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ABSTRACT

The present work deals with the realization of composites with a
polypropylene (PP) matrix and cellulosic fibers as reinforcement. In
order to achieve a good adhesion with the PP matrix, the modification
of different cellulosic fibers has been performed with various chemical
functions: carboxylic anhydrides, isocyanates, vinylsulfone, and chloro-
triazine systems. All these compatibilizing agents carry an alkyl chain or
a PP chain. Grafting is evidenced by infrared and ESCA spectroscopies,
and the grafting rates for the different chemicals are determined by
microweighing measurements. Modification of the surface characteris-
tics is followed by wettability tests and inverse gas chromatography.
Determination of the water sorption isotherm for the treated fibers
shows an important decrease in water regain in the case of isocyanate
treatments in swelling medium. Enhancement of adhesion between fibers
and the matrix is demonstrated by mechanical tests: the interfacial shear
stress obtained by the microbond test increases by 70% for cellulosic
fibers treated with maleated PP. This may be the result of entanglements
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between PP chains, but for macrocomposites the effect is much more
limited due to the predominance of external factors during development
of the composite.

INTRODUCTION

Composite systems consist in an association of a matrix and a reinforcement
or filler such as short fibers, continuous fibers, powders, spherical balls, etc. The
result is a synergetic effect on the global mechanical properties of the system. For
instance, spherical balls of elastomer dispersed in a thermoset allow impact damp-
ing. For matrices reinforced with fibers, the stresses applied to the whole composite
are transferred to the fibers, taking advantage of their high modulus. A good
adhesion between matrix and fibers is necessary for this transfer.

These composites are widely used in packaging, construction, transportation,
etc. At the end of their useful lives, these products are concentrated in waste areas
and present environmental problems: storage, only partial combustibility, a source
of pollution, etc. All aspects which were favorable during their period of use (stabil-
ity, resistance, durability) now operate against their destruction.

In the automotive industry, new requirements in economic and environmental
concepts are used in the manufacture of all parts:

Use of cheap and light materials
Use of fewer materials to make the selection of recycling or destruction easier
No production of pollutants by combustion

With these imperatives, a good candidate for a matrix is thermoplastic poly-
propylene due to its low price, its chemical innocuity, and its ease to processing,
but it has to be reinforced with fibers in order to reach the expected mechanical
properties.

For fiber/matrix composites, the man-made fibers generally used are glass,
carbon, steel, polyesters, polyamides, and polyaramides. Some of them have the
very high performances (and are priced accordingly) required. Replacing synthetic
materials by natural ones has many advantages:

The use of renewable and worldwide available products, saving those based on
petroleum
The diminution of pollution because of their biodegradability and combusti-
bility
As for polyesters matrices, glass fibers, which have also been used for the
reinforcement of polypropylene, present many inconveniences. Vegetal fibers with
cellulose as their major component are now being tested to replace glass fibers, and
they may afford many advantages:

A density about half that of glass fibers

No abrasion of the processing machines

As single filaments, their modulus is almost as high as that of aramides
They can withstand the processing temperature of polypropylene (= 200°C)
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Their use in such a new field of applications may also represent a good oppor-
tunity for the enhancement of agricultural by- products

Composites made of cellulosic fibers and polypropylene are 100% combusti-
ble, without the production of noxious gases nor solid residues

But if we look at the chemical formulas of both components (Scheme 1),
there is evidence of a problem in associating hydrophilic cellulosic fibers with a
hydrophobic matrix. The answer to this poor adhesion lies in a chemical treatment
of the fibers with compatibilizing agents. These compounds possess:

A function able to react with the hydroxylic groups of cellulose

A more or less long alkyl chain, even a polypropylene chain, which decreases
the hydrophilicity of the fiber and at the same time makes its surface more
convenient for good adhesion to the matrix.

With these principles in mind, much work has been done in the past 15 years
with different vegetal sources (Table 1). Except for some exotic materials, cellulose
and wood fibers are the most often used.

Cellulosic fibers are located in the wall of cells of different organs: bast fibers
in the stems and stalks (flax, jute, ramie, . . . ), leaf fibers (sisal, banana, . . . ),
and seed fibers (cotton, kapok, . . . ). The raw material containing these fibers has
to be processed to isolate the “pure” fibers from the so-called “natural composite”
where the technical fibers are bound together by pectic cements. Steam explosion
with pretreatment by sodium hydroxide solution allows for the separation of these
fibers by dissolution of the cements [32, 33].

Wood fibers contain mainly cellulose, hemicellulose, and lignin. Paper pulp is
often used because its handling is standardized and gives rise to constant properties
(thermomechanical or chemothermomechanical pulp). These wood fibers are pri-
marily studied in countries where paper pulp is of economical importance (Canada,
Sweden, . . . ).

Cellulosic fibers/polypropylene composites are presently used in the automo-
tive industry for dashboards, rear window shelves, and roof and doors upholstery.

CH,0H
Cellulose HOY o SuOH
M ho CH,0H
OH o 0 CH,0H
HO
oM Q CH,OH
Ho o
oM o o—
OH

Polypropylene
(R =CH3)

SCHEME 1. Structures of cellulose and polypropylene.



14: 42 24 January 2011

Downl oaded At:

1984 JOLY, KOFMAN, AND GAUTHIER

TABLE 1. Composites Made of Vegetal Material
and Thermoplastic

Matrix Vegetal material Literature
Polyethylene (PE) Cellulose 1-3
Wood fibers 4-8
Wood flour 9
Sugar cane bagasse 10
Nut shell flour 11, 12
. Sisal fibers 13, 14
Polypropylene (PP) Cellulose 15, 16
Wood fibers 4,17-20
Wood flour 21-24
Flax or ramie fibers 25,26
PE/PP Jute 27
Polystyrene Wood fibers 28, 29
Polyester Jute 30
Polyepoxide Bamboo cane 31

CHEMICAL TREATMENTS OF CELLULOSIC FIBERS
Materials

The chemical grafting in this work was performed by different compatibilizing
agents bearing different functions (Scheme 2):

Carboxylic anhydrides: maleic anhydride (MA) grafted onto a polypropylene
(PP) chain to give the widely used PP-graft-MAs. Octadecyl succinic anhy-
dride C18-SA is also used as a model compound

Alkyl isocyanates, R—NCO, with small alkyl chains having 3 to 18 carbon
atoms

Two particular systems, both bearing an octadecyl chain, and either a vinyl
sulfone function or a dichlorotriazine ring. These two functions are com-
monly used as binding systems in the synthesis of reactive dyes for the
dyeing of cotton. Their interest lies in the possibility of operating with
textile techniques for ennoblement and in an aqueous medium (solution or
emulsion). The compounds C18-VS and C18-T were synthesized in the
laboratory

Three cellulosic samples were tested:

Macroscopic composites made with flax fibers (Linum usitatissimum)

Pure cellulose powder (Sigma) for modeling chemical reactions

Ramie fiber is specifically suited for microbond tests because it presents a
constant diameter over a great length without defaults

As a matrix, PP with a melt flow index of 40 and M, /M, values of 160,000/
46,000 was used in form of fibers to allow for processing as a textile.
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Anhydrides M&ﬁ} PPgMA
n
o
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Isocyanates R—N=C=0 (R=CaH7-, C8H17-, C18H37-)

Vinyl-Sulphone
CH2=CH-S02-C18H37

C18-VS
Chloro-Triazine o
N
ci8-T CI)*NAO/\/W\/\N\/V\

SCHEME 2. Chemical structures of the compatibilizing agents.

Treatment

Treatment consists of soaking the fibers in a solution or emulsion of the
compatibilizing agent and heating for a few hours. The fibers are then Soxhlet
extracted so that all the molecules of a reagent not chemically linked to the fibers
are eliminated. Swelling of the fiber may occur with some solvents, such as pyridine
for isocyanate treatment.

Characterization

Evidence of the effective bonding of the agent onto the fiber after grafting is
obtained by a quantitative determination of the grafting rates. This is difficult
because of the very low rates, but by using compressed pellets of cellulose fibers and
microweighing measurements we obtained the grafting rates shown in Table 2. The
fibers have to be correctly desorbed of all water and solvent they contain under high
vacuum before all measurements.

Grafting rates in the second column of Table 2 are weight percentages. The
results for three successive treatments with C18-T show the good reproducibility of
the method for the determination of grafting rates. As the different reagents possess
very different molecular weights, the molar percentage of grafting is more signifi-
cant (third column) but is no interest for very large molecules like PP-graft-MA. In
the fourth column the fraction of hydroxyl groups reacted is given:

With nonswelling solvents and macromolecules as grafts (PP-graft-MA), one
OH group out of 19,000 to 45,000 reacts. It is clear that the grafting occurs
only at the surface of the fiber

With pyridine as solvent and small grafts such as isocyanates, one OH group
out of 100 to 250 reacts. Grafting now takes place also in the bulk of the
fiber
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TABLE 2. Grafting Rates on Cellulose Powder

Grafting rates on cellulose powder

Weight Molar 1 OH reacted

Reagents %o %o out of
Isocyanates:
C3-NCO 1.8 3.5 1/86
C8-NCO 1.2 1.2 1/250
C18-NCO 2.2 1.2 1/250
CI18-T:
(1x) 0.19 0.08 1/3750
(2x) 0.38 0.16 1/1875
(3x) 0.55 0.23 1/1300
C18-VS 0.6
C18-SA 0.37 0.17 1/1760
PPgMA.:
Epolene 43 0.30 1/19.000
Hercoprime G 0.52 1/33.000
Hostaprime HCS 0.23 1/45.000

When grafting rates are high enough, the new formed linkages can be visual-
ized by infrared spectroscopy. Figure 1 shows the urethane bond for cellulose
treated with octadecylisocyanate.

ESCA analysis is also suitable for detecting the grafted alkyl chain. Figure 2
shows the deconvolution of the C,, peak for cellulose treated by C18-T into three
contributions. The increase of the peak at 286.5 eV corresponds to the octadecyl
chain grafted on the cellulose fiber by the chlorotriazine ring intermediate. This
allows us to estimate that in the “skin” analyzed by this technique, the reagent
represents 35% by weight.

Control of the thermal stability of these new linkages is also indispensable.
For instance, cellulose and flax fibers treated with octylisocyanate can support
a temperature of 190°C for 1 hour without degradation of the urethane linkage
(Fig. 3).

EFFECTS OF TREATMENT ON THE PROPERTIES OF FIBER

The grafting consists of replacing some hydrogen atoms of the hydroxylic
groups by the function F’ and an alkyl chain (Scheme 3). As these OH groups are
at the origin of the hydrophilicity of the cellulosic fiber, the grafting may be respon-
sible for modification 1) of the hydrophilic character of the fiber’s surface and 2) of
the water sorption in the bulk of the fiber. Both are expected to decrease.
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FIG. 1. IR spectrum of cellulose treated with octadecylisocyanate (C18-NCO).

Surface Modification

For the surface properties, two tests show the relative hydrophobic character
of the treated fibers:

When a water droplet is deposited on a nontreated rayon fabric, it is immedi-
ately absorbed into the filaments. But if the fabric has been treated, the
droplet remains unchanged at the surface for about 20-30 minutes.

For the Takase test [16], cellulosic fibers are shaken in a biphasic mixture of
water and ether. When not treated, the fibers sediment at the bottom of the
tube; when treated, their partial hydrophobic character allows them to
remain at the interface (Fig. 4).
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FIG. 2. [ESCA analysis of cellulose: deconvolution of the C,, peak. (A) Before treat-
ment and (B) after treatment with C18-T.

Another way to characterize this modification is to determine the surface
parameters using inverse gas chromatography [34]. Columns are fitted with treated
or nontreated fibers, and pure probe molecules are injected. Their retention time
after a large number of adsorption/desorption cycles depends on interactions with
active sites at the surface (Fig. 5).

With nonpolar molecules such as alkanes, the technique gives the dispersive
component of surface energy v5. Treatment by C18-T increases v5, which is ex-
plained by better hydrocarbon/alkyl chain interaction (Fig. 6A).

With polar molecules which have a basic character, like tetrahydrofuran, the
technique gives the specific component of free energy of adsorption AG,,. Here, the
same treatment decreases AG,, due to the disappearance of some acidic hydrogen
atoms at the surface (Fig. 6B).
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FIG. 6. Interactions of cellulosic surface with nonpolar molecules leading to v2 (A)
and polar molecules leading to AGsp (B).
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FIG. 7. Microcalorimeter and microbalance coupled for sorption measurements. S
= samples. R = reference. T = temperature.
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FIG.9. Microbond test used for the determination of the interfacial shear stress 7.

TABLE 3. Interfacial Shear Stresses 7
Determined by the Microbond Test

Treated with

Fibers Not treated C8-NCO PPgMA

7% (MPa) 9.6 9.2 16.3

*Mean value for 30-50 experiments.

Spinning of mixed yarns of PP and Flax fibers

XY ok — X
PP (70) Flax {30) Mixed yarn

Filament winding

Heating and
compression

\J

Mechanical tests -#—————— Composites samples

FIG. 10. Realization of macroscopic polypropylene/flax composites.
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FIG. 11. Effect of treatments on the interfacial shear stress 7 in macroscopic compos-
ites.

Butk Modification

Modifications due to grafting also occur in the bulk of the cellulosic fiber and
have consequences on water sorption by the fiber.

The apparatus used for the determination of the water sorption isotherm [35]
is made of a microbalance and a microcalorimeter in connection with a high vacuum
system (Fig. 7). Samples of fibers are placed in each part of the apparatus and
totally desorbed of water and solvent molecules. The partial pressure of water vapor
in the system is established. The value of this pressure is regulated by the tempera-
ture 7 of the evaporator. Following the mass gain in the microbalance versus the
partial pressure gives the sorption isotherm. The thermic effects associated with this
sorption are measured in the microcalorimeter to give the sorption enthalpy. If these
values are followed over time, kinetic information is obtained.

In a nonswelling or low swelling medium, fibers treated by PP-graft--MA,
CI18-T, or C18-VS give the same isotherms as nontreated fibers (Fig. 8A). Grafting
rates are too small and grafts are located at the surface, so that there is no percepti-
ble effect on water sorption.

For fibers treated in a swelling solvent (pyridine for isocyanates), C8-NCO
and C18-NCO treatments show (Fig. 8B) a notable diminution of water sorption in
comparison with nontreated fibers or fibers treated with a small alkyl chain (C3-
NCO). The diminution is important (about 25% over the total range of partial
pressure) for low grafting rates (1.2 to 2.2%, or one OH group reacted out of 250).

EFFECTS OF TREATMENT ON THE
MECHANICAL PROPERTIES OF COMPOSITES

Treatments were performed with the aim of enhancing adhesion between the
fibers and the matrix. Mechanical tests were conducted on microcomposites and on
unidirectional macrocomposites.

The microbond test [36] is used with a ramie monofilament on which a drop
of polypropylene is deposited. The interfacial shear stress 7 (Fig. 9) allows the
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measured debonding force to be calculated. The results show a better adherence
with PP-graft-MA-treated fibers: 7 increases by about 70% (Table 3).

Macroscopic composites are prepared by spinning mixed yarns (PP/flax: 70/
30 by weight), filament winding, heating, and compression (Fig. 10). The compos-
ites specimens are then mechanically tested. Shear stresses increase with PP-graft-
MA treatment, but with isocyanate treatment the lower dispersion in the results
indicates that the interface is more controlled (Fig. 11).

CONCLUSIONS

Cellulosic fibers may be incorporated as a reinforcement in a polypropylene
matrix. Chemical treatment is necessary for good compatibilization between two
components.

Treatment with small molecules in a swelling medium reduces the water sorp-
tion of a fiber due to a reaction in the bulk of the fiber, but the chain is not
long enough for high adhesion at the interface

Treatment with large molecules like PP-graft-MA occurs only at the surface
and so enhances adhesion. The hydrophilicity of treated fibers is not re-
duced in comparison with nontreated ones

Other questions are under investigation: influence of the nature and length of
the atkyl chain, water sorption by the composites, aging in a moist environment, use
of wood fibers, etc.
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