
cross-linked CNF aerogel, the chemical stability of the cationically modified
CNF should be ensured. Because cationically modified cellulose can be
degraded through the hydrolysis of the ether linkage, particularly in an alkaline
condition, the chemical stability of the cationically modified CNF in this study
was assessed
GTMAC-treated CNF (CNF-GTMAC) suspensions were diluted to 0.1
wt%. The pH of the CNF-GTMAC suspension was adjusted from 3 to 11 using
a 0.1 N NaOH and HCl solution. Then, these suspensions were kept at 120 °C
for 0.5, 3.5, and 6.5 hours using an autoclave. The zeta potential of CNFGTMAC after the heat treatment is shown in Fig. 4-1. In the alkaline and hightemperature condition, the zeta potential of CNF-GTMAC was maintained for
30 min. However, it decreased after 3.5 hours of reaction.
Because maleic acid is added to the CNF suspension with a high
concentration during the esterification process, an acidic condition with a pH
of 1 is generated. In addition, the esterification process was carried out for 30
min; therefore, the ether linkage of CNF-GTMAC is maintained during the

98

maleic-acid esterification process.
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Fig. 4-1. Zeta potential of CNF-GTMAC after heat treatment at different pH

3.2. Zeta potential of CNF-MA and CNF-GTMAC-MA
In order to investigate the effect of the pH on the surface charge of the
cross-linked CNF aerogel, the zeta potential values of CNF-MA and CNFGTMAC-MA were measured. The pH of the CNF suspension was adjusted with
a 0.1N NaOH and 0.1 N HCl solution, but the ionic strength of the suspension
increased sharply at pH levels of 3 to 11 with the addition of the NaOH and
HCl. The zeta potential is affected by the ionic strength of aqueous media due
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to the compaction of the electric double layer at the higher ion concentration.
Therefore, the NaCl solution was added to the CNF suspensions in order to
equalize the ionic strength in this study. The conductivity levels of the CNF
suspensions were adjusted to 0.9 ± 0.1 mS/cm for the pH range of 3 – 11, as
shown in Fig. 4-3.
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Fig. 4-2. Ionic strength of pH-adjusted CNF suspensions without NaCl addition
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Fig. 4-3. Ionic strength of pH-adjusted CNF suspensions with NaCl addition
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The changes in the zeta potentials of CNF-MA and CNF-GTMAC-MA
according to the pH of the suspension are shown in Fig. 4-4. CNF-GTMACMA showed the highest positive charge at pH 3, and the surface charge
decreased as the pH was increased. At pH 12, the surface charge of CNFGTMAC-MA was almost neutral. In contrast, CNF-MA showed a higher
negative charge in an alkaline condition above pH 7.
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Fig. 4-4. Zeta potential of CNF with pH 3 – 11
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The cross-linking process of CNF using maleic acid and sodium
hypophosphite consisted of two reactions: the grafting of maleic acid onto
cellulose and the cross-linked formation of grafted maleic acid through a
reaction between maleic acid and hypophosphite. However, the formation of
cross-linking between the maleic acid and the hypophosphite occurred in a solid
state after the free-drying of the CNF aerogel. Therefore, some of the maleic
acid was able to react with hypophosphite, while the rest of the maleic acid
remained in the cellulose. As a result, the cross-linked CNF aerogel contains
free carboxylic acid groups on the surface of the CNF, as in the scheme shown
in Fig. 4-6. For the cationic cross-linked CNF aerogel, carboxylic groups also
exist in addition to the quaternary ammonium groups of GTMAC. Carboxylic
acid is a weak acid, and its dissociation into carboxyl anions is affected by the
pH. That is, the presence of carboxylic groups means that the surface charge of
the cross-linked CNF is affected by the pH of the aqueous media, i.e., both the
positively (CNF-GTMAC-MA) and the negatively (CNF-MA) surface-charged
aerogel.
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Fig. 4-5. Scheme for the molecular structure of cross-linked CNF-MA aerogel
at alkaline condition

Fig. 4-6. Scheme for the molecular structure of cross-linked CNF-GTMACMA aerogel at alkaline condition
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3.3. Effect of pH of solution on adsorption
As mentioned previously, the surface charge of the cross-linked CNF is

affected by the pH of the aqueous media. Therefore, it is expected that the
adsorption of metal ions from an aqueous solution is dependent on the pH. An
experiment to assess the adsorption performance of the cross-linked CNF
aerogel was carried out with 1 mM of metal ion solutions with different pH
conditions ranging from 3 to 11. A nickel nitrate solution for the negatively
charged CNF aerogel and a potassium permanganate solution for the positively
charged CNF aerogel were used as the metal solutions, respectively. The
adsorption time was 3 hours. The adsorption capacities (nf) after 3 hours of ion
exchange are presented in Fig. 4-6 and 4-7. The negatively charged CNF
aerogel showed the maximum adsorption of Ni2+ at a pH of 11 and the positively
charged CNF aerogel showed the maximum adsorption of MnO4- at a pH of 3,
corresponding to the result of the surface charge.
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3.4. Contact time for adsorption equilibrium
An experiment to assess the adsorption kinetics was performed in a batch
process while varying the adsorption time from 10 minutes to 3 hours. As the
adsorbate, 1 mM each of nickel nitrate and potassium permanganate solutions
were used. The pH was adjusted to 11 for the nickel nitrate solution and 3 for
the potassium permanganate solution.
Fig. 4-9 and Fig. 4-10 show the kinetics of adsorption onto the negatively
and positively cross-linked CNF aerogels. These figures show that a state of
adsorption equilibrium was reached after 60 minutes for both the negatively
charged and positively charged aerogels.
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Fig. 4-10. Permanganate ion adsorption of positive charged cross-linked CNF
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3.5. Maximum adsorption capacity of cross-linked CNF aerogel
To study the adsorption isotherm of the negatively charged CNF aerogel,
cobalt, cadmium, and nickel ion solutions were prepared. For the positively
charged CNF aerogel, permanganate and dichromate anions were used. In both
the cation and anion solutions, the concentrations were varied from 0.1 to 5
mmol/L. After 3 hours of adsorption, equilibrium adsorption isotherm data for
the remaining metal ion concentration were obtained. As a result, the adsorption
isotherm, a function of the adsorption capacity for the concentration of the
remaining metal ion solution, was derived.
To evaluate the adsorption performance of the cross-linked CNF aerogel,
the Langmuir adsorption model (de Melo et al. 2009, Abo-Farha et al. 2009)
was employed. According to the Langmuir adsorption model, it is assumed that
each of the adsorbed ions is held by a definite point of attachment on the surface.
Given this assumption, the maximum adsorption capacity corresponding to
complete monolayer coverage is estimated (Abo-Farha et al. 2009). During the
adsorption process at the liquid/solid interface, a state of dynamic equilibrium
exists between the solved ions in the liquid and the ions adsorbed onto the solid.
Thus, the ratio between the number of moles in the solution and that of the ions
adsorbed on the CNF surface is expressed in terms of the Langmuir isotherm,
as Eq. (4-2).

𝐶𝑠
𝑛𝑓

=

𝐶𝑠
𝑛𝑠

+

1
𝑛𝑠 𝑏
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(4-2)

Here, Cs (mol/L) is the concentration of the remaining metal ions in the
solution in an equilibrium state. From the linearized adsorption isotherm, where
Cs/Nf is considered to be a function of Cs, the remaining parameters ns (mol/g;
the maximum amount of adsorbed metal ions per mass of CNF aerogel) and b
(L/mol, constant value) were determined.
The linearized Langmuir adsorptions of the metal ions are shown in Fig.
4-11. From the Langmuir adsorption isotherm, the adsorption parameters are
listed in Table 4-1.
The ns value, the maximum ion absorption capacity of the negatively
charged cross-linked CNF aerogel, was 0.79 mmol/g for the Ni2+ ion, while that
in the positively charged case was 0.62 mmol/g for MnO4-. These values were
rather low compared to reported results of chemically modified microparticular cellulose absorbent materials (1.8 – 2.5 mmol/g by de Melo et al. in
2009 and 1.74-2.78 mmol/g according to Karnitz et al. in 2007). However, they
are appreciably higher than a commercially available strong acid ion-exchange
resin (0.05 – 0.1 mmol/g by Abo-Farha et al. 2009).
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Fig. 4-14. Adsorption isotherms of positive charged cross-linked CNF aerogel
(metal ion: MnO4-)
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Table 4-1. The Langmuir adsorption isotherm parameters
Metal ion

ns(mmol/g)

b(L/mol)

R2

Ni2+

0.79

3.46

0.9953

Co2+

0.75

4.33

0.9982

Cd2+

0.62

4.41

0.9954

MnO4-

0.618

4.16

0.9953
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4. Summary
In this study, negative surface-charged and positive surface-charged crosslinked CNF aerogels were prepared with CNF grafted by maleic acid (CNFMA) and with CNF grafted with maleic acid and GTMAC (CNF-GTMACMA), respectively. The zeta potentials of CNF-MA and CNF-GTMAC-MA
were affected by the pH of the aqueous media. CNF-MA showed a weak
negative charge at pH 3, and the negative charge became stronger as the pH
was increased due to the dissociation of the carboxyl groups. On the other hand,
the zeta potential of CNF-GTMAC-MA exhibited the strongest positive charge
at a pH of 3, though the strength decreased with an increase in the pH.
The ion adsorption of cross-linked CNF aerogels was influenced by the pH
due to the surface charge. The negatively charged cross-linked CNF aerogel
showed the highest adsorption performance of a nickel cation at pH 11, whereas
the positively charged cross-linked CNF aerogel showed the highest adsorption
of a permanganate anion at pH 3.
Both cross-linked CNF aerogels reached an equilibrium adsorption state
after 1 hour. Isotherm adsorption was carried out, and the theoretical maximum
adsorption performance levels of the cross-linked CNF aerogels were
determined using the Langmuir adsorption model. The maximum ionadsorption capacity of the negatively charged cross-linked CNF aerogel was
0.79 mmol/g for the nickel cation while that of the positively charged crosslinked aerogel was 0.62 mmol/g for the permanganate anion.
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Chapter 5
Overall conclusions
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CNF aerogels are fascinating materials with the high porosity, ultralightweight, high specific surface area characteristics. Also, as a member of
cellulose based derivatives, it possesses biodegradability, biocompatibility,
availability, renewability, and possibility for various chemical modification.
Moreover, CNF aerogels are produced with environmentally-friendly process
compared to conventional aerogel made with inorganic materials or dissolved
cellulose which requires multiple solvent-exchange stages and considerable
amount of energy as well. However, the network structure of CNF aerogels
relies on interfibrillar hydrogen bonds between adjacent individual fibers. As a
result, the network structure of CNF aerogels is easily destroyed by absorbed
water. This weakness of the wet strength limits the wider applicability of CNF
aerogels.
In this research cross-linked CNF aerogel was prepared with maleic acid
and sodium hypophosphite. The cross-linking reaction consisted of two steps:
1) the esterification of CNF with maleic acid, and 2) the formation of a cellulose
cross-linkage by a reaction between maleic acid and hypophosphite. Prepared
cross-linked CNF aerogel exhibited ultralight and highly porous internal
structure. Also it showed improved network stability toward moisture and water
absorbency.
The cross-linked CNF aerogel showed shape-recovery characteristics in a
wet state. After compression in a wet state, the cross-linked CNF aerogel
recovered its original shape within a few seconds, while the untreated CNF
aerogel collapsed and did not recover its original shape. The shape-recovery
performance was evaluated using the springiness value from a TPA test. The

116

springiness value of the cross-linked CNF aerogel was 0.78, while that of the
untreated aerogel was only 0.33. The shape-recovery characteristic of the crosslinked CNF aerogel was explained in terms of the interaction between the
absorbed water and the CNF nanopaper.
Typically, cellulose fibers have a negative charge due to the carboxyl group
in their chemical composition. The anionic charge of cellulose fiber surface
repels other anionic materials by electrostatic repulsive force. In this research,
the surface charge property of the CNF was modified to cationic charge to
adjust

the

interaction

of

the

CNF

with

ionic

materials.

Glycidyltrimethylammonium chloride (GTMAC) was used as a cationic
modification agent. The epoxy group of GTMAC reacted with the hydroxyl
group of cellulose and formed an ether linkage. GTMAC-grafted CNF
exhibited a positive charge of + 39.5 mV due to the quaternary ammonium
group of GTMAC.
It was found that the cationic reaction process was significantly affected
by the water in the reaction mixture. The solids content of CNF was 2.0 wt %,
because it produced by grinding treatment of pulp slurry. When the CNF
suspension was used as a starting material for a cationic modification process
without a dewatering process, GTMAC treatment had no effect on the cationic
modification of CNF. As the solids content of GTMAC treatment mixture was
increased using pressurized dewatering equipment, surface charge of GTMAC
treated CNF modified toward positive. However, the dehydration of CNF was
limited to a solids content of 7 wt % due to the tendency of CNF to form a
strong fiber network structure. The maximum value of degree of substitution
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and reaction efficiency reached 0.015 and 5.3 %, respectively.
The cross-linked CNF aerogel exhibited negative surface charge because
of the carboxyl groups of cellulose and grafted maleic acid. In contrast, the
cross-linked CNF aerogel with positive surface charge was prepared using the
cationically modified CNF as a starting material. The zeta potentials of maleic
acid treated CNF (CNF-MA) and maleic acid and GTMAC treated CNF (CNFGTMAC-MA) were affected by the pH of the aqueous media. CNF-MA
showed a weak negative charge at pH 3, and the negative charge became
stronger as the pH was increased due to the dissociation of the carboxyl groups.
On the other hand, the zeta potential of CNF-GTMAC-MA exhibited the
strongest positive charge at a pH of 3, though the strength decreased with an
increase in the pH.
The ion adsorption of cross-linked CNF aerogels was influenced by the pH
due to the surface charge. The negatively charged cross-linked CNF aerogel
showed the highest adsorption performance of a nickel cation at pH 11, whereas
the positively charged cross-linked CNF aerogel showed the highest adsorption
of a permanganate anion at pH 3.
Both cross-linked CNF aerogels reached an equilibrium adsorption state
after 1 hour. Isotherm adsorption was carried out, and the theoretical maximum
adsorption performance levels of the cross-linked CNF aerogels were
determined using the Langmuir adsorption model. The maximum ionadsorption capacity of the negatively charged cross-linked CNF aerogel was
0.79 mmol/g for the nickel cation while that of the positively charged crosslinked aerogel was 0.62 mmol/g for the permanganate anion.
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The weak network structure toward aqueous condition is one of the main
disadvantage of CNF aerogel. In this research, it was shown that this limitation
of CNF aerogel is able to be overcome by cross-linking treatment with maleic
acid and sodium hypophosphite. In addition, the cross-linked CNF aerogel
exhibited water absorbency and shape recovery properties. Also the surface
charge of the cross-linked CNF aerogel was modified and showed good ion
adsorption capacities. Therefore, a wider range of potential applications of CNF
aerogel is expected through these features, such as a loading matrix for catalysts
or drug chemicals for aqueous conditions.
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말레인산과 차아인산나트륨을 이용해
가교 결합된 셀룰로오스 나노피브릴 에어로젤의
제조 및 특성 연구

서울대학교 대학원
산림과학부
환경재료과학전공
김채훈

셀룰로오스

나노피브릴은

셀룰로오스

섬유에

기계적인

전단력을 가해 얻어지는 두께 5 – 50 nm, 길이 수 마이크로 미터의
섬유상의

나노

물질이다.

셀룰로오스

나노피브릴은

학계와

산업계로부터 다양한 응용분야로 연구되어왔으며, 특히 에어로젤
소재로 적용이 유리한 특성을 가진다. 셀룰로오스 나노피브릴은
1 %의 매우 낮은 농도의 서스펜션 상태에서도 기계적인 엉킴에
의해

하이드로젤

구조를

형성하는

특징이

있다.

이러한

하이드로젤을 동결건조 처리시킴으로써 비교적 간단하고 경제적인
방법으로 에어로젤을 제조할 수 있다. 한편, 셀룰로오스 나노피브릴
에어로젤은 수소 결합을 통해 네트워크 구조를 형성하고 있어 물에
접촉하게 되면 그 구조가 쉽게 파괴되는 특징이 있다. 이러한
문제로 인해 셀룰로오스 나노피브릴 에어로젤은 광범위한 응용에
제약이 있다.
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본

연구에서는

에어로젤을

가교

제조하였다.

결합된

가교

셀룰로오스

나노피브릴

처리제로

말레인산과

결합

차아인산나트륨을 사용하였다. 가교 결합 처리 과정은 에스테르화
반응을 통한 셀룰로오스 나노피브릴 표면으로의 말레인산 도입
공정과 도입된 말레인 산 사이에 차아인산에 의한 가교결합이
형성되는 공정으로 이루어져 있다. 이러한 방법으로 제조한 가교
결합된 에어로젤은 기존 셀룰로오스 나노피브릴 에어로젤과 달리
물에 대한 저항성이 강화되어 물 속에서 일정 수준의 전단력이
가해져도 에어로젤의 구조를 유지하는 특성을 나타내었으며, 물을
흡수하는 특성을 나타내었다. 또한 물에 젖은 상태에서 외력에 의해
압축된 후 외력이 제거되면 원래의 형상을 빠르게 회복하는 특성을
나타내었다.
가교 결합된 셀룰로오스 나노피브릴 에어로젤은 약물 담체,
약품 지지체 등의 의약 분야로의 적용 가능성이 제시되었다. 따라서
이러한 응용 과정에 있어서 요구되는 이온 흡착 특성을 고찰하였다.
이를

위해

양이온성,

음이온성의

금속

이온이

모델

물질로서

사용되었다. 가교 결합된 셀룰로오스 나노피브릴 에어로젤의 표면
전하를
chloride

양성으로

개질하기

(GTMAC)의

나노피브릴을

양성으로

위해

에테르화

glycidy-ltrimethylammonium
반응을

개질하였다.

그

이용하여
결과

양성

셀룰로오스
셀룰로오스

나노피브릴의 제타 전위가 최대 +39.5 mV를 나타내었다. 이를
통해 제조된 가교 결합된 양성 셀룰로오스 나노피브릴 에어로젤은
전하를

나타내는

작용기로

사차암모늄기와

136

카르복실기를

갖고

있었다. 한편 가교 결합된 음성 셀룰로오스 나노피브릴 에어로젤은
카르복실기를

갖고

있었다.

따라서

가교

결합된

셀룰로오스

나노피브릴 에어로젤은 pH에 의해 표면 전하 특성이 영향받았으며
그에 따라 이온의 흡착성능도 영향받았다. 가교 결합된 셀룰로오스
나노피브릴 에어로젤의 최대 이온 흡착 용량을 평가하기 위해
Langmuir model에 의거하여 흡착 등온선을 도출하였다. 그 결과
가교 결합된 음성 셀룰로오스 나노피브릴 에어로젤은 Ni2+ 이온에
대하여 0.79 mmol/g, 가교 결합된 양성 셀룰로오스 나노피브릴
에어로젤은 MnO4- 이온에 대하여 0.62 mmol/g의 최대 이온 흡착
용량을

나타내었다.

셀룰로오스

개질체의

이러한
최대

성능은
이온

흡착

기존

연구에서

용량에

비해서는

보고된
낮은

수준이었으나 기존 상용 이온 교환 수지에 비해서는 매우 높은
수준으로 평가되었다.

주요어

:

셀룰로오스

나노피브릴,

recovery, 양성 개질, 이온 흡착
학번 : 2008-21294
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에어로젤,

가교결합,

shape

