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ABSTRACT: Numerous strategies to improve the fiber—matrix interaction in natural fiber composites (NFCs) and wood polymer com-
posites (WPCs) have been proposed and investigated. We have reviewed literature on polyolefin-based NFCs and WPCs to get an
overview of the current state of the art of compatibilization methods. Those are classified in two categories here, namely fiber-based
strategies and matrix-based strategies. Although this issue has been covered by several reviews before, as yet no work exists that
is focused on polyolefin-based NFCs and WPCs. Furthermore, a ranking of the compatibilization methods based on their effects on
material properties such as tensile/flexural strength and modulus, impact strength and water absorption, allows for an assessment of
the efficiency of the various methods. As to the fiber-based strategies, silanes, maleated polyolefins (MA-POs), mercerization and acet-
ylation are most thoroughly investigated. Silanes are most effective judged by achievable material property improvements, allowing
for increases in tensile and flexural strength of more than 100%. Among the matrix-based strategies, MA-POs and isocyanates are
most prominent in the literature. The first class enables the more significant material improvements, with reported increases of tensile
and flexural strength of 132% and 85%, respectively. While strengths can be enhanced by many compatibilization methods, moduli,
and impact strength (notched in particular) are in most cases improved to a lesser degree or even reduced. Especially, the last point
calls for further attention, because impact strength is still a weak point of NFCs and WPCs. © 2012 Wiley Periodicals, Inc. J. Appl. Polym.
Sci. 127: 1-17, 2013
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INTRODUCTION reinforcement potential of natural fibers or wood particles can-
not be exploited to the full extent, especially for short fibers
and particles. This situation is expressed in the concept of criti-

cal fiber length. In an ideal composite consisting of a cylinder

Natural fiber composites (NFCs) and wood polymer composites
(WPCs) based on polyolefins (polyethylene, PE; polypropylene,

PP) have gained increasing interest over the past two decades, . . . . ;
both in the scientific community and in industry. The main of matrix material reinforced by a single short fiber, a force ori-

driving forces behind this have been discussed in detail by sev- enFed parallel to that fiber resul'ts m stram' of the comgmsﬁe
13 (Figure 1). Force, and thus strain can be increased until the
eral authors before.

fiber fracture stress o is reached. At this point, a force balance

Probably, the most important drawback in polyolefin NFCs and
WPCs, and the main obstacle to overcome when their material
properties should be improved, is the chemical incompatibility
between hydrophilic natural fibers or wood and the hydropho-
bic thermoplastic matrices. Numerous strategies to improve the
interaction at the fiber—matrix interface have been developed
and published, with varying success.

Incompatibility at the interface results in reduced adhesion.
This limits stress transfer via the interface, meaning that the

© 2012 Wiley Periodicals, Inc.
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in the fiber can be formulated as follows.*

1. Tensile force in the fiber: F, = g (1 x D?/4)
2. Shear force at the interface: F, = 1; (1 X D X 1/2)

D is the fiber diameter (cylindrical fiber) and I, is the “critical
fiber length”. If the actual fiber length I is below I, the interface
fails before the fiber, resulting in debonding and fiber pull out
(see Figure 2). If I is above I, o is reached and the fiber is
fractured. If this is the case, the reinforcement potential of the
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Figure 1. Fiber embedded in a cylinder of matrix material. Idealized com-
posite for illustrating the concept of critical fiber length.

fiber has been exploited to the full extent. From this, two strat-
egies to improve the performance of a given composite system
can be deduced:

1. Increasing the aspect ratio I/D of the fibers, to approach
or exceed I,

2. Increasing the capability for stress transfer at the interface
(fiber—matrix interaction), and thus 7;.

For discontinuous, short fiber-reinforced composites, strategy 1
is often constricted for reasons connected to processing. Fiber
breakage, resulting from compounding or other procedures,
which involve agitation of the compound melt, decreases origi-
nal aspect ratios inevitably. Furthermore, increased fiber length
can go along with a reduction in melt flow properties of the
material.”~ Therefore, strategy 2 is most promising in many
cases. Applying the concept of critical fiber length to NFCs and
WPCs, it should not be forgotten that neither natural fibers nor
wood particles approximate ideal cylindrical fibers very well.
Both do usually have a rough surface, meaning that besides
adhesion or chemical coupling, mechanical interlocking contrib-
utes to stress transfer at the interface, as well.>™'' Furthermore,
particularly wood particles are compressed during processing.
Thereby, original dimensions are altered, making geometrical
description a difficult task. Nevertheless, an investigation on the
influence of aspect ratio and interfacial adhesion on the
mechanical properties of NFCs and WPCs by Renner et al. has
shown the principal applicability of this concept to such com-
posite materials.'?
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For polyolefin NFCs and WPCs, the hydrophilic properties of
the reinforcement fibers or particles are an additional reason to
attempt improvement of the fiber—matrix interaction (compati-
bilization). Potentially, the hydrophobic matrices can protect the
reinforcements from humidity. However, this potential can only
be fulfilled if the fibers or particles are dispersed evenly
throughout the matrix, and if they are covered with matrix
polymer most tightly. A gap between the matrix and reinforce-
ment, as it can often be observed in uncompatibilized NFCs or
WPCs, acts like a pathway for humidity into the material.'*"*
Absorbed moisture leads to dimensional changes, which is
problematic for almost all applications. Furthermore, it causes a
reduction of mechanical performance,'>™® and of the product
lifetime, especially in combination with weathering.'*~>'

The fiber-matrix interaction can be improved either via the
fiber, usually by modifying its surface, or via the matrix, usually
by employing additives called coupling agents (Figure 3). Fur-
thermore, combinations of those two approaches, meaning
usage of pretreated fibers/fillers together with matrix-based cou-
pling agents, have been reported, also.”>>® In this review, we
are summarizing literature dealing with compatibilization in
polyolefin-based NFCs and WPCs. Only discontinuous, ran-
domly oriented (except for possible alignment effects from
processing) fiber-reinforced composites have been taken into
account, manufactured either by injection or by compression
molding, and in one case, extrusion.?” As to the effects of com-
patibilization strategies on mechanical properties, these are
comparable under the premise that fiber-matrix interaction is
equally important in specimens produced by those different
processes, and controlled by the same parameters.

We have only taken papers into account which give material prop-
erty data as influenced by a certain compatibilization approach.
This allows for an assessment of the effects of the fiber-matrix
interaction modification applied on a level close to actual applica-
tion. The different strategies described in these articles are summar-
ized shortly, to explain how the compatibilization is meant to
work from the chemist’s viewpoint. As a measure of the

Figure 2. SEM-image of PP-composite fracture surfaces. Left: uncompatibilized, showing fiber pull out; Right: compatibilized, showing less fiber pull out

[unpublished data of the first author].
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Figure 3. Schematic representation of fiber-based and matrix-based interface modification strategies.

effectiveness of the various methods from the material scientist’s
viewpoint, their influence on tensile and flexural properties, as well
as impact strength and water absorption are compared. In some of
the papers taken into account, results are presented only in the
form of diagrams, and not printed as numbers (in the text or in
tables). In this case, the effects achieved were estimated from these
diagrams. For the most important modification methods, the
data available were summarized in the form of bar charts. Finally,
a short summary and discussion of the most efficient methods
presented is given. As appendix, a table containing the most
relevant information on the papers included in this overview is
presented, as well. Concluding this introduction, it should not be
concealed that several reviews covering modification of the interfa-
cial interaction in natural fiber/filler-reinforced composites exist
already.'™>**>! However, none of them gives a comprehensive
overview of compatibilization strategies in polyolefinic NFCs and
WPCs, and an assessment of their effects based on their influence
of material properties.

FIBER-BASED STRATEGIES

Except for heat,”® enzymatic,”> and special forms of maleated
polyolefin (MA-PO),>** and stearic acid,” treatment, fiber-
based methods usually rely on modification of the fiber in or-
ganic or aqueous solvents. Of course, this is problematic
because such methods are relatively elaborate, and the usage of
large amounts of particularly organic solvents is inappropriate
for both economic and ecological considerations. Most common
are silane treatments,”>*”****™*¢ followed by maleated polyole-
fins (MA-PE, MA-PP), which can be applied as an organic solu-
tion,'”?>*”*% a5 a melt, employing a thermokinetic mixer” or a
roll mill,>* or as an emulsion.*®*° Mercerization, or treatment
with NaOH, is sometimes employed to activate the fiber surface
for subsequent modification steps,'***>**® but can also act as
the modification itself.>>?%**44485031 Other fiber surface treat-
ments included are acetylation®®**> and maleic anhydride
(MA) treatment.>®*®>* Several other treatments have been
investigated by various researchers, and are covered in “Other
Fiber-Based Strategies” section.

Silane Treatment of Fibers/Fillers

Silanes have been used as coupling agents in glass fiber-rein-
>2>3% which might explain why
they are among the most common fiber-based compatibilization
strategies. Initially, silane coupling agents have been developed

forced polymers for many years,
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in the 1940s, and a large variety of types for different applica-
tions is available today.>” All those molecules share the same ba-
sic structure (Figure 4).

The R’ group is usually hydrolyzed during the fiber pretreat-
ment. The OH-groups formed thereby are meant to interact
with those on the cellulose of the fiber/filler, either via ether-
bonds, or hydrogen bridges. Furthermore, the silane molecules
themselves can crosslink through such interactions, forming a
network on the fiber/filler surface. The functional group R is
the part of the coupling agent which is meant to interact with
the matrix. By choosing a silane with the right R group, com-
patibility with different sorts of polymers can be tuned. By
those mechanisms, composite mechanical properties should be
improved by enhanced fiber—matrix interaction, and possibly
also better dispersion of the fiber/filler throughout the matrix.

The fiber/filler pretreatment conditions are, of course, also
adapted to silane chemical structure. Depending on this, appli-
cation is performed in organic-based solvents, such as acetone/
acetic acid,** carbon tetrachloride,” methanol/water,”®** etha-
nol/water,”>”*¢ or ethanol,*' and water-based solvents,>**~***>
respectively. A NaOH pretreatment of the fiber/filler can be
done prior to the silane one.’®***® Furthermore, initiators such
as benzoyl chloride®® or dicumyl peroxide (DCP)® are some-
times added. In any case, the solvents have to be removed after
the treatment, and the fibers/fillers dried. Grubbstrom et al., in
contrast to others, use a silane-peroxide solution which is added
in a direct extrusion process.”” Usually, a heat treatment, which
can coincide with a drying step, is performed after the silane
application, to promote chemical coupling. Mohanty et al. use a
water-based silane/MA-PP emulsion in combination with a
powder PP-based compression molding process.”® Two groups
combine the fiber-based silane approach with a matrix-based
one, employing maleated styrene-ethylene-butylene-styrene®>
and MA-PP, respectively.”> Furthermore, a study conducted by

—
Al

op p R. 0 ORU
OR'" = methoxy, ethoxy, '
or acetoxy OR

Figure 4. Silane basic structure.’® [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Effects of silane coupling agents on the properties of NFCs and
WPCs.

Material property

Arbelaiz et al. has shown that simple addition of a silane to the
matrix rather than a fiber pretreatment can be sufficient for
improving interfacial adhesion in a PP-30% flax system (“Other
Matrix-Based Strategies” section).*®

Most of the groups working with silane coupling agents achieve
an increase in tensile and flexural strength, respectively, ranging
up to above 100%,”” flexural, LDPE-50% wood,* tensile,
HDPE-40% wood]. Four groups find reductions of approxi-
mately 10% in flexural®®?® and tensile strength,*** respectively,
as a result of the fiber pretreatments applied. The effects of the
treatment on stiffness are generally smaller, with a maximum
increase in Young’s modulus of ~ 40%,>” (PP-30% wood) and
in flexural modulus of 74%,* (PP-20% kenaf). The silane solu-
tion/MA-PP emulsion increases flexural strength by ~ 30%, and
flexural modulus by ~ 60%,*® PP-40% kenaf. The influence of
silane pretreatments on impact strength (IS) is ambiguous.
Most researchers observe modest effects between approximately
—20% and +25% for notched Charpy or Izod measure-
ments.”>***>*> Colom et al., on the other hand, find unnotched
Izod IS increased by 290% by their silane pretreatment,™
(HDPE-40% wood). Water absorption (WA) was measured by
two groups, only. While Bettini et al. report a minimal increase
of approximately 3% for their treatment after 1 year of submer-
sion,”® (PP-20% wood), Lee et al. find WA reduced by 40% for
a 24 hr test,*> (PP-30% and 50% bamboo, respectively].

The results (Figure 5) do not allow an interpretation as to
which silane types are the most effective ones. In general, most
of the silane pretreatments applied lead to improvements in ma-
terial tensile and flexural strength, while for stiffness and impact
strength, the situation is not so clear. For the latter, interpreta-
tions are hindered by the large variety of methods for determi-
nation (Charpy, Izod, notched/unnotched, instrumented, etc.).

o
0 Np|g¥ 0
n
|
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For water absorption, the results existing are too few to draw
a conclusion. The application of silanes is relatively elaborate,
but the fact that water-based solutions are sufficient for
some types is encouraging. Generally, silane coupling agents,
especially the water-soluble ones, do definitely have some
potential as modifiers for the fiber-matrix interaction in NFCs
and WPCs.

Maleic Anhydride Grafted Polyolefins (Applied to Fiber)
MA-POs are another well-known class of coupling agents which
have proven efficient compatibilizers in conventional compo-
sites, like PP-glass fiber compounds, already.”®® Maleic anhy-
drid can be grafted onto polyolefins by radical initiated grafting.
This can be performed either in the molten state®* (usually as
reactive extrusion), in solid state®® or in solution,®®®” of
which only the first two processes are of commercial relevance.
In any case, initiators, usually peroxides, are needed to start the
grafting reaction. In melt and solution processes, tertiary carbon
atoms in the PO chain are the preferred acceptors of MA moi-
eties. However, functionalization does also occur on secondary
carbons in (CH,),, sequences with m > 3. In longer propylene
sequences, chain scission can lead to a structure where the an-
hydride is attached to the chain terminus via a double bond
(Figure 6). Side reactions, like homopolymerization of the MA
monomer, chain scission in PP, and crosslinking in PE, respec-
tively, are inevitable.®**® In the case of MA-PE, an actual
copolymerization approach (in contrast to grafting), resulting
in a product showing superior properties, was presented 2009
by Decodts from Dupont.”” To our knowledge, no attempts
to copolymerize maleic anhydride with propylene have been
published yet.

Particularly in reactive extrusion, the side reactions lead to a
tradeoff between two parameters: For MA-PP, increasing the
graft level usually leads to a reduction in molecular weight of
the base polymer.®’ For MA-PE, on the other hand, achieving
high MA contents is often connected to high gel contents result-
ing from crosslinking.*® Solid-state grafting, on the other hand,
allows for a widely mutually independent adjustment of graft
level and molecular weight.®>”® However, at least for PP, there
are still crosslinking and degradation reactions, respectively,
depending on the process temperature.”> Although increased
graft level should increase interaction with a hydrophilic fiber/
filler, decreased molecular weight might decrease interaction of
the coupling agent polymer backbone with the matrix polymer.
Therefore, the right balance between maleic anhydride content
and backbone polymer chain length is supposed to be very im-
portant for MA-POs to be efficient compatibilizers.”"”*

0
g“ 0 0”0 o

1 v

Figure 6. Structures that can arise in radical initiated grafting of maleic anhydride onto polyolefins. I, MA oligomers as found in HDPE and LDPE; II

and III, MA grafted to tertiary carbons in PP and copolymers; IV, Terminal structure resulting from PP chain scission [Reprinted with permission from

Ref. 68 by the courtesy of ACS Publications].
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The actual mechanism of chemical interaction at the interface
that MA-POs promote has been investigated by several research-
ers. In most cases, Fourier transformed infrared spectroscopy
(FTIR) analysis is applied to natural fibers or fillers, which have
either been pretreated with coupling agents or re-extracted from
composites, usually with xylene. Biagiotti et al. investigated
MA-PP-treated flax fibers by FTIR, and report a novel peak at
1740 cm ™' representing an ester group.” Kazayawoko et al.
modified bleached Kraft pulp and thermomechanical pulp
(TMP) fibers with MA-PP. The group detected ester linkages by
FTIR for the first, but not the second fiber type.”> Employing
the extraction approach, Lu et al. found signals between 1650
and 1800 cm ™! indicating the existence of ester bonds between
wood surface OH-groups and MA-PE.”> These findings are
backed by electron spectroscopy for chemical analysis results.
Nourbakhsh et al. reported signals in the same wavelength range
in PP/wood composites compatibilized with MA-PP, but did
not interpret them as a result of covalent bonding at the inter-
face.”* Paunikallio et al. also report detection of ester linkages
between viscose and MA-PP on fibers extracted from the com-
posites prepared.”” Wang et al. investigated the influence of sev-
eral PE-based compatibilizers on HDPE-wood composites and
did also find evidence for ester bonds between the MA moieties
of the coupling agents and the re-extracted filler.”® In a similar
study, Lai et al. identified increased absorption bands in the
carbonyl region that might indicate the formation of covalent
linkages at the interface.”” Both the pretreatment and the
re-extraction approach are representative of the interfacial
features of a real composite only to a limited degree. For the
former, despite giving similar improvements in mechanical
properties in composites as matrix-based MA-PO deployment,'”
it is not likely that the chemical structures formed at the fiber/
filler surface during solution treatment remain unchanged in
the melt during compounding. For the latter, it is just the other
way round: the chemical structures formed in the melt during
compounding will most likely be altered upon extraction of the
fiber/filler from the compound in hot xylene (or another
solvent).

Harper employed another approach for investigating chemical
structures at the interface in his dissertation. He subjected 40-
um thin hot stage film specimens to FTIR microscopy. Based
on this method, Harper could not confirm covalent bonding
between MA-PP and wood. This was because the absorption
bands that would result from potential ester bonds largely over-
lap with those from aliphatic esters in lignin at 1745 cm ™", thus
impeding spectra interpretation.”” Of course, this affects all
FTIR-based methods and thus hinders conclusive verification of
the formation of covalent linkages based on such results. Sum-
ming up these findings, it can be said that most FTIR data
available suggests the existence of covalent linkages in the form
of ester bonds between the MA moieties of grafted polyolefin
coupling agents and the OH-groups on the surface of lignocel-
lulosic fibers/fillers. Furthermore, the formation of those bonds
seems to be independent of the way of deployment of the
coupling agent (fiber/filler pretreatment or incorporation as
additive during compounding, see “Maleic Anhydride Grafted
Polyolefins as Matrix Additives” section). However, the fact that
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Polymer chain

Cellulose surface s Polypropylene grafted
with maleic anhydride:
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Figure 7. Assumed coupling reactions of MA-PP with OH-groups of cel-
lulose at the fiber/filler surface. The MA moiety undergoes esterification
with OH-groups on the surface, or interacts via hydrogen bridges
[Reprinted with permission from Ref. 25 by the courtesy of John Wiley
and Sons].

the absorption bands of the suggested ester linkages would
partly overlap with those of existing aliphatic lignin esters
demands scrutiny when dealing with FTIR investigations of the
interface. Besides the possible covalent linkages, hydrogen
bridges might also contribute to interaction (Figure 7).> The
polymer backbone is meant to interact with the matrix by chain
entanglement and possibly cocrystallization, which, however,
might be hindered by high MA graft levels.®”"7>7%78 By the
mechanisms summarized above, MA-POs should increase com-
posite mechanical properties by improving the interfacial shear
strength and possibly also fiber/filler dispersion.

Pretreatment of fibers/fillers is often performed employing an
organic solution of the MA-PO coupling agent. The solvent can
be either boiling xylene'”**** or hot toluene.”’ In any case, it
has to be removed again from the fibers/fillers before composite
processing. Furthermore, melt-based pretreatments can be per-
formed in a roll-mill** or in a thermokinetic mixer.* Two

groups use MA-PO emulsions for fiber pretreatment.’®*’

All groups found increases in tensile strength upon fiber/filler
MA-PO pretreatment, reaching from ~ 15%* (HDPE-40%
wood) to 40%** (PP-30% flax). For flexural strength, Biagiotti
et al. detected a minimal negative effect of their MA-PP pre-
treatment in a PP-30% flax system.”® All other groups found
flexural strength enhanced upon their MA-PO pretreatments,
with increases ranging from 15%3% (PP-40% kenaf) to ~ 70%*’
(PP-30% jute). For tensile modulus, two groups report modest
effects between zero and ~ 6% increase.”>** On the other hand,
Biagiotti et al. and Arbelaiz et al. report 17% and 37% increase,
respectively, upon MA-PP pretreatments of the fiber in a PP-
30% flax system.'”*® As regards flexural modulus, the effects of
MA-PO pretreatments found range from approximately —10%”°
(PP-30% flax) to approximately +10%'’ (PP-30% flax), while
the silane solution/MA-PP emulsion pretreatment of Mohanty
et al. increases this property by ~ 60%° (PP-40% kenaf). The
effect of MA-PO fiber pretreatments on Izod impact strength
was investigated by two groups. While Colom et al. found

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.36935
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Figure 8. Effects of fiber-based MA-PO treatments on the properties of
NFCs and WPCs.

unnotched IS in their HDPE-40% wood system unchanged,
Mohanty et al. report an increase of notched IS by ~ 30% for
their PP-30% jute system. This group also found water absorp-
tion in a 24 hr immersion test reduced by ~ 60% as a result of
their MA-PP fiber pretreatment.

As to the effects of MA-PO pretreatments on material proper-
ties (Figure 8), the situation is similar to silane pretreatments:
tensile and flexural strength can definitely be improved via this
approach, while effects on stiffness are smaller. As regards
impact strength and water absorption, too few results exist to
draw conclusions. The same is true for the method of applica-
tion of the MA-POs: solution-based, emulsion-based, and melt-
based pretreatments can be effective, but the data available to
date do not allow a rating as to which method brings about the
best properties.

Mercerization of Fibers/Fillers

Mercerization or treatment with strong alkali bases was devel-
oped as a method for cotton fiber modification by John Mercer
in 1850. It causes swelling of the cell walls, along with longitu-
dinal shrinkage and an increase of the amount of cellulose-1I at
the expense of cellulose-I. Furthermore, it renders treated fibers
a more circular cross section.*® Applied to lignocellulosic natu-
ral fibers, mercerization also reduces the lignin- and hemicellu-
losics-content, which in turn can improve tensile properties.®’
For flax and jute fibers, improvements of 15%-40% in Young’s
modulus and tensile strength as a result of mercerization have
been reported.* Goda et al. applied mercerization to ramie
fibers. They report an increase in tensile strength of the fibers
of 4%-18%, along with a twofold to threefold increase in strain

(b) =
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at break. This was accompanied by a reduction of tensile modu-
lus.®” Tripathy et al., on the other hand, found a reduction in
tensile strength of ~ 25% upon NaOH treatment of jute fibers.
By making cellulose at the fiber surface more easily accessible,
mercerization can be applied as a form of activation for subse-
quent modification steps,”®*>*® or in combination with matrix-
based compatibilization strategies.***®

Fibrillation, meaning a splitting of fiber bundles into filaments,
increases the surface available for fiber—matrix interaction, and
also the aspect ratio, thus potentially improving the material
properties of composites (Figure 9).'"** Mercerization also
tends to increase the fiber surface roughness. This in turn
improves the potential for stress transfer through mechanical
interlocking at the fiber-matrix interface.”***® Summing up all
these mechanisms, it can be said that fiber/filler mercerization
can potentially influence composite mechanical properties not
only via fiber—matrix interaction but also via changing the fiber
properties themselves.

Mercerization is usually performed applying aqueous solutions
of NaOH, at reaction times of 30 min up to 3 hr. Theoretically,
other alkali types can be used as well, but sodium atoms have
been shown to provide the optimal diameter for cellulose swel-
ling, meaning that the treatment with NaOH is most efficient.”'
In any case, excess alkali has to be removed by washing the
modified fibers/fillers subsequently, followed by a drying step.

Effects of natural fiber mercerization on the tensile strength of
the resulting NFCs as reported in the literature reach from
—4% to +50%***' (PE-20% TMP; LDPE-30% sisal), those
on Young’s modulus from —27% to +46%°"% (PP-20% sisal)
(Figure 10). Valadez-Gonzalez et al. investigated HDPE-23%
henequen composites. They report tensile strength unchanged
for mercerization alone, while in combination with a subse-
quent xylene-based HDPE solution treatment, this property is
increased by 10%. Combining NaOH with silane treatment,
tensile strength is enhanced by ~ 30%.’® Herrera-Franco and
Valadez-Gonzalez have investigated the same composite system.
For a NaOH/silane pretreatment, they report increases of tensile
and flexural strength of +30% and +10%, respectively. Silane
pretreatment alone yielded only half the effect on tensile, but
twice the effect on flexural strength.'' Combining NaOH fiber
pretreatment with matrix modification by MA-PP addition, Sol-
eimani et al. achieved considerable improvements in mechanical
properties in their PP-30% flax system. In fact, while tensile
and flexural strength are increased by 50% and 20%,

Figure 9. SEM images of sisal fibers: (a) untreated, (b) mercerized, (c) mercerized under tension. Fibrillation as a result of the treatment can be seen in

(b) and (c) [Reprinted with permission from Ref. * by the courtesy of Elsevier].
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Figure 10. Effects of mercerization on the properties of NFCs and WPCs.

respectively, the respective stiffness values are improved by
~ 20%. Also, tensile impact strength is enhanced by ~ 50%,
and water absorption upon 24 hr immersion is reduced by
~ 25%. Without the NaOH fiber pretreatment, addition of
MA-PP is far less efficient (tensile/flexural strength +30%/
+15%, respectively, moduli +10%/+20%, IS none, WA 24 hr
—20%).”> Employing a similar compatibilization approach, Farsi
achieved improvements in tensile and flexural strength of 20%
and 30%, respectively, while notched Izod IS was reduced by
~ 10%. With MA-PP alone, strengths of the PP-40% wood
composite were increased to a lesser degree, while the negative
effect on IS was avoided.*

The material property improvements in NFCs and WPCs
achieved by fiber/filler mercerization (Figure 10) are far less
pronounced than those resulting from silane and MA-PO pre-
treatments, respectively. However, there is not enough data yet
to disqualify this compatibilization strategy for natural fiber/fil-
ler-reinforced polyolefins. In any case, NaOH pretreatment
might be a useful “activation step” in combination with other
fiber- or matrix-based approaches.'>**3¢4>46

Acetylation of Fibers/Fillers

Acetylation as a method for solid wood modification is known
since 1946.%® This treatment can improve wood durability and
dimensional stability due to its anti-shrink effect. A partial
replacement of OH-groups in the wood by the more bulky and
less hydrophilic acetate groups results in a permanently swollen

1.3 Of course, for reasons of increased sur-

state of the materia
face/volume ratio, this modification can be applied to wood
fibers or particles even more easily. Thus, the permeability of
the material for liquids is far less important than is the case for

solid wood.”®

Acetylation is usually performed using acetic anhydride, acetyl
chloride, or thioacetic acid and keten (plus, e.g., suitable sol-
vents, catalysts, and swelling agents), of which only the first
approach is being applied in larger scale up to commercial
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industrial production as yet.”' As a side product of the acetic
anhydride reaction with wood OH-groups, acetic acid accumu-
lates, causing unpleasant odor, and potentially cellulose degrada-
tion in the modified wood (Figure 11). This problem can only
partially be solved by extraction of the byproduct. A more
recent acetylation method is based on isopropenyl acetate (Fig-
ure 12). This approach allows for selective reactions under mild
conditions. Acetone which is formed as a side product can be
removed with relative ease.”> A patent covering this procedure
has been granted to Wacker Chemie and Wood K plus in
2006.”

Tronc et al. have modified blue agave fibers by acetylation with
acetic anhydride in octanoic acid. After extraction of acetic acid
with acetone and removal of the solvent, the fibers were charac-
terized employing FTIR and NMR. Peaks at 1750 cm ™' and 172
ppm, respectively, provided indication for a successful modifica-
tion.”? Bledzki et al. have acetylated flax fibers in a toluene solu-
tion of acetic anhydride. Afterwards, chemical characterization
was performed, including a determination of the degree of acet-
ylation by saponification.”® Besides applying acetylation directly
to fibers or fillers, industrially treated solid wood can be
machined (milled) to particles. Griineberg et al. have used com-
mercially available modified woods (besides in their study.
However, this approach leads to limited comparability of the
results, because the different treatments affect milling behavior
and thus particle size distributions.”

Tronc et al. have produced compression molded HDPE com-
posites with 40% treated and untreated fibers. They report a
slight reduction of tensile modulus, along with an increase in
unnotched Izod IS of ~ 15% upon acetylation. Bledzki et al.
have investigated injection-molded PP composites with 30%
flax fibers. They report tensile and flexural moduli increased
by 20% and 5%, respectively, as a result of fiber acetylation.
The respective strengths were found increased by 15% and
10%, while notched Charpy IS was reduced by ~ 10%. In
combination with matrix-based compatibilization by MA-PP
addition (“Maleic Anhydride Grafted Polyolefins as Matrix
Additives” section), tensile and flexural strength could be fur-
ther improved, while IS was further reduced. Griineberg et al.
have prepared PP-based WPCs (60% wood content) using par-
ticles made from commercial treated and untreated wood.
They did not find an influence on tensile properties as a result
of using acetylated particles, but unnotched Charpy IS was
reduced by ~ 25%. On the other hand, water absorption
upon 14 days of immersion was reduced by 50%. Summariz-
ing these results (Figure 13), it has to be said that there is not
enough data at the moment to come to a concluding state-
ment on the effectiveness of acetylation for the improvement
of NFCs and WPCs. However, the method seems to have
some potential and has the benefit of already being applied
industrially to solid wood.

0 0 0
WOOD—OH  + )l\h)j\ — J\ +  CHyCOOH
R WOOD—O

Figure 11. Reaction of wood OH-groups with acetic anhydride; Acetic acid is formed as side product.
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Figure 12. Reaction of wood OH-groups with isopropenyl acetate; acetone is formed as side product.

Maleic Anhydride Treatment of Fibers/Fillers

In efforts to increase chemical compatibility between natural
fibers/fillers and polyolefins, maleic anhydride (MA) can be
applied. The objective of this approach is to produce ester
bonds between MA and OH-groups on the fiber/filler surface,
thus reducing its hydrophilicity. Fiber/filler pretreatment with
MA is usually performed applying an organic solution of the
chemical to the reinforcement. The solvent can be acetone®®**
or xylene,”* for example. By employing FT-IR analysis, Biagiotti
et al. found indications for such an esterification reaction upon
MA treatment of flax pulps (more intense peak at 1735 cm™').
This group also reports reduced surface polarity of treated flax
fibers, as determined by contact angle measurements.>

As to the influence of MA-pretreatments on mechanical proper-
ties, relatively modest effects are reported in the literature. For
tensile and flexural strength, Biagiotti et al. found results
between —8% and +12% for a PP-30% flax system. Tensile and
flexural moduli are reported to increase by approximately 10%—
15% upon MA-pretreatment of the reinforcement constituent.*
Investigating the same composite system, Arbelaiz et al. have
reported effects of MA-pretreatments on tensile and flexural
properties in the same range.”® Deploying MA via the matrix
rather than via the fiber, significantly higher improvements were
achieved (“Other Matrix-Based Strategies”). Effects similar to
those reported for PP-30% flax have been detected by Nunez
et al. in a PP-50% wood system. For impact strength, the group
reports notched Izod IS reduced by 20% as a result of their
MA-pretreatment.”*

Other Fiber-Based Strategies

Other strategies reported in the literature which are aimed at
improving the fiber—matrix interaction employ a paper wet-
strength additive,” stearic acid,”>* acrylic acid and benzoyl
chloride,>*** potassium permanganate and toluene-2,4-diiso-
cyanate (TDI, KMnO,),”"* polymethylene (polyphenyl isocya-
nate) (PMPPIC)* and polymeric methylene diphenyl diisocya-
(PMDI).”®  Furthermore, m-phenylene bismaleimide
(mPBM),”” bleaching (sodium hypochlorite treatment),” octa-
noyl chloride,” O-hydroxybenzene diazonium salt (HBDa)”
heat treatment,** or enzymes®> have been applied.

nate

Geng et al. have investigated the suitability of the paper-wet-
strength additive Kymene 557H as a compatibilizer in a HDPE-
40% wood system. Various pretreatment regimes were tested.
Combining fiber pretreatment with addition of stearic anhy-
dride to the matrix, tensile strength, and stiffness could be
improved by 35%.%

In a PP-25% flax system, fiber pretreatment with stearic acid
did not influence tensile strength, but reduced both tensile and
flexural stiffness by ~ 10%.* Similar results were achieved by
Danyadi et al. for a PP-20% wood system.” Acrylic acid (AA)
and benzoyl chloride (BC) have been tested as compatibilizers
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in a PP-40% wood composite by Farsi*® and Gashemi and
Farsi”® Only minor changes upon pretreatments were reported
by Farsi (Increases in strength between 10% and 20%, decreases
in Izod IS around 15%). The latter group, however, found ten-
sile modulus and unnotched Izod IS enhanced by 40% and
25%, respectively, upon AA pretreatment, while the BC pretreat-
ment was less effective. AS a result of filler pretreatment with
BC, Danyadi et al. reported tensile properties of a PP-20%
wood composite reduced by 20%, while WA upon 500 hr of
immersion was reduced by 85%.>

KMnO, has been employed as a sisal fiber pretreatment agent
by Joseph et al., for both LDPE-30% fiber®! and PP-20% fiber®”
as composite systems. While for the first system, considerable
improvements in tensile properties were achieved (tensile
strength/modulus  448%/4-85%), the results for the latter
system were less encouraging (tensile strength/modulus
+10%/—27%).

The same group has also employed TDI as a compatibilizer to
improve the properties of the polyolefin-sisal composites men-
tioned earlier. As for KMnQ,, while for the LDPE-based system,
considerable improvements were achieved (tensile strength/
modulus +33%/+57%), the approach was less successful for the
PP-based system (tensile strength/modulus +9%/—74%).

PMPPIC was tested as a fiber-based compatibilizer by Joseph
et al,, the results being published in the paper cited already.®”
Pretreatment of the sisal fibers improved tensile strength of the
resulting PP composites by 10%, but reduced the respective
modulus value by 40%. Pretreatment of a wood filler with
PMDI was performed by Geng et al.”® In the resulting HDPE
composites with 40% filler content, tensile properties were
found increased by 25%. However, simple addition of the
PMDI in the compounding step was even more effective
(Isocyanate-Functionalized Polymers as Additives).

Sain and Kokta have pretreated chemithermomechanical pulp
(CTMP) with mPBM. PP composites with 35 m% fibers were

Effects of Acetylation

—
0

mod Flmod Tstr Fistr ChIS ChNIS IS [zNIS WA

Effect [%)]

Material property

Figure 13. Effects of fiber/filler acetylation on the properties of NFCs and
WPCs.
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prepared by melt compounding and compression molding. The
authors report an increase in tensile strength and modulus of
77% and 20%, respectively. On the other hand, unnotched
Charpy IS was reduced by ~ 20%.%”

Soleimani et al. have, besides mercerization, also investigated
bleaching (meaning a sodium hypochlorite treatment) as a
method for flax fiber modification. In PP composites containing
30% fibers, significant improvements in material properties
were found. Tensile and flexural strength were improved by
50% and 20%, respectively. The corresponding moduli were
increased upon the bleaching by 25% and 30%, respectively.
Furthermore, IS as determined by a tensile test was increased by
50%, and water absorption upon 24 hr of immersion was
reduced by ~ 25%.”

Zhang et al. have investigated PP-based WPCs with 60% wood
content. The wood particles were treated with octanoyl chloride
(CsCl), employing DMF and chloroform as solvents, respec-
tively. For both treatments, flexural properties of compression
molded specimens decreased significantly compared with WPCs
containing untreated wood. Nevertheless, water absorption
upon 24 h of immersion was reduced by 80% and 60%,
respectively.”®

Islam has employed an o-hydroxybenzene diazonium salt pre-
treatment to render coir fibers a higher compatibility with PP.
In composites with 25% coir fibers, this led to improvements in
mechanical properties of up to 15% (tensile strength). WA, on
the other hand, could be reduced by 25%.”

Kaboorani et al. have assessed the feasibility of using heat-
treated wood for HDPE-based WPC production (25/50% wood
content). Wood particles were treated at different temperatures
(175°C-205°C) and compounded with HDPE, specimens were
prepared by injection molding. While tensile strength could be
slightly increased, Young’s modulus was reduced (both by
~ 5%) for the WPCs containing 50% wood particles. In combi-
nation with MA-PP, strength could by increased by 50%, while
the modulus was further reduced. Heat treatment at 175°C
proved most favorably, judged by the properties of the resulting
composites.

Bledzki et al. have investigated two enzyme-based modification
methods as applied to abaca fibers. PP-compounds with 30% of
the treated or untreated fibers were produced in a heat-cooling
mixer system, and specimens prepared by injection molding.
The objective of the treatments applied was twofold. First, the
fiber bundles should be separated to individual fibers, so that
their higher strength might be exploited. Furthermore, such a
mainly longitudinal separation would also increase the aspect
ratio of the reinforcement. Second, a removal of undesired,
loosely bonded substances on the fiber surface (like fats and
waxes) should also improve the fiber-matrix interaction. Thus,
the treatments would enhance composite mechanical properties
both by improving the fiber—matrix interaction and fiber aspect
ratio. Two approaches to the desired modification were tested:
In the first, fibers were collected from elephant dung, washed
and dried. Thus, the natural digestive system (NDS) of the ani-
mals was used as a “reactor” In the second approach, an
enzyme mixture called “fungamix” was applied as an aqueous
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solution. With both treatments, material properties of the PP-
30% abaca composites could be improved significantly. For the
NDS approach, tensile and flexural strength were increased by
~ 5%-10%, while notched Charpy IS was enhanced by ~ 15%.
With the fungamix enzyme, tensile, and flexural strength could
be improved by 45% and 35%, respectively, along with an
increase of notched Charpy IS by ~ 25%. For both treatments,
water absorption upon 90d of exposure to 95% rh was reduced
by ~ 45%.%

MATRIX-BASED STRATEGIES

Matrix-based strategies for improving the fiber—matrix interac-
tion in NFCs and WPCs rely on so-called coupling agents
(CAs), which are simply added during the compounding step in
composite production. In most cases, these coupling agents are
functionalized polymers, with a backbone that should be com-
patible with the matrix, and functional groups grafted to this
backbone that can interact with the reinforcements. Compatibil-
ity with the matrix is often achieved by using polymers as back-
bone that are similar to or identical with the matrix material.
Interaction with hydrophilic reinforcements (like natural fibers/
fillers), on the other hand, is based on covalent or noncovalent
bonds (e.g., hydrogen bridges) between the functional groups
of the coupling agent and on the fiber/filler surface (like
OH-groups).

The by far most important group among these CAs, judged by
the abundance in the literature, are polymers with grafted maleic
anhydride (MA) groups. In 41 studies included in this overview,
the effect of such MA-CAs on material properties of NFCs or
WPCs is investigated'l7,22—26,29,32,40,43,45,48,54,6l,71,77,95,97,98,1007123
Most of the functionalized polymers reported on in these works
are MA-POs. Only one of the MA-CAs being investigated is based
on a backbone polymer other than a polyolefin, namely styrene-
ethylene-butylene-styrene (SEBS).*>””'** Besides the maleic an-
hydride grafted polymers, other functionalized polyolefins which
have been investigated are oxidized PE,*'* carboxylated PE,'*
acrylic acid functionalized PE,'® N-vinylformamide-grafted
PP (VFPP),” vinyltriethoxysilane functionalized PP (VTES-PP),
and m-isopropenyl-a,a-dimethylbenzyl-isocyanate grafted PP
(m-TMI-PP)."**

Other chemicals that have been tested for applicability as cou-
pling agents in polyolefinic NFCs or WPCs are a silane,*® maleic
anhydride,*®® and various isocyanate-functionalized polymers,
like polymethylene (polyphenyl isocyanate) (PMPPIC),''>'*
polymeric methylene diphenyl diisocyanate (PMDI), >
polybutadiene isocyanate (PBNCO).""*!'"® Furthermore, investi-
gations on stearic acid,”®'*!
reported on in the literature.

and

and a so-called titanium CA'®® are

Maleic Anhydride Grafted Polyolefins as Matrix Additives

The basics on MA-POs have been given above already. A great
advantage of these CAs is that a (relatively laborious) pretreat-
ment of the fibers/fillers, as explained earlier, can be avoided,
while still achieving compatibilization that leads to improved
material properties. Arbelaiz et al. have shown for a PP-30%
flax system that similar increases in tensile and flexural proper-
ties are achieved, whether the natural fibers are pretreated with
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MA-PP, or this CA is just incorporated during the compound-
ing step as an additive.'”*® Almost all of the groups (whose
articles are included in this review) applying the latter way of
deployment achieve significant improvements in material
properties, particularly tensile and flexural strength. Only Nour-
bakhsh et al. use MA-PP in combination with a peroxide as
initiator,""® but judged by the results of the other groups, this is
not required for achieving compatibilization at the interface.
Mostly FTIR-based evidence suggests that the mechanisms of
chemical interaction at the interface promoted by MA-POs are
independent of the way of deployment of the coupling agents.
Thus, interaction with the fiber is based on ester bonds and
hydrogen bridges, while interaction with the matrix originates
from backbone chain entanglements and possibly co-crystalliza-
tion with the matrix polymer.

With only one exception,” (PP-50% wood with MA-grafted PP
copolymer, flexural strength —6%), all of the researchers
employing MA-PO CAs achieve significant increases in tensile
and flexural strengths of the NFCs and WPCs investigated. For
the first property, increases range from below 10%,> (PP-20%
wood;118, PP-30% bagasse) to above 1009,°"'0%10%10%115:125
(HDPE-50% wood; HDPE-40% wood; PP-60% jute; HDPE-
50% wood; PP-50% wood; HDPE-40% nut shell flour). For the
latter property, the range of increases achieved is narrower,
reaching from ~ 10%"'"® (PP-20% wood) to ~ 70%,'* (HDPE-
40% wood). As regards stiffness, the effects of MA-PO compati-
bilization are less pronounced, reaching from —20%'" to
+80%'"® for Young’s moduli, and from —25%,""" (PP-40%
roselle) to +65%," (PP-20% kenaf) for flexural moduli, respec-
tively. As mentioned for other strategies above, the effects of
maleic anhydride-grafted polyolefins on impact properties are
ambiguous. Unnotched Charpy IS is usually reported to be
improved upon MA-PO addition, with increases of up to
60%,'%" (PP-50% wood). For notched Charpy specimens, the
effects are less pronounced, with reported increases of up to
16%,'% (rHDPE-30% bagasse). More than 75% of the authors
cited here rely on Izod IS measurements. For unnotched Izod
IS, effects of MA-PO addition between —20%"'" and +280%°"
are observed. For notched Izod IS, on the other hand, effects
between —27%,*° (PP-40% wood) and +30% are reported119
(PP-40% wood). Soleimani et al. employed a tensile impact
test.”> They report IS unchanged upon MA-PP addition alone,
while in combination with a fiber pretreatment by bleaching
and mercerization, respectively, an increase is achieved (see ear-
lier sections). Nine of the groups dealing with MA-POs have
investigated water absorption as influenced by the coupling
agent addition,???>??298102106 13,121 Excent for one group,®
(PP-20% wood, 1 year immersion), which did not find an
improvement, all of them report a reduction in WA, reaching
from —20%,% (PP-30% flax) to —55%,”®'"® (PP-50% bamboo;
PP-60% wood) as measured after 24 hr of immersion.

Judged by the effects on material properties (Figure 14), the
usage of MA-PO coupling agents is an effective strategy for
compatibilization in NFCs and WPCs. Comparing these results
of simple CA addition with those achieved by fiber/filler pre-
treatment (Figure 8), it becomes obvious that the latter, more
laborious approach does not necessarily lead to more pro-
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Figure 14. Effects of MA-POs (as applied as additives in compounding)
on material properties of NFCs and WPCs.

nounced improvements. While for tensile and flexural proper-
ties, the picture is clear, the situation is more complex for
impact properties. For both Charpy and Izod measurements, it
looks like improved fiber-matrix adhesion through MA-POs
has a positive influence on unnotched IS, while notched IS is
ambiguously affected. Similar results have been reported for cel-
lulose-reinforced polylactic acid (PLA) and polyhydroxybutyrate
(PHB) by Erdmann and Ganster'*® As regards water absorption,
it seems obvious that this unwanted characteristic of NFCs and
WPCs can be diminished employing MA-POs.

Other Functionalized Polyolefins as Additives

Polyolefins bearing functional groups (other than maleic anhy-
dride), which can interact with OH-groups (or other functional
groups) on the natural fiber or wood particle surface have been
investigated by several researchers.

Keener et al. and Lu et al. have compared several functionalized
polyolefin coupling agents, among them oxidized PE (contain-
ing functional groups like carboxyl, ketone, ester) in PE-50%
wood and PE-50% TMP systems, respectively.’'®> While the
first group found only minimal improvements in tensile
strength resulting from oxidized PE usage, the latter group
found the same material property increased by ~ 110%.

Lei et al. have investigated recycled HDPE-based composites re-
inforced with bagasse fibers (30% fiber content). They found
tensile strength improved by ~ 15% as a result of adding a car-
boxylated PE coupling agent in the compounding step. Notched
Izod IS was not affected.'®®

Acrylic acid functionalized PE was investigated for its effect as a
compatibilizer in a HDPE-40% wood system by Li and
Matuana. The group found tensile and flexural strength
improved by ~ 17% upon employing this coupling agent. The
Young’s modulus, on the other hand, was slightly reduced, while
flexural modulus was not affected.'®

N-vinylformamide grafted PP (VE-PP) was tested as a compati-
bilizer in a PP-40% wood system by Zhang et al. With this cou-
pling agent alone, flexural strength and modulus could be
improved by 10% and 20%, respectively. In combination with
polymeric methylene diphenyl diisocyanate (PMDI), the respec-
tive increases were 45% and 40%, while water absorption upon
20d of immersion could be reduced by ~ 40%. Thus, this
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Figure 15. Presumed reaction of an isocyanate coupling agent with wood

OH-groups. [Reprinted with permission from Ref. '** by the courtesy of
Elsevier].

approach was comparable with MA-PP in terms of mechanical
property improvements, while bringing about superior water
absorption properties (MA-PP: 30% reduction).”

Nachtigall et al. modified PP with MA and vinyl-triethoxysilane
(VTES), respectively. Those coupling agents were then tested in
a PP-30% wood system. While with MA-PP, a tensile strength
increase of 50% was achieved, this increase was even 80%
employing the novel VTES-PP. For water absorption in a 24 hr
submersion-test as well, VTES-PP was superior, reducing the
amount of absorbed moisture by 65% compared with 15% for
MA-PP."*!

Karmarkar et al. also produced a novel modified PP coupling
agent by grafting m-isopropenyl-a,a-dimethylbenzyl-isocyanate
(mTMI) onto PP. They investigated the effect of this copolymer
on a PP-bleached Kraft pulp system with up to 50% fiber con-
tent. At maximum reinforcement level, an increase in tensile
and flexural strength of 45% and 85% was achieved, respec-
tively. Tensile modulus was improved by ~ 35%, while the

effects on Izod IS were small.'**

Glycidyl methacrylate (GMA)-grafted PP was tested as a cou-
pling agent in a PP-20% hemp system by Pracella et al.'*” While
the effect on tensile strength was negligible, the respective mod-
ulus could be improved by ~ 5%. The same group also grafted
GMA directly to hemp fibers, but did not determine mechanical
properties of the resulting PP composites.

Isocyanate-Functionalized Polymers as Additives

Different authors have tested various isocyanate-functionalized
polymers for their applicability as coupling agents in NFCs and
WPCs. The objective behind this approach is a presumed addi-
tion reaction of the isocyanate group with OH-groups on the
wood surface (Figure 15). The backbone of the functionalized
molecule is meant to interact with the matrix polymer, thus
increasing interfacial adhesion.

Polymethylene (polyphenyl isocyanate) (PMPPIC) has been
investigated as a compatibilizer by Raj et al.'>> and Pickering
and Ji.'"® The first group worked with a PP-40% nut shell flour
system and found tensile strength increased by 120% upon
coupling agent addition. Unnotched Izod IS was improved by
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~ 10%. Pickering and Ji investigated a PP-TMP system with
0%-50% filler content. At the highest filler level, only modest
improvements were achieved using PMPPIC alone. In combina-
tion with MA-PP, on the other hand, tensile strength could be
increased by ~ 115%, and the respective modulus by ~ 85%.
However, these effects are similar in magnitude to those caused
by MA-PP addition alone.

Polybutadiene isocyanate (PBNCO) was tested as a compatibilizer
in PP-based composites by Nourbakhsh et al.''* and Ashori and
Nourbakhsh."'® The first group worked with 30% TMP as rein-
forcement. With a combination of MA-PP and PBNCO coupling
agents, tensile strength was increased by ~ 40%, and unnotched
Charpy IS by ~ 115%. With MA-PP alone, approximately half of
these effects could be realized. The second group used bagasse
fibers as reinforcement. At a loading of 30%, only minimal
improvements in tensile properties could be achieved. However,
notched Izod IS could be improved by ~ 80%, as compared with
an increase of ~ 45% resulting from MA-PP addition.

Zhang et al. have tested polymeric methylene diphenyl diisocyanate
(PMDI) as a compatibilizer for a PP-40% wood system.29 With this
compatibilizer alone, flexural strength and modulus could be
increased by ~ 15% and 25%, respectively. In combination with
VE-PP, the improvements were even more pronounced (see “Other
Functionalized Polyolefins as Additives” section). PMDI was also
reported an efficient compatibilizer by Geng et al.”® In a HDPE-
40% wood system, tensile strength and modulus were increased by
60% and 30%, respectively, while WA upon 30hd of immersion was
reduced by 60%. These material property enhancements exceeded
those achieved by compatibilization with MA-PE, and further
improvements were possible by combining the PMDI approach
with addition of stearic acid to the compound.

Judged by the achievable improvements in mechanical proper-
ties (Figure 16), isocyanate functionalized polymers are less
effective compatibilizers for NFCs and WPCs than MA-POs.
What seems to be promising, though, is the fact that those two
classes of coupling agents can be combined, with effects at least
partly adding up. Furthermore, PBNCO seems to be an efficient
toughening agent in NFCs.

Other Matrix-Based Strategies

In comparison with a fiber pretreatment method, Arbelaiz et al.
have also employed vinyltrimethoxy-silane (VIMS; DCP as
initiator) as an additive in compounding of a PP-30% flax com-
posite. Both tensile and flexural strength were improved by
~ 60%, and the respective moduli by ~ 30%. In contrast to
this, and quite surprisingly, a fiber pretreatment with VIMS did
not result in significant improvements of composite mechanical
properties.*®

Maleic anhydride as an additive coupling agent has been tested
by Joseph et al. in a PP-20% sisal system,*” and by Arbelaiz
et al. in a PP-30% flax system, employing DCP as a radical ini-
tiator."® While the first group reports an increase in tensile
strength of 15%, accompanied by a decrease of the respective
modulus value by 60%, the second group finds significant
improvements upon DCP/MA addition to the matrix polymer.
This might be explained by actual radical initiated grafting of MA
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onto PP, resulting in in situ formation of MAPP in the melt. In
fact, tensile and flexural strength are increased by 70%-80%,
while the respective moduli are enhanced by 30%-35%.

Wau et al. have investigated the effects of MA-grafted styrene-eth-
ylene-butylene-styrene copolymer (MA-SEBS) on a PP-10%
wood system. While the effects of the compatibilizer on tensile
properties were minimal, notched Charpy impact strength was
increased by ~ 74%. Since this increase is significantly more
pronounced than that which can be achieved by addition of
MA-SEBS to neat PP (without a wood filler), the authors attribute
the reported effect to “synergistic toughening.” Furthermore, in
combination with vinyl-trimethoxy silane, IS could even be
doubled.” Lai et al. tested MA-SEBS in a HDPE-30% wood sys-
tem. While tensile strength was increased by ~ 5%, notched Izod
IS was improved by ~ 20%. The Young’s modulus, however, was
reduced by 30%.”” Nitz et al. investigated the effects of MA cou-
pling agents on a PP-30% wood system. With MA-SEBS, tensile
strength was increased by 41%, while the respective modulus value
fell by 12%. This was accompanied by an increase of notched Izod
IS of 31%, which could not be achieved by employing MA-PP
instead.'”? These results show that IS values can be improved with
MA-SEBS, but at the expense of stiffness (Figure 17).

Stearic acid (SA) was incorporated in PP-wood composites by
Stark, with the objective to improve filler dispersion and thus
mechanical properties. Nevertheless, the group reports tensile
and flexural properties to be slightly reduced upon SA addition
to a PP-40% wood system. Only unnotched Izod impact
strength could be increased by ~ 7%.'”" Geng et al. also
reported minimal reductions of tensile strength upon addition
of SA to a HDPE-40% wood system. However, WA after 24h of
immersion could be reduced by 25%.”

Cellulose palmitate was used to modify the interfacial interac-
tion in PP-20% wood composites by Danyadi et al.’> The group
reported a reduction of the tensile properties of ~ 10% as a
result of adding the surfactant to the compound. Also, WA
increased by ~ 20%.

Lei et al. have tested a so-called titanium-derived mixture
(TDM) for applicability as a coupling agent in recycled HDPE-
30% bagasse composites. No explanation for a potential mecha-
nism of interfacial coupling promoted by this CA is given. The
researchers found tensile strength improved by 5%, and notched
Izod IS increased by 12% as a result of TDM addition.'*®
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Figure 16. Effects of isocyanates on the properties of NFCs and WPCs.
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Figure 17. Effects of MA-SEBS on the properties of WPCs.

CONCLUSIONS

Of the various fiber-based interface modification strategies pre-
sented in “Fiber-Based Strategies” section, silanes, MA-POs (as
applied to the fiber), mercerization (often just as a pretreatment
for other matrix-based strategies) and acetylation are most thor-
oughly investigated and have proven efficient in polyolefin-
based NFCs and WPCs. However, less common strategies like
enzymatic treatment and modification with m-phenylene bisma-
leimide seem to hold some potential also. Mercerization of the
fiber/filler alone does not greatly improve the mechanical prop-
erties of NFCs and WPCs. Nevertheless, there is some evidence
for it improving the effectiveness of subsequent silane treat-
ments, and of MA-PP as a matrix-based compatibilizer. In gen-
eral, fiber-based strategies require a pretreatment step of the
fiber/filler before composite production. Thinking of potential
industrial application, this is a serious drawback, particularly
given the fact that cost pressure considerations are a major driv-
ing force of NFC and WPC development. Especially treatments
that require organic solvents might probably neither be
economically justifiable, nor ecologically acceptable.

As regards matrix-based strategies, MA-POs are the predomi-
nant form of coupling agents for polyolefin-based NFCs and
WPCs, judged by the abundance of references in the literature.
Maleic anhydride functionalized polyolefins are proven to
increase tensile and flexural strength and reduce water absorp-
tion. In many studies, the respective moduli have also been
found improved, albeit in most cases to a lesser degree. For IS,
the results are ambiguous. As to the form of MA-PO applica-
tion, two studies indicate that fiber pretreatment does not
result in higher improvements compared with simple addition
of the coupling agent in the compounding step (earlier sec-
tions). This is supported by the abundance of data generated
by other researchers employing either the fiber- or the matrix-
based approach. Among the differently functionalized polyole-
fins, especially oxidized PE, VTES-PP, and mTMI-PP seem to
hold some potential for NFC and WPC material property
improvement (mentioned earlier). Of the CA-types not based
on polyolefins, particularly polymers bearing isocyanate-groups
are promising. Apparently, some of those can be applied in com-
bination with MA-POs. Furthermore, PBNCO seems to be an ef-
ficient impact modifier in NFCs (mentioned in previous
sections).
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To date, there are several efficient coupling agents available for
improving tensile and flexural strength, and reducing the water
absorption of NFCs and WPCs. As regards stiffness, material
property data of many studies shows that, in contrary to
strength, it can be improved by introducing fibers/fillers even
without providing good interfacial interaction. This is because
tensile and flexural moduli are measured at low strains, when
stress transfer via the interface is less crucial than in the nonlin-
ear regime of the stress/strain curve, where finally breakage
occurs. The relatively small effects that interface modifications
in composites take on these properties can also be accounted to
this phenomenon. As regards the main weak point of NFCs and

REVIEW

WPCs, namely the relatively low impact strength, improvement
by interface modification seems to be a difficult task. Although
many researchers report IS increased as a result of their compa-
tibilization approach, especially notched impact strength is also
found reduced in several cases. In NFCs, fiber pull-out seems to
be an important mechanism for energy dissipation, which is
partly suppressed by improved interfacial interaction [unpub-
lished data of the first author]. However, some of the data
reviewed here is contradicting this hypothesis. This ambiguity
deserves increased scientific attention to finally develop coupling
agents which should reliably improve IS along with the other
material properties of interest.

APPENDIX

Table AI. Composites/Modifications Covered

Reference  Spec. Fiber/Filler Matrix Fiber Modification

11 CM 20% Henequen HDPE NaOH, silane (2-methoxy-ethoxy)

17 M 30% Flax PP MA-PP

22 IM 10% Wood PP Silane (vinyl-trimethoxy), MA-SEBS (matrix)

23 CM 30% Flax PP Bleaching, NaOH, MA-PP (matrix)

24 IM 50% Wood HDPE Heat treatment (175°C), MA-PP (matrix)

25 IM 20% Wood PP Silane (y-aminopropyl-triethoxy), MA-PP (matrix)

26 IM 30% Flax PP Acetylation, MA-PP (matrix)

27 rEX 50% Wood LDPE Silane (vinyl-trimethoxy)/DCP

32 IM 30% Abaca PP Fungamix enzyme, natural digestive system (elephant)

33 IM 30% TMP, BKP PP MA-PP (thermokinetic treatment)

34 CM 40% Wood HDPE MA-PE, silane (y-methacryloxypropyl-trimethoxy)

35 CM 20% Wood PP Stearic acid, benzoyl chloride

36 IM 20% Henequen HDPE NaOH, HDPE, silane (vinyltris (2-methoxy-ethoxy))

37 IM 30% Wood PP Silane (aminopropyl-trialkoxy)

38 CM 40% Kenaf, hemp, flax, sisal PP MA-PP, silane (aminoethyl-aminopropyl-trimethoxy),
silane (aminoethyl-aminopropyl-trimethoxy)

39 IM 30% Flax PP MA, MA-PP, silane (vinyl-trimethoxy)

40 IM 40% Wood PP NaOH, silane (vinyltris (2-methoxy-ethoxy))

41 IM 50% Wood HDPE Silane (allylester), silane (epoxy)

42 M 30/50% Bamboo ER NaOH/silane (tetramethoxy ortho)

43 IM 25% Flax PP Silane (vinyl-trimethoxy), silane (glycidyl-propyl-trimethoxy),
stearic acid

44 IM 20% TMP PE NaOH, silane (dichloro-diethyl)

45 IM 20% Kenaf PP Silane (aminoethyl-aminopropyl-trimethoxy)

46 IM 40% Wood PP NaOH/silane (triethoxy vinyl), NaOH, benzoy! chloride,
acrylic acid, MA-PP (matrix)

47 CM 30% Jute PP MA-PP

48 IM 30% Flax PP NaOH, MA, MA-PP

49 CM 55% TMP rHDPE  MA-PE

50 IM 40% Wood PP NaOH, AA, Benzoyl chloride

51 IM 30% Sisal LDPE TDI, DCP, KMnQ4

52 CM 40% Blue agave fiber HDPE  Acetylation

53 IM 60% Wood PP Acetylation, furfurylation (from com. solid wood)

54 IM 50% Wood PP MA

87 CM 20% Sisal PP PMPPIC, TDI, KMnOg4

97 CM 35% CTMP PP m-phenylene bismaleimide

95 CM 40% Wood HDPE Paper wet-strength additive, stearic acid (matrix),
MA-PE (matrix)
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TABLE Al. Continued

Reference  Spec. Fiber/Filler Matrix Fiber Modification
96 CM 40% Wood HDPE PMDI

98 IM 60% Wood PP C8-chloride/CHCl3, C8-chloride/DMF
99 IM 25% Coir PP O-hydroxybenzene diazonium salt
Reference  Spec. Fiber/Filler Matrix Matrix Modification
17 M 30% Flax PP MA-PP

22 M 10% Wood PP MA-SEBS

23 CM 30% Flax PP MA-PP

24 M 50% Wood HDPE MA-PP

25 M 20% Wood PP MA-PP

29 CM 40% Wood PP MA-PP, PMDI, VF-PP

32 IM 30% Abaca PP MA-PP

35 CM 20% Wood PP MA-PP, cellulose palmitate

40 M 40% Wood PP MA-PP

46 M 40% Wood PP MA-PP

48 IM 30% Flax PP Silane (vinyl-trimethoxy) / DCP, MA / DCP, MA-PP
54 IM 50% Wood PP MA-PP copolymer

61 M 30% Flax PP MA-PP, MA-PE, oxPE

71 M 30% Flax PP MA-PP

77 M 30% Wood HDPE MA-HDPE, MA-LLDPE, MA-PP, MA-SEBS
87 CM 20% Sisal PP MA

96 CM 40% Wood HDPE MA-PE, PMDI, stearic acid

97 CM 35% Wood PP MA-PP

98 IM 60% Wood PP MA-PP

100 M 40% Wood HDPE  AA-HDPE, MA-HDPE, MA-LLDPE, MA-PP
101 IM 40% Wood PP MA-PP, stearic acid

102 M 30/60% Jute PP MA-PP

103 IM 50% Kenaf PP MA-PP

104 M 50% Wood PP MA-PP

105 IM 40% Palm fiber PP MA-PP

106 CM 30/60% Wood PP MA-PP wax

107 M 30% Wood PP MA-PP

108 CM 30% Bagasse rHDPE  MA-PE, carbPE, titanium CA

109 CM 50% Wood HDPE MA-PE, oxPE

110 IM 20/40% Wood, 20/40% Wood fiber PP MA-PP

111 IM 40% Roselle fibers PP MA-PP

112 IM 30% Lyocell fibers PP MA-PP

113 M 30/50% Bamboo PP MA-PP

114 CM 30% TMP PP MA-PP, PBNCO

115 IM 50% TMP PP MA-PP, PMPPIC

116 CM 50% Kraft pulp, sulfite pulp PP MA-PP

117 M 20% Curaua PP MA-PP

118 CM 30% Bagasse PP MA-PP, PBNCO

119 M 40/60% Wood PP MA-PP/DCP

120 M 50% Wood HDPE MA-PE

121 CM 30% Wood PP MA-PP, VTES-PP

122 M 30% Wood PP MA-PP, MA-SEBS

124 IM 50% Bleached Kraft pulp PP mTMI-PP

125 CM 40% Nut shell flour HDPE PMPPIC

127 CM 20% Hemp PP GMA-PP
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