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Abstract

Wood-polymer composites technologies are gaining more and more attention in
the scientific community, positively affecting the increase in their industrial appli-
cations, for example, automotive, building, 3D printing, etc. Many research works
are focused on the improvement in matrix—lignocellulosic filler interactions to pro-
duce highly filled composites with satisfying performance properties. In this field of
research, using isocyanates due to their versatile structure and functionality seems
to be a very promising approach. This paper aims at reporting on recent advances in
compatibilization strategies of wood-polymer composites by isocyanates. Particular
attention is focused on the correlation between isocyanate structure, as well as modi-
fication conditions on the matrix—lignocellulosic filler interactions and their impact
on the structure—property relationships of wood-polymer composites. Furthermore,
limitations and future research trends related to applications of isocyanate to wood-
polymer composites technologies are also discussed.
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Introduction

Wood-polymer composites (WPCs) are a special group of composite materials,
which are defined as composites consisting of one or more lignocellulosic fillers
and one or a mixture of polymers. Incorporation of lignocellulosic fillers reduces
costs and provides specific properties of composites, among others, enhanced
mechanical performance, high stiffness, corrosion resistance, reduced environ-
mental impact, higher usage of recycled and waste materials, renewable nature
and sometimes even biodegradability. Moreover, compared to the mineral fill-
ers (e.g., silica, calcium carbonate, etc.), the application of lignocellulosic fillers
reduces wear and potential damage caused to the processing equipment. Consid-
ering these advantages, WPCs are more often regarded as an exciting alternative
for polymers and composites conventionally applied in the building and automo-
tive industry (Andrzejewski et al. 2019; Barczewski et al. 2019; Formela et al.
2016).

Current research on the development of wood-polymer composites can be
assigned to two main trends. The first research trend focuses on decreasing the costs
of materials used for manufacturing this type of composites (e.g., searching for a
new source of lignocellulosic fillers from different kinds of agricultural wastes,
application of recycled polymers, etc.). The second direction is searching for new
methods to improve the interfacial interactions between often hydrophobic polymer
matrix and hydrophilic lignocellulosic fillers, which affect their final performance
properties. Compatibility, and to be more precise, lack of compatibility between
matrix and lignocellulosic fillers is one of the main problems associated with the
manufacturing of WPCs (Bledzki et al. 1998). Liu et al. (2014) indicated that the
type of source of lignocellulosic fibers has a significant effect on the performance of
composites. Significant differences in chemical structure and polarity of the compo-
nents used usually result in their weak interfacial adhesion. Therefore, it is essential
to improve the compatibility between the lignocellulosic filler and polymer matrix,
as strong interfacial interactions are crucial to achieving the satisfactory mechanical
properties of composites (Chan et al. 2017). Such an approach may be realized by
providing possibilities for chemical bonding of modified lignocellulosic filler with
functional groups present in the polymer backbone or by changing the character of
the fillers’ surface from hydrophilic to hydrophobic, simultaneously enhancing the
affinity of the filler toward polymer matrix (Wang et al. 2017).

Depending on the chemical structure of filler and, most of all, polymer matrix,
interfacial interactions can be divided according to their nature, but the most
important are interactions based on intermolecular forces, for example, hydrogen
bonds and stronger covalent bonds. Obviously, in most cases, covalent bonds are
more efficient because they provide a permanent connection between phases. At
present, numerous routes aimed at improving the interactions between the matrix
and filler have been developed (Gallos et al. 2017). Generally, they can be divided
into two main groups: matrix-based and filler-based strategies.

The matrix-based methods for enhancing interfacial interactions in WPCs
are based on the grafting of various chemical compounds to the backbone of the
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polymer macromolecules. These strategies are mostly realized by the incorpora-
tion of a separately prepared compatibilizer. It is usually grafted polymer, which
has the same or similar backbone to a matrix, providing their miscibility, and
grafted functional groups able to bond with the filler surface. Grafting of various
compounds to polymer chains is often realized by radical mechanisms. An exam-
ple is presented in Fig. 1.

For their efficient application, a similar processing window should characterize
the compatibilizers and the applied matrix. Such an effect would guarantee their
effective processing and lack of decomposition. Moreover, they should be able to
provide additional interactions between matrix and filler, enhancing the compatibil-
ity of phases. Enhancement of compatibility may result from physical or chemical
interactions depending on the type and chemical structure of the compatibilizers.
By far the most popular compatibilizers, which have been commercially available
for many years, are polyolefins functionalized with maleic anhydride (MA). They
are miscible with the most popular matrices applied to WPCs—polyethylene (PE)
and polypropylene (PP) (Bettini et al. 2010; Lai et al. 2003). Their popularity is
associated with the ability of maleic anhydride to react with the most popular func-
tional groups present on the surface of lignocellulosic fillers—hydroxyl groups. The
scheme of such interactions is presented in Fig. 2 (Hejna et al. 2019).

To enhance the compatibility of WPCs, except for MA, polymers may also be
grafted with acrylic acid (Li and Matuana 2003), glycidyl methacrylate (Pra-
cella et al. 2006) or silanes (Nachtigall et al. 2007). Although their application did
not show very significant effects, enhancement of tensile or flexural strength was
observed, but it was lower than 20% and often accompanied by deterioration of
other mechanical parameters.

As mentioned above, it is very beneficial to create strong, covalent bonds between
polymer matrix and filler particles. Therefore, other groups of compounds, which are
considered as effective for WPCs’ compatibilization, are isocyanates. Their effec-
tiveness is associated with the high reactivity of isocyanate groups (Karmarkar et al.
2007). The most common isocyanate is methylene diphenyl diisocyanate (MDI) and
its polymeric form (pMDI). However, it has mainly been used for enhancement of
the performance of WPCs via filler-based strategies.

The application of isocyanates may also be very beneficial for the WPCs based
on the polyolefin matrices, which are by far the most popular in the manufacturing
of WPCs, accounting for 85-89% of market value over the last years, so they are a
very important field of research (Market Research Report 2018). Due to the limited

n Di umglp
Maleic Anhydride (MA)

Polypropylne (PP) MA grafted-PP

Fig. 1 Mechanism of peroxide radical initiated grafting of MA onto PP
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Fig.2 Schematic of grafting reaction of PP functionalized by MA onto cellulose (Hejna et al. 2019)

possibility for covalent bonding with polyolefins, compatibilizers are often aimed at
partial masking of the hydrophilicity of fillers, which enhances the compatibility of
the system, because of the hydrophobic character of polyolefins (Joly et al. 1996).

On the other hand, other polymers may also be applied, for example, poly(vinyl
chloride), polyurethanes, thermoplastic starch, or biodegradable polyesters, whose
popularity has been increasing over the last years (European Bioplastics 2019).
Their applications are based on the increasing awareness of society, related to the
excessive production and use of petroleum-based plastics. These issues may be a
serious threat to the environment, so research works associated with pro-ecological
solutions are becoming more popular. Generally, these matrices show a significantly
more hydrophilic character compared to polyolefins, which is also related to the
presence of various functional groups in their backbones. In such a case, filler modi-
fications may be performed to create hydrogen bonds or even more stable covalent
bonds at the interphase.

Over the last decades, multiple review works related to the chemical modification
of natural fibers to enhance the performance of polymer composites have been pub-
lished by different research groups (George et al. 2001; Kabir et al. 2012; Kalia et al.
2009; Mohit and Arul Mozhi Selvan 2018). These works emphasized the importance
of interfacial interactions in polymer composites filled with lignocellulosic fillers
and summarized literature reports associated with this issue. The authors mentioned
numerous methods of filler modification, from which the most popular and most
widely described are alkali treatment, silanization, acetylation, maleation, acryla-
tion, or permanganate treatment. Other, less common methods of modification,
including fatty acid modification, sodium chloride treatment, benzoylation, triazine,
or isocyanate treatment, were rather scarcely described and analyzed. Modification
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with isocyanates was rather briefly mentioned, and despite the multiplicity of avail-
able literature reports, only a few of them were described. Therefore, the aim of the
presented paper was to summarize and analyze recent literature reports regarding
this issue.

It is also essential that, regardless of the selected approach, most of the modifi-
cation procedures reported in the literature are based on the batch processes. They
often require the presence and use of high amounts of solvents, resulting in the high
final costs of the modified natural fillers and limiting their further applications.
Therefore, lately, more and more attention has been paid to in situ modifications
performed during reactive processing of WPCs, for example, melt compounding in
the extruders. Nevertheless, published information regarding continuous methods of
lignocellulosic filler modification is still rather limited (Formela et al. 2018). From
both economic and ecological points of view, this method seems to be a very attrac-
tive solution for effective fillers functionalization.

Application of isocyanates

As mentioned above, isocyanates can be considered as an exciting group of com-
pounds for enhancement of interfacial interactions in WPCs. Their application as
compatibilizers is very beneficial, because of their high reactivity and ability to cre-
ate stable covalent bonds with functional groups present on the surface of ligno-
cellulosic fillers, as well as in the structure of many polymers. The latter effect is
very pronounced for polar polymer matrices, including biodegradable ones, such as
poly(lactic acid) (PLA), poly(e-caprolactone) (PCL), or thermoplastic starch, whose
popularity in the WPCs production is growing (Jun 2000; Rensch and Riedl 1992;
Zhao et al. 2008). Schematic reactions are presented in Fig. 3.

Moreover, some authors, especially in the case of filler modifications, are propos-
ing the generation of polyureas or polyisocyanurates, which are settling on the sur-
face of lignocellulosic fillers changing their adhesion to polymer matrices (Fig. 4)
(Johns 1982; Ni and Frazier 1998). In the presence of humidity, its reactions with
free isocyanate groups are hard to avoid. Therefore, amines and, consequently,
urea groups are formed, which can further react with isocyanates generating biu-
ret groups. On the other hand, at the higher reaction temperature, the trimerization

H
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Fig. 3 Reactions of isocyanates with functional groups present on the surface of lignocellulosic fillers
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Fig.4 Scheme of the possible generation of polyureas or polyisocyanurates during the modification with
isocyanates (Johns 1982; Ni and Frazier 1998)

of isocyanates may occur, resulting in the formation of isocyanurates. Although in
these cases, fewer urethane bonds may be formed, the presence of ureas and isocya-
nurates should still be considered beneficial due to increased possibility of hydrogen
bonding with polymer matrices.

It is also very important that isocyanates have been commonly used in the plas-
tics industry for many years; hence, they are well known and analyzed. The most
popular ones are methylene diphenyl diisocyanate and toluene diisocyanate (TDI),
which cover over 90% of the global market, followed by hexamethylene diisocyanate
(HDI) and isophorone diisocyanate (IPDI), which stand for less than 5%. These
compounds, as well as less popular ones, which were already evaluated as modifiers
for WPCs, are presented in Table 1.

An important issue that is often raised in the case of various applications of
isocyanates is their toxicity. According to commonly used Globally Harmonized
System of Classification and Labelling of Chemicals and NFPA 704 system, the
majority of isocyanates are considered as a toxic, irritant, as well as health and envi-
ronmental hazard (Table 1), which is associated with the high reactivity of unbound
isocyanate groups (European Parliament and the Council 2008; Musk et al. 1988;
NFPA 2017). However, after reaction with other functional groups and generation of
stable covalent bonds, their toxicity is no longer considered as a threat. Such effect
is observed in the case of the manufacturing of polyurethanes, which are commonly
applied as biomedical grade materials during the production of, for example, cath-
eters, blood bags, or various implants (Zdrahala and Zdrahala 1999). A similar case
is observed for the introduction of isocyanate-modified fillers into WPCs when the
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Table 1 Isocyanates applied as modifiers to wood-polymer composites
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toxic effect should be eliminated (or at least significantly reduced), due to the excess
of hydroxyl groups of fillers. Therefore, considering that during the modification of
WPCs, isocyanates can covalently bond with matrix and filler phases, they should
not be treated as hazardous toward human health.

Moreover, as mentioned above, a wide range of isocyanates have already been
evaluated as modifiers for WPCs, which are associated with their multiplicity, even
despite the low share of the market. As can be seen in Table 1, they are different in
the chemical formula, molecular weight, spatial structure, functionality, or the pres-
ence of various chemical structures, for example, aromatic rings. Such aspects of
modifiers may noticeably affect the properties of modified filler or polymer matrix,
among others, in terms of their crystallinity, wettability, polarity, or affinity for
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various chemicals (Zhang et al. 2014). As a result, mechanical performance, thermal
properties, absorptivity, or mechanism and rate of degradation may be engineered
by a proper selection of modifier of filler or matrix.

Matrix-based strategies

As mentioned above, matrix-based strategies are related to the grafting of the differ-
ent chemical compounds to the backbone of polymer macromolecules or the intro-
duction of the compatibilizers, which are miscible with polymer matrix due to simi-
larities in structure and physical or chemical properties. Such an assumption was
made by Pickering and Ji (2004), in their work related to the compatibilization of
PP-pine fiber composites with pMDI. The authors assumed that the hydrocarbon
chain of applied isocyanate could interact with the hydrophobic polymer chain of
PP by Van der Waal’s forces. Therefore, no actual grafting was performed; pMDI
in the amount of 2 wt% was only premixed with the matrix prior to the addition
of filler during melt blending. For comparison, the authors also prepared two types
of coupling agents based on maleated polypropylene (MAPP). Performed modifi-
cations had a negligible influence on the strength of the PP matrix, which varied
from 22.3 to 23.6 MPa. (For unmodified PP, it was 23.1 MPa.) Interactions between
pMDI and PP matrix were rather weak because incorporation of this compatibilizer
(in the amount of 0—4 wt%) to analyzed WPCs (0-50 wt% of filler) resulted in ten-
sile strength values between 21.5 and 24.0 MPa, while application of maleated PP
resulted even in the exceeding of 50.0 MPa. A combination of two types of analyzed
coupling agent did not cause any synergistic effects. The mechanical performance
was similar as in the case of incorporation of maleated PPs alone. Therefore, to use
the potential of isocyanates more efficiently, they should be chemically bonded to
the polymer matrix.

This hint was used by Karmarkar et al. (2007), who performed melt phase graft-
ing of m-isopropenyl-a,a-dimethylbenzyl isocyanate (m-TMI) onto isotactic poly-
propylene in the reactive extrusion process using dicumyl peroxide (DCP) as radi-
cal initiator. m-TMI grafting on PP via reactive extrusion was first reported. The
application of this modifier was analyzed for the first time by Braun and Schmitt
(1998), who used m-TMI-g-PP as a compatibilizer for PP/polyamide 6 and PP/poly-
amide 66 blends. However, in that case grafting was performed in the periodic pro-
cess using an internal mixer. Karmarkar et al. (2007), under the applied conditions
(temperatures alongside the extruder barrel—180/190/200/180 °C and rotary speed
of 90 rpm, 10 wt% of m-TMI and DCP), achieved 5.2 wt% degree of grafting for
a relatively short reaction time of 4.5 min (residence time of material in extruder
barrel). Reactive extrusion was also applied to the manufacturing of WPCs. Wood
fibers were incorporated in the amount of 10-50 wt%, and the coupling agent was
applied in the amount of 5 wt% relative to the fiber content. The introduction of the
coupling agent resulted in a significant improvement in mechanical performance. In
the case of tensile properties, up to 20 wt% content of wood fiber, hardly any dif-
ference was observed between samples with and without compatibilizer. However,
for higher loading levels, a noticeable impact was noted. For 50 wt% content of the
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filler, compatibilization resulted in a 57% increase in tensile strength. The effect was
even more substantial for flexural strength, which was increased by ~80% when the
coupling agent was applied. On the other hand, a slight decrease in impact strength
was observed, which was related to the stiffening of the composite due to bond-
ing between matrix and filler phases, which was later confirmed in other research
(Chauhan et al. 2009).

The same isocyanate was also applied in works by Guo and Wang (2008) and
Guo et al. (2011, 2013). The authors also used reactive extrusion to graft selected
isocyanate onto the PP chain via radical mechanism using DCP. No details about
process parameters were provided. However, the grafting degree was determined
as 1.8 wt%. Next, PP composites filled with wood flour (WF) were prepared using
reactive extrusion. In their later work (Guo et al. 2013), the influence of filler load-
ing (from 0 to 50 wt%) and compatibilizer content (from O to 10 wt%) on the prop-
erties of composites were investigated. Based on the mechanical properties—ten-
sile and flexural strength as well as flexural modulus, optimum content of filler was
determined as 40 wt%. Higher loadings caused deterioration of mechanical perfor-
mance, probably due to unfavorable agglomeration of WF particles. Following the
same protocol, optimum compatibilizer content was determined as 6 wt%. Surpris-
ingly, according to the authors, its higher contents caused plasticization of the PP
matrix, because of low molecular weight and short molecule chain. However, the
same PP was used for the preparation of compatibilizer and composites, and despite
that, no plasticization of PP in the compatibilizer was noted. Enhanced compatibil-
ity of composites associated with the use of m-TMI-g-PP was confirmed by scan-
ning electron microscopy (SEM) analysis and dynamic mechanical analysis (DMA)
results. Then, in their earlier work, the authors used the optimum formulations to
analyze the impact of compatibilization on thermal properties. Only small changes
were observed for differential scanning calorimetry (DSC) analysis. However, inter-
estingly, incorporation of WF into PP, with and even without the use of compatibi-
lizer, enhanced the thermal stability of the composite.

Guo et al. (2019) grafted isocyanate silane (IS) onto polypropylene in the pres-
ence of dicumyl peroxide as a radical initiator during the reactive extrusion pro-
cess. Unfortunately, no details regarding conditions of the process and the result-
ing degree of grafting were provided, neither in this nor in previous works of
the research group. Resulting isocyanate silane grafted PP (PP-g-IS) was used
to replace the PP matrix (up to 10 wt%) in composites filled with wood flour.
Thanks to the complex chemical structure, applied compatibilizer noticeably
enhanced the mechanical performance of analyzed materials. Incorporation of 6
wt% increased tensile strength from 20.6 to 40.4 MPa and flexural strength from
32.7 to 59.1 MPa. Such a significant improvement is related to the multiplicity
of interactions between all applied components. PP chain of compatibilizer was
able to entangle with PP matrix, while silanol and isocyanate functional groups
were connecting with the hydroxyl groups of the filler via hydrogen and cova-
lent bonds, respectively. As a result, strong interfacial adhesion was established,
which was confirmed by SEM analysis. However, excessive loading of compati-
bilizer led to unfavorable changes in mechanical performance. Improved adhesion
was also expressed by the enhancement of composites’ stiffness and restricted
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molecular motions. Slight improvement in PP phase thermal stability was also
observed.

Except for polyolefins, modification with isocyanates was also investigated
for other matrices, which can be used in the manufacturing of WPCs, for exam-
ple, starch, poly(lactic acid), or poly(butylene succinate) (PBS). Hosseinpourpia
et al. (2018) modified pea starch and dextrin with isophorone diisocyanate using
dibutyltin dilaurate (DBTDL), commonly used in the polyurethane industry as
a catalyst. Authors modified selected natural polymers by solution method, with
NCO/OH functional groups ratio in the range of 3—6. The efficient modification
was confirmed by elemental analysis, which indicated a significant increase in the
nitrogen content, as well as Fourier transform infrared spectroscopy (FTIR) and
nuclear magnetic resonance (NMR) spectroscopy, which pointed to the presence
of urethane bonds and free isocyanate groups present on the surface of starch
and dextrin. The authors also noticed an enhancement of the thermal stability of
starch by 16 and 27 °C, respectively, for NCO/OH ratio of 3 and 6, which con-
firmed previously published research (Valodkar and Thakore 2010). In the case
of starch and dextrin, a drop in the glass transition temperature was observed,
which was associated with the decreased amount of free hydroxyl groups and
reduction in the number of hydrogen bonds between polymer chains (Gémez-
Fernandez et al. 2017). It was also confirmed by the reduced water vapor sorption
of analyzed polymers, which indicated decreased hydrophilicity. Generally, the
presented results indicate that modification of starch with isocyanates can be very
promising for its application to the manufacturing of WPCs.

Nevertheless, until now, modifications of the above-mentioned polymers with
isocyanates have mainly been used for the compatibilization of their blends (Mei-
moun et al. 2017) or the use of modified starch as intermediate in the manufactur-
ing of polyurethanes (Da Rz et al. 2009). One of the first works associated with
the application of isocyanates as coupling agents for such blends, in this case,
starch/polycaprolactone, was published by Mani et al. (1998). The authors grafted
toluene 2,4-diisocyanate to polycaprolactone and then performed the reaction
with starch. The generation of urethane linkages was confirmed by FTIR analysis.
Such a prepared compound was used as a compatibilizer for starch/PCL blends
and caused noticeable enhancement of mechanical performance and an increase
in tensile strength from 4.4 to 19.0 MPa. Improved interfacial interactions were
caused by finer dispersion of starch and smoother interface between phases con-
firmed by SEM and transmission electron microscopy (TEM) micrographs.

Later, Kweon et al. (2000) analyzed the modification of PCL with three iso-
cyanates: TDI, MDI, and HDI. Grafting of isocyanates was performed in bulk
without the application of catalysts with NCO/OH ratios of 3:2 and 5:2. After
the removal of unreacted isocyanates, the authors measured the content of iso-
cyanate groups attached to PCL, which was similar, independent of the NCO/
OH ratio applied; therefore, lower excess was chosen. Modified polycaprolactone
was reacted with starch, which was previously dissolved in dimethyl sulfoxide
(DMSO), just as in the work by Mani et al. (1998). The efficiency of grafting was
hardly affected by the isocyanate structure. However, the introduction of MDI
enhanced the thermal stability of analyzed blends. Degradation temperature was
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increased from 290 to 305 °C, while modification with TDI resulted in a decrease
to 245 °C.

Ohkita and Lee (2004) conducted similar research for PLA and PBS blends
with starch. The authors performed in situ compatibilization of blends during
their manufacturing with lysine diisocyanate (LDI) and hexamethylene diiso-
cyanate. The application of both modifiers caused a noticeable enhancement in
the blends’ compatibility and mechanical performance. In the case of PLA and
PBS-based blends (50:50 ratio with starch), 84 and 144% increase in tensile
strength was observed. An increase in Young’s modulus was also observed. In
both cases, the more substantial impact was noticed for LDI, which was ascribed
by the authors to its branched structure and carbonyl group, which strengthened
interactions with polymer matrices via hydrogen bonds. The influence of starch
content in blends was also investigated, and it is worth to mention that incorpora-
tion of diisocyanates into analyzed blends allowed to maintain the tensile strength
of blends containing up to 50 wt% of starch almost at the level of pure PBS and
PLA. Improvement in the compatibility of blends was also confirmed by micro-
scopic analysis.

Although these works are related to compatibilization of starch/polymer
blends, published results may also be used in the manufacturing of WPCs, due
to some similarities in chemical structure between analyzed polymers (mostly
starch) and lignocellulosic fillers (mainly in the case of functional groups), which
is presented in Fig. 5.
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Fig.5 Chemical structure of a cellulose, b lignin, and ¢ starch
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Filler-based strategies

Filler-based strategies are based on the affinity of the free isocyanate groups toward
hydroxyl groups present on the surface of various lignocellulosic fillers, often com-
posed mainly of cellulose and lignin (Fig. 5). As mentioned above, depending on
the type of applied polymer matrix, such treatments may be aimed at reducing the
hydrophilicity of filler or providing the possibility for creating interfacial covalent
bonding.

In their works, Maldas et al. (1988, 1989) comprehensively investigated the
impact of isocyanate modification of different wood-based fillers on the proper-
ties of composites based on PS. The authors analyzed spruce and aspen sawdust,
with varying particle size, modified with pMDI, TDI, and HDI. Noticeably, the
best results were observed for modification with pMDI, which was ascribed to
the presence of aromatic rings in this modifier and its polymeric nature, which
provided more continuity at the interphase. Due to the noticeably smaller parti-
cle size and lack of polymeric character, TDI was not so effective. However, it
still provided a significantly more substantial enhancement of mechanical perfor-
mance compared to HDI. In Table 2, the effects of the modification performed are
presented as a percentage change of various mechanical parameters. The authors
also analyzed the influence of pretreatment methods of the filler, so they intro-
duced wood sawdust, explosion pulp, and chemithermomechanical pulp (CTMP)
generated from spruce and aspen. The most beneficial effects were obtained with
the use of CTMP, which was ascribed to the most effective separation of fibers
from wood chips, hence the highest specific surface area, which increases the size
of the interphase. Similar investigations regarding polyethylene-based compos-
ites were described by Raj et al. (1989, 1990) from the same research group. Just
as in the case of PS, pMDI was found to be the most beneficial modifier, which
was related to its polymeric nature. However, the application of HDI provided

Table 2 Percentage changes in the mechanical performance of PS after incorporation of 30 wt% of vari-
ous wood fillers modified with 2 wt% of isocyanates (Maldas et al. 1988, 1989)

Wood type  Particle size  Isocyanate  Tensile strength ~ Elongation at break ~ Young’s modulus

Spruce 20 mesh - 132 1-23.0 1358
pMDI 119.9 1 -192 1409
TDI 112.0 1 —269 1277
HDI 1-29 1 —34.6 115.1
Spruce 60 mesh - 19.1 1-38 113.8
pMDI 1222 1 —19.2 1327
TDI 1143 1 —269 1377
HDI 16.1 1 —385 1358
Aspen 20 mesh - =79 1 =231 118.2
pMDI 110.2 1 —269 139.0
Aspen 60 mesh - 118 13.8 113.2
pMDI 1175 1 =231 140.3
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superior effects on the use of TDI, which was associated with the similarity
between C6 chain in HDI and polyethylene backbone. Moreover, modification
with pMDI provided a higher level of mechanical performance enhancement
compared to the analyzed silanes.

The effectivity of the pMDI was later confirmed by other researchers. George
et al. (1996, 1997) investigated the compatibilization of polyethylene/pineapple leaf
fiber composites with polymethylene polyphenyl isocyanate. Modification of fibers
with 5 wt% of pMDI resulted in a significant enhancement of the mechanical perfor-
mance of resulting composites, which can be seen in Table 3. A decrease in elonga-
tion at break was noted. However, it is typical during the enhancement of tensile
strength and modulus of a material. The authors ascribed positive changes in the
mechanical performance of composites to the reduced hydrophilicity of fibers and
Van der Waals interactions between PE chains and relatively long chains of pMDI,
which consisted of methylene groups and six-membered aromatic rings (Table 1).
The stiffening of composites due to strengthened interfacial interactions was con-
firmed by dynamic mechanical analysis. Moreover, isocyanate modification slightly
enhances the thermal stability of composites.

A research group from Oregon State University used pMDI to improve proper-
ties of PP- and PE-based composites containing 40 wt% of wood flour. In the case
of polyethylene composites (Geng et al. 2005), pMDI was used solely or in com-
bination with stearic acid. The addition of 1.5 wt% of pMDI resulted in a~10%
increase in modulus of rupture and modulus of elasticity, while the combination
with 0.5 wt% of stearic acid led to~90% and ~20% improvement in these param-
eters. Enhanced compatibility of investigated composites could also be seen in
the presented SEM images. Moreover, analyzed coupling agents were more effec-
tive than commercially available PE-g-MA.

For PP-based biocomposites (Zhang et al. 2004), the authors analyzed the incor-
poration of pMDI, PP-g-N-vinylformamide (PP-g-VF), and their combinations.
Results were also compared to those for composites compatibilized with commercial
PP-g-MA. The best results, superior to those obtained when maleic anhydride was
used, were obtained for a combination of pMDI and PP-g-VF. Microscopic analysis
of these materials suggested that the enhancement of mechanical performance was
due to the improved interfacial adhesion between matrix and filler. Moreover, such a
coupling agent system resulted in a significant decrease in water uptake, which can
be considered beneficial because it retards the degradation of biocomposites.

Table 3 Enhancement of composites’ mechanical performance after modification of pineapple leaf fiber
with 5 wt% of pMDI (George et al. 1996, 1997)

Fiber Tensile strength Young’s modulus Elongation at break Tear strength (kN/m)
content  (MPa) (MPa) (%)

(%)

10 16.3—20.0 610— 1200 10.8—7.5 72— 84

20 19.8—324 800 — 1800 92—52 81—101

30 22.5—35.0 1100— 2500 4.0—-3.0 97—105
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Gwon et al. (2018) grafted TDI onto the surface of cellulose nanocrystals (CNCs)
to reduce their polarity and enhance the dispersibility in the hydrophobic polypro-
pylene matrix. Then, the suspension of modified CNCs in acetone was added to hot
toluene, and powdered PP was introduced. The polymer dilute system was kept for
3 h to achieve homogeneity of suspension, and then toluene was evaporated. Such a
process after 24 h of drying resulted in coated PP powder, which was then injection
molded. Effective modification and generation of urethane bonds between CNCs and
isocyanate were confirmed by FTIR analysis. Moreover, the dispersibility of modi-
fied CNCs in nonpolar toluene was significantly better than for neat CNCs, which
indicated the reduction in the polarity of the surface. As a result, compatibility with
PP matrix was noticeably improved, so~22 and~14% rise in tensile strength and
elongation at break was observed for 5 wt% loading of modified CNCs as a filler.

Qiu et al. (2005) introduced HDI as a modifier for PP/cellulose fibers and PP-
g-MA/cellulose fibers composites. The authors used 1.0, 2.5, and 5.0 pbw content
of HDI, while the loading of filler was fixed at 30 wt%. SEM analysis of fractured
surfaces suggested improvement in interfacial adhesion with the increase in HDI
content, independently of the presence of maleic anhydride. However, based on the
tensile test results, the most beneficial content of the modifier was 1 pbw, because
the further increase in its content did not result in further enhancement of mechani-
cal performance; for PP matrix, even deterioration was noted. Such effect was
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Fig. 6 Possible interactions between cellulose fibers and: a neat PP, b PP modified with lower content
of HDI, ¢ PP modified with a higher content of HDI, d neat PP-g-MA, e PP-g-MA modified with lower
content of HDI, and f PP-g-MA modified with a higher content of HDI (Qiu et al. 2005)
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associated with the decrease in the samples’ crystallinity with the addition of HDI,
which reduced the strength of the polymer matrix, especially in the case of neat PP.
For PP-g-MA, matrix reduction was not so strong. In Fig. 6, possible interactions
responsible for the enhancement of interfacial adhesion in investigated composites
are presented.

HDI was also used by Liew et al. (2018) for the modification of jute and bam-
boo fibers introduced into low-density polyethylene (LDPE) matrix. The authors
obtained very promising results, because fiber modification performed according
to the described method (periodic method based on solution treatment followed
by 24-h drying) resulted in significant enhancement of the thermal stability of the
composites—for 10 wt% loading of modified filler, the onset of decomposition was
shifted by over 100 °C. Such effect should be considered very beneficial from a tech-
nological point of view, because it would allow the incorporation of modified ligno-
cellulosic fillers, which usually show relatively low thermal stability, into matrices
requiring higher processing temperatures. Moreover, applied modification of fillers
resulted in the enhancement of tensile strength and Young’s modulus by 295 and
296%, respectively, which was ascribed to the improved interfacial interactions, as
proven by SEM analysis.

Lately, a comparative analysis of the application of four of the most popular diiso-
cyanates: HDI, IPDI, MDI, and TDI, as compatibilizers of PLC/cellulose compos-
ites was performed (Hejna and Kosmela 2020). Cellulose filler, Arbocel UFC100,
was modified with 5 and 15 wt% of diisocyanates and then introduced in the amount
of 30 wt% into the PCL matrix. Independently of the type of modifier, significant
enhancement of the mechanical performance was noted. The dynamic mechani-
cal analysis revealed that all applied treatments resulted in the enhancement of the
interfacial adhesion, which was confirmed by the results of tensile tests. The tensile
strength was increased from the initial 13.71 MPa to 22.91-28.72 MPa, depending
on the type of diisocyanate. It was related to the stiffening of composite, expressed
by the increase in Young’s modulus by 4.3-25.3%. Generally, better tensile perfor-
mance was noted for aromatic diisocyanates than for aliphatic ones. Nevertheless,
independently of the type and content of modifier, enhanced interfacial interactions
resulted in higher brittleness of the composites, which were able to withstand a
higher amount of stress. However, in the lower range of strains, therefore overall, a
lower amount of energy was required to destroy them.

Various researchers also investigated less popular isocyanates or more complex
procedures, for example Joseph et al. (1995, 1996) and Paul et al. (1997), who
modified alkali-treated sisal fibers with urethane derivative of cardanol (CTDIC)
obtained by mixing of cardanol with an excess of TDI, whose structure is presented
in Fig. 7. Obtained derivative contained free isocyanate groups for further reaction
with hydroxyl groups of filler. Such modifications resulted in noticeable improve-
ment in the mechanical performance of PE-based composite containing 30 wt%
of filler. Compared to untreated and solely alkali-treated samples, tensile strength
was increased by 33 and 21%, while modulus was increased by 32 and 22%. Fur-
ther, improvement in elongation at break was observed. However, the values of this
parameter were still very low and did not exceed 4%. These results were obtained
for longitudinally oriented composites. For random distribution of filler, differences

@ Springer


http://mostwiedzy.pl

A\ MOST

Wood Science and Technology

toluene 2, 4-diisocyanate
(TDIC)

CH, A\

(o] OH cardanol

dibutyl tin dilaurate
as catalyst

urethane derivative of cardanol
(CTDIC)

Fig.7 Scheme for preparation of urethane derivative of cardanol (Joseph et al. 1995)

between alkali treatment and CTDIC treatment were not so significant and were
lower than 10%. The authors explained the enhancement of mechanical performance
with the improved compatibility between the PE matrix and modified fillers due to
long hydrocarbon chains present in the cardanol structure. Decreased hydrophilicity
of fibers was also confirmed by the increase in resistivity and dielectric loss factor of
composites after CTDIC treatment of filler.

Girones et al. (2007) used phenol-blocked and butanol-blocked MDI to enhance
interfacial interactions in PS-based composites filled with 30 wt% of bleached pine
fibers and compared the results to the use of neat MDI. Unfortunately, the authors
did not provide information about the content of the introduced compatibilizers.
Nevertheless, the best results were obtained for the application of neat MDI, which

Table 4 Effect of isocyanate-based compatibilizers on mechanical properties of PS/bleached pine fibers
composites (Girones et al. 2007)

Compatibilizer Tensile strength (MPa) Young’s modu-  Flexural strength Flexural
lus (MPa) (MPa) modulus
(MPa)
- 47.1+0.3 3489 +357 83.3x1.1 5241+119
MDI 49.3+0.8 3621+210 87.9+1.2 5133+188
Ph-blocked MDI 49.1+0.8 3644+ 181 86.9+3.4 5248 +174
Bu-blocked MDI 47.4+1.1 35474318 83.4+4.1 5062+ 177
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can be seen in Table 4. Therefore, it can be concluded that the introduction of addi-
tional costly unit processes with significant environmental impact (use of organic
solvents) is rather unnecessary.

Labet et al. (2007) modified the surface of starch nanocrystals (SNCs) with vari-
ous polymers: poly(tetrahydrofuran) (PTHF), poly(propylene glycol) monobutyl
ether (PPGME), and two types of poly(caprolactone) differing in molecular weight
(PCL10000 and PCL42500). Except for PPGME, all other modifications were per-
formed in three-step processes. The first step was to block one functional group of
polymers with phenyl isocyanate, which was not required for PPGME, while the
second step consisted of reaction with TDI. Complete modification processes lasted
for about 10 days, including purification steps, which significantly affects the yield
of the process since the authors modified only 2 g of SNCs. Efficient surface modi-
fication was confirmed by FTIR analysis, which indicated the presence of functional
groups typical of applied polymers. According to X-ray diffraction (XRD) and DSC
results, it can be concluded that the initial crystalline structure of SNCs was dis-
rupted by the modifications performed, which was expressed by less defined peaks
and lowering of melting temperature of starch with the increase in polymer chain
length. Contact angles, measured only for PTHF and PPGME modifications (for
PCL measurement was impossible due to low smoothness of the particle surface),
were very close to literature values for these polymers, which indicated good cover-
age of the starch surface. Moreover, the polarity of the SNCs’ surface was signifi-
cantly reduced by more than 87%.

To additionally enhance the effectivity of the fillers’ modification by isocyanate
treatment, some of the authors applied a catalyst, which is used in the manufacturing
of polyurethanes to accelerate the generation of urethane groups during the reaction
of isocyanate groups with hydroxyls—dibutyltin dilaurate (Nair and Thomas 2003).

Such an approach was used by Arjmand et al. (2012) during the modification of
softwood fibers with TDI. First, the authors treated fibers with sodium hydroxide
to remove any residual waxes and oils and activate the hydroxyl groups present on
the surface. Next, TDI grafting (10, 15, or 20 wt% by weight of fibers) catalyzed by
DBTDL was performed in the toluene solution. After removing the excess of isocy-
anate, the calculated amount of cetyl alcohol was added together with other portions
of the catalyst. The whole procedure lasted over a week, and its scheme is shown
in Fig. 8. Modified fibers were used to prepare high-density polyethylene (HDPE)-
based composites by melt mixing. Chemical structure and effectiveness of modifica-
tion were analyzed by FTIR spectroscopy, which indicated changes expected in the
spectra. In Table 5, mechanical properties of prepared composites are presented as
a function of applied fiber modification. It can be seen that isocyanate treatment and
subsequent modification with cetyl alcohol significantly improved the compatibility
of fibers with the HDPE matrix. Such an effect was ascribed to reduced polarity,
also expressed by the reduction in the water absorption of the composites, which
decreased from 2.47 to 1.72, 1.52, and 1.43%, for 10, 15, and 20 wt% of TDI added,
respectively.

Thielemans et al. (2006) performed a chemical modification of starch nanocrys-
tals obtained by acid hydrolysis of waxy maize starch. They used 2,4-toluene diiso-
cyanate to graft poly(ethylene glycol) methyl ether (PEGME) on the surface of
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Fig. 8 Possible reaction of a TDI with wood fiber and b free isocyanate group in TDI-treated wood fiber
with cetyl alcohol (Arjmand et al. 2012)

Table 5 Mechanical performance of HDPE/softwood fibers composites (Arjmand et al. 2012)

Property Unmodified fibers Modified by TDI (wt%)
10 15 20

Tensile strength (MPa) 18.30+1.48 23.23+0.50 27.53+0.47 29.99+0.37
Elongation at break (%) 4.01+0.11 4.99+0.24 5.11+0.13 5.20+0.17
Young’s modulus (GPa) 1.39+0.09 1.85+0.05 2.00+0.05 2.12+0.10
Flexural strength (MPa) 19.03+0.66 22.90+0.49 24.46+0.25 28.10+0.52
Flexural modulus (GPa) 1.17+0.07 1.40+0.02 1.53+0.01 1.62+0.02
Impact strength (kJ/m?) 2.40+0.10 3.50+0.33 4.51+0.13 5.22+0.25

particles. The first step consisted of combining TDI with PEGME. The reaction was
catalyzed by DBTDL and was completed after 24 h, as confirmed by FTIR measure-
ments. The obtained compound was then used for lasting seven-day modification of
SNCs, which were then purified in a relatively complex manner. Efficient surface
modification was confirmed by FTIR and X-ray photoelectron spectroscopy (XPS).
The polarity of the surface was reduced by ~67%, which could enhance the compat-
ibility of modified particles with nonpolar polymer matrices.

Morelli et al. (2016) modified cellulose nanocrystals with phenylbutyl isocy-
anate (PBI) in a process catalyzed by DBTDL. However, the modification proce-
dure was very complex, and except for specific modification steps lasting 30 min,
including two solvent exchange phases (with intermediate steps, a total of five
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organic solvents were used: toluene, acetone, dichloromethane, chloroform, and
ethanol), sonification and drying, which lasted several days. Obtained modified
CNCs were introduced into polybutylene adipate-co-terephthalate (PBAT), and
their properties were determined. Applied modification of CNCs had hardly any
effect on the tensile strength of the composites. It caused some enhancement;
however, differences were in the range of standard deviation. A more significant
impact was noted for thermal stability and water vapor permeability of compos-
ites. The onset of thermal degradation was retarded by 24, 33, and 21 °C for mod-
ification of 2.5, 5.0, and 10.0 wt% of CNCs, respectively, while the permeabil-
ity of water vapor was lowered by 63, 54, and 63%. The authors ascribed these
improvements to better compatibility and lowered void content in composites
resulting from the performed modification of CNCs.

CNCs were also selected for modification by Girouard et al. (2016), who
grafted IPDI on their surface, using DBTDL and 1,4-diazabicyclo[2.2.2]octane
(DABCO) as catalysts. The whole modification process, including purification
and drying, lasted around 2 days. Selectivity of both catalysts was compared by
the analysis of 3C NMR spectra of modified CNCs. For further preparation of
polyurethane films, CNCs modified in the reaction catalyzed with DBTDL were
selected. CNCs were introduced in the amount of 1 and 5 wt%. FTIR spectros-
copy indicated the presence of free isocyanate groups on the surface of modi-
fied CNCs, which were enhancing the compatibility of particles with a polyu-
rethane matrix. Such an effect was confirmed by comparison of polarized light
micrographs for samples with modified and neat CNCs, which indicated better
dispersion and lower crystallinity for composites containing modified particles.
Enhanced compatibility resulted in the enhancement of tensile properties. For all
analyzed variants (1 and 5 wt% of modified and neat CNCs), an increase in tensile
strength was noted. However, when modified CNCs were applied, 42 and 165%
higher values of this parameter were observed. Similar effects were observed in
the case of the materials’ toughness.

In addition, Gémez-Fernandez et al. (2017) applied a catalyst during the modi-
fication of kraft lignin with isophorone diisocyanate. Their modification scheme
included 24-h reaction conducted in tetrahydrofuran at 60 °C under nitrogen
atmosphere, catalyzed by DBTDL, followed by at least three cycles of centrifu-
gation and washing with fresh toluene. Then, modified kraft lignin was vacuum-
dried at 75 °C for 24 h and additionally kept under vacuum for the next 48 h.
Effective functionalization of kraft lignin and generation of urethane bonds on
its surface were investigated and confirmed by a detailed analysis of its chemi-
cal structure, which consisted of FTIR, as well as liquid- and solid-state NMR
spectroscopy and elemental analysis. As a result, around 50% of hydroxyl groups
reacted with free isocyanate groups of IPDI. Modification of chemical structure
also resulted in changes in surface energy, which reduced the agglomeration
effect and lowered the particle size and should be considered beneficial for the
manufacturing of composites.
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Benefits and drawbacks of matrix- and filler-based strategies

The main benefit of the matrix-based strategies is the permanent, covalent bonding
between polymer matrix and diisocyanate. Grafting of the modifier via radical mecha-
nism results in the generation of relatively strong C—C bonds between these phases,
which is often realized for polyolefin matrices. Such modifications often result in very
significant enhancement of the composites’ compatibility and improve their mechanical
performance. Nevertheless, the drawback of this approach is the impossibility of the
production of composites in a one-step process since the grafting of the modifier onto
the polyolefin matrix has to be performed in a separate step. As a result, it is essen-
tial to investigate the storage stability of polymer matrices modified with isocyanates,
since free isocyanate groups are very hygroscopic and may react with moisture leading
to the generation of ureas. To the best of the authors’ knowledge, this issue was not
investigated.

Matrix-based strategies may also be introduced for other matrices, including those
containing hydroxyl or carboxyl groups in structure, which can react with isocyanates
without the incorporation of radical initiators. However, it is hard to control the extent
of the modification process, and in the case of the application of diisocyanates, both
groups may react with the polymer matrix leading to its cross-linking. Moreover, even
if the extent of the reaction could be controlled, similarly to polyolefins, the storage sta-
bility of modified matrices should be investigated. Nevertheless, in the case of matrices
containing functional groups in the macromolecular chain, it is easier to “upgrade” the
modification process to the reactive processing approach.

Regarding filler-based approaches, it can be seen that, despite effective function-
alization, methods described above show several drawbacks, including: long time
of the process (even several days), very complex procedure (multiple unit processes
included), and application of organic solvents (not in line with the Principles of Green
Chemistry). It is also important to mention that these drawbacks are not related only to
methods, which include the use of catalysts, but in general to modification procedures
based on periodic batch processes. From a technological point of view, except for the
issues mentioned above, the necessity of starting and ending the process for each batch
also is very unfavorable, which often implicates post-process treatment of modified
filler and cleaning of reactor or installation. As a result, such processes are more expen-
sive, which has a direct impact on the cost of the modified filler, limiting its potential
applications. Moreover, when modified fillers are aimed to be introduced into nonpolar
matrices, it is essential to select the proper diisocyanate, which would provide the high-
est compatibility with the matrix, for example, polyolefins. According to the literature
data, very promising results were noted for the application of pMDI or HDI, which was
caused by the polymeric nature or structural similarities of modifiers to the matrix.
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Reactive processing

Due to the issues mentioned above, academic and industrial research groups are
looking for a more efficient method for compatibilization of wood-polymer com-
posites with isocyanates. Due to the high reactivity of the free isocyanate groups, it
is very beneficial to perform in situ compatibilization during melt compounding. It
would provide possibilities for the simultaneous generation of covalent bonds with
functional groups of matrix and filler phases.

Such an approach was used in one of the first works related to in situ compatibi-
lization of WPCs with isocyanates, published by Ashori and Nourbakhsh, and their
research group (Ashori and Nourbakhsh 2009; Nourbakhsh et al. 2008). The authors
applied polybutadiene isocyanate (PBNCO) as a coupling agent for WPCs based on
the PP matrix, filled with aspen wood fibers, and depicted sugarcane bagasse. For
comparison, a maleated polypropylene was also used as a compatibilizer. In terms
of tensile strength, the incorporation of PBNCO provided a similar level of enhance-
ment to MAPP. However, the best results were noted for the simultaneous use of
both coupling agents. The tensile strength of PP/bagasse fiber composites exceeded
30 MPa, while it was around 24-25 MPa when only one compatibilizer was intro-
duced. A similar phenomenon was observed for PP/aspen wood fiber composites.
For impact strength, the synergic effect was even more substantial, because it tripled
composites’ strength, which exceeded 33 MPa, while for the sole use of PBNCO
and MAPP, it was around 21 and 16 MPa, respectively. The observed enhancement
of the mechanical performance of composites was ascribed by the authors to the
strengthening of interfacial interactions due to the generation of covalent bonds and
mutual complementing between two coupling agents.

Lately, Xie et al. (2020) prepared biocomposites based on the PBAT matrix filled
with bamboo flour and compatibilized them with the different content of MDI (from
1 to 4 parts by weight). The authors noted significant enhancement of the mechani-
cal properties of composites, which in detail is presented in Table 6. The presented
results confirm the efficiency of in situ compatibilization. High yield of the reactions
between free isocyanate groups and hydroxyl groups present on the surface of filler
and in the backbone of the polymer matrix was confirmed by FTIR analysis. The
presented spectra indicate the disappearance of signals associated with these groups
and their replacement with peaks attributed to the presence of urethane groups.

Table 6 Changes in mechanical properties of PBAT/bamboo flour composites after compatibilization
with MDI (Xie et al. 2020)

MDI content, parts ~ Improvement in the mechanical properties (%)

by weight - - -
Tensile strength Tensile modulus Elongation at ~ Impact strength
break

1 74.7 472 191.1 446.3

2 90.7 86.3 332.1 580.6

3 84.0 74.2 305.4 664.2

4 80.7 59.3 292.9 626.9
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Enhanced interfacial compatibility was also confirmed by the SEM analysis. Moreo-
ver, the generation of the urethane bonds between phases resulted in the shift of the
onset of thermal decomposition by 30 °C.

One step further in the development of the compatibilization methods based on
reactive processing is the application of continuous processes, which would improve
their ecological and economic aspects (Formela et al. 2017). One of the most effi-
cient methods to improve matrix—filler interfacial interactions in biocomposites is
in situ processing via reactive extrusion, which involves carrying out a designed
chemical reaction between the components used. It is considered as fast, low-cost,
and pro-ecologic alternative for “conventional” modification methods of natural fill-
ers. Using extruders allows tailoring the energy and mixing conditions of the mate-
rial in each barrel section, which affects the efficiency of mass and heat transfer.
Furthermore, compared to “conventional” chemical reactors, the application of
extruders allows the processing of viscous systems. A significant advantage of the
extruders as reactors is the absence or reduced content of solvent as the reaction
medium, which eliminates additional technological operations, such as the recovery
of solvent or purification of the final product. Moreover, it significantly enhances the
ecological aspect of the process. These are the main factors affecting the continu-
ous development of reactive extrusion during laboratory and industrial modification.
More comprehensively, the reactive extrusion of polymer blends and composites
was described in previous works (Formela et al. 2017, 2018).

Petinakis et al. (2009) prepared PLA-based composites with wood flour compati-
bilized with MDI in twin screw extruder. The authors introduced 1 wt% of MDI,
relatively to the content of filler, and investigated the impact of modification for var-
ious filler loadings. The authors noted relatively poor interfacial adhesion between
PLA matrix and wood flour particles, which was ascribed to differences in polarity
and lack of possibilities to generate covalent bonds between phases. Such assump-
tions were confirmed by SEM images, which showed significant voids at the inter-
phase. Modification with MDI resulted in a more homogenous structure of fracture
surface, which indicated the strengthening of interfacial interactions and the gen-
eration of covalent bonding. As a result, the mechanical performance of composites
was enhanced, which is shown in Table 7. Modification of investigated composites
with MDI was found to give superior results compared to those for the application
of poly(ethylene—acrylic acid) copolymer.

Table 7 Changes in mechanical

. Filler Enhancement of parameters (%)
properu.es of PLA/wopd ﬂQur loading : : .
composites after qulﬁ§at10n of (Wt%) Tensile strength  Elongation at break  Tensile modulus
filler with MDI (Petinakis et al.
2009) =177 12151 1871
5 13.03 13.39 1 —2.63
10 17.00 125.18 10.97
20 1 6.56 1 12.50 10.54
30 114.36 150.37 15.14
40 19.03 111.32 1 19.86
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Conclusion

The interest in wood-polymer composites is continuously growing due to current
trends aimed at a reduction in the environmental impact of industry and the intro-
duction of more bio-based materials or the ones produced from renewable raw mate-
rials. On the other hand, requirements set for composite materials are increasing.
Therefore, it is essential to investigate the possibilities to enhance their performance.
Obviously, having in mind all environmental and economic aspects, the review
article clearly indicates that isocyanates may be efficiently applied as modifier and
compatibilizer for wood-polymer composites. They have been repeatedly proven to
provide similar or even higher levels of compatibility enhancement than commonly
applied and valued anhydrides. Therefore, they should definitely be more often
applied as modifiers for WPCs. However, a few issues have to be addressed.

First of all, as mentioned above, isocyanates as a group are considered toxic.
Therefore, to develop sustainable, safe, and environmentally friendly processes of
WPCs’ modification, it is essential to determine their environmental impact. For sol-
vent-based processes, the isocyanate content in generated sewage has to be investi-
gated. However, even more critical should be the emission of volatiles during modi-
fication. Despite relatively low vapor pressure of the majority of isocyanates at room
temperature, many of the investigated modification processes were conducted at ele-
vated temperatures, at which vapor pressure may be dozens of times higher. Moreo-
ver, even at low concentrations, permanent exposition to isocyanate-based volatiles
may cause harmful effects on human health. Therefore, it is essential to investigate
the issue of volatile organic compounds as well as sewage emissions during modifi-
cation processes and possibly introduce life cycle assessment analyses to determine
the environmental impact of isocyanate modifications.

Secondly, in order to enhance the environmental aspect of modification processes,
they have to be developed in a more efficient manner, according to the Principles of
Green Chemistry. Therefore, periodic batch processes, often characterized by long
duration, the necessity of starting and stopping the process, as well as high usage
of organic solvents, should be continuously displaced by continuous processes. In
contrast to batch processes, they are considered more environmentally friendly and
more efficient. Among them, the most common is reactive extrusion, which could be
applied to matrix-based and filler-based strategies, but most of all, to in situ compat-
ibilization of WPCs during melt compounding in extruders. In the following years,
more and more reports should be published regarding this issue.

Moreover, due to the enhancement of interfacial adhesion related to the incor-
poration of isocyanates, the lifetime of various products based on modified WPCs
could be extended. Therefore, considering the long term, there will be no need to
replace them with new products, for example, considering composite boards. At
the same time, it is essential to look for the potential recycling methods of WPCs,
especially modified ones, since the effects of chemical modifications of the fillers
are often hardly reversible.

Further, it is crucial to keep an open mind and seek possibilities to incorporate
isocyanate-modified polymers, fillers, and composites into novel applications.
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One of them is 3D printing, whose popularity is increasingly growing over the
last years. WPCs, as well as modified fillers, may be applied to different 3D print-
ing techniques, mostly in fused deposition modeling, very popular for thermo-
plastic polymers, and the most affordable, but also in stereolithography and selec-
tive layer sintering, where photocurable polymers and polymer powders may be
used. On the other hand, except for such innovative applications as 3D printing,
isocyanate-modified lignocellulosic fillers may be used to produce fiberboards,
which is nowadays a common practice in the industry. Due to the high efficiency
of isocyanates as modifiers for lignocellulosic fillers, they are applied as binders
for lignocellulosic materials. Further research works related to the filler modifica-
tion may provide new insights related, for example, to the use of new types of iso-
cyanates or novel methods of modification. Acquired know-how may enable the
application of various types of waste materials, whose relatively weak mechani-
cal properties (compared to the conventional wood flour) are currently limiting
their application range. Such an approach would create new routes for the recy-
cling, for example, for various agricultural wastes, simultaneously increasing
their utilization.
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