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Abstract This work describes the partial oxypro-
pylation of filter paper cellulose fibers, employing
two different basic catalyst, viz., potassium hydro-
xide and 1,4-diazabicyclo [2.2.2] octane, to activate
the hydroxyl groups of the polysaccharide and thus
provide the anionic initiation sites for the “grafting-
from” polymerization of propylene oxide. The suc-
cess of this chemical modification was assessed by
FTIR spectroscopy, X-ray diffraction, scanning elec-
tron microscopy, differential scanning calorimetry,
thermogravimetric analysis and contact angle mea-
surements. The study of the role of the catalyst
employed on the extent of the modification and on the
mechanical properties of the ensuing composites,
after hot pressing, showed that both the Brgnsted and
the Lewis base gave satisfactory results, without any
marked difference.
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Introduction

In recent years, numerous studies about the prepara-
tion and properties of composite materials reinforced
with cellulose fibers have been carried out and
comprehensive reviews published (Belgacem and
Gandini 2005, 2008a, b; Dufresne 2008). Compared
with glass or carbon fibers used conventionally,
cellulose fibers, which are renewable resources, have
several other advantages including low density,
ubiquitous availability (albeit from different vegeta-
ble species) recyclability, and low cost, while
preserving good mechanical properties. Most of the
investigations carried out in recent years have
concentrated on the surface physical or chemical
modification of these fibers in order to optimize their
interfacial behavior with different macromolecular
matrices (polyolefins, polyesters, etc.), i.e., to obtain
composites with the best mechanical performance.
A different and perhaps more original strategy to
exploit these fibers has consisted in preparing com-
posite materials entirely derived from them, whether
through mixtures of cellulose fibers within a cellulose
matrix (Gindl and Keckes 2005, 2007; Nishino et al.
2004; Nishino and Arimoto 2007; Pommet et al.
2008; Qin et al. 2008; Soykeabkaew et al. 2008), or
through the generation of a thermoplastic cellulose
shell which can be turned into a matrix by hot
pressing, while the pristine inner core of the fibers is
retained to function as the reinforcing element
(Mutsumura et al. 2000; Mutsumura and Glasser
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2000; Lu et al. 2003, 2004a, b; Zhang et al. 2005;
Gandini et al. 2005; Freire et al. 2006, 2008; de
Menezes et al. 2007).

We tackled this second approach through the
partial oxypropylation of the fibers and reported
succinctly on the preliminary successful results
(Gandini et al. 2005). This investigation has now
progressed qualitatively and quantitatively and we
wish to report here the results related to the role of the
oxypropylation catalyst on the performance of the
systems. The influence of the nature of both natural
and regenerated cellulose fibers on this process has
been reported elsewhere (de Menezes et al. 2008).

Experimental
Oxypropylation process

The cellulose substrate used in this work was Filter
Paper (FP) (Hexis). The procedure for its partial
oxypropylation consisted in impregnating ~2 g of
FP with an ethanol/catalyst solution [(catalyst)/(cel-
lulose OH) ~0.1] which was then left for ~12 h
before evaporating the ethanol. The basic catalysts
used were a Brgnsted base, KOH, and a Lewis base,
1,4-diazabicyclo [2.2.2] octane (DABCO). There-
after, the thus activated cellulose was soaked with
commercial propylene oxide (PO, ACROS) under
nitrogen in a 100 mL stainless steel autoclave. The
variables explored in these reactions were the catalyst
employed and the [PO]/[cellulose OH] molar ratio,
viz. 1, 3 and 5, and the corresponding oxypropylated
samples were identified as PO1, PO3 and POS. The
quantity of PO and cellulose employed in the
experiments were calculated considering that cellu-
lose is composed of anhydrous glucose units, whose
molar weight is 162 g mol ™', and that each unit bears
three hydroxyl groups.

The closed autoclave, equipped with a manometer,
a calibrated temperature measuring thermocouple and
a controlled heating system, was then heated to the
desired temperature (135 °C), while monitoring the
corresponding pressure increase. In some systems,
the onset of the oxypropylation reaction was revealed
by an increase in both temperature and pressure,
because the exothermic character of the PO poly-
merization was initially more important than the
depletion of the gaseous monomer, and its final stage
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was associated with the system returning to atmo-
spheric pressure, indicating the total consumption of
PO. Since in some instances the reaction was too
slow to generate a detectable temperature increase,
the reaction time became the relevant parameter in
terms of the extent of PO conversion.

At the end of all the reaction, the autoclave was
allowed to return to room temperature before opening
it and removing the ensuing materials which were
then submitted to a soxhlet extraction with n-hexane
in order to remove the PO homopolymer (PPO)
accompanying the oxypropylated fibers (Pavier and
Gandini 2000). This operation was carried out with
the specific purpose of assessing the behavior of the
different systems tested in terms of relative contri-
bution of both reactions, but was not necessary in the
context of the actual use of the composites, since we
found that modest amounts of PPO did not modify
their basic features.

The materials obtained were characterized by
weight gain, content of PO homopolymer, and the
additional techniques described below.

Fourier transformed infrared (FTIR) spectra were
recorded in KBr pellets (1:100 w/w) with a BOMEN-
MB102 spectrometer.

X-ray diffraction (XRD) diffractograms were
recorded with a Carl-Zeis-Jena—UDRG6 diffractometer.
The scattered radiation was detected in the angular
range of 5-40° (20) at a speed of 2° min~'. The
crystallinity index (CI) was estimated by the height
ratio between the diffraction peaks in Icg (20 =
22-23° for cellulose type I and 260 = 18-22° for
cellulose type II) for the crystalline phase, and Iy
(20 = 18-19° for cellulose type I and 20 = 13-15°
for cellulose type II) for the amorphous counterpart.
This approach was utilized considering two-phase
models for these materials (Hermans and Weidinger
1948, 1949, 1951; Thygesen et al. 2005), using the
standard relationship

CI = [(ICR — IAM)/ICR] X 100

Differential scanning calorimetry (DSC) thermo-
grams were obtained in a nitrogen atmosphere using a
Shimadzu-TA-50WSI analyzer at a scanning rate of
10 °C min~" between —100 and 180 °C.

Thermogravimetric Analyses (TGA) were con-
ducted in a nitrogen atmosphere with a Shimadzu-
TA-50 analyzer, working in the temperature range of
25-1,000 °C and a heating rate of 20 °C min~!.
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Contact angle measurements were carried out with
an OCA-Dataphysics Contact Angle System using
four liquids of very different polarity, viz. water,
ethylene glycol, formamide, and diiodomethane. The
dispersive and polar contributions to the surface
energy of each tested sample were obtained using the
approach proposed by Owens and Wendt (1969).

Scanning electron microscopy (SEM) images were
obtained with a Leo Scanning Electron Microscope.

Mechanical tests of the hot pressed films (3 min at
135 °C and a pressure of 5 T) were performed using a
DMA 2,980—TA instrument. For stress—strain mea-
surements the following conditions were applied: pre-
load force 0.5 N and stretching rate 0.5 N min~".
Typical samples dimensions were ~0.15 x 10 x
5 mm (thickness x length x width).

Results and discussion

As expected, all the products extracted with n-hexane
displayed the typical FTIR, DSC and 'H NMR
features of polypropylene oxide macrodiols (data no
reported here). Figure 1 shows the FTIR spectra of
the materials before (FP) and after the oxypropylation
with [PO]/[cellulose OH] molar ratios 1, 3 and 5
(FPPOI1, FPPO3 and FPPOS), catalyzed by each base,
and after the removal of the PO homopolymer. The
relevant features that can be observed are the overall
absorption increase in the aliphatic CH stretching
region (2,800-3,000 cm™ "), with the appearance of a
new peak around 2,970 cmfl, associated with the
methyl groups of the grafted propylene oxide units;
the increase and shift of absorption in the C-O
stretching region (1,000-1,100 cm_l), associated
with the ether moieties borne by those units, and
the new peak at 1,380 cm_l, which confirmed the
presence of the CHjz groups. As expected, these
features were the more pronounced, the higher the
[PO]J/[cellulose OH] molar ratio.

Table 1 gives the weight gains for all the oxypro-
pylated and extracted samples. The nature of the
basic catalyst used did not influence this parameter,
suggesting that both displayed a similar activity.

Figure 2 shows the X-ray diffractograms of all the
modified fibers compared with that of the pristine
filter paper. The calculated values of the crystallinity
index (CI) are given in Table 1. The changes in the
X-ray pattern subsequent to the oxypropylation
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Fig. 1 FTIR spectra (KBr pellets) of cellulose samples before
a FP, and after oxypropylation; b FPPO1; ¢ FPPO3 and; d
FPPOS, in the presence of either catalyst. All samples were
submitted to a pre-extraction of the PO homopolymer with
n-hexane

reaction were attributed to the transformation of the
portion of the original cellulose to the corresponding
amorphous oxypropylated derivative. The use of
KOH in conjunction with the highest [PO]/[cellulose
OH] molar ratio, POS5, was found to be too aggressive
in terms of this transformation. In all other experi-
ments, it appears that the amorphous microphases of
the initial cellulose fibers were predominantly respon-
sible for the oxypropylation, given the negligible-to-
small decrease in CI. The question of the preferential
sites of oxypropylation deserves some comments.
Two factors are relevant here, viz. on the one hand,
the well known preferential reactivity of the cellulose
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Table 1 Weight gain and crystallinity index (CI) for the FP
cellulose pre-treated with KOH or DABCO versus the [PO]J/
[cellulose OH] molar ratio employed in the oxypropylation

reactions

Sample [POJ/[cellulose OH] Weight  Crystallinity
pre-treatment molar ratio gain (%) index (%)
KOH Unmodified - 85

PO1 56.8 85

PO3 58.7 80

PO5 58.6 25
DABCO Unmodified - 85

PO1 54.1 79

PO3 55.8 76

PO5 614 70

primary hydroxyl groups, and on the other hand, the
fact that the amorphous microphases (cellulose II) of
this substrate are obviously more prone to be modified
than their crystalline counterparts (cellulose I), as
clearly shown by the X-ray patterns (Fig. 2) and the
corresponding variations in the CI values.

The thermal stability of the cellulose samples
before and after the different reactions is shown in
Fig. 3. The first mass loss, observed from room
temperature to 130 °C, reflected the typical residual

moisture evaporation. The actual thermal decompo-
sition temperatures was taken as that following, 2%
weight loss (Table 2). These results showed a
decrease in these temperatures associated with all
the oxypropylation reactions, but with erratic varia-
tions in the actual extent of this thermal fragilization.
This issue is not readily explained and is being
pursued further.

The DSC thermograms of all the materials are
shown in Fig. 4. Apart from the expected absence of
a Tg feature for the pristine filter paper, all the other
samples gave values comprised between —55 and
—45 °C, compared with the Tg of the isolated PPO
which was about —60 °C. This behavior was already
observed with different polysaccharides grafted with
PPO chains (Schoenenberger et al. 1995; Velazquez-
Morales et al. 1998; Gandini et al. 2005; de Menezes
et al. 2007, 2008) and has been interpreted as
reflecting the glass transition of the appended poly-
ether chains (i.e., somewhat less mobile than free
ones), without any substantial contribution from the
polysaccharide trunk macromolecules.

The surface energy (ys) values, calculated from the
contact angle measurements with the four test liquids,
are shown in Table 3. The decrease in polar contri-
bution (7§) was systematic, reflecting the presence of

Fig. 2 X-ray diffraction
patterns of cellulose
samples before a FP, and
after oxypropylation;

b FPPOI; ¢ FPPO3 and;

d FPPOS, in the presence of
either catalyst. All samples
were submitted to a pre-
extraction of the PO
homopolymer with
n-hexane
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Fig. 3 TGA curves of cellulose samples before a FP, and after
oxypropylation; b FPPO1; ¢ FPPO3 and d FPPOS, in the
presence of either catalyst. All samples were submitted to a
pre-extraction of the PO homopolymer with n-hexane

Table 2 Temperature at 2% weight loss in the degradation of
the different FP cellulose samples

Sample pre-  [POJ/[cellulose OH] Temperature at 2%
treatment molar ratio weight loss (°C)
KOH Unmodified 297

PO1 211

PO3 200

PO5 271
DABCO Unmodified 297

POl 223

PO3 257

PO5 267

the less polar PPO grafts on the samples’ surface, but
was much more marked in the case of samples
oxypropylated in the presence of DABCO. The
corresponding dispersive contributions ($) did not

T T T T T T
Pre-treated with KOH

Heat Flow (arbitrary scale)

T T T T T T T T T T T T
-100 -50 0 50 100 150 200

Temperature (°C)

Pre-treated with DABCO g
)
8
] f
>
1)
©
S
=
o
B
&
; L\/
o
™
= e
©
Q
T
T T T T T T T T T T T T
-100 -50 0 50 100 150 200

Temperature (°C)

Fig. 4 DSC thermograms of a FP; b FPPO1KOH; ¢
FPPO3KOH; d FPPO5KOH; e FPPO1DABCO; f FPPO3DAB
CO; and g FPPOSDABCO. All samples were submitted to a
pre-extraction of the PO homopolymer with n-hexane

Table 3 Surface energies (mJ m72) of the different cellulose
samples calculated from contact angle measurements

Pre-treatment Sample “/g yg Vs

KOH FP 30.8 21.1 51.9
FPPO1 31.9 133 45.2
FPPO3 26.1 17.6 43.7
FPPOS5 5.8 26.5 32.3

DABCO FP 30.8 21.1 51.9
FPPO1 4.5 34.1 38.6
FPPO3 0.1 35.7 358
FPPO5 0.4 31.5 31.9
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Fig. 5 SEM micrographs
(magnification x3,000) of
a FP; b FPPO1KOH;

¢ FPPO3KOH;

d FPPO5KOH;

e FPPO1DABCO;

f FPPO3DABCO; and

g FPPOSDABCO. All
samples were submitted to a
pre-extraction of the PO
homopolymer with
n-hexane

show any consistent variation, as expected for a
polymeric substrate.

The SEM micrographs of the FP cellulose fibers
before and after oxypropylation with both catalysts
(Fig. 5) showed the progressive build-up of a ther-
moplastic sleeve around the fibers, as the [PO]J/
[cellulose OH] molar ratio was increased. Figure 6
displays the typical morphology obtained after hot
pressing these oxypropylated substrate, with clear
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evidence of the thermoplastic matrix formation
around the unmodified inner core of the fibers.

The values obtained in the stress—strain tests are
shown in Table 4. The most relevant features here are
(1) the progressive increase in the elongation at break
as a function of the extent of oxypropylation, and (2)
the corresponding decrease in the elastic modulus,
both associated with the growing contribution of the
thermoplastic component.
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Fig. 6 SEM micrograph (magnification x3,000) of the hot
pressed film (3 min at 135 °C with a pressure of 5 T) from the
FPPO5KOH sample

Table 4 Values of the mechanical properties obtained in the
stress—strain tests carried out on the different cellulose samples

Sample  [POJ/ Tensile Strain to  Elastic

pre- [cellulose strength failure (%) modulus

treatment OH] molar  (MPa) (GPa)
ratio

KOH Unmodified 18.2 £2.0 1.61 £0.2 1.77 £ 0.14

PO1 173 £2.0 1.76 £ 0.2 1.41 £0.21

PO3 187 £ 1.5 270 £ 0.5 1.18 £0.16

PO5 13.1 £ 1.7 3.74 £ 0.5 0.55 &£ 0.07
DABCO Unmodified 182 +£2.0 1.61 0.2 1.77 &+ 0.14

PO1 235 4+£20 3.82+0.2 1.37 £ 041

PO3 245 +2.1 509 +£04 1.21 £0.10

PO5 257 £ 1.8 491 £0.6 1.31 £0.12
Conclusions

This investigation confirmed the interest in preparing
self-reinforced composite materials by the partial
oxypropylation of cellulose fibers through a system-
atic approach involving two different catalysts and a
thorough characterization of the ensuing materials,
including the mechanical properties of their hot
pressed films. It moreover showed that both Brgnsted
and Lewis bases are very efficient catalysts for the
process, although it is premature to assess which of
them is the better activator. The upscaling of the
oxypropylation process does not introduce any diffi-
culty (Pavier 1998) and is economically viable when
applied to cheap substrates, so that the materials
described here are technologically viable. Indeed,

work is in progress in the Aveiro laboratory to build a
pilot equipment to that effect.
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