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Abstract Water-redispersible, nanofibrillated cellu-
lose (NFC) in powder form was prepared from
refined, bleached beech pulp (RBP) by carboxymeth-
ylation (c) and mechanical disintegration (m). Two
routes were examined by altering the sequence of the
chemical and mechanical treatment, leading to four
different products: RBP-m and RBP-mc (route 1),
and RBP-c and RBP-cm (route 2). The occurrence of
the carboxymethylation reaction was confirmed by
FT-IR spectrometry and '’C solid state NMR (**C
CP-MAS) spectroscopy with the appearance of
characteristic signals for the carboxylate group at
1,595 cm ™" and 180 ppm, respectively. The chemical
modification reduced the crystallinity of the products,
especially for those of route 2, as shown by XRD
experiments. Also, TGA showed a decrease in the
thermal stability of the carboxymethylated products.
However, sedimentation tests revealed that carboxy-
methylation was critical to obtain water-redispersible
powders: the products of route 2 were easier to
redisperse in water and their aqueous suspensions
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were more stable and transparent than those from
route 1. SEM images of freeze-dried suspensions
from redispersed RBP powders confirmed that car-
boxymethylation prevented irreversible agglomera-
tion of cellulose fibrils during drying. These results
suggest that carboxymethylated and mechanically
disintegrated RBP in dry form is a very attractive
alternative to conventional NFC aqueous suspen-
sions as starting material for derivatization and
compounding with (bio)polymers.
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Introduction

Nanofibrillated cellulose (NFC) has attracted great
interest for the preparation of nanocomposites with
polymer matrices due to its interesting properties,
such as high strength and stiffness (Zadorecki and
Michell 1989; Yano and Nakahara 2004; Hubbe et al.
2008), transparency (Yano et al. 2005) or biodegrad-
ability (Couderc et al. 2009). The isolation of NFC
from wood pulp has been achieved by applying
mechanical treatment, using a high-pressure homog-
enizer (Turbak et al. 1983; Herrick et al. 1983;
Wagberg et al. 1987; Padkko et al. 2007) or grinding
with previous chemical treatment (Abe et al. 2007,
Saito et al. 2006). However, the hydrophilic nature of
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cellulose causes two major issues, namely, irrevers-
ible agglomeration during drying and agglomeration
of NFC in non-polar matrices during compounding.

Irreversible agglomeration of cellulose during
drying is called hornification (Young 1994; Hult
et al. 2001) and is explained by the formation of
additional hydrogen bonds between amorphous parts
of the cellulose fibrils during drying. The formation
of these bonds correlates with the amount of water
removed, and does not depend directly on tempera-
ture. As in the crystalline parts of cellulose, water
cannot break the formed hydrogen bonds during
rewetting of hornificated cellulose (Scallan and
Tigerstrom 1992; Laivins and Scallan 1993). To
prevent hornification, isolation of NFC is preferen-
tially done by mechanical disintegration of never-
dried pulp in an aqueous suspension. So far, to the
best of the authors’ knowledge, there is only one
commercially available NFC product of high quality
(Celish, Daicel Chemical Industries, Osaka, Japan),
which is delivered as a 10-35% (w/w) aqueous
suspension. The ramifications of producing NFC in
aqueous suspensions are high shipping costs, large
storage facilities and propensity towards bacterial
decomposition. Consequently, the preparation of a
nanofibrillated cellulose powder, which can be easily
dispersed in water avoiding hornification, would be
of great industrial interest from both economical and
ecological points of view. Also, the general interest in
preparing NFC powder avoiding hornification has
been evidenced in several patents (Herrick 1984;
Bahia 1995; Dinand et al. 1996; Excoffier et al. 1999;
Cantiani et al. 2001; Cash et al. 2003; Bordeanu et al.
2008). Basically, the main strategy is prevention of
increased hydrogen bond formation between cellu-
lose fibrils by introducing steric and electrostatic
groups.These groups increase the accessibility and
affinity of water towards the fibrils.

The second issue is agglomeration of NFC in
hydrophobic polymers during compounding. Again it
is the large number of hydrogen bonds that can be
formed between the cellulose fibrils that prevent a
homogeneous distribution of NFC within a non-polar
polymer matrix. Therefore, the aspect ratio of these
NFC agglomerates is drastically reduced, causing a
strong decrease in their reinforcing potential (Boldizar
etal. 1987; Chakraborty et al. 2006). In order to improve
compatibility at the fiber-matrix interface, chemical
modification of cellulose hydroxyl groups is a viable
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and widely used approach. Various methods to mod-
ify the surface of NFC were reported, such as
silylation (Goussé et al. 2004; Andresen et al. 20006),
TEMPO oxidation (Saito et al. 2006; Araki et al. 2001;
Lasseuguette 2008), acetylation (Sassi and Chanzy
1995) or reactions with anhydrides (Stenstad et al. 2008).

Partial carboxymethylation of the NFC hydroxyl
groups can overcome hornification during drying,
provided that the carboxylic groups are present in their
sodium form (Lindstrom and Carlsson 1982; Laivins
and Scallan 1993). Also, this effect depends on the
degree of substitution (DS) which is defined by the ratio
of reacted carboxyl groups per anhydroglucose units
(AGU). The DS of commercially available carboxy-
methyl cellulose (CMC) is usually between 0.5 and 1.0
but mainly around 0.9. Such highly water-soluble CMC
is well-known as a thickening agent in food, as an
additive in pharmaceutics, cosmetics and detergents,
but also as a component of membranes or drilling mud
for water retention. Below a DS of 0.3-0.4, CMC is
insoluble in water, however, such low-DS CMC show
higher water absorbance and swelling in water than the
original cellulose, even if the DS is only 0.025
(Walecka 1956; Reid and Daul 1947). In addition to
the prevention of hornification, carboxymethylation
could possibly also prevent agglomeration of the NFC
during compounding with polymers. However, further
chemical modification to enhance the chemical affinity
of the NFC to different non-polar polymer matrices
might be necessary.

In the present work, two routes for the preparation
of dry, water-redispersible NFC are compared by
altering the sequence of the chemical and mechanical
treatment of a commercial, refined beech pulp (RBP).
The resulting modified and unmodified RBP powders
were analyzed by FT-IR, '*C solid state NMR ('*C
CP-MAS), XRD and TGA in order to learn more
about their chemical structure and thermal stability.
Also, after dispersing the RBP powders in water,
sedimentation studies were conducted to evaluate the
stability of the different suspensions. Finally, the
redispersed RBP suspensions were freeze-dried and
their morphologies were analyzed by the SEM.

Materials and methods

Refined, bleached beech pulp (RBP) was provided by
J. Rettenmaier & Sohne GmbH, Rosenberg, Germany
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(Arbocel B1011, 10.0% w/w aqueous suspension,
Magu (anhydroglucose unit) = 162 g/mol). Chloro-
acetic acid (sodium salt, purity > 98%, M =
116.48 g/mol) and sodium hydroxide (NaOH, pur-
ity > 98%, M = 40.0 g/mol) were purchased from
Merck and Fluka, respectively.

Mechanical disintegration

Preparation of RBP-m (route 1) was performed in a
10 L glass reactor, equipped with an inline Ultra-
Turrax system (Megatron MT 3,000, Kinematica AG,
Luzern, Switzerland), and in a high-shear homoge-
nizer (Microfluidizer type M-110Y, Microfluidics
Corporation, USA). 2.0 kg of the 10% w/w aqueous
RBP were diluted to 2.0% w/w with 8.0 kg of
deionised water and allowed to swell for one week at
20 °C, followed by 2 h of homogenization using the
Ultra-Turrax system (20,000 rpm). The suspension
was diluted with deionised water to 1.75% w/w and
pumped through a H230Z,0p um and a H30Z5p0 im
chamber for 6 passes, followed by another 4 passes
through a H230Z,p9 \m and a F20Y7s . chamber.
The processing pressure inside the F20Y chamber
was calculated to approximately 125 MPa. The
resulting RBP-m suspension was then concentrated
to a dry material content of 10.0% in a centrifuge
(5,000 rpm, 15 °C, 45 min).

For the preparation of RBP-cm (route 2), 8.75 g of
RBP-c (solid, preparation described below) were used
as starting material. The RBP-c powder was dis-
persed in 500 ml of deionised water to a final
concentration of 1.75% w/w and homogenized with
a blender (T 25 basic, IKA-Werke, Staufen, Ger-
many). In general, the mechanical treatment of the
resulting suspension was performed as previously
described for route 1. However, the disintegration
treatment was stopped after only 2—-3 passes through
the H230Z400 um and F20Y7s |, chambers since the
resulting gel became too viscous for further
processing.

Chemical modification

Preparation of RBP-mc (route 1) was performed in a
10 L glass reactor, equipped with the Ultra-Turrax
system and a mechanical stirrer. 700 g of the 10%

w/w aqueous RBP-m suspension (0.432 mol AGU)
was transferred into the reactor. 6.2 L of a 5/3 v/v
isopropanol/ethanol mixture was added to obtain a
final cellulose concentration of 1.27% w/w. The
suspension was homogenized, using the Ultra-Turrax
system (10,000 rpm; 20 °C). After 15 min, 303 gof a
5.0% w/w NaOH aqueous solution (0.4 mol) was
added dropwise to the RBP-m for 30 min to activate
the cellulose. Then, 25.1 g of chloroacetic acid
(sodium salt; 0.216 mol) was added to the activated
RBP. The mixture was heated to 60 °C under stirring,
without using the Ultra-Turrax system. The reaction
was stopped after 2 h by cooling it to room temper-
ature and the pH of the suspension was adjusted to
neutrality with acetic acid.

Preparation of RBP-c (route 2) was performed
with 700 g of the 10% w/w RBP aqueous suspension
(0.432 mol AGU) as starting material. In this case,
198 g of a 5.0% w/w aqueous NaOH solution
(0.25 mol) and 14.85 g of chloroacetic acid (sodium
salt; 0.127 mol) was used.

Purification of RBP-mc and RBP-c was done by
washing them several times with different solutions
(described below) and centrifugation (5,000 rpm,
15 °C, 45 min). First, the glycolic acid (by-product)
was removed with a 1/1 v/v mixture of 0.05 M
aqueous acetic acid and 5/3 v/v isopropanol/ethanol.
Second, the carboxyl groups of the modified cellulose
were deprotonated with a 1/1 v/v mixture of 0.05 M
aqueous NaOH and 5/3 v/v isopropanol/ethanol.
Finally, the remaining salts were washed off with a
1/1 v/v mixture of deionised water and 5/3 v/v
isopropanol/ethanol. It was ensured that the pH of
the last supernatant did not drop below 8.0.

Drying of cellulose suspensions

To obtain cellulose powders from aqueous suspen-
sions of the various samples, a two steps procedure
was applied. First, the solvent of the aqueous
suspensions was exchanged from deionised water to
a 5:3 v/v isopropanol/ethanol mixture in several
washing and centrifugation steps (5,000 rpm, 15 °C,
45 min). Then, the suspensions were stirred several
times with a glass bar during drying in an oven at
60 °C, until a fine powder of constant weight was
obtained.
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Determination of the degree of substitution (DS)

Conductometric titration (CT) was used to calculate
the DS of carboxymethylated RBP following the
protocol of Eyler (Eyler et al. 1947) with slight
modifications. 0.3 g of dried, carboxymethylated
cellulose fibrils were redispersed in 60.0 g of deion-
ised water using a blender. Then, 5.0 ml of a 0.1 M
aqueous NaOH solution was added to the suspension
and stirred with a magnetic bar. The conductivity of
the suspension was measured upon titration with
10.0 ml of a 0.1 M aqueous hydrochloric acid (HCI)
solution, using a Metrohm conductometer (model
1.712.0010, Metrohm AG, Herisau, Switzerland),
equipped with a platinum electrode (model
6.0309.100). The measurements were repeated three
times for each sample. The experimental DS values
for RBP-mc (0.087 &+ 0.002), RBP-c (0.130 &+
0.001) and RBP-cm (0.138 £ 0.002) were signifi-
cantly lower than those expected stoichiometrically
(0.3 and 0.5, respectively). This difference can be
attributed to the partial deactivation of monochloro-
acetic acid with water during the reaction and the loss
of some higher substituted, water-soluble NFC during
purification.

Fourier transform-infrared spectroscopy (FT-IR)

Powder samples were measured after drying at 60 °C.
The spectra were recorded using a Digilab BioRad
FTS 6000 Spectrometer (Philadelphia, USA) in single
reflection diamond ATR (Attenuated Total Reflec-
tance) mode (P/N 10,500 series, golden gate). The
number of scans was 32 and the resolution was
4 cm™",

Solid-state '*C CP-MAS NMR spectroscopy
(Cross Polarization Magic Angle Spinning
Nuclear Magnetic Resonance)

The "*C CP-MAS NMR spectra of the RBP samples
were measured at 100.61 MHz on a Bruker AVANCE
-400 MHz NMR Spectrometer (Bruker BioSpin AG,
Fillanden, Switzerland) using a 7 mm broadband CP-
MAS probe. The following parameters were used:
MAS rates of 3,000 Hz, CP-MAS contact times of
3 ms, 8 s relaxation delays, number of accumulated
free induction decays (FID) > 20,000 (for a reason-
able signal to noise ratio of the carbonyl resonances,
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2,134 for the untreated RBP) applying 38 kHz TPPM
decoupling of 'H during acquisition. The FIDs were
multiplied by an exponential window function of
50 Hz before Fourier Transformation.

X-Ray diffraction (XRD)

For each RBP, three pellets were prepared by
applying 3 t of weight to 750 mg of powder for
2 min. The pellets were measured in reflection mode,
using an X’Pert Pro diffractometer from Panalytical
(Almelo, Netherlands) with Cu K, radiation (4 =
1.5418 IQA) in combination with a linear detector
system (X’Celerator).

Thermogravimetric analysis (TGA)

Degradation behavior of the treated and untreated
RBP was analyzed using a NETZSCH TG 209 Fl
(Netzsch Group, Selb, Germany) in dry gas nitrogen
atmosphere. The heating rate was 20 °C/min.

Scanning electron microscopy (SEM)

The prepared cellulose powders of both routes were
redispersed in water to a final concentration of 0.1% w/w
and homogenized with a blender. Then, a sample
holder on which a fresh mica plate had been fixed with
liquid carbon cement was cooled down in liquid
nitrogen. Immediately after removing the sample
holder plate, droplets of the 0.1% w/w suspensions of
the treated and untreated RBP in water were placed
onto the surface with a syringe. The frozen sample was
then kept under vacuum (below 1 x 10~ mbar) until
the ice was sublimated. The freeze-dried RBP samples
were then sputtered with a 4 nm platinum coating.
Images were recorded in a JEOL JSM-6300F (Jeol
Ltd., Tokyo, Japan) equipped with a cold-cathode field
emission gun. The following parameters were used:
acceleration voltage of 5.0 kV, probe current of
6 x 1071 A, working distance of 48 mm. Of each
suspension, three droplets were analyzed. All images
were recorded in the center of the droplets.

Results and discussion

Two processing routes (Fig. 1) were proposed to
prepare nanofibrillated cellulose powder, capable of
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Fig. 1 Schematic overview on the sample preparation routes.
In route 1 (left block), the untreated RBP is mechanically
disintegrated (RBP-m), followed by carboxymethylation (RBP-
mc). In route 2 (right block), the treatments are interchanged.
The untreated RBP was first carboxymethylated (RBP-c), then
dried to a powder, redispersed in water and finally mechan-
ically disintegrated (RBP-cm). Aqueous suspensions (grey) are
intermediate products

forming a stable suspension after redispersion in
water. Mechanical disintegration of the pulp was
done either before (route 1) or after (route 2)
carboxymethylation (Fig. 2). Good redispersibility
of the final RBP powder in water depended on the
drying procedure and the DS of the CMC. Drying
CMC from a 5:3 v/v isopropanol/ethanol mixture at
60 °C under occasional stirring with a glass bar led to
a highly porous and fluffy powder with a significantly
higher volume compared to those dried from aqueous
suspensions or without stirring. This can directly
account for the enhanced redispersibility of the
powders in water, being able to more easily penetrate
the more open structure of the cellulose. The use of a
blender for several seconds of course accelerates the
re-wetting of the cellulose. No further treatment (e.g.

OH 1) 3/5 EtOH/i-propOH { o
[ /& 2) 10% NaOH (aq) “ORo }
"O } - +
HO - O'Na o OR

OH

Fig. 2 Carboxymethylation of cellulose with chloroacetic acid

freeze-drying, vacuum drying or spray-drying) was
necessary to obtain redispersible powders. However,
some of the mentioned methods might also lead to
redispersible CMC powders when the suspensions are
dried from an alcohol mixture. As a second criterion,
the DS must be high enough to prevent hornification
during drying but sufficiently low to prevent solu-
bilisation during water redispersion. Therefore,
preliminary experiments were performed to select
an appropriate DS that would satisfy the above
requirements. Briefly, the selected experimental DS
for RBP-mc (route 1) and RBP-cm (route 2) were
0.09 and 0.13, respectively.

To confirm successful carboxymethylation reac-
tion, the powdered treated and untreated RBP were
characterized using FT-IR spectroscopy (Fig. 3a).
The spectrum of the untreated RBP showed the
characteristic absorption bands of cellulose. A large
band between 3,600 and 2,800 cm™! contains CH
stretching vibrations, and OH stretching vibrations
from alcoholic groups and water. The broad band
with a peak at 1,640 cm™! was attributed to the
bending vibrations of adsorbed water. A series of
peaks between 1,500 and 1,300 cm™! were associated
to OCH deformation vibrations, CH, bending vibra-
tions and CCH and COH bending vibrations. Finally,
the band ranging from 1,200 to 900 cm™' mainly
contains the signals of CC stretching vibrations and
COH and CCH deformation vibrations (Proniewicz
et al. 2001). Mechanical disintegration of the RBP
(RBP-m) did not lead to a change in the FT-IR
spectrum. However, chemical modification of the
RBP (RBP-mc, RBP-c and RBP-cm) led to the
appearance of a new signal at 1,595 cm ™', which was
attributed to the asymmetric stretching vibration of
the carboxylate group (Cuba-Chiem et al. 2008),
confirming the successful carboxymethylation. As it
can be observed, the intensity of the 1,595 cm”!
signal for the RBP-mc (route 1) is lower than those
for the RBP-c and RBP-cm (route 2). This is in
agreement with the experimental DS values previ-
ously reported where the DS for the RBP-mc was also
lower than the one for the RBP-c.

CP-MAS "*C-NMR was used to support the find-
ings of the FT-IR experiments. Figure 3b shows the
spectra of the untreated RBP and the treated RBP
products of both routes in the region from 0 to
220 ppm. Also, an inset graph showing the region
where the carboxylate signal appears (around
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Fig. 3 a FT-IR and b '°C
CP-MAS NMR spectra of
treated and untreated RBP
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180 ppm) is included. Again, the RBP material shows
the characteristic signal pattern of cellulose: C;
(106 ppm), C4 (90 and 85 ppm, from crystalline and
amorphous domains, respectively), overlapped signals
of C,, C3 and Cs (between 70 and 80 ppm) and Cgq
(66 ppm) (Gilardi et al. 1995; Kono et al. 2002). As
expected, mechanical disintegration of RBP (RBP-m)
did not promote changes in the chemical structure as
all the NMR signals are identical. However, carbo-
xymethylated RBP samples (RBP-mc, RBP-c and
RBP-cm) showed a new signal at 180 ppm, which was
attributed to the carboxylate group (Heinze and
Koschella 2005). This peak is again more pronounced
for the samples with higher DS, i.e. the RBP-c and the
RBP-cm. Finally, the resonances marked with a star
are spinning side bands of the carboxylate groups (210
and 150 ppm) and of the C; (136 ppm), respectively.
Overall, the occurrence of the carboxymethylation
reaction on the RBP samples was successfully evi-
denced by CT, FT-IR and CP-MAS "*C-NMR
analyses.

Chemical modification of cellulose can decrease
its crystallinity (Sassi and Chanzy 1995) leading to a
possible reduction of its reinforcing potential in
composites with polymers. The effect of the mechan-
ical and chemical treatments on the crystallinity of
the different samples was analyzed by X-ray diffrac-
tion (Fig. 4a). The diffractogram of the untreated
RBP shows reflections of the cellulose lattice planes
appearing at 20 angles between 13° and 17° (110 and
110), 22.3° (020) and 34.5° (004) (Sassi and Chanzy
1995). The crystallinity y. of the samples was
estimated by using Eq. 1 (Segal et al. 1959) with
Iyoo being the intensity of the 020 peak (amorphous
and crystalline reflections at 22.3°) and I, being the
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intensity of the minimum between the 020 and 110
peaks (amorphous reflections at 18.5°).

. 10201 Iam. ()
020
This method assumes that the amorphous part of
the cellulose shows equal intensity at both 26 angles,
18.5° and 22.3°, respectively. It also assumes that
there is no portion of crystalline reflection at 18.5°.
The highest value of crystallinity was obtained for
RBP raw with 71%, followed by RBP-m (68%),
RBP-mc (65%), RBP-c (63%) and RBP-cm (49%).
As it can be observed, samples from route 1 (RBP-m
and RBP-mc) showed very similar crystallinity
values, implying that the crystalline structure was
not significantly affected. However, samples from
route 2 (RBP-c and RBP-cm), presented a more
pronounced reduction in crystallinity. Consequently,
mechanical disintegration had a stronger effect on
crystallinity when the cellulose was carboxymethy-
lated first. Apparently, the presence of the carboxyl-
ate groups makes the mechanical isolation more
efficient, as not only amorphous parts but also
crystalline domains are affected by the treatment.
Increased efficiency for isolation of fibrillated mate-
rial can be explained by ionic repulsion between the
carboxylate groups of the single cellulose chains
(Wagberg et al. 2008). Lower forces would therefore
be sufficient to isolate the nanofibrillated material.
Another cause for reduction of the NFC reinforc-
ing potential can be thermal degradation of NFC
during compounding with polymers at high temper-
atures, i.e. by extrusion. Therefore, the thermal
stability of the RBP samples was evaluated by TGA
in dry gas nitrogen (Fig. 4b). As it can be observed,
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Fig. 4 a XRD
diffractograms, b TGA
spectra and ¢ DTG spectra
of treated and untreated
RBP
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the onset temperature of cellulose degradation was
around 250 °C for the untreated RBP (top graph,
weight loss curve) with a sharp degradation peak at
345 °C in the DTG (Fig. 4c, weight loss rate curve) at
a heating rate of 20 °C/min. During the thermal
degradation process, cellulose is converted into
volatiles, tars and charcoal (Shafizadeh and McGinnis
1971). Mechanical disintegration of RBP (RBP-m)
did not lead to significant changes in the character-
istic degradation temperatures. However, chemical
modification of the RBP (i.e. RBP-mc, RBP-c and
RBP-cm) led to a decrease of both the onset
degradation temperature and the degradation peak
to 200 and 300 °C, respectively. Consequently, car-
boxymethylation clearly reduced the thermal stability
of the studied products. This finding is in agreement
with the results obtained from thermal degradation of
TEMPO-mediated, oxidized cellulose (Fukuzumi
et al. 2009) and of partially carboxymethylated
cellulose (Lourdes-Leza et al. 1989).

The ability of the samples to form stable suspen-
sions or gels in water was evaluated by qualitatively
analyzing the sedimentation rate of the suspensions.
Figure 5 shows testing tubes with 0.2% w/w (left
series) and 1.0% w/w (right series) concentrations of
redispersed RBP samples in water. After transferring
the suspensions into the testing tubes, photo-
graphs were taken at O min, 15 min, 1 h and 20 h.
At 0.2% concentration, complete sedimentation of
the untreated RBP and the RBP-m occurred within
15 min and 1h, respectively. In contrast, the

40 100 200 300 400 500 600
temperature [°C]

suspensions of the carboxymethylated RBP suspen-
sions (RBP-mc, RBP-c and RBP-cm) were stable for
at least 1 h, with the RBP-cm being stable for the

RBP-cm
RBP-mc
RBP-cm

Qo
&
o
m
o

RBP
RBP-m
RBP-c
RBP
RBP-m
RBP-c

Fig. 5 Time-dependent sedimentation experiments of treated
and untreated RBP in concentrations of 0.2 and 1.0%
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whole studied period of time (i.e. 20 h). It should be
noted that the stability of a carboxymethylated NFC
suspension is susceptible to its pH and salt concen-
tration (Wagberg et al. 2008). At 1.0% concentration,
differences in the sedimentation behavior of the
different RBP suspensions were more difficult to
observe. However, differences in transparency of the
suspensions became more distinct. Samples from
route 1 (RBP-m and RBP-mc) formed a white
suspension, whereas samples from route 2 (RBP-c
and RBP-cm) were more transparent. The transpar-
ency of RBP-cm indicates that the dimensions of a
major part of cellulose particles in the suspension
were below the limit for light-scattering. This was

verified by SEM characterization of the redi-
spersed suspensions after freeze-drying (Fig. 6). The
untreated RBP (a) formed large aggregates which
were not dispersed in the suspension. This is in
agreement with the much faster sedimentation rate of
the RBP suspension compared to the other samples.
RBP-m (b) did also form some aggregates, although
they were smaller and some fibrils with diameters
below the micrometer range remained isolated.
Carboxymethylation of this sample (RBP-mc) did
not lead to significant changes in the morphology of
the freeze-dried cellulose. In contrast, RBP-c (d)
formed a network of cellulose fibrils with overall
diameters below 1 micron. The SEM image of

Fig. 6 SEM-images of water-redispersed and freeze-dried RBP samples at a magnification of x5000, a RBP, b RBP-m, ¢ RBP-mc,

d RBP-c and e RBP-cm
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Fig. 7 a Appearance of treated RBP aqueous suspensions at
0.2% w/w compared with b the covered range of DS of
carboxymethylated and mechanically disintegrated cellulose
and the “preferred values” of DS, reported in patents

freeze-dried RBP-cm (e) showed a coherent system
of cellulose nanofibrils, with overall diameters below
100 nm. The samples from route 2 (RBP-c and RBP-
cm) showed clearly less agglomeration of the fibrils,
which also were lower in diameter, compared to those
of route 1 (RBP-m and RBP-mc). This also accounts
for the increased stability of the suspensions from this
route, as presented above.

Fig. 8 Photographs of
water-redispersed, treated
RBP with various DS, at
concentrations of 0.2 and
1.0% after 20 h

The appearance of the redispersed CMC aqueous
suspensions with respect to their DS is shown in
Fig. 7a. A series of seven samples with varying DS
was prepared for each carboxymethylated product
(RBP-mc, RBP-c and RBP-cm). The various DS of
the prepared powders are indicated by empty circles.
The powders were dispersed in water at concentra-
tions of 0.2% w/w and 1.0% w/w (data for 1.0% w/w
not shown) and photographs were taken of the
suspensions after 20 h (Fig. 8). The suspensions were
then categorized into three classes, i.e. solutions
(white), stable suspensions or gels (light grey) and
suspensions showing partial sedimentation (dark
grey). The suspensions with a concentration of
1.0% w/w were stable for the whole time range and
no phase-separation or sedimentation was observed.
However, at lower concentration (0.2% w/w), the
differences between the samples became more evi-
dent: At low DS (between 0.05 and 0.09 for RBP-mc,
0.03 and 0.12 for RBP-c and 0.02 and 0.04 for RBP-
cm) the translucent suspensions showed opaque,
white sediments which were more pronounced in
the RBP-c series. This partial sedimentation can be
explained by local hornification due to the inhomo-
geneous substitution pattern at low substituted car-
boxymethyl celluloses (Walecka 1956). It is worth to
note that pre-mechanical carboxymethylation (RBP-
cm, route 2) seems to clearly reduce the level below
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which hornification occurs. Also, it was reported that
carboxymethylated, bleached sulfate pulp shows
hornification below a DS of around 0.05 (Lindstréom
and Carlsson 1982). At higher DS (between 0.15 and
0.17 for RBP-mc and 0.08 and 0.22 for RBP-cm) the
suspensions were stable and almost transparent. Only
the suspensions of RBP-c (between 0.13 and 0.24)
showed some translucent sediments. Still, these
suspensions were qualified as stable because of the
small volumes and translucence of the sediments.
Interestingly, the threshold DS above which the
powders formed a solution were reduced for both
products of the two routes. Pre-mechanical (RBP-cm,
route 2) and post-mechanical (RBP-mc, route 1)
carboxymethylation led to products which were
soluble in water above a DS of 0.2 and 0.22,
respectively. RBP-c was soluble above a DS of 0.27
which is close to the reported value of 0.3 Walecka
(1956). Figure 7b shows the range of DS values
covered for the preparation of redispersible carbo-
xymethylated cellulose nanofibrils (light grey,
striped) reported in patents (Excoffier et al. 1999;
Cash et al. 2003 and Bahia 1995). In addition, the
“preferred values” of DS indicated in the patents are
highlighted (dark grey, striped). The experimentally
determined range of DS to yield stable suspensions of
water-redispersible, nanofibrillated cellulose in pow-
der form coincides with the preferred values from the
references.

Conclusions

Water-redispersible, nanofibrillated cellulose in pow-
der form was prepared from refined, bleached beech
pulp (RBP) by carboxymethylation (c) and mechan-
ical disintegration (m). Two routes were examined,
leading to four different products. In route 1, the RBP
was mechanically disintegrated (RBP-m), followed
by carboxymethylation (RBP-mc) with a DS of 0.09.
In route 2, the sequence of the chemical and
mechanical treatment was reversed, leading to the
RBP-c and RBP-cm products with a DS of 0.13 and
0.14, respectively.

FT-IR and CP-MAS ">C-NMR spectroscopy
proved the occurrence of the carboxymethylation
reaction of the RBP-mc, RBP-c and RBP-cm prod-
ucts with the appearance of characteristic signals for
the carboxylate group at 1,595 cm™' and 180 ppm,

@ Springer

respectively. Also, mechanical disintegration of the
RBP (RBP-m) did not lead to a change in chemical
structure since the FT-IR and the '*C solid state NMR
spectra were identical.

XRD experiments showed a loss of crystallinity
for the carboxymethylated samples, and this effect
was especially pronounced for the products of route
2. Mechanical disintegration of the untreated RBP
material did not significantly alter the crystalline
structure. Also, TGA experiments evidenced a dra-
matic decrease in thermal stability of the carboxyme-
thylated samples, since the onset temperature of the
cellulose degradation dropped from 300 to 200 °C.
This will limit the use of the final RBP products in
nanocomposites to those biopolymers that do not
require processing temperatures above 200 °C during
extrusion.

On the other hand, SEM and sedimentation tests
confirmed that carboxymethylation was essential to
obtain water-redispersible powders, capable of form-
ing stable suspensions. Specifically, samples that
were first carboxymethylated (those from route 2)
formed a more transparent suspension in water and
showed a more homogeneous network with overall
diameters below 1 pum (RBP-c and RBP-cm).
Mechanical disintegration of the RBP (RBP-m)
improved dispersibility in water compared to the
untreated RBP but it was not very stable as it phase-
separated with time.

These results demonstrate that the water-redispers-
ible RBP powders obtained in this work are an
attractive alternative to the conventional nanofibrillat-
ed cellulose aqueous suspensions as starting material
for the synthesis of novel cellulose nanocomposites.
The powdered chemically modified RBP would not
only allow reducing storage volume and shipping costs
but also they would increase the storage life of the
product against bacterial degradation. Furthermore,
the generated carboxylate groups on the surface of the
derivatized RBP could undergo further chemical
modification (e.g. esterification) to enhance the chem-
ical affinity of the fibrils to a specific non-polar matrix.
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