
1. Introduction

Polymers and polymer-based composites are com-
monly used in a wide range of industrial applica-
tions, which is related to their specific performance
properties (e.g. durability, light-weight, corrosion re-
sistance, chemical resistance, etc.), easy processing
and relatively low-cost manufacturing. As a conse-
quence, dynamic growth of polymers and polymer-
based composites production is observed each year.
The global plastics production in 2014 increased to
311 million tonnes with an approximate growth rate
of 3.9% annually [1]. Simultaneously, rapidly increas-
ing amount of waste plastics became a huge environ-
mental, economic and social problem [2–4]. There-
fore, searching for new and cost-effective solutions

in this field is currently a subject of interest of many
academic and industrial research groups around the
world.
One of the most common ways to solve the problem
of waste plastics is the application of biodegradable
and bio-based polymers as pro-ecological alternative
for ‘conventional’ polymers based on petroleum re-
sources. However, at this point it should be men-
tioned that the final impact of biodegradable and bio-
based polymers and their composites on the environ-
ment is usually variable and depends mainly on poly-
mer matrix, fillers or other additives (e.g. cross-link-
ing agents, plasticizers, foaming agents, stabilizers,
etc.) used during their preparation. Therefore, these
environmental-friendly materials can be classified in
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three ways. First classification is based on the origin
of polymer matrix, as natural and synthetic polymers
[5]. Second classification is related to biodegradabil-
ity of the used polymer or polymer blends, which
can be fully, partially or non-biodegradable [6]. The
last classification depends on the content of renew-
able components in polymer blends or composites,
which can be prepared from petroleum-based, par-
tially or fully bio-based components [7].
As presented in Table 1, estimated data show that in
2016 the global production of biodegradable poly-
mers exceeded 760 thousand tonnes, while the pro-
duction of non-biodegradable polymers from natural
resources is around 1300 thousand tonnes. Further-
more, the prediction is that in 2019 the global produc-
tion capacity of biodegradable polymers will contin-
uously increase to almost 1290 thousand tonnes and
for non-biodegradable polymers based on natural re-
sources the level of production will increase above
6500 thousand tonnes. This indicates that during the
next two years the total global production capacity of
biodegradable and non-biodegradable polymers from
natural resources will increase almost four times [8],
which confirms the dynamic development of this
polymeric materials group.
Manufacturing of polymer blends and composites
via melt-compounding is a commonly applied method
to fabricate new materials with desirable properties
[9, 10]. Main advantages of this method are elimina-
tion of complicated processes (e.g. polymerization re-
actions, etc.) and application of commercially avail-
able components. A wide range of possible selections
of polymeric material compositions and their process-
ing conditions can be a useful tool for easy tailoring
of their respective properties [11–13]. Furthermore,
melt-compounding is usually performed in extruders
commonly used in the industry. Extrusion is one of
the fastest developing method of polymer processing
[14], which is due to continuity and short time of the

process, high mixing efficiency, high capacity, good
quality of obtained products, diversity and versatility
of this technology. As a result of above mentioned
factors, research focusing on biodegradable polymer
blends and composites obtained via melt-compound-
ing enjoys growing interest among many academic
and industrial research groups [15, 16]. However,
physical blending defined as simple mixing in the
melt state without any chemical reactions between
components, usually results in weak interfacial ad-
hesion between phases, which leads to unsatisfactory
physico-mechanical properties of obtained polymer-
ic materials and strongly limits their further applica-
tions. Therefore, most of the bio-based polymer blends
and composites require further compatibilization
[17, 18], resulting in the enhancement of their per-
formance properties. In this field the in-situ process-
ing via reactive extrusion seems to be one of the most
efficient methods to improve interface interactions
between used components. However, application of
reactive extrusion during processing of biodegrad-
able polymer blends or composites is a relatively new
field of research. According to the best of our knowl-
edge, first comprehensive review about reactive ex-
trusion of bio degradable polymers was presented in
2006 by research group of Prof. Dubois from Uni-
versity of Mons (Belgium) [19] and then successful-
ly updated in next years [20, 21].
Reactive extrusion involves carrying out a designed
chemical reaction between the used components to
modify the properties of existing polymeric materi-
als or for producing new ones in a highly efficient and
flexible way. Therefore, this technique can be success-
fully applied during in-situ polymerization of bio -
degradable polymers [22, 23], modification/function-
alization of natural fibers/fillers [24] or modification/
compatibilization of biodegradable or bio-based
polymer blends and composites [25], which confirms
the versatility of this processing method.
This work presents a literature review on reactive ex-
trusion and compatibilization mechanisms of various
bio-based polymer blends, such as poly(lactic acid)/
poly(ε-caprolactone) (PLA/PCL), poly(lactic acid)/
thermoplastic starch (PLA/TPS), poly(ε-caprolac-
tone)/natural rubber (PCL/NR), poly(lactic acid)/nat-
ural rubber (PLA/NR), etc. Furthermore, recent ad-
vances in reactive extrusion during modification/
functionalization of natural fillers/fibers and compat-
ibilization of biocomposites are presented and dis-
cussed. We hope that this comprehensive review work
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Table 1. Global production capacities of biodegradable poly-
mers and non-biodegradable polymers from natural
resources [8]

Year

Biodegradable

polymers

[Mg·103]

Non-biodegradable

polymers from

natural resources

[Mg·103]

Total capacity

[Mg·103]

2016 762 1291 2053

2017 901 2511 3412

2018 1287 5511 6798

2019 1287 6561 7848
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will provide new, useful information for students and
researchers starting studies in this field.

2. Extruders as chemical reactors – basic

concepts

An extruder can be considered to be a horizontal
chemical reactor equipped with one, two, three or
more internal screws for constant conveying of re-
actants in the variable form, such as a solid, melt,
liquid or gas. The comparison between a single-, twin-
and triple-screw extruder is presented in Table 2.
Single- and twin-screw extruders are commonly used
in the industry for the processing of polymers, food,
pharmaceutics and other materials with complex
compositions or different viscosities. Comparing to
single-screw extruders, twin-screw extruders offer
higher melting, mixing and devolatilization capabil-
ity, which is a main reason for their more frequent use
during reactive extrusion. Twin screw extruders are
classified depending on the direction of screw rota-
tion (a co-rotating or a counter-rotating) and the dis-
tance between the screws (intermeshing or non-inter-
meshing). The most commonly used types in the
industry are co-rotating intermeshing twin screw ex-
truders, which work at much higher screw speed and
generate higher shear forces than counter-rotating
twin screw extruders. Currently, counter-rotating twin
screw extruders are widely used for polymers with
low thermal stability during processing (mainly poly
(vinyl chloride) and its copolymers). It seems that
counter-rotating twin screw extruders could find ap-
plication for processing of selected biopolymers and
biodegradable polymers characterized by low resist-
ance to thermo-mechanical degradation. However,
up to now information published in this field are
very limited [26, 27].

Co-rotating twin screw extruders are usually installed
in a segmented barrel, each segment of which can be
independently heated or cooled externally. Addition-
ally, internal heat is generated during shearing and
mixing of viscous polymeric material in extruder.
The sources of internal and external heat provide en-
ergy necessary for activation of chemical reactions.
Segmented construction of barrel allows better con-
trol of the temperature inside the extruder. This is
very important, especially in case of reactive process-
ing, where some problems with heat removal from
material during exothermic reactions may occur.
Furthermore, modular design of screws in co-rotat-
ing extruders allows easy modification of screw de-
sign. Application of variable screws elements (e.g.
conveying, kneading, dispersive mixing, etc.) com-
bined with external heating, allows determination of
the total energy and mixing efficiency of the material
in each barrel section. This affects the flexibility and
versatility of co-rotating twin screw extruders as in-
dustrial chemical reactors. The appearance of labo-
ratory scale a co-rotating twin screw extruder and
selected geometry of screw elements are presented
in the Figures 1 and 2.
Interesting alternative to conventional single- and
twin-screw extrusion is triple-screw extrusion, which
is relatively new technology. According to the litera-
ture, first triangle-arrayed triple-screw extruder was
designed by a research group from Beijing University
of Chemical Technology and was patented in 2001
[28], while first trials in industrial scale were per-
formed in 2006 [29, 30]. This new equipment for poly-
mer processing, provides advantages in compounding
of polymeric blends and composites. Superior blend-
ing and dispersing performance of triple-screw ex-
truder is due to flow and mixing characteristics which
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Table 2. Comparison between single-, twin- and triple-screw extruder

*in conical twin screw extruders

Item Single-screw extruder
Twin-screw extruder

Triple-screw extruder
counter-rotating co-rotating

Screw design non-modular non-modular* modular modular

Feeding fair good good good

Melting good good very good excellent

Distributive mixing good fair very good excellent

Dispersive mixing good very good very good excellent

Heat generation capability very good good very good very good

Pressure generation capability good very good good good

Wiping poor good very good very good

Degassing fair good good good
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are different from traditional single and twin-screw
extruders. Construction solutions applied in triple-
screw extruders increased residence time of polymer
inside the barrel and outperforms shear flow acting
on processed materials [31]. Furthermore, triple-
screw extruders have higher efficiency of plasticiza-
tion and mixing than co-rotating intermeshing twin-
screw extruders [32]. Therefore, triple-screw extrud-
ers are suitable for processing of high viscosity poly-
mers or polymers with higher content of fillers [33].
Additionally, published data indicate that in triple-
screw extruders the power consumption is 1.5 times
higher than in co-rotating twin-screw extruders,
while simultaneously their productivity increase
around 1.3 times [34].
However, despite of above mentioned advantages of
triple screw extrusion the research works about its
application in polymer technology are still very lim-
ited [35–37], while its using during reactive process-
ing is practically unknown. This is due to its high costs
related to complicated screw geometry and barrel

construction, comparing to single- or twin-screw ex-
truders. Nevertheless, recently triple screw extruders
were successfully applied for preparation of bio-
based materials, such as microcellular poly(lactic
acid)/talc biocomposites [38], poly(lactic acid)/poly
(vinyl alcohol) blends [39] or poly(lactic acid)/poly
(ethylene glycol) porous scaffolds [40–42]. In our
opinion, application of triple-screw extrusion during
reactive extrusion of ‘conventional’ and biodegrad-
able polymers will be developing in near future.
It is well known that final properties of polymer ma-
terials (including biodegradable polymer blends and
composites) obtained through extrusion are depending
on chemical structure of used components and their
physico-chemical properties. The used components
must be in a physical form suitable for stable, thermo-
mechanical processing. Otherwise, elevated temper-
ature and high shear forces during processing might
cause partial degradation of the used components re-
sulting in the emission of volatile organic compounds
[43–45]. This usually results in instability of the
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Figure 1. Laboratory a co-rotating twin-screw extruder series REM model 2x24, where: 1 – motor unit, 2 – PLC control
panel of extruder, 3 – gearbox, 4 – hopper, 5 – gravimetric feeders with PLC control panel, 6 – extrusion barrel,
7 – side feeders, 8 – extrusion die (reprinted with permission from Zamak Mercator Sp. z o.o., Skawina, Poland,
http://www.zamakmercator.pl/)

Figure 2. Selected screw elements geometry: a) examples of conveying and degassing elements; b) examples of mixing and
dispersing elements (reprinted with permission from Zamak Mercator Sp. z o.o., Skawina, Poland, http://www.za-
makmercator.pl/)
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extrusion process, related to pressure fluctuation in-
side extruder barrel or significant increase of pres-
sure in extrusion die, what can be a serious threat for
extruder operator.
Other crucial factors affecting extrusion efficiency
are extrusion conditions, such as barrel temperature,
screw speed, shear forces, residence time distribu-
tion, etc. These conditions have significant impact on
the homogeneity of obtained materials and conse-
quently on their processing and performance proper-
ties. The parameters affecting the final properties of
bio-based polymer blends and composites obtained
via reactive extrusion are summarized in the Figure 3.
As presented above, using extruders (especially a co-
rotating twin screw and triple-screw extruders) al-
lows tailoring the energy and mixing conditions of
the material in each barrel section, which affects the
efficiency of mass and heat transfer. Furthermore,
comparing to ‘conventional’ chemical reactors the ap-
plication of extruders allows processing of viscous
polymers and highly filled polymers. Other important
advantage of the extruders as reactors is the absence
or reduced content of solvent as reaction medium,
which eliminates additional technological opera-
tions, such as recovery of solvent or purification of
the final product. These are the main factors affecting
continuous development of reactive extrusion during

laboratory and industrial synthesis and processing of
various polymers, polymer blends and composites
(including biodegradable ones). As presented in Fig-
ure 4, this research trend corresponds with the num-
ber of items published in 2010–2015 and their fur-
ther citations.

3. Reactive extrusion as a green route for

filler/fiber modification

Natural fiber composites (NFCs) and wood polymer
composites (WPCs) can be defined as biocomposites
consisting of one or more cellulosic filler/fiber and
one or a mixture of polymers. Cellulose rich by-prod-
ucts, generated by wood and agricultural industry,
can be used as reinforcements or modifiers of poly-
meric matrix [46]. This reduces material costs and
provides specific properties of biocomposites, such
as low density, high stiffness, corrosion resistance,
low hazard, renewable nature and biodegradability
[47–49]. These advantages caused that NFCs and
WPCs are more often used as building and automo-
bile products and as environmental friendly alterna-
tive for pure polymers [50–52]. The performance
properties of NFCs and WPCs depend on physical
and chemical interactions between non-polar polymer
matrix and hydrophilic cellulosic filler/fiber. Signif-
icant difference in chemical structure and polarity of
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Figure 3. Parameters affecting the final properties of bio-based polymer blends and composites obtained via reactive extru-
sion

Temperature

Screew speed

Process yield

Residence time

Polymer feed

Modifiers

Composition

physical/chemical

modifiers

Coupling agents

Appearance

Mechanical

performance

Thermal properties

Physical and 

chemical structure

Morphology

CompatibilityExtruder

Figure 4. Research works about reactive extrusion of polymers published (a) and cited b) in the period 2010–2015 (presented
results according to WoS™ data base)
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used components usually results in their weak inter-
facial adhesion. Therefore, numerous routes to im-
prove interactions between the matrix and filler (or
fiber) and enhance the reinforcing effect of the filler
(or fiber) have been developed [53, 54]. Among
them two main strategies can be observed. First of
them is related to the modification of the polymer
matrix [55, 56], while second is focused on size re-
duction [57], treatment or functionalization of cellu-
losic filler/fiber. In this subchapter we will focus on
the second route related to the surface of filler/fiber,
which can be successfully modified by silane treat-
ment [58, 59], mercerization [60, 61], acetylation [62,
63] maleic anhydride treatment [64], esterification
and etherification [65, 66], isocyanate [67], potassi-
um permanganate [68] and other chemical treatment
methods [69–71]. Furthermore, different kinds of
surfactants and plasticizers applied as physical ad-
ditives were considered as wetting agents to reduce
the tensions in boundary between polymer matrix
and reinforcement phase [72–74]. However, surface
treatment of natural fillers/fibers using above men-
tioned methods is usually performed periodically in
the presence of high amount of solvent, which re-
sults in high final costs of the modified fillers/fibers
and limits their further applications.

Therefore, reactive extrusion is considered as fast,
solvent-free and low-cost and pro-ecologic alterna-
tive for ‘conventional’ modification methods of nat-
ural fibers or fillers. Carlborn and Matuana [75] used
reactive extrusion for modification of wood particles
with maleated polyolefins. As presented in Figure 5,
chemical reaction of maleated polyolefins and wood
particles takes place between the maleate groups of
the polyolefin and hydroxyl groups present on the
wood surface. The effects of extrusion conditions
(temperature and screw speed), molecular weight and
content of maleated polyolefins on the efficiency of
the wood particles modification were evaluated. It was
observed that level of grafting of maleated polyolefin
onto wood particles is determined by the maleated
polyolefin content, while its molecular weight has
small impact on the grafting efficiency. Surprisingly,
no significant difference was noticed in the grafting
efficiency under variable extrusion conditions. This
could be explained by small length of plasticizing
unit in the extruder used (screw diameter of 32 mm
and an length to diameter ratio L/d ratio of 13), which
leads to short residence time distribution of processed
material inside barrel. Furthermore, the same authors
demonstrated that wood particles modified with
maleated polyolefins (without any additional binder)
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Figure 5. Mechanism of chemical reaction between wood particles and maleated polyolefins. Scheme based on [75].
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can be successfully applied as materials for manu-
facturing of composite panels, while their mechani-
cal properties were similar (or even better) compar-
ing to conventional particleboard present on the
market [76].
Wei et al. [77] proposed grafting of poly(3-hydrox-
ybutyrate) (PHB) onto cellulose fiber via in-situ re-
active extrusion. The reaction between PHB and cel-
lulose fiber was performed at 175°C, while dicumyl
peroxide (DCP) was used as radical initiator. The
scheme of reactions between used components is
presented in Figure 6. The authors studied the effi-
ciency of cellulose-g-PHB copolymer formulation
as a function of reaction time (from 5 to 15 minutes)
and DCP concentration (in the range: 2–5 wt%). The
highest yield of cellulose-g-PHB copolymer was ob-
tained after reaction performed in 5 minutes with
2 wt% of DCP. The results show that new bonds
formed during grafting enhanced the thermal stabil-
ity of PHB and reduced its degree of crystallinity,
which suggested that also the brittleness of PHB was
decreased. Furthermore, the final properties of cel-
lulose-g-PHB can be tailored by different ratio of
used component (wt% PHB and wt% cellulose) or
varying reaction conditions. This approach broadens
the processing window for cellulose reinforced bio-
composites, which can be used such as packaging,
building materials or automotive parts.
Bhandari et al. [78] studied the effects of NaOH con-
tent, water to ethanol ratio and their interactions on
the physico-chemical properties and morphology of
carboxymethyl cellulose prepared from cotton linter
pulp sheets via reactive extrusion. Obtained results
revealed a strong correlation between the effects of
NaOH and water concentration on the degree of sub-
stitution and crystallinity, which affected the liquid

uptake properties of carboxymethyl cellulose. The
degree of substitution values decreased with increas-
ing content of NaOH and increased with increasing
amount of ethanol in water/ethanol mixtures, while
generally the degree of crystallinity determined for
modified cellulose showed opposite trend. The final
properties of obtained products were compared with
commercially available carboxymethyl cellulose
with tradename Aquasorb™ A500. It was noticed
that the rate of liquid uptake for carboxymethyl cel-
lulose prepared without ethanol was significantly
improved and much higher than that of commercial
Aquasorb™ A500. This confirms that carboxymethyl
cellulose prepared via reactive extrusion could be
successfully used as a super absorbent.
Zhang et al. [79] used a co-rotating twin screw ex-
truder during in-situ modification of cellulose with
ionic liquid as reaction medium and with urea, ph-
thalic anhydride (PA), maleic anhydride (MA) and
butyl glycidyl ether (BGE) as modifiers. The results
indicate that modification effectiveness decrease in
the sequence MA > PA > BGE > urea. This is due to
smaller molecular weight and less steric hindrance
of MA, which affects its reactivity and favored the
grafting of MA into the surface of cellulose. Com-
paring to cellulose with other modifiers, cellulose-
g-MA had a lower crystallinity and higher thermal
stability. Furthermore, spinning solution of cellu-
lose-g-MA showed lower viscosity and exhibited
better spinnability.
Vandenbossche and coworkers [80–83] presented an
interesting method of lignocellulosic biomass mod-
ification based on reactive extrusion combined with
bio-catalytic enzymatic hydrolysis. As presented in
Figure 7, this method proceeds in three stages: an al-
kaline pretreatment, a neutralization stage and finally
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Figure 6. The scheme of grafting the PHB onto cellulose fibers via in-situ reactive extrusion. Scheme based on [77].
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enzyme impregnation stage, during which hemicellu-
loses and cellulose saccharification occurs. Although
twin screw extrusion pretreatment was adopted most-
ly for production of bioethanol from agro-industrial
by-products rich in cellulose [84, 85], we believe that
in near future reactive extrusion combined with enzy-
matic treatment could be use to enhance interactions
between natural fillers/fibers and polymer matrix.
Vaidya et al. [86] studied the effects of extrusion tem-
perature, catalyst content, acid anhydride type (male-
ic anhydride, succinic anhydride, dodecenyl succinic
anhydride) and different weight ratios of wood waste
(and cellulose, hemi-cellulose isolated from thereof),
to succinic anhydride on the esterification reaction
efficiency. The reactivity of individual anhydride was:
(i) succinic anhydride – cellulose > wood waste >
hemi-cellulose; (ii) maleic anhydride – wood waste >
hemi-cellulose > cellulose and (iii) dodecenyl suc-
cinic anhydride – wood waste ≈ cellulose > hemi-cel-
lulose. The effect of catalyst was highly variable and
depended on the type of biomass, cyclic anhydride
and temperature. It was observed that the highest
acid value was obtained for succinylation of cellu-
lose which is two times higher compared to succiny-
lation of waste wood or hemicellulose. Under opti-
mum conditions (T = 190 °C, waste wood/succinic
anhydride ratio 1/0.43 (w/w)), mixtures of mono-
and di-esters are formed.
Recently, Cardoso et al. [87] modified the oat hull
fibers with alkaline hydrogen peroxide via reactive
extrusion. The obtained functionalized oat hull fibers
were further compounded with a poly(butylene adi-
pate-co-terephthalate)/thermoplastic starch blend.
The results revealed that rougher surfaces observed
in the treated fibers improved their interfacial adhe-
sion with the polymeric matrix. On the other hand,
this surprisingly did not improve the mechanical prop-
erties or thermal stability of examined biocompos-
ites. The lack of reinforcement effect was also ob-
served by Yang et al. [88], who used bleached extruder

chemo-mechanical pulp fiber as reinforcement of
poly(lactic acid) matrix. This phenomenon is proba-
bly due to the intense chemical process associated
with high shear forces acting on fibers during shear-
ing reactive extrusion, which partially destroy the
fiber structure and affect its size and aspect ratio.

4. Biodegradable polymer blends

Melt-compounding of biodegradable polymer blends
based on commercial aliphatic polyesters such as poly
(lactic acid) (PLA), poly(ε-polycaprolactone) (PCL),
poly(3-hydroxybutyrate) (PHB), poly(butylene-adi-
pate-co-terephtalate) (PBAT), poly(butylene succi-
nate) (PBS), and also thermoplastic starch (TPS) or
natural rubber (NR), gained much attention from re-
searchers, which is related to their relatively easy pro-
cessing, suitable usage properties and good quality/
price ratio of the final products. In this subchapter, we
described compatibilization mechanisms for different
bio-based blends obtained via reactive extrusion.

4.1. Aliphatic polyesters blends

Harada et al. [89] used lysine triisocyanate (LTI); ly-
sine diisocyanate (LDI); 1,3,5-tris(6-isocyanato-
hexyl)-1,3,5-triazinane-2,4,6-trione (Duranate TPA-
100); 1,3,5-tris(6-isocyanatohexyl)biuret (Duranate
24A-100) and an industrial epoxide-trimethylol-
propane triglycidyl ether (Epiclon 725) as reactive
compatibilizers of PLA/PCL blends. The impact
strength results indicate that compatibility of PLA/
PCL blend (in ratio 80/20) decrease in the sequence
LTI > LDI > Duranate TPA-100 > Duranate 24A-
100 > Epiclon 725. Furthermore, PLA/PCL blend
compatiblized with LTI surpassed the impact strength
of general-purpose poly(acrylonitrile-butadiene-
styrene) copolymer. This indicates that in studied
conditions the isocyanates improved the impact
strength of PLA/PCL blends, while the epoxides did
not. The scheme of reaction between PLA, PCL and
isocyanates is presented in the Figure 8.
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Figure 7. Scheme of lignocellulosic biomass modification via reactive extrusion combined with bio-catalytic enzymatic hy-
drolysis. Scheme based on [80].
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Similar observations were described by Takayama
and coworkers [90, 91], which proved that addition
of LTI decrease the immiscibility between PLA and
PCL. This consequently resulted in an enhanced
toughness of the PLA/PCL blends.
Furthermore, in work [92] the effect of lysine triiso-
cyanate content on rheological, mechanical and mor-
phological properties of poly(lactic acid)/poly(buty-
lene succinate) blends was determined. The rheolog-
ical and morphological analysis confirmed that LTI
reacts with PLA and PBS, which resulting in their
almost 2–4 times higher impact strength compared
to pure PLA.

Gardella et al. [93] proposed the maleic anhydride
grafted poly(lactic acid) (PLA-g-MA) as effective
compatibilizer of PLA/PCL blends. It was found that
replacing of PLA by PLA-g-MA reduced dimensions
of the PCL domain and enhanced their adhesion to
PLA, which have beneficial impact on the mechan-
ical properties (increasing the elongation at break
without deterioration of Young’s modulus) of PLA/
PCL blends. The scheme of reaction between PLA-
g-MA and PCL is shown in Figure 9.
Shin and Han [94] prepared PLA/PCL blends com-
patibilized with glycidyl methacrylate (GMA). It was
noticed that the addition of GMA is suitable to de-
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Figure 8. The scheme of reaction between PLA, PCL and isocyanates. Scheme based on [89].

Figure 9. Scheme of reaction between PLA-g-MA and PCL. Scheme based on [93].
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crease the size of PCL phase into PLA/PCL blends,
while its impact on interfacial adhesion between
phases was not sufficient to transfer the shear stress
across the interface. Therefore, to improve the inter-
facial adhesion in PLA/PCL blends were subsequent-
ly treated by electron-beam irradiation. Morphologi-
cal study and rheological properties indicated that
GMA acts as a monomeric plasticizer and a reactive
agent at the interface between PLA and PCL phases.
Semba and coworkers [95, 96] determined the effect
of DCP cross-linking on the structure and mechani-
cal properties of PLA/PCL blends. It was found that
the diameter of the PCL particles decreased with
higher content of DCP during in-situ compatibiliza-
tion, which results in mechanical properties im-
provement for the PLA/PCL blend. The results indi-
cated that mechanical properties of PLA/PCL blend
in ratio 70/30 modified with 0.3 phr of DCP are
comparable to those of popular engineering polymers
such as poly(acrylonitrile-butadiene-styrene) copoly-
mer and high-impact polystyrene. On the other hand,
the authors pointed that in case of PLA/PCL blends
in-situ fiber formation as reinforcing technique is
strongly dependent for DCP content. It was observed
that higher concentration of DCP made the dispersed
phase split, which caused that the ductility of the
PCL phase could not be imparted to the PLA matrix.
Ma et al. [97] studied the impact of DCP during in-
situ compatibilization of poly(lactic acid) and poly
(butylene adipate-co-terephthalate) (PLA/PBAT)
blends. It was proved that using of DCP initiated free
radicals in the blends leading to complicated prod-
ucts such as PLA-g-PBAT copolymers, which act
like interface compatibilizers between PLA and
PBAT. These copolymers enhance mechanical prop-
erties, especially toughness of PLA/PBAT blends,
such as impact strength or elongation at break pa-
rameter. For example, impact strength value for pure
PLA/PBAT blend was only 60 J/m, while for PLA/
PBAT blends after in-situ compatibilization with
DCP was 110 J/m.
Signori et al. [98] modified commercial aliphatic
polyesters blend (based on PLA and PBAT) with
trade name Ecovio® from BASF using variable con-
tent (0–0.2 wt%) of dicumyl peroxide. It was found
that free radical promoted radical chain branching
and cross-linking of PLA/PBAT blends. On the other
hand, the results indicated that during processing at
high temperature transesterification mechanism may
occur in PLA/PBAT blends, which promotes polymer

chains rearrangements to form linear, soluble, similar
to mixed PLA-PBAT covalently bound chains.
Dong et al. [99] proved that using DCP as cross-link-
ing agent caused branching and partial cross-linking
in PHB/PLA blends, which significantly enhanced
interfacial adhesion between PLA and PHB phases
and improved mechanical properties of the PLA/PHB
blends.
For example, it was found that addition of 0.5 wt%
of the DCP to PLA/PHB blend resulting in increased
the tensile strength for around 5 MPa and impact
toughness by around 30%, comparing to unmodified
blend.
Wei and McDonald [100] used different content of
DCP (in range: 0.25–1 wt%) into PHB/PLA blends.
It was noticed that higher concentration of DCP in-
creased cross-link density of PHB/PLA blends and
simultaneously decreased their glass transition tem-
perature, melting temperature and degree of crys-
tallinity. This phenomenon is related to fact that dur-
ing cross-linking some main chain scission also
occurred, therefore control of the reaction conditions
seems to be crucial to limit polymer degradation.
Moreover, it was observed that cross-linking of PHB/
PLA blends with DCP improves their melt strength
and thermal stability having beneficial impact on
their further thermo-mechanical processing.
Ma et al. [101] examined the poly(3-hydroxybu-
tyrate)/poly(butylene succinate) (PHB/PBS) and poly
[(3-hydroxybutyrate)-co-(3-hydroxyvalerate)]/poly
(butylene succinate) (PHBV/PBS) blends compati-
bilized using DCP. The results showed considerable
reduction in PBS particle size and a significant im-
provement of the interfacial adhesion between the
PHB (or PHBV) and PBS phases confirmed by mi-
crostructure analysis using scanning electron mi-
croscopy and transmission electron microscopy. This
affects the tensile strength, impact toughness and
elongation at break of PHB/PBS and PHBV/PBS
blends, which significantly increased for blend in-situ
compatibilized with DCP. Schematic diagram of in-
teractions between PHB and PBS in-situ compatibi-
lized with DCP is presented in Figure 10.
Recently, Yang et al. [102] proposed a new two-step
method for in-situ compatibilization of PHB/PLA
blends. The first step consists of controlled thermal
degradation of PHB in an extruder to crotonic acid
which results in PHB oligomers with crotonate end-
groups suitable for further reactions. As presented in
the Figure 11, crotonate end-groups can react with
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methanetriyl carbon in the main chain of PLA, dur-
ing reactive extrusion in the second step process.
This reaction is supported with the 2,5-dimethyl-2,5-
di(tert-butylperoxy)-hexane organic peroxide with
trade name Luperox® 101 used as free-radical initia-
tor. The obtained results shown that grafting of de-
graded PHB into PLA improves its ductility and
toughness. For instance, PLA/PHB blends prepared
by reactive extrusion showed higher mechanical prop-
erties than blends processed via conventional (phys-
ical) mixing. For example, when 20 wt% of thermal-
ly degraded PHB was added to PLA matrix, its

elongation at break was approximately 66 times
higher than that of pure PLA.
Lin et al. [103] compatibilized PLA/PBAT blends
using transesterification during melt-extrusion, which
was supported by varying concentrations of tetra-
butyl titanate (TBT) as catalyst. The morphological
studies indicated that incorporation of TBT to PLA/
PBAT blends improve interfacial adhesion between
phases, which was also confirmed by enhanced me-
chanical properties (tensile strength, elongation at
break and impact strength). Furthermore, dynamic
mechanical analysis showed that using of TBT not
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Figure 10. Schematic illustration of the in-situ compatibilization of aliphatic polyester blends using dicumyl peroxide.
Scheme is adapted from [101].

Figure 11. The scheme of two-step method for in-situ compatibilization of PHB/PLA blends. Scheme based on [102].
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only improved the storage modulus of the blends and
glass transition temperature but also promoted the
cold crystallization process of PLA.
Coltelli et al. [104] performed transesterification
during the melt blending of PLA and PBAT with
using of Ti(OBu)4 as a catalyst. The effects of cata-
lyst concentration and reaction duration on structure,
rheological, thermal and morphological properties
of the PLA/PBAT blends were determined. It was
found that use of Ti(OBu)4 and mixing for prolonged
time allow effective reduction of the PBAT dispersed
phase diameter, which resulted in an improvement
of morphological and tensile properties. These re-
sults are related to formation of low amount of PLA-
PBAT copolymers, which act as compatibilizers be-
tween phases boundary.
Eslami and Kamal [105] used commercial chain ex-
tender with tradename CESA® Extend to modify
poly(lactic acid)/poly(butylene succinate-co-adipate)
(PLA/PBSA) blends. CESA® Extend is a multifunc-
tional epoxy-based copolymer produced by Clariant.
It was noticed that chain extender promoted the de-
velopment of chain branching in PLA/PBSA blends,
while simultaneously its effect on the elastic modu-
lus and elongation at break was negligible. General-
ly, used chain extender enhanced ductility and melt
strength of PLA/PBSA blends, which made this
blend more suitable for many end-use applications.
Ojijo and Ray [106] examined the PLA/PBSA blends
compatibilized with commercial chain extender Jon-
cryl® produced by BASF. The multifunctional epoxy-
functional chain extender increases molecular weight
of prepared blends, which is due to alteration of used
components topology from linear structures to long

chain branched structures. The reaction mechanism
between Joncryl® and aliphatic polyesters is present-
ed in Figure 12. Significant modification of molec-
ular weight distribution led to improvement of melt
strength, thermal stability and crystallizability of PLA/
PBSA blends comparing to neat PLA. These obser-
vations corresponded with the results presented by
Arruda et al. [107] who studied PLA/PBAT blends
compatibilized by chain extender Joncryl® (BASF).
Recently, Schneider et al. [108] used epoxy func-
tionalized-PLA (EF-PLA) as reactive modifier for
PLA/PBAT blends. During reactive extrusion in-situ
copolymerization takes place between the epoxy
groups present in the EF-PLA modifier and carbonyl-
end groups in PBAT resulting in strong interphase
adhesion between blended components and conse-
quently improve mechanical, rheological and mor-
phological properties of PLA/PBAT blends. Epoxy
functionalized-PLA can be successfully used as mod-
ifier of PLA rheological properties and as a compat-
ibilizer for other biodegradable aliphatic polyesters.
Therefore, EF-PLA could be interesting alternative
for fully petrochemical based multifunctional epoxy-
based copolymer as chain extenders.
Current strategies during compatibilization in poly
(lactic acid)-based blends were recently summarized
in the comprehensive work published by Zeng et al.
[109]. The presented solutions could be also used for
biodegradable aliphatic polyesters based blends and
their composites.

4.2. Aliphatic polyesters/starch blends

Dubois and Narayan [110] proposed two different
strategies for the reactive compatibilization of
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Figure 12. Mechanism of reaction between aliphatic polyesters and multifunctional chain extender Joncryl®. Scheme based
on [106].
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PLA/starch and PCL/starch blends, depending on the
nature of used aliphatic polyester. Maleic anhydride
grafted PLA (PLA-g-MA) obtained through a free
radical reaction in reactive extrusion was used as
compatibilizer for PLA/starch blends. The morpho-
logical analysis, performed using transmittance elec-
tron microscopy, showed that PLA-g-MA significant-
ly enhanced the interfacial adhesion between PLA
and starch phases. The possible reactions between
PLA, starch, maleic anhydride, and free radical ini-
tiator (L101) are presented in Figure 13. As could be
observed, PLA free radicals induced by the radical
initiator are highly reactive with maleic anhydride re-
sulting in PLA-g-MA. Anhydride groups present in
PLA-g-MA are able to react with the hydroxyl groups
of starch leading to ester linkages. Additionally, the
hydroxyl groups of starch can form hydrogen bonds
with carboxylic groups of the hydrolyzed anhydride

and carbonyl groups of PLA, which also improve the
compatibility of PLA/starch blends.
In case of PCL/starch blends the authors used PCL-
grafted polysaccharide copolymers synthesized via
controlled ring-opening polymerization of ε-capro-
lactone. The obtained results indicate that PCL-graft-
ed polysaccharide copolymers acts like physical com-
patibilizer, which improved mechanical properties
and biodegradation rate of PCL/starch.
Huneault and Li [111] indicated that reactive blend-
ing of PLA-g-MA with thermoplastic starch (TPS)
leads to blends with greatly improved ductility. It
was found that reaction between components re-
duces the size of TPS particles and consequently the
PLA/TPS blends are more homogeneous. However,
higher elongation at break determined for studied
blends was observed only when the TPS phases con-
tained 36% and more glycerol. This phenomenon is
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Figure 13. The mechanism of chemical reactions between PLA, starch, MA, and free radical initiator L101. Scheme based
on [110].
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related to too high rigidity of the TPS phase at lower
plasticizer content.
As presented above, using of maleic anhydride is a
simple and effective way to enhance performance
properties of PLA/starch blends. Similar observations
have been also reported in works [112, 113]. Further-
more, Świerz-Motysia et al. [114] showed that bio -
degradation rate of PLA/TPS blends decreases with
an increased content of PLA-g-MA as compatibiliz-
er, which can be associated with its influence on the
degree of crystallinity in studied blends.
Kim et al. [115] modified PCL with glycidyl
methacrylate (GMA) and maleic anhydride (MA) in
the presence of benzoyl peroxide as free radical ini-
tiator. It was observed that the molecular weight and
polydispersity of glycidyl methacrylate grafted poly
(ε-caprolactone) (PCL-g-GMA) increased with in-
creasing content of the GMA, which indicates that
during grafting chain scission reactions did not occur.
The possible reactions between GMA and PCL are
presented in Figure 14. On the other hand, maleic
anhydride during PCL grafting showed opposite ten-
dency. It was found that MA monomer induces the
chain scission of PCL during the melt blending, which
strongly limits this route and its further applications.
The synthesized PCL-g-GMA was subsequently used
as reactive compatibilizer in PCL/starch blends. The
results confirmed that chemical reaction between
PCL-g-GMA and starch resulting in finer dispersion

of the starch in the PCL matrix and improvement of
tensile strength of the examined blends.
Suigh et al. [116] synthesized and compared two re-
active interfacial agents for starch/PCL blends, gly-
cidyl methacrylate grafted PCL (PCL-g-GMA) and
diethyl maleate grafted PCL (PCL-g-DEM). The mor-
phology analysis and the elasticity modulus results
indicated that for low content starch in starch/PCL
blends, PCL-g-DEM has a higher compatibilizing
impact than PCL-g-GMA. For blends with a relatively
higher starch amount the PCL-g-GMA becomes more
efficient compatibilizer.
Bossard et al. [117] indicated that reactive function-
alization of TPS with formic acid and application of
hydroxyl ended polyester oligomers greatly enhanced
compatibility between PCL and TPS phases. Exam-
ined blends were prepared by one-step reactive ex-
trusion process, which allows their industrial appli-
cations in standard processing equipment and limits
their thermo-mechanical degradation during pro-
longed (two- or more steps) processing.
Xiong et al. [118] used epoxidized soybean oil (ESO)
as reactive plasticizer to toughen PLA and also as a
compatibilizer to improve the interactions between
PLA and maleic anhydride grafted starch (starch-g-
MA). The authors applied starch-g-MA to improve
its reactivity with ESO. Consequently, epoxy groups
present in ESO are suitable to react with anhydride
groups on surface of starch-g-MA and with the end
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Figure 14. Schematic diagram showing possible reactions during grafting of GMA onto PCL. Scheme based on [115].
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carboxylic acid groups of PLA, resulting in compat-
ible region of PLA, starch-g-MA and MA-grafted
starch and ESO around modified starch, as presented
in Figure 15.
Li and Huneault [119] compatibilized PLA/TPS
blends with a multifunctional epoxy-acrylic-styrene
copolymer with trade name CESA® Extend. Appli-
cation of chain extender increased the viscosity of
PLA/TPS blends, which improves stress transfer be-
tween PLA and TPS phases and leads to significant
increase of melt strength and ductility of PLA/TPS
blends.
Xiong et al. [120] performed surface modification
of starch using bio-based epoxy resins, which allows
preparation PLA/starch composites with superior
mechanical and thermal properties. It was found that
starch modified with the epoxidized itaconic acid or
epoxidized cardanol was characterized by higher hy-
drophobicity (after modification contact angle in-
creased from 44 to 100°), which improve interfacial
adhesion between used components and tensile
properties of PLA/starch blends (tensile strength in-
creased from about 35 to over 50 MPa). Moreover,
differential scanning calorimetry and dynamic me-
chanical analysis results indicated that surface hy-
drophobic modification of starch enhanced the crys-
tallization ability of PLA.
Jun [121] used methylene diphenyl diisocyanate
(MDI), toluene diisocyanate (TDI), and hexameth-
ylene diisocyanate (HDI) as a reactive compatibiliz-
ers of PLA/starch blends. The authors showed that

the more effective route of preparation of reactive
blends is the two-step process, in which the reactive
compatibilizer was added after all other components.
It was observed that aliphatic HDI is more effective
reactive agent for the PLA/starch blends compared
to MDI and TDI.
Karagoz and Ozkoc [122] compatibilized PLA/citric
acid modified TPS blends with 1,4-phenylene diiso-
cyanate. The combined usage of 1,4-phenylene di-
isocyanate and modification of TPS by citric acid re-
duced the particle size of TPS and enhanced its
dispersion into PLA matrix, resulting in significant
improvement of the mechanical properties of studied
blends.
The present state of knowledge shows that the com-
patibilization strategies used for aliphatic polyesters
blends and aliphatic polyesters/starch blends are usu-
ally very similar and developing in the same direc-
tions. Furthermore, current research in this field indi-
cate that these types of fully biodegradable blends are
more often used as filaments in 3D printing [123,
124]. The example of extrusion line dedicated for tech-
nology of 3D printing filaments production is pre-
sented in the Figure 16.
In our opinion this trend will grow in near future,
which is related to versatile applications of 3D print-
ing, such as industrial design, automobiles, architec-
ture, mechanical engineering, biomedical engineer-
ing, etc. However, according to our best knowledge,
3D printing filaments prepared by reactive extrusion
are currently poorly described in the literature [125].
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Figure 15. The chemical reaction during compatibilization of PLA/MA-g-starch blends with ESO. Scheme based on [118].
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4.3. Aliphatic polyester/natural rubber blends

Preparation of polymer blends from semi-crystalline
thermoplastic polymers and amorphous elastomers
creates a possibility to obtain thermoplastic elas-
tomers [126–128]. In comparison to conventionally
cross-linked elastomers, using of thermoplastic elas-
tomers has number of benefits, such as possibility of
prepare them from commercially available compo-
nents (thermoplastics and elastomers), which allows
obtained products with various properties and versa-
tile industrial applications. Furthermore, thermoplas-
tic elastomers can be processed and recycled using
conventional methods (e.g. extrusion, injection mold-
ing, grinding, granulation, etc.), which have beneficial
influence on the price of final product. Above men-
tioned factors caused that searching for new thermo-
plastic elastomers or thermoplastic/elastomer blends
prepared via melt-compounding enjoys currently
growing interest among researchers [129–131]. It
seems that promising route during studies in this
field are aliphatic polyester/elastomers blends with
unique and specific properties, such as full or partial
biodegradability, shape-memory or shrinkability
[132–134]. Base on biodegradability of this type of
materials, in this subchapter, we were focused main-
ly on aliphatic polyester/natural rubber blends.
Zhang et al. [135] used epoxidized natural rubber
(ENR) with different epoxidation level (ENR20 –
20 mol% and ENR50 – 50 mol%) as toughening
agents for poly(lactic acid). Comparing to pure PLA,
the impact strength of the 20 wt% PLA/ENR20 and
PLA/ENR50 blends increased to 6-fold and 3-fold,
respectively. On the other hand, introduction of ENR
reduced the tensile strength and hindered the crys-
tallization of PLA due to cross-linking between ENR
and PLA molecular chains. It was observed that PLA/
ENR50 blend showed higher melt viscosity, storage
and loss modulus, comparing to PLA/ENR20, which
confirmed that with higher epoxidation level in ENR

increase its cross-linking with PLA. The mechanism
of this reaction is presented in Figure 17.
Epoxidized natural rubber was also successfully
used as reactive compatibilizer for poly(3-hydroxy-
butyrate) and aliphatic polyesters blends [136–138].
Jaratrotkamjorn et al. [139] modified PLA via melt-
blending with natural rubber (NR), epoxidized nat-
ural rubber (ENR), and poly(methyl methacrylate)
grafted natural rubber grafted (NR-g-PMMA). It was
observed that smaller particles of ENR and NR-g-
PMMA in the blends indicated higher miscibility
with PLA than virgin NR. However, under the stud-
ied conditions the particles of functionalized natural
rubber with more structural rigidity compared to pure
NR, were too small to promote toughening of PLA.
The presented results showed that molecular weight
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Figure 16. Extrusion line for production of 3D printer filament (reprinted with permission from Zamak Mercator Sp. z o.o.,
Skawina, Poland, http://www.zamakmercator.pl/)

Figure 17. The mechanism of reaction between epoxidized
natural rubber (ENR) and PLA. Scheme based on
[135].
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and viscosity of natural rubber plays a major role in
the mechanical properties and morphology of the
PLA/NR blends in ratio 90/10, therefore pure NR
(especially masticated NR) was more effective ad-
ditive than ENR or NR-g-PMMA to raise the tough-
ness of PLA matrix.
Zhang et al. [140] proved that thermo-mechanically
sheared NR significantly enhanced the ductility of
PLA. It was observed that 3 wt% of thermo-mechan-
ically sheared NR (for 10 min, at 145°C) added to
PLA improved its elongation at break (196.2 vs.
16.3% for pure PLA) and toughness (77.5 vs.
8.8 MJ/m3 for pure PLA), without noticeable loss in
its tensile strength. This phenomenon is related to
formulation of carbonyl groups in NR chains after hot
shearing, which enhance the NR polarity resulting
in higher compatibility between NR and PLA.
Juntuek et al. [141] proposed using of a glycidyl
methacrylate grafted natural rubber (NR-g-GMA) as
effective compatibilizer for PLA/NR blends. The ef-
fects of content and % grafting of NR-g-GMA on
mechanical properties of PLA/NR blends were eval-
uated. It was noticed that increasing NR-g-GMA
content (up to 1 wt%) and increasing % grafting of
NR-g-GMA (up to 4.35 %) have beneficial influence
on impact strength and elongation at break of studied
blends.
Zhang et al. [142] used poly(butyl acrylate) grafted
natural rubber (NR-g-PBA) as toughening agent of
PLA. The morphology assessment showed that the
spherical particles dispersed phase appearing in the
PLA/pure NR blend, while the in case of PLA/NR-
g-PBA sample the surface was more homogenous.
This indicates that the compatibility between NR and
PLA is significantly improved by NR-g-PBA, which
resulting in its more efficient toughening effect on
PLA comparing to pure NR.
Mohammad et al. [143] proved that PLA/NR blends
can be successfully compatibilized with small amount

(3 phr) of maleic anhydride grafted PLA (PLA-g-
MA) and maleic anhydride grafted NR (NR-g-MA).
The authors pointed out that addition of PLA-g-MA
and NR-g-MA reduces the amount of gaps and voids
between PLA and NR, which is due to higher inter-
facial adhesion between these two phases.
Huang et al. [144] studied the effect of dicumyl per-
oxide content on morphology, mechanical, thermal
and rheological properties of PLA/NR blends. The
obtained results showed that dicumyl peroxide could
increase the compatibility of PLA and NR, which
corresponded with the results of mechanical testing
and thermal analysis. This is due to partial cross-
linking of PLA/NR blends during melt processing
with DCP, as presented in Figure 18.
It was noticed that using less than 0.5 wt% of DCP
in PLA/NR blends, generally decreased their com-
plex viscosity. On the other hand, for blends with DCP
content up to 0.5 wt%, opposite trend was observed.
This allows simple tailoring the rheological proper-
ties of PLA/NR blends before further processing.
Dynamic curing of PCL/NR blends using DCP as
initiator was also performed by Chen et al. [145].
Based on morphological studies and dissolution/
swelling experiments the authors indicated that dy-
namical curing of PLA/NR blends with DCP result-
ing in formulation of cross-linked natural rubber
continuous phase.
Chen et al. [146] studied bio-based NR/PCL shape
memory polymer blends. The results they presented
showed that the use of DCP caused cross-linking of
NR/PCL blends and also formulation of NR-co-PCL
copolymer, which acts as a compatibilizer in NR/
PCL blends. Improved compatibility of NR/PCL was
confirmed by infrared spectroscopy, scanning electron
microscopy analyses and the mechanical properties
measurements. Similar observations were described
in work [147], wherein the authors proved that in-
creasing emissions of volatile organic compounds
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Figure 18. The possible reactions during melt processing of PLA/NR blends with DCP. Scheme based on [144].
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from NR/PCL blends indicate deterioration of their
mechanical properties.
Mishra and coworkers [148, 149] obtained PCL/
ENR blends cured with dicumyl peroxide. The au-
thors indicated that cross-linking bonds formed in
PCL/ENR blends act as a memory point during
shrinkage, which improves heat shrinkability and the
final mechanical properties of PCL/ENR blends.
Wang et al. [150] performed dynamic curing to pre-
pare bio-based thermoplastic vulcanizates composed
of PLA and ENR. The results showed that impact
toughness of obtained thermoplastic vulcanizates de-
pended on the PLA/ENR weight ratio, phase mor-
phology, and DCP content. It was noticed that dy-
namically cured PLA/ENR blend in ratio 60/40 was
characterized nearly 15 times higher impact strength
than for pure PLA.

In most reported studies, application of compatibi-
lized for bio-based blends results in enhancement of
compatibility and mechanical properties, which can
be seen in Table 3.
In Table 4 commonly used compatibilizers for bio-
based blends are presented. As it can be noticed, var-
ious types of chemical compounds can be applied,
such as: isocyanates, esters, peroxides, acid anhy-
drides and grafted polymers.

5. Composites based on biodegradable

polyesters

Progress in reactive extrusion of bio-based polymer
blends is a good starting point for preparation of novel
composites materials with biodegradable matrices. At
present, the most common used biodegradable poly-
esters for fabrication of thermoplastic biocomposties
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Table 3. Comparison of properties of bio-based blends compatibilized by various chemical compounds

Type of

blend

Polymer matrix Compatibilizer

Preparation methods

Mechanical properties

Ref.
Blend Ratio Type

Content

[wt%]

Tensile

strength

[MPa]

Elongation

at break

[%]

A
lip

ha
tic

 p
ol

ye
st

er
s 

bl
en

ds

PLA/PCL 80/20 GMA 3.00
Twin-screw, 150 rpm, 160–190°C;
Electron beam irradiation

22.0–55.0 5–33 [92]

PLA/PBAT 80/20

DCP

0.05

Internal mixer, 50 rpm, 170°C;
Compression moulding, 10 MPa,
170°C

42.1 213

[95]

0.10 43.5 309

0.20 44.6 277

0.50 45.9 244

1.00 46.0 29

PHBV/PBS 80/20

0.20 Internal mixer, 40 rpm, 170°C;
Compression moulding, 10 MPa,
170°C

29.0 200

[99]

0.50 28.0 400

1.00 27.0 350

PHB/PBS

80/20

0.50
Internal mixer, 40 rpm, 170°C;
Compression moulding, 10 MPa,
170°C

40.0 4

70/30 38.0 11

50/50 37.0 15

A
lip

ha
tic

po
ly

es
te

rs
/s

ta
rc

h
bl

en
ds

PCL/starch 80/20

PCL-g-DEM

1.00

Internal mixer, 80 rpm, 170°C

11.1 402

[115]

2.00 10.9 385

5.00 11.0 380

PCL-g-GMA

1.00 9.2 357

2.00 9.6 343

5.00 11.7 432

A
lip

ha
tic

 p
ol

ye
st

er
/n

at
ur

al
 r

ub
be

r
bl

en
ds

PLA/NR

01/99

– – Internal mixer, 60 rpm, 170°C

81.4 32

[139]03/97 76.9 196

10/90 57.4 137

90/90

NR-g-GMA

1.00
Internal mixer, 60 rpm, 170°C;
Compression moulding, 165°C

27.5 159

[140]90/70 3.00 26.7 110

90/50 5.00 26.6 88

95/50
PLA-g-MA

3.00
Twin-screw extruder, 100 rpm,
160–180°C

31.0 2
[142]

NR-g-MA 25.0 2

PCL/NR 50/50 DCP 1.00
Internal mixer, 60 rpm, 160°C;
Compression moulding, 180°C

9.3 910 [147]
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is poly(lactic acid) (PLA). Recently, Dhar et al. [151]
evaluated the morphology, mechanical and thermal
properties of poly(lactic acid)/cellulose nanocrystals
PLA/CNC biocomposites in-situ compatibilized with
PLA chains grafted onto CNC surface (CNC-g-
PLA). The biocomposites were obtained during sin-
gle step reactive extrusion process carried out in a
co-rotating twin screw extruder. The grafting mech-
anism of each steps of reactions occurring during re-
active extrusion process (initiation, propagation and
termination) are illustrated in Figure 19. As has been
proved by authors, the chemical cross-linking pro-
voke by addition DCP led to efficient transfer of me-
chanical properties of cellulose nanocrystal (CNC) to
PLA matrix. Compared to pure PLA, the improve-
ment of the tensile strength by ~40% and Young’s
modulus by ~490% have been reported. Moreover, it
was found that the recycling of PLA/CNC biocom-
posites does not affect drastically the molecular
weight, thermal, crystallization and mechanical prop-
erties of the studied materials, which indicated that
obtained biocomposites does not easily recycled and
reused for multiple cycles.
Rytlewski et al. [152] have investigated the adhesion
between polylactide (PLA) and flax or hemp fibres
after their interphase cross-linking using DCP. A
single-screw extruder was used to fabricate the

biocomposites. Authors used different techniques to
study properties of developed composites such as dif-
ferential scanning calorimetry, tensile and impact
strength tests, dynamic mechanical analysis and scan-
ning electron microscopy. Obtained results indicated
that in this particular case the use of DCP is an inef-
fective way to improve interfacial adhesion of com-
posites based on PLA homopolymer and flax or hemp
fibres, which could be due to the micrometric (not
nanometric) size of used fibers. Furthermore, the
lack of DCP effectiveness to improve matrix/filler
adhesion could be related to complexity of chemical
reactions between used components (natural fibers,
PLA matrix and DCP). Especially taken into account
that, diversity of physico-chemical properties of nat-
ural fibers/fillers has significant impact on the inter-
facial interactions in biocomposites [153–155].
Sajna et al. [156] evaluated the impact of nanoclay
and glycidyl methacrylate grafted poly(lactic acid)
(PLA-g-GMA) on the thermal and flammability prop-
erties of PLA/banana fiber biocomposites. Thermo-
gravimetric analysis, UL-94 horizontal burning test
and cone calorimetry results indicated that the PLA-
g-GMA and nanoclay in PLA/banana fiber biocom-
posites enhance their thermal stability and resistivity
towards the flame due to formation of protective sur-
face layer towards the flame.
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Table 4. Chemical structure of compatibilizers commonly used for bio-based blends

Compatibilizer Structure Compatibilizer Structure

GMA PCL-g-GMA

DCP NR-g-GMA

MA PLA-g-MA

PCL-g-DEM NR-g-MA
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Mirzadeh et al. [157] modified poly(lactic acid)/
poly(butylene succinate-co-adipate) (PLA/PBSA)
blends with CESA® Extend chain extender and nan-
oclay Cloisite 30B. The authors proved that the pres-
ence of nanoclay in PLA/PBSA blends has strong
impact on the mechanical properties of the obtained
biocomposites, while its barrier properties allow con-
trolling the local concentration of chain extender in
the PLA phase. Addition of nanoclay Cloisite 30B to
PLA/PBSA increased blends viscosity, while more
visible effect of improvement was noticed for blends
with higher PBSA content.
Dai et al. [158] studied the effect of epoxidized soy-
bean oil (ESO) as reactive plasticizer on selected
properties of PLA filled with microcrystalline cellu-
lose (MCC). It was observed that during melt blend-
ing of ESO with PLA and MCC, ESO reacts with
MCC particles and is accumulated on their surface.
The results showed that the formation of a thin ESO
layer on MCC particles surfaces enhanced interfacial
adhesion between PLA and MCC phases, which

resulted in superior toughness of studied biocompos-
ites. The elongation and impact strength of PLA/
MCC biocomposites were finally improved up to
38.5% and 31.7 kJ/m2. Similar observations were
described by Khoo and Chow [159], who confirmed
that addition of ESO significantly improved impact
strength of poly(lactic acid)/sugarcane bagasse fiber
biocomposites.
Dai et al. [160] synthesized highly reactive epoxi-
dized citric acid (ECA), which was subsequently
used as bio-based compatibilizer of PLA/MCC bio-
composites. The steps during synthesis and the chem-
ical formula of ECA are presented in Figure 20. The
obtained results revealed that low content (1–5 wt%)
of ECA in PLA/MCC biocomposites promoted in-
terfacial adhesion between PLA and MCC, which
has beneficial impact on their flexural property.
Dogu and Kaynak [161] proved that application of
3 wt% PLA-g-MA copolymer in PLA/MCC biocom-
posites improved the distribution uniformity of MCC
particles and also adhesion between PLA matrix and
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Figure 19. Mechanism of formulation of CNC-g-PLA during reactive extrusion. Scheme based on [151].
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MCC filler. This resulted in the enhancement of frac-
ture toughness of the studied biocomposites, which
increased for 22% comparing to sample without
PLA-g-MA as a compatibilizer.
Generally, majority of reported studies based on the
compatibilization of PLA-based biocomposites via
reactive extrusion resulted in significant enhance-
ment of mechanical performance, which can be seen
in Table 5.
The published data indicated that among various
commercial available biodegradable aliphatic poly-
esters, poly(ε-caprolactone) (PCL) homopolymer
has been the second most important polymer used
for preparation of biocomposties. de Campos et al.
[166] prepared poly(ε-caprolactone)/thermoplastic
starch (PCL/TPS) blends reinforced with sisal fibers

bleached with sodium-hydroxide followed by hydro-
gen peroxide treatment. Morphology, water absorp-
tion and the biodegradability of PCL/TPS/sisal fibers
biocomposites as a function of sisal fibers content
were evaluated. It was noticed that sisal fibers were
well dispersed in PCL/TPS matrix, while the 10 wt%
of sisal fibers increased crystallinity and lower water
absorption capacity of PCL/TPS/sisal fibers biocom-
posites. Furthermore, the authors indicated that in-
corporation of sisal fibers might allow control bio -
degradation rate of PCL/TPS matrix in a more
predictive manner.
Kalambur and Rizvi [167-169] extensively investi-
gated PCL/starch biocomposites fabricated by two
steps performed in a single screw extrusion process,
which is very promising from industrial application
point of view. As demonstrated in Figure 21, the first
step has been related to oxidation of starch by the re-
placement of hydroxyl groups by carboxyl or car-
bonyl groups and subsequently in second step, par-
tially oxidized starch react with PCL. In both steps,
during reaction Fenton’s reagent (hydrogen peroxide
with iron and copper catalysts) was used as the oxi-
dizing/cross-linking agent. The authors developed
highly filled PCL/starch biocomposites modified with
MMT nanoclay, which were characterized by me-
chanical properties (e.g. toughness and elongation at
break) similar to pure PCL. This opens new possibil-
ities of PCL/starch biocomposites further applica-
tions.
Polyhydroxyalkanoates such as poly(3-hydroxybu-
tyrate) (PHB) and random copolymers with poly(3-
hydroxyvalrate) and other commercial aliphatic poly-
esters have been also intensively studied to design
composites based on biodegradable matrix. Recently,
green biocomposites based on poly(3-hydroxybu-
tyrate-co-3-hydroxyvalerate) (PHBV) and softwood
Kraft lignin have been prepared during reactive ex-
trusion in presence of DCP as free radical initiator
[170]. The authors have reported that addition of DCP
enhanced interfacial adhesion between PHBV and
softwood Kraft lignin, due to the formation of lignin-
g-PHBV copolymer and decrease of crystallinity of
PHBV in biocomposites. It is well known that during
heating the DCP decomposes into cumyloxy radicals,
which in majority form methyl radicals by β-scission.
During reactive extrusion, these strong radicals are
able to abstract hydrogen atoms from both PHBV and
lignin, and consequently initiate grafting leading to
lignin-g-PHBV copolymer, as presented in Figure 22.
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Figure 20. Reaction steps during synthesis of ECA. Scheme
based on [160].
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Chikh et al. [171] prepared poly(3-hydroxybutyrate-
co-3-hydroxyvalerate)/poly(butylene succinate)
(PHBV/PBS) blends and PHBV/PBS/sepiolite nano -
composites compatibilized with maleic anhydride
grafted poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate) (PHBV-g-MA). Morphological studies showed
that dispersion of PBS markedly became finer with
incorporation of sepiolite and PHBV-g-MA, result-
ing form enhanced interactions between used com-
ponents. This suggested synergistic effect of chemical
compatibilizer (PHBV-g-MA) and nano-filler (sepi-
olite) which had beneficial impact on the final prop-
erties of studied materials.
Zhang and Zhang [172] successfully improved ther-
mal stability and mechanical properties of PBS/PLA
blends using reactive processing in presence of DCP
and PBS-g-cellulose nanocrystals as compatibilizers.

Observed reinforcement effect is related to the lim-
ited molecular segmental mobility of PBS/PLA ma-
trix, resulting from chemical cross-linking using
DCP and physical interactions with PBS-g-cellulose
nanocrystals.
Zhang et al. [173] prepared PHBV/PBAT blends re-
inforced with miscanthus biofiber, which were com-
patibilized using ENR and DCP. The results indicat-
ed that ENR in the presence of DCP acts like effective
coupling agent and simultaneously impact modifier
of studied materials. This confirms synergistic effect
of DCP and ENR, which significantly improving the
compatibility of PHBV/PBAT/miscanthus biofiber
biocomposites.
Morelli et al. [174] have fabricated biocomposites
based on PBAT and phenylbutyl isocyanate modified
with cellulose nanocrystals (pbCNC), which properties
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Table 5. Routes of PLA-based biocomposites compatibilization via reactive extrusion

Filler
Content

[wt%]
Compatibilizer

Content

[wt%]
Preparation methods

Tensile

strength

[MPa]

Elongation

at break

[%]

Ref.

– –

Dicumyl peroxide

0.00

Single screw,
170/180/190/190°C

72.2±0.4 5.4±0.5

[152]
Flax fiber

10

66.4±1.3 3.9±0.5

0.50 67.0±0.7 3.8±0.3

Hemp fiber
0.00 66.9±0.6 3.7±0.4

0.50 67.3±1.3 3.6±0.4

– –

Epoxidized soybean oil

0.00

Twin screw, 40 rpm,
175°C

67.0±2.2 3.5±0.3

[158]

MCC 20 57.3±1.5 2.9±0.6

– –

10.00

66.8±1.2 3.3±0.5

MCC
20

35.8±0.7 21.2±3.4

MMCC 31.4±2.4 27.3±1.4

Wood pulp
fiber

0

N-(o-phenylene)-dimalemide +
2,2′dithiobis(benzothiazole)

0.00

Twin screw, 120 rpm,
180–195°C

63.0±1.1 3.0±0.1

[162]
20 0.00 58.7±0.5 2.0±0.1

20 0.75+0.1 61.2±0.6 1.8±0.1

0 0.75+0.1 65.1±1.1 2.8±0.1

Soy protein
concentrate

0

PLA-g-MA

0.00

Twin screw,
90/100/130/145/160/
160/160/155 100°C

65.1±0.6 3.6±0.1

[163]
30

0.00 44.7±0.5 1.5±0.1

1.00 48.6±0.7 1.7±0.0

2.00 52.2±1.1 1.9±0.1

4.00 53.1±1.5 1.9±0.1

Talc

0

PLA-g-MA

0.00

Twin screw,
25/95/145/165/175/180/
180/180/175/170 100°C

58.7±2.2 4.3±1.0

[164]
40

0.00 59.6±2.2 1.1±0.2

3.00 66.0±3.1 0.9±0.1

5.00 72.4±1.8 1.5±0.1

10.00 24.1±2.3 0.3±0.1

Wheat starch

0
2,5-bis(tert-butylperoxy)-2,5

dimethylhexane

0.00

Twin screw,
125/185/185°C

61.6±3.8 5.2±0.5

[165]

0.01 54.3±3.5 4.9±0.3

45

0.00 30.0±2.6 2.7±0.1

0.01 35.4±3.6 4.0±0.2

2,5-bis(tert-butylperoxy)-2,5
dimethylhexane + maleic anhydride

0.05+0.5 50.0±1.9 3.7±0.4

0.1+1 52.4±1.9 4.1±0.1
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were compared PBAT with unmodified cellulose
nanocrystals (CNC) composites obtained in the same
conditions. It was found that PBAT/CNC and
PBAT/pbCNC were characterized by elastic modu-
lus 55% higher and water vapor permeability 63%
lower than pure PBAT, without change of its
biodegradation. Furthermore, it was observed that
appearance of PBAT/pbCNC biocomposites samples
were similar to pure PBAT. However, during further
research in this area, the biocomposites could be pre-
pared in one step reactive extrusion.
The presented above state of knowledge confirms
that for bio-based polymer blends and composites
the mostly used compatibilizers are free radial initia-
tors, which is related to their affordable price and in-
dustrial availability. In this field, a special attention
is focused on organic peroxides, among which the
most popular are dicumyl peroxide (DCP) and 2,5-
dimethyl-2,5-di(tert-butylperoxy)-hexane organic per-
oxide (L101). Free radial initiators during reactive
extrusion allow controlled degradation and dynamic
curing of biodegradable polymer blends. Further-
more, high temperature necessary to decompose of
organic peroxide enhance also transesterification re-
actions of aliphatic polyesters. Above mentioned re-
actions usually resulted in formulation of new

oligomers or copolymers which act like interface
compatibilizers between two (or more) separate phas-
es and improve the physico-mechanical properties of
obtained blends. On the other hand, it should be point-
ed that selected by-products of organic peroxides de-
composition (e.g. acetophenone) or volatile organic
compounds formed during peroxides induced degra-
dation might affect the performance properties of
biodegradable polymeric materials and consequently
their potential application [175]. Therefore, it is very
important to evaluate the correlations between VOCs
characteristics and structure-properties of the novel
bio-based polymeric materials, what should be the
aim of further studies in this field.
Moreover, organic peroxides are used during grafting
of polymer blends by functional monomers (mostly:
maleic anhydride and glycidyl methacrylate), while
obtained grafted polymers are also commonly used
as compatibilizers.
It seems that due to economic reasons, future trends
in compatibilization strategy of biodegradable poly-
mer blends and composites will be focused on dy-
namic curing, grafting and application of commer-
cial chain extenders or functional monomers. Addi-
tionally, very promising route for tailoring the final
properties of bio-based polymer blends and compos-
ites are relatively new methods combined chemical
and physical compatibilization of bio-based materi-
als, such as application of grafting/curing and nano -
fillers [176, 177] or reactive nanoparticles [178-
180], which in our opinion should successfully de-
velop in near future.

6. Conclusions

Over the last ten years, since first comprehensive re-
view about reactive extrusion of biodegradable poly-
mers was published, we could observe dynamic de-
velopment of research works about reactive extrusion
processing of bio-based polymer blends and compos-
ites. This confirms that reactive extrusion is currently
one of the most promising processing methods for
short time and efficient synthesis of novel polymeric
materials, their blends and composites with desired
properties. However, appropriate designing of reac-
tive extrusion processes requires determining the cor-
relation between variable processing conditions and
the course of chemical reactions inside the extruder
barrel. This knowledge usually based on high cost
and time consuming comprehensive experimental
works, which can be partially reduced by using of test
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Figure 21. The scheme of starch oxidation and cross-linking
pathway of oxidized starch and PCL. Scheme is
based on [168].
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design methods and computer simulations, such as
response surface methodology or artificial neural
networks. Furthermore, ‘on-line’ and ‘in-line’ meas-
urement systems for quality control of extruded poly-
meric materials should be considered as promising
routes to support and accelerate optimization of ex-
trusion process.
Reactive extrusion allows easy tailoring the proper-
ties of fabricated materials controlled by the poly-
meric material compositions and their processing con-
ditions. Moreover, shear forces inside the extruder
should be sufficient for reactive groups to encounter
one another. This can be achieved by using a co-ro-
tating twin screw extruders or a triple screw extrud-
ers with segmented/modular screw and barrel con-
struction, which might be successfully changed or
modified. Additionally, to enhance processing of bio-
based polymer blends and composites, the reactive

extrusion process could be assisted by ultrasounds,
supercritical fluids or enzymes.
The state of knowledge presented above indicated
that the production and processing of chemically
modified biodegradable polymers, functionalized
natural fillers/fibers or effective compatibilization of
bio-based polymer blends and composites using re-
active extrusion will continue to grow in the future.
However, it seems that current and also future trends
in the research field of biodegradable polymeric ma-
terials reactive processing will be focus on two main,
relatively new directions. First direction is related to
3D printing technology and production of new fila-
ments based on different kinds of bio-based polymer
blends and composites. Reactive extrusion allows
preparing of the novel biodegradable materials,
while their processing and performance properties
can be tailored by addition of reactive modifiers (e.g.
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Figure 22. Possible mechanism of reactions between PHBV, lignin and DCP. Scheme is based on [170].
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dicumyl peroxide, maleic anhydride, epoxidized nat-
ural rubber, etc.) or application of variable extrusion
conditions (e.g. temperature, shear forces, etc.). The
obtained biodegradable materials could be success-
fully used as filaments during 3D printing in versa-
tile applications, e.g. industrial design, automobiles,
architecture, mechanical engineering, biomedical en-
gineering, etc. Second promising direction for fur-
ther development of reactive extrusion, in the field
of bio-based polymers and composites, is modifica-
tion or functionalization of widespread used cellu-
lose-rich fillers, such as wood dust, natural fibers or
agriculture wastes. The current research trends con-
firmed that reactive extrusion can be considered as
a fast, solvent-free, low-cost and pro-ecologic alter-
native for ‘conventional’ modification methods of
natural filler/fibers.
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Abbreviations
BGE butyl glycidyl ether
CNC cellulose nanocrystal
DCP dicumyl peroxide
EF-PLA epoxy functionalized poly(lactic acid)
ENR epoxidized natural rubber
ECA epoxidized citric acid
ESO epoxidized soybean oil
GMA glycidyl methacrylate
HDI hexamethylene diisocyanate
LTI lysine triisocyanate
LDI lysine diisocyanate
MA maleic anhydride
MCC microcrystalline cellulose
MDI methylene diphenyl diisocyanate
Mg megagram
NFCs natural fiber composites
NR natural rubber
NR-g-PMMA poly(methyl methacrylate) grafted natural

rubber grafted
NR-g-GMA glycidyl methacrylate grafted natural rubber
NR-g-PBA poly(butyl acrylate) grafted natural rubber
PA phthalic anhydride
pbCNC phenylbutyl isocyanate modified with cellu-

lose nanocrystals
PBAT poly(butylene-adipate-co-terephtalate)
PBS poly(butylene succinate)
PBSA poly(butylene succinate-co-adipate)
PCL poly(ε-caprolactone)

PCL-g-GMA glycidyl methacrylate grafted poly(caprolac-
tone)

PCL-g-DEM diethyl maleate grafted poly(caprolactone)
PHB poly(3-hydroxybutyrate)
PHBV poly(3-hydroxybutyrate-co-3-hydroxyvaler-

ate)
PHBV-g-MA maleic anhydride grafted poly(3-hydroxybu-

tyrate-co-3-hydroxyvalerate)
phr parts per hundred of resin
PLA poly(lactic acid)
CNC-g-PLA poly(lactic acid) grafted cellulose nanocrystal
PLA-g-MA maleic anhydride grafted poly(lactic acid)
PLA-g-GMA glycidyl methacrylate grafted poly(lactic

acid)
starch-g-MA maleic anhydride grafted starch
TBT tetrabutyl titanate
TDI toluene diisocyanate
TPS thermoplastic starch
WPCs wood polymer composites
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