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Abstract In order to produce dry and hydrophobic
microfibrillated cellulose (MFC) in a simple proce-
dure, its modification with alkyl ketene dimer (AKD)
was performed. For this purpose, MFC was solvent-
exchanged to ethyl acetate and mixed with AKD
dissolved in the same solvent. Curing at 130 °C for
20 h under the catalysis of 1-methylimidazole yielded
a dry powder. Scanning electron microscopy of the
powder indicated loss in nanofibrillar structure due to
aggregation, but discrete microfibrillar structures were
still present. Water contact angle measurements of
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films produced from modified and unmodified MFC
showed high hydrophobicity after AKD treatment,
which persisted even after extraction with THF for
8 h. The hydrophobized MFC was characterized by
Fourier transform infrared spectroscopy, nuclear
magnetic resonance and X-ray analysis. In summary,
strong indications for the presence of AKD on the
surface of MFC before and after extraction with
solvent were found, but only a very small amount of
covalent B-ketoester linkages between the modifica-
tion agent and cellulose was revealed.
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Introduction

Microfibrillated cellulose (MFC) has been discussed
for many potential applications (Eichhorn et al. 2010;
Dufresne 2012), among which polymer reinforcement
is one of the most obvious. Because of its high strength
and stiffness, high aspect ratio, web-like structure, and
its bio-based and renewable characteristics, MFC has
been widely used in polymer preparation as an
excellent reinforcement material (Fakirov et al.
2008; Iwatake et al. 2008; Lu et al. 2008a, b;
Nakagaito et al. 2009; Wang and Drzal 2012; Miao
and Hamad 2013; Pandey et al. 2013). However, as
demonstrated in a recent comprehensive overview, a
break-through towards bulk use of MFC in polymer
reinforcement has not been realized to date (Lee et al.
2014).

One major limitation to be overcome lies in the
poor surface-chemical compatibility of cellulose with
many widely used fossil-based consumer polymers,
such as polyolefins as well as important biopolymers
from renewable resources such as polylactic acid
(PLA). The pronounced hydrophilicity of MEFC,
caused by the presence of abundant hydroxyl groups,
limits its dispersibility in hydrophobic polymers and
solvents (Yang et al. 2014), and subsequently entails
poor reinforcement efficiency in composites. Chem-
ical surface modification efficiently tackles this prob-
lem (Habibi 2014). Among the many different routes
for surface modification reported, esterification with
acetic anhydride or long chain carboxylic acids
(Rodionova et al. 2010; Lee et al. 2011; Bulota et al.
2012);grafting of polymers (Lonnberg et al. 2008;
Littunen et al. 2011; Missoum et al. 2012);cationiza-
tion (Hasani et al. 2008; Syverud et al. 2010);
silylation (Goussé et al. 2004; Andresen et al. 2006;
Lu et al. 2008a, b), and TEMPO oxidation (Saito et al.
2006; Fukuzumi et al. 2009) are mentioned as
important examples. Even though highly successful
at the laboratory scale, the up-scaling of these wet-
chemical approaches to industrial dimensions, involv-
ing partly pricey reagents and repeated solvent trans-
fers is most probably quite cost-intensive.
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Another significant obstacle for high-volume MFC
application is the fact that MFC cannot be dried
directly from suspension in water by simple evapora-
tion at atmospheric pressure, because this may cause
an irreversible agglomeration, also termed hornifica-
tion, during drying, affecting its unique properties
related to size and nanofibrillar geometry (Spence
et al. 2011; Beck et al. 2012). Preparation of dry
microfibrillated cellulose powder without hornifica-
tion could be of great interest in industrial application.
Freeze-drying represents a potential option, because it
largely preserves the fibrillary structure of MFC
without agglomeration during the drying process
(Peng et al. 2012). Nanocellulose powder was pre-
pared by combining freezing drying and surfactant
treatment, and it was re-dispersed in PLA-chloroform
solution to prepare PLA composites (Petersson et al.
2007). Drying in supercritical CO2 is also a good way
to produce dry NFC, as it keeps the dimensions in nano
size (Peng et al. 2012). However, both of these two
methods are of high cost and impractical to scale up.
By carboxymethylation and mechanical disintegra-
tion, water-redispersible MFC in powder form was
prepared by Eyholzer et al. (2010). Though the MFC
powder maintained its original properties, the car-
boxymethylated sample displayed a loss in crys-
tallinity and a strong decrease in thermal stability.

In summary, the hydrophilicity of MFC greatly
hinders its large-scale application in polymer rein-
forcement, as it limits dispersion and reinforcement
efficiency, and prevents the production of a dry
fibrillary product required for convenient industrial
processing. We propose a novel approach to signifi-
cantly reduce this hurdle for MFC utilization by using
AKD as a modifier. In the paper industry, sizing agents
such as alkyl succinic anhydride (ASA), alkyl ketene
dimer (AKD) and rosin are used to provide a certain
degree of hydrophobicity and printability. These
components are readily available in bulk amounts at
a reasonable price (Song et al. 2012). With regard to
AKD, which consists of two long alkyl chains on a
four-membered heterocycle, several studies concern-
ing modification of cellulose can be found in literature
(Takihara et al. 2007; Yoshida and Isogai 2007; Song
et al. 2012; Yoshida et al. 2012; Yoshida and Isogai
2012). All results indicate that AKD may react with
free hydroxyl groups to form B-ketoester linkages,
endowing cellulose with good hydrophobicity
(Fig. 1). At the same time, also adsorbed AKD, which
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is not covalently bonded to the cellulose matrix, may
impart the same properties after thermal curing.
Typically, the procedures reported involved cellulose
dissolved in a lithium chloride/1, 3-dimethyl-2-imi-
dazolidinone (LiCl/DMI) system, where subsequently
reaction with AKD melt under homogeneous condi-
tion took place. Cellulose fibers were modified
heterogeneously by AKD vapor redeposition (Hutton
and Shen 2005; Zhang et al. 2007) or impregnated
with subcritical and supercritical carbon dioxide
(Hutton and Parker 2009; Russler et al. 2012).
However, these treatment processes are always labo-
rious or result in uneven AKD distribution, which may
limit their suitability for scaling up in industry. In
industrial paper sizing, AKD is usually applied as a
suspension in cationized starch, followed by drying
and curing. This procedure is not applicable to MFC,
where irreversible collapse and hornification result
after drying from water. In the present study, a dry
hydrophobic MFC powder is produced in a simple and
straightforward way from AKD in an organic solvent.

Materials and methods
Materials

Microfibrillated cellulose slurry with 3.5 wt% cellulose
content was supplied by EMPA Zurich Switzerland.
Elemental chlorine-free (ECF) bleached softwood-
based pulp-fibres (Picea abies and Pinus spp.) were
obtained from Stendal (Berlin, Germany) and used as a
raw material for MFC preparation. The pulp was
obtained in wet state and further diluted with water to a
solid content of 2 wt%. After swelling for 24 h,
cellulose fibers were grinded 10 times in a Supermass
Colloider (MKZA10-20 J CE, Masuko Sangyo Co.,
Ltd.). During the process, grinding disks were in close
contact to each other without any clearance (negative
gap). AKD (Fennowax HMP, technical grade) was
obtained from Kemira Chemie GesmbH, Krems,
Austria. Ethyl acetate, 1-methylimidazole (MIm) and

Fig. 1 Reaction
mechanism of AKD and R-CH=C-CH-R

cellulose [
0-C=0

(AKD)

+ HO - Cellulose

other regents or solvents were of laboratory grade
supplied by Carl Roth, Austria.

Surface modification of MFC

MFC was solvent exchanged by ethanol and ethyl
acetate (three times) to remove the water in the MFC
slurry. The solvent exchanged MFC was filtrated
resulting in a content of 12.5 wt%. Different amounts
of AKD (0, 0.5, 1.0, 2.0, 4.0 g) were dissolved in 60 g
of ethyl acetate in glass flasks at a temperature of
60 °C. 40 g of MFC suspension corresponding to
5.0 g dry MFC was added. After adding the catalyst
1-methylimidazole (1 wt% of the solution), the sus-
pensions were homogenized using an Ultra-Turrax
micro-homogenizer for 2 min. Then the mixture were
transferred into glass dishes and heated to 130 °C for
20 h in the oven, resulting in a dry and fluffy MFC
cake. After that the modified MFC cake was milled to
powder by microfine grinder (IKA MF 10 basic). In
the following, the resulting MFC samples are labelled
according to the amount of AKD in g used for the
modification of 5.0 g dry MFC, e.g. MFC 0.0 AKD,
MEFC 0.5 AKD, and so on. For a better overview, the
preparation scheme of AKD modified MFC is given in
Fig. 2.

Microscopy

After modification, the MFC powders treated and
untreated were glued onto aluminum stubs. The
samples were sputter coated with gold and observed
in a Zeiss-LEO SEM in high vacuum mode at an
acceleration voltage of 10 kV. In order to compare the
effect of AKD modification and different drying
regimes on fibril morphology, untreated MFC was
left to air-dry from aqueous suspension and alterna-
tively, a small amount of MFC suspension with
0.05 % (w/w) cellulose content was directly subjected
to sputter coating without prior drying, i.e. drying was
one in the sputter coating apparatus.

(o) (o]
130 °C,24h [ ]
» R-CH,-C-CH-C-O - Cellulose
1-Methylimidazole lll

(B-ketoester)
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Solvent exchange 3 x
ethanol, 3 x ethyl acetate

I 60 g Ethyl acetate + 0.0g, !

40 g MFC + Ethyl acetate |
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Homogenisation

l

Drying at 130 °C, 20 h
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Fig. 2 Schematic representation of MFC modification with AKD

Contact angle measurement

Treated and untreated MFC powder was compressed
in order to obtain a pellet with a smooth surface.
Contact angles of sessile drops of deionized water
(volume 3 pl) on the pellet surface were measured
using a self-built contact angle measurement device
operated with Drop Shape Analysis (DSA) for Win-
dows 1.90 software (KR_SS Optronic, Hamburg,
Germany). Five measurements were done for each
sample. Measurements were taken for 120 s at 1 s
intervals starting 1 s after drop placement on the pellet
surface.

Attenuated total reflection infrared spectroscopy
(ATR-IR)

IR spectra were recorded with a Perkin Elmer FT-IR
Spectrometer Frontier equipped with a Universal ATR
Sampling Accessory. Each sample was scanned in
quadruplicate from 650 to 4000 cm ™' with a resolu-
tion of 4 cm ™! for 32 times.

13C CP-MAS solid-state NMR spectroscopy

Solid-state NMR spectra were obtained on a Bruker
Avance III HD 400 spectrometer (resonance fre-
quency of '°C of 100.61 MHz), equipped with a4 mm
dual broadband cross-polarization magic angle spin-
ning (CPMAS) probe. '*C spectra were acquired with
the total sideband suppression (TOSS) sequence at
ambient temperature with a spinning rate of 5 kHz, a
cross-polarization (CP) contact time of 2 ms, a recycle
delay of 2's, SPINAL-64 'H decoupling and an
acquisition time of 43 ms. Chemical shifts were
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referenced externally against the carbonyl signal of
glycine at 6 = 176.03 ppm.

X-ray analysis

X-ray powder diffractograms were obtained with a
Rigaku SmartLab 5-Axis X-ray diffractometer using
glass capillaries.

Results and discussion

The morphology of MFC was studied by SEM
imaging before and after treatment. The morphology
of the raw material used for study prepared for SEM
according to Ho et al. (2011) is shown in Fig. 3a. Long
and thin fibrils with diameters <100 nm dominate and
larger aggregations, presumably resulting from drying
in the sputter coater, are infrequent. When the raw
MEFC was left to dry directly from aqueous suspension,
a solid cellulose film formed, and MFC almost
completely aggregated according to well-known phe-
nomena observed for cellulose nanopapers (Fig. 3b).
The solvent-exchange and AKD-modification of
MEC, as described in the present paper resulted in a
dry and fluffy powder. Figure 3c, d reveal fibrillary
morphology with diameters from 100 to 800 nm for
MFC dried from ethyl acetate, i.e. in the micron- rather
than in the nanometer range, when one assumes a
diameter threshold of 100 nm separating nanofibrils
from microfibrils. No significant differences in fibril
morphology were observed for the MFC types with-
and without AKD treatment shown in Fig. 3c, d,
respectively.
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Fig. 3 SEM images of different MFC materials, a untreated MFC, b untreated MFC film air-dried from aqueous suspension, ¢ solvent-
exchanged and 130 °C-dried MFC (MFC 0.0 AKD), d solvent-exchanged and AKD treated 130 °C-dried MFC (MFC 1.0 AKD)

The contact angles of water on the surface of
compressed pellets of MFC confirmed very significant
hydrophobization due to AKD modification (Fig. 4).
All modified variants showed values > 100° (Fig. 4a),
and only the variant MFC 0.5 AKD gave a slight
reduction in contact angle during the two minutes
measurement time, indicating slight penetration of
water into the MFC pellets. It should be stressed here
that the pellets measured were not entirely compacted,
but still porous, as confirmed by the instantaneous
wetting of the variant MFC 0.0 AKD. The hydropho-
bization effect demonstrated here is in good agreement
with- or even surpasses the values of earlier studies
(Jonoobi et al. 2009; Yoshida et al. 2012; Missoum
et al. 2013). The highest value of 140° for MFC 4.0
AKD even attains almost superhydrophobic character,
which begins at a water-contact angle of 150° (Sousa
and Mano 2013). As suggested by Song and Yang
(Song et al. 2012; Yang et al. 2014) the greatly

(a) 160
140
z 120
Py ]
S 100 S
% 4
|
% ]
g 60+ —=— MFC 0.0 AKD
1 —+— MFC 0.5 AKD
© 40 —— MFC 1.0 AKD
1 —+— MFC 2.0 AKD
20 —+— MFC 4.0 AKD
0 T T M T T T M T T T M
0 20 40 60 80 100 120

Time (s)

increased hydrophobicity of AKD-modified MFC may
be due to the introduction of long alkyl chains of AKD
on the cellulose surfaces via ketoester linkages
(Fig. 1). In order to confirm stable anchoring of alkyl
chains on the cellulose surface, contact angle mea-
surements were repeated for four variants after solvent
extraction with THF (Fig. 4b). Clearly, even after
Soxhlet extraction for 8 h in THF, which easily
dissolves unreacted AKD, the contact angles of MFC
1.0 AKD, MFC 2.0 AKD, and MFC 4.0 AKD
remained at very high values and was only slightly
reduced compared to the first measurement prior to
extraction. Only the most gently modified variant
MEFC 0.5 AKD experienced a clear loss in hydropho-
bisation. The observation of persistent hydrophobisa-
tion in the majority of variants does not necessarily
prove the formation of covalent linkages, although the
apparent stability of AKD anchoring on the cellulose
surface strongly points into this direction.

(b)160
140
120 -
<
o 100-
E
£ 80
it
£ 60
e —-— MFC 0.5 AKD
o 404 —«— MFC 1.0 AKD
o —+ MFC 2.0 AKD
20 —— MFC 4.0 AKD
0 T T T T T T T T T T T
0 20 40 60 80 100 120

Time (s)

Fig. 4 Contact angles of untreated and treated MFC pellets a before and b after extraction with THF

@ Springer



1194

Cellulose (2016) 23:1189-1197

The infrared spectra of different MFC-AKD vari-
ants demonstrate the presence of both unreacted and
reacted AKD on the surface of cellulose (Fig. 5a). The
spectrum of commercial AKD shows two strong bands
at 2920 and 2850 cm ™" due to stretching vibration of
C-H in methylene and methyl groups. Another inten-
sive peak at 1465 cm™! is due to -CH,- bending. The
bands at 1848 and 1721 cm ™' are the stretching peaks
of the enol and carbonyl group in the lactone ring,
respectively (Zhang et al. 2007; Seo et al. 2008). These
bands are no longer apparent in AKD-modified MFC,
indicating structural changes of AKD during MFC
modification. The FT-IR spectra of AKD-modified
MFC show two absorption bands at 1735 and
1710 cm ™" indicating that AKD has reacted with
MEFC hydroxyl groups forming the corresponding

Ty Ny

A~ AN

T M B
o M M
o M
c N H ;
® — . . — : :
-E 3600 3400 3200 30 2800 1800 1600 1400 1200
[}
0
Qo
<

[MFC 2.0 AKD

MFC 0.5 AKD

MFC 0.0 AKD

i ————
4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm™)

(b)

' [Nl
T T T T T T T T T
3600 3400 3200 3000 2800 1800 1600 1400 1200

Absorbance

Extracted MEC4.0 AKD

4000 36I00 32'00 28I00 24'00 20I00 16IOO 12I00 860
Wavenumber (cm™)
Fig. 5 ATR-IR spectra of MFC samples with different AKD

treatments (a) and of the variant MFC 4.0 AKD prior-to and
after extraction with THF (b)
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B-keto ester. These absorption bands, which increase
in intensity with increasing amounts of AKD involved
in the modification procedure, prove the ring opening
of AKD and are indicative of covalent bonding with
the cellulose surface (Song et al. 2012). In parallel,
absorption bands at 1467 and 720 cm™' associated
with -CH- stretching and deformation vibrations of
alkyl chains (Yoshida et al. 2005; Zhang et al. 2007),
also appear and increase in intensity with increasing
amount of AKD. These changes in the infrared spectra
of MFC indicate that AKD was consumed during the
reaction and at least partly bonded covalently via by
esterification. As mentioned above (Fig. 5b), for the
MFC 4.0 AKD variant prior to- and after extraction
with THF, characteristic absorption bands persist after
extraction, albeit at diminished intensity. It may thus
be concluded that not covalently attached AKD is
removed by THF extraction, whereas significant
hydrophobization still persists due to the alkyl chains
of covalently linked AKD on the cellulose surface.
The dried samples AKD, pure MFC, MFC 1.0
AKD, MFC 2.0 AKD, and MFC 4.0 AKD were further
characterized by high resolution solid state NMR to
assess potential reaction between cellulose and AKD.
The peaks of the anhydrosugar unit of cellulose are
assigned as shown in Fig. 6, 105 ppm for ClI,
88.9 ppm for Cdqye, 83 ppm  for
79-68 ppm region for C2, C3, C5, 65 ppm for
Cbcryst- and 62.5 ppm for C6,p0rph- The intensity ratio
of Cl¢rysi/Clamorph indicated that MFC still has high
crystallinity after hydrophobization. The chemical
shifts at 14.3 ppm and 30.3 ppm are assigned to
methyl and methylene groups of AKD, respectively.
13C CP/MAS NMR of three hydrophobized products
qualitatively shows a low degree of substitution
(~ 0.02). The broad peak around 170-175 ppm, only
slightly visible in the MFC 4.0 AKD sample with the
highest AKD load, corresponds to the ester carbonyl in
AKD and is indicative of both a covalent linkage and
different environments of the bound ester groups.
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. As shown in Fig. 6,
NMR hints at persistent crystallinity also after AKD
treatment of MFC. The X-ray diffractograms shown in
Fig. 7 do not provide any contrary indication, but a
detailed analysis of cellulose crystallinity in the case
of MFC-AKD mixtures is difficult. Unreacted dry

C4amorph,
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Fig. 6 CP/MAS "*C-NMR d
spectra of AKD, pure MFC, R ¢ o CH,
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Fig. 7 XRD of MFC samples with different treatments

AKD is highly crystalline and shows a characteristic
diffraction pattern with strong diffraction peaks.
Similarly, untreated MFC shows the well-known
diffraction pattern of cellulose I, with the most intense
diffraction peak originating from the cellulose I (200)
crystal plane. Upon hydrophobization with AKD, the
diffraction pattern changes significantly. Close inspec-
tion reveals a small shoulder at a diffraction angle of
21.5°, which is very slight in MFC 0.5 AKD and MFC
1.0 AKD, but turns into a clear peak in MFC 2.0 AKD

and MFC 4.0 AKD, respectively. The diffraction peak
may be attributed to the presence of solid unreacted
AKD on the surface of MFC, which is confirmed by
the fact that this peak completely disappears after
extraction with THF. In fact, the diffraction pattern of
extracted MFC 4.0 AKD is identical with the diffrac-
tion pattern of untreated MFC. This indicates that
unreacted material is largely removed upon extraction
with THF. AKD-treated MFC shows overlapping
diffraction peaks of both cellulose and AKD, which is
the reason why crystallinity cannot be easily esti-
mated, e.g. according to the method of Segal et al.
(1959). Tentatively, the height of the cellulose 004
diffraction peak at 34° was examined, since AKD does
not exhibit diffraction in this region, but no indication
of changes in crystallinity was found. A detailed
analysis of the MFC 4.0 AKD sample prior-to and
after extraction of unreacted AKD confirms the first
impression of no significant effect of AKD modifica-
tion on MFC crystallinity. Using the peak height
method of Segal et al. (1959), an crystallinity index of
0.60 £ 0.018 is obtained for MFC 0.0 AKD compared
to 0.59 + 0.018 for extracted MFC 4.0 AKD. The
preservation of cellulose crystallinity may be inter-
preted indicative of AKD only reacting with the
surface of MFC and not being detrimental to the
cellulose crystal structure.
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Conclusion

The results shown above demonstrate that highly
hydrophobic MFC powder can be obtained in a simple
procedure using the common paper sizing agent AKD.
Since only small amounts of AKD are covalently
bonded to the cellulose surface, hydrophobicity is
mostly imparted by physically adsorbed sizing agent.
While a clear loss in nano-scale morphology presents
an important disadvantage of the method, fibrillary—
as opposed to particulate as obtained in spray drying—
structure paired with hydrophobicity and availability
in dry powder form present attractive features with
regard to applications such as polymer reinforcement.
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