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Chapter 3
Compatibilization and Crosslinking 
in Biodegradable Thermoplastic Polyester 
Blends

M. Z. Ahmad Thirmizir, Z. A. Mohd Ishak, and M. S. Salim

Abstract  Biodegradable polymers, especially bacterial synthesized polymers, have 
gained great attention and interest due to the concerns raised regarding the accumula-
tion of petrochemical plastic wastes in the environment. It is known that biodegrad-
able polymers have advantages such as being biocompatible, biodegradable, natural, 
renewable and have similar mechanical properties compared to conventional poly-
mers. Poly(hydroxybutyrate) (PHBs) are biodegradable polyesters produced natu-
rally by bacteria. PHBs are highly crystalline polyester, which are brittle and prone to 
thermal degradation during processing. In the past, attempts have been made to 
reduce the degree of the brittleness of the PHB by copolymerization with hydroxy-
hexanoate (HHx) or hydroxyvalerate (HVx) co-monomers. Among PHB copolymers: 
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHB-co-HHx), poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (PHBV) and poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) (P(3HB-co-4HB)) have improved the flexibility and mechanical 
properties more than other PHBs. This chapter aims to emphasize the potential on the 
compatibilization of biodegradable polymer blends with the presence of maleated 
compatibilizers derived from the host or guest polymers.
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Abbreviations

3HH	 3-hydroxyhexanoate
AAc	 Acrylic acid
ABS	 Acrylonitrile butadiene styrene
AIBN	 2,2-azobis(isobutyronitrile)
ATP	 Aliphatic thermoplastic polyester
BPO	 Benzoyl peroxide
BTBV	 n-butyl 4,4-di-(t-butyl peroxy) valerate
CTC	 Charge transfer complex
DBP	 di-t-butyl peroxide
DCP	 Dicumyl peroxide
DG	 Degree of grafting
DMA	 Dynamic mechanical analysis
DMTA	 Dynamic mechanical thermal analysis
DSC	 Differential scanning calorimetry
ENR	 Epoxidized natural rubber
EPDM	 Ethylene propylene diene monomer
EVA	 Ethylene vinyl acetate
FTIR	 Fourier transform infrared
G’	 Storage module
GMA	 Glycidyl methacrylate
HA	 Hyaluronan
HDPE	 High-density polyethylene
HEMA	 2-hydroxyethyl methacrylate
HHx	 Hydroxyhexanoate
HVx	 Hydroxyvalerate
LLDPE	 Linear low-density polyethylene
LPO	 Dilauroyl peroxide
MA	 Maleic anhydride
MAPP	 MA-grafted PP
MMA	 Methyl methacrylate
Mw	 Molecular weight
ɲ*	 Complex viscosity
NBR	 Butadiene-acrylonitrile rubber
NMR	 Nuclear magnetic resonance
P(3HB)	 Poly(3-hydroxybutyrate)
P(3HB-co-4HB)	 Poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
PBAT	 Poly(butylene adipate-co-terephthalate)
PBES	 Poly(butylenesuccinate-co-ethylene succinate)
PBS	 Poly(butylene succinate)
PBSA	 Poly(butylene succinate-co-adipate)
PBSL	 Poly(butylene succinate-co-L-lactate)
PC	 Poly(carbonate)
PCL	 Poly(ε-caprolactone)
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PDLLA	 Poly(D,L-lactic acid)
PE	 Poly(ethylene)
PEG	 Poly(ethylene glycol)
PEO	 Poly(ethylene oxide)
PES	 Poly(ethylene succinate)
PET	 Poly(ethylene terephthalate)
PGLA	 Poly(glycolic acid-co-lactic acid)
PHB	 Poly(hydroxybutyrate)
PHB-co-HHx	 Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
PHBHH	 PHB-co-HHx
PHBV	 Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PLA	 Poly(lactic acid)
PLA•	 PLA macroradicals
PLLA	 Poly(L-lactic acid)
PP	 Poly(propylene)
PPO	 Poly(phenylene oxide)
PVA	 Poly(vinyl alcohol)
PVC	 Poly(vinyl chloride)
REx	 Reactive extrusion
RO•	 Primary radicals
SEBS	 Styrene-ethylene-butylene-styrene
St	 Styrene
St•	 Styryl macroradicals
T	 Toughness
TBEC	 OO-(t-butyl) O-(2-ethylhexyl) peroxycarbonate
TBEH	 t-butyl peroxy-2-ethylhexanoate
TBPB	 t-butyl peroxy benzoate
TBTH	 t-butyl peroxy-3,5,5-trimethylhexanoate
Tg	 Glass transition temperature
THF	 Tetrahydrofuran
Tm	 Melting temperature
TPS	 Thermoplastic starch
UHMEPE	 Ultra-high Mw polyethylene
UV	 Ultraviolet
εb	 Strain at break
σ	 Tensile strength

3.1  �Introduction

Biodegradable polymers, especially bacterial synthesized polymers, have gained 
significant attention in recent years, given the growing concerns regarding the accu-
mulation of petrochemical plastics wastes in the environment (Zhang et al. 2012). It 
is well known that biodegradable polymers have advantages such as biocompatible, 
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biodegradable, natural, renewable, and having comparable mechanical properties 
compared to conventional polymers. Among the biodegradable polymers, biode-
gradable polyesters show an important role as biodegradable plastics due to their 
potentially hydrolysable ester bonds (Environment Australia 2012). As shown in 
Fig. 3.1, the biodegradable polyester family is divided into two main groups: aro-
matic (aromatic rings) and aliphatic (linear) polyesters.

The group of aliphatic thermoplastic polyester (ATP) is the most widely studied 
given its important diversity, synthetic versatility, variety of monomers and various 
routes ready for the polyester development (Vroman and Tighzert 2009). During the 
last decades, several types of ATP, such as poly(butylene succinate) (PBS), 
poly(lactic acid) (PLA), poly(hydroxybutyrate) (PHB) and its co-polyesters such as 
poly(hydroxybutyrate-co-hydroxyhexanoate) (PHB-co-HHx) and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) have been studied in terms of sin-
gle polymer, blends and their composite applications. However, some disadvantages 
of biodegradable polymers include brittleness and their susceptibility to thermal 
degradation during processing (Chen and Luo 2009), low toughness (T) and melt 
viscosity in PLA (Pradeep et al. 2017; Zhang et al. 2017), and low glass transition 
temperature (Tg  =  -62  °C) and melting temperature (Tm  =  57  °C) in poly(ε-
caprolactone) (PCL) (Abdul et al. 2013) have limited the processing and application 
of these polymers. The relatively high production cost of these polymers compared 
to conventional polymers is also an additional problem. However, to overcome 
these drawbacks, various strategies such as blending, compositing and copolymer-
ization, are normally used. Among them, blending is the most preferred approach, 
since it is relatively easy to be carried out with lower costs compared to the copoly-
merization approach (Si et al. 2016). In addition, most commercially available plas-
tic materials are polymer blends which have been used successfully for numerous 
applications.

Fig. 3.1  Biodegradable polyester family. Reproduced with permission from Environment 
Australia (2012)
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The blending of biodegradable polymer with other biodegradable polymers is 
favored due to the biodegradability of the blends which could be maintained, while 
improving the properties of the host polymer. According to Si et al. (2016), a num-
ber of studies on the blending of PLA with flexible biodegradable polyesters, such 
as PBS, PCL, poly(butylene succinate-co-L-lactate) (PBSL), poly(butylene
succinate-co-ethylene succinate) (PBES) and poly(ethylene succinate) (PES), have 
been published previously.

The key success of polymer blends is due to their good compatibility and misci-
bility between the components of the blend. The production of blends with an ideal 
physical-mechanical performance depends on the interfacial tension between the 
blends and the size of the dispersed phase droplets. Apart from that, a cohesive 
interfacial adhesion is also essential to allow the effective stress transfer from the 
continuous to the dispersed phase (Mani et al. 1999). This ideal condition could be 
achieved by adopting the compatibilization approach through the introduction of 
compatibilizer or by adding block or graft copolymers. The production of compati-
bilizer is relatively easier than the copolymerization process and also has a similar 
effect on improving the chemical and physical interactions, and phase dispersion 
between the blend’s components. The compatibilizers can be derived by reacting 
with the host or via guess polymers with suitable unsaturated polar molecule func-
tional groups such as amines, anhydrides, epoxides, etc. (Pracella et al. 2010).

To the best of our knowledge, very limited compatibilizers commercially avail-
able specifically for biodegradable polymers have been produced. In previous stud-
ies, many attempts have been made to develop compatibilizer for biodegradable 
plastics, especially aliphatic thermoplastic polyesters such as glycidyl methacrylate 
(GMA)- or maleic anhydride (MA)-grafted compatibilizers (Tansiri and Potiyaraj 
2015). According to Gardella et  al. (2014), moieties such as acrylic acid (AAc), 
GMA, MA and oxazoline, are suitable to be grafted onto non-reactive polymers. 
MA is generally preferred, since it is relatively easy to handle, has low toxicity, and 
is not be likely to be homopolymerized under standard free-radical melt-grafting 
conditions. In addition, the compatibilizer is expected to have a good miscibility 
when the components are combined, thus promoting chemical interactions with 
another, which improves the interfacial adhesion between them (Gardella et al. 2014).

3.2  �Maleated Compatibilizer of Biodegradable Polymers

In the last year, the development of biodegradable polymers as an alternative to 
petroleum-based polymers has motivated researchers to develop MA-based com-
patibilizer in order to make the polymer more developed for industrial processing 
and applications. Compatibility by grafting with MA on several conventional poly-
mers such as ethylene vinyl acetate (EVA-g-MA), linear low-density polyethylene 
(LLDPE-g-MA), polypropylene (PP-g-MA) and styrene-ethylene-butylene-styrene 
block copolymer (SEBS-g-MA) have been well established, and mainly investi-
gated by previous researchers (Papadopoulou and Kalfoglou 2000).
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Normally, a maleated compatibilizer is an additive used to improve interfacial 
adhesion or interaction between two or more blends and/or composite components. 
In polymer blend applications, the maleated compatibilizers are added to produce 
blends with good overall physical-mechanical behavior and can regulate interfacial 
tension to generate a smaller dispersed phase size and stronger interfacial adhesion, 
thus allowing the effective stress transfer between the phases of the blends (Mani 
et al. 1999). The compatibility of the blends is essential since most polymers are 
commonly immiscible and have little interfacial adhesion. Furthermore, it is known 
that the miscibility between polymers is determined by a balance of enthalpic and 
entropic contributions to the free energy of mixing (Fink 2013).

Notwithstanding, the quantity and the effectiveness of the compatibilizer in com-
bination with the ratio of the components has a significant effect on the mechanical, 
morphological and thermal properties of the blends. According to Markham (1990), 
other factors may also affect the final properties of the blends such as the cooling 
rate, the mixing time, the rate of cooling, the shear rate and the temperature during 
the molding process. The compatibilizers can may also preserve or/and stabilize the 
morphology of the blends such as agglomeration, delamination, ‘skinning’ and 
other unwanted phase effects resulting from the blending process (Markham 1990).

3.2.1  �Preparation of Maleated Compatibilizer

As is already known, the miscibility between the components of a blend is deter-
mined by a balance of enthalpic and entropic of thermodynamic contributions to the 
free energy of mixing (Fink 2013). However, in reality, thermodynamically compat-
ible blends are difficult to achieve, and in industrial practice, technological compat-
ibility is more than adequate. In addition, technological compatibility can be 
achieved through chemical or mechanical approaches. As suggested by Fink (2013), 
technological compatibility of immiscible polymers blends can be achieved by 
incorporating a compatibilizer in advance or during the blending process.

3.2.1.1  �MA Reactive Monomer

MA (furan-2,5-dione) is a well-known monomer for the development of compatibi-
lizer and is commonly used for the modification of polyolefin (Mehrabzadeh 2009; 
Gao et al. 2012; Paolo et al. 2018). According to Musa (2016), the basic chemical 
structure of MA is fundamentally versatile where it has a five-member heterocyclic 
ring, comprising a double bond at the C3-C4 position and two carbonyl groups; one 
at the C2 position and the other at the C5 position, as shown in Fig. 3.2.

The C=C of MA is a powerful electron-accepting monomer due to the electron-
deficient character of the double bond. The electronic deficiency originates from 
strong electron-withdrawing forces from the two C=O substituent groups (Musa 
2016). Aside from that, the carboxylic acid groups are also known for their high 
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reactivity coupled to two different acid dissociation constants (Musa 2016). The 
physical properties for MA chemical compounds are summarized in Table 3.1.

In addition, with respect to the economic point of view, MA is an attractive 
chemical compound, since it can be easily derived from butane gas and benzene that 
are readily available in world petroleum resources (Musa 2016).

3.2.1.2  �Type of Grafting Reaction

Maleated compatibilizer can be produced by a grafting reaction of the polymer with 
MA functional groups in the presence of a peroxide radical initiator. As reported by 
Mani et al. (1999), many methods for producing compatibilizer through grafting 
reaction such as melt, solid-state, solution, solvents redox and suspension grafting 
in aqueous or organic solvents have been reported by previous studies. Table 3.2 

O2

C2C5

C3C4

O O

Fig. 3.2  Structure of 
the MA unit

Table 3.1  Physical 
properties of MA

Properties MA

CAS number 108–31-6
EINECS number 203–571-6
Molecular formula C4H203

Molecular weight (Mw) (g/mol) 98.06
Physical state Solid
Color Colorless to white
Odor Irritation, choking
Density (g/cm3) 1.48
Melting point (°C) 53.58
Boiling point (°C) 200
Vapor pressure (kPa) 0.033
Refractive index [d20

20 (solid)] NA
Heat of formation (kJ/mol) -470.4
Heat of fusion (kJ/mol) 12.26
Heat of sublimation (kJ/mol) 71.5 ± 5.0
Heat of combustion (kJ/mol) -1391.2
Specific heat (liquid) (kJ/mol K) -1.67
Heat of evaporation (kJ/mol) 54.8
Solubility in water ~400 g/L at 20 °C
pKa NA
Biodegradation Readily biodegradable

Source: Musa (2016)
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summarizes the advantages, disadvantages and applications of free radical grafting 
technologies.

The solid-state grafting, also known as mechanochemical grafting, is where the 
polymer is generally used as a powder and mixed with MA with a high concentra-
tion of initiator in the presence of an interfacial wetting agent, e.g. solvent of the 
polymer. The reaction is carried out in a low-shear mixer or stainless-steel reactor at 
a temperature ranging from 100–150 °C. Since the grafting reaction does not imply 
high temperature, degradation of the host polymer is very minimal. However, the 
homogeneity of the grafted product depends on the solvents used in the particle size 
of polymer powder and/or other co-monomer that are required to increase the degree 
of grafting (DG) of the polymer (Qiu and Hirotsu 2005). Solvents or water can fur-
ther purify the maleated compatibilizer. Nonetheless, this technique only introduces 
the grafting reaction on the surface of the polymer powders, and the MA could not 
react with the polymer chain inside the powder particles (Ahmad Thirmizir 2011).

According to Qiu and Hirotsu (2005), the solution grafting process involves the 
dissolution of polymer in a suitable solvent at an elevated temperature followed by 
the addition of MA together with a peroxide radical initiator at a predetermined 
reaction time. The reaction must be carried out in a homogeneous chemical environ-
ment to allow a better interaction and reactivity between the polymer and other 
components. The resulting graft copolymer is further purified via a selective disso-
lution approach to obtain the compatibilizer with a relatively higher purity. The 
process is relatively complex and expensive, and it is difficult to eliminate by-prod-
ucts. Aside from that, it is not practical for large-scale production due to the large 
quantity of solvents recycling involved (Qiu and Hirotsu 2005).

Table 3.2  Advantages, disadvantages and application of free radical grafting

Technology Advantages Disadvantages Main applications

Melt phase Simple technology.
No limit regarding 
melting point of 
backbone polymer.

Limited grafting level by 
short reaction time.

Grafted polyolefins; 
low Mw SEBS.

Solid state High grafting possible.
Grafting of PP without 
β-scission possible.
Grafting of high Mw 
SEBS possible.
Grafting of various 
monomers possible.

Grafting only on partially 
crystalline polymers or very 
high Mw polymers.

Grafted polyolefins; 
high Mw SEBS.

Solution Very homogeneous 
grafting.
High grafting levels.
No degradation.

High production cost.
Waste solvent.

Grafted polyolefins 
(gel-free).

Suspension/
emulsion

Use of sticky polymers 
possible.
High grafting levels.

High production cost. Grafting of fibers.
High grafting of 
acrylates onto 
crosslinked 
polyolefins.

Source: Rapthel et al. (2018)
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The most practical method to produce compatibilizer is via melt grafting, also 
known as reactive extrusion (REx). The process involves grafting of MA onto poly-
mer in the molten state with the presence of a free radical initiator. The functional-
ized polymer is further purified to remove unreacted MA and a radical initiator. In 
line with this, Ahmad Thirmizir (2011) obtained maleated PBS.

Normally, the effectiveness of the grafting process depends on the reactive com-
ponents and the processing parameter applied. Previously, He et  al. (2013) con-
ducted a exhaustive study to investigate the effect of the concentration of reactive 
components and grafting parameters on the DG of maleated LDPE (LDPE-g-MA) 
via solution grafting in xylene solvent with the presence of dicumyl peroxide (DCP) 
radical initiator. Table 3.3 shows the studied parameters, and Fig. 3.3 summarizes 
the findings via an orthogonal experiment.

Following He et al. (2013) the concentration of reactive components (DCP and 
MA) can affect the DG of the compatibilizer (Fig. 3.3). These authors reported that 
there is a positive trend between the DG and the concentration of MA and DCP up 
to an optimal value before dropping with an additional increase in concentration and 
trends proportional to the reaction temperature. While the reaction time and total 
time for initiator dropped, thus showing an increasing pattern up to a plateau point 
where any additional increase does not affect the DG value.

A similar study done by Ahmad Thirmizir et al. (2011) also confirmed that the 
grafting reaction of MA with biodegradable aliphatic polyester (PBS) is affected by 
the concentration of MA, and this also affected the DG of the compatibilizer. As 
shown in Table 3.4, Ahmad Thirmizir et al. (2011) also reported that a maleated 
PBS at a constant mixing parameter and radical initiator concentration (DCP), as 
well as an increase of the MA concentration in the compatibilizer significantly 
increased the DG. In addition, as mentioned by Mani et al. (1999), increasing the 
MA concentration leads to an increase in the DG due to the better probabilities that 
free MA will bind to the polymer macro radical sites during the grafting reaction.

Chen et al. (2003) investigated the solution grafting of maleated PHB in chloro-
benzene at a temperature of 130 °C with the presence of benzoyl peroxide (BPO) 
radical initiator. These authors reported the relationship between MA monomer 
concentrations on the DG. As illustrated in Fig. 3.4, the DG increased with increase 
in the MA concentration up to a maximum of 0.85%, at an MA concentration of 3% 
(w/v). Beyond 3% (w/v), the DG then decreased and gradually leveled off. According 

Table 3.3  Reactive components concentration and grafting parameters for LDPE-g-MA 
compatibilizer

Factors levels A (wt. %) B (wt. %) C (h) D (°C) E (min)

1 1 10 1 120 10
2 2 15 2 130 25
3 3 20 3 140 40
4 4 25 4 150 50

A: DCP concentration; B: MA concentration; C: reaction time; D: reaction temperature; E: total 
time for initiator dropping
Source: He et al. (2013)
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to Chen et al. (2003), under the solution grafting condition, it is difficult for the MA 
to homopolymerize given its special molecular structure. However, MA could bind 
to the PHB backbone in the form of single succinic anhydride rings. The DG is 
mostly influenced by the number of macroradicals initiated by a radical initiator. 
Here, as the concentration of MA increases, the chances of PHB macroradicals 
reacting with MA are higher. When the MA is excessive, unwanted reactions, such 
as the effect of the cage, easily occur, thus reducing the DG value (Chen et al. 2003).

Chen et al. (2003) also investigated the relationship between DG, MA concentra-
tion and Mw. These authors suggested from their results that the increase in the DG 
is not correlated with the Mw change, which shows that MA grafting is not pro-
duced at the ends of the polymer chains, but macro radical sites were formed along 
the polymer chain. However, in the melt grafting process conducted at relatively 
high temperature and high shearing rate, chain scission can occur. Meanwhile, our 
study on the production of maleated PBS and PHB-co-HHx via melt grafting at a 
temperature of 160 °C and a rotor speed of 50 rpm and a reaction of 5 min, showed 
that at a constant peroxide concentration, an increase in the MA concentration 

Fig. 3.3  The changing trend of test index (GD). A: DCP concentration, B: MA concentration, C: 
reaction time, D: reaction temperature and E: total time for initiator dropping. Reproduced with 
permission from He et al. (2013)

Table 3.4  Effect of MA 
content on the percentage of 
MA grafting onto PBS

PBS-g-MA compatibilizer
Content of 
MA (phr) DG (%)

3pPBSgMA 3 0.91 ± 0.03
5pPBSgMA 5 1.07 ± 0.02
7pPBSgMA 7 2.14 ± 0.04
10pPBSgMA 10 2.32 ± 005

Source: Ahmad Thirmizir et al. (2011)

M. Z. A. Thirmizir et al.



33

resulted in an increase in the DG and reduction of Mw (Fig. 3.5) (Own results from 
the authors). Mani et  al. (1999) also reported the occurrence of chain scission 
accompanying the grafting event showed a reduction of intrinsic viscosity of male-
ated PBS and poly(butylene succinate-co-adipate) (PBSA) compared to pure poly-
mers with an increasing MA concentration.

3.2.1.3  �Organic Peroxide Radical Initiator

In the grafting process, the reaction begins with the formation of free radicals via 
homolytic scission of the organic peroxide initiator (Ahmad Thirmizir 2011). The 
initiator has the ability to dehydrogenation to extract hydrogen atoms from α-carbon 
atoms in relation to the ester carbonyl group of that particular polyester in order to 

Fig. 3.4  Grafting degree 
as a function of monomer 
concentration. Reaction 
conditions: BPO: 0.2% 
(w/v), chlorobenzene: 
100 mL, PHB: 5 g, 
temperature: 130 °C and 
time: 4 h. Reproduced with 
permission from Chen 
et al. (2003)

Fig. 3.5  Effect of the MA concentration on the grafting degree and Mw of PBS and PHB-co-HHx 
(PHBHH) (Own results from the authors)
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form a polymeric macro-radical. While, simultaneously the polymeric macro-
radical also undergoes a certain degree of degradation via β-scissoring to form an 
end of the radical chain and an end of the vinylidene chain. The ideal compatibilizer 
will also achieve an optimum DG and a minimal degree of degradation of the poly-
mer chain (Ahmad Thirmizir et al. 2011). However, the grafting reaction is typically 
accompanied by a chain scission, which changes the rheological behavior of a poly-
mer. Indeed, determining the optimum conditions of the grafting process is a very 
complex study. Actually, a great number of variables are involved, such as an addi-
tional sequence of the reagents, MA concentration, reaction temperature and time, 
rotor speed, type and concentration of peroxide, and type of stabilizers if added 
(Oromiehie et al. 2014).

In general, the grafting of MA onto the polymer chains is carried out via a reac-
tive melt-blending technique in the presence of a peroxide initiator, such as BPO, 
DCP and t-butyl peroxide (Ahmad Thirmizir et al. 2011). Mani et al. (1999) in the 
study on the grafting of MA onto PLA via solution grafting comprehensively 
reported the effect of different types of radical initiators (2,2-azobis(isobutyronitrile) 
(AIBN), BPO, DCP and di-t-butyl peroxide (DBP)) on the DG and intrinsic viscos-
ity. The condition of this grafting procedure included: toluene, DCP and MA con-
centration, 1 and 3% (w/w), respectively, temperature: 110 °C and a reaction time 
4 hours. The results are shown in Table 3.5.

The maleated PLA obtained the highest DG with the addition of the BPO initia-
tor due to the slow rate of initiator decomposition at that particular reaction tem-
perature (Mani et al. 1999). As reported by Aldrich Chemical Company Inc. (2020), 
BPO has a 10-hour half-life temperature lower than DBP and DCP, and at 100 °C, 
the decomposition rate of BPO is considerably high, approx. kd  =  5.0  ×  10–4. 
Takamura et al. (2008) reported the lifetime of several peroxides at 190 °C, where 
DCP peroxide had good stability at that temperature compared to other peroxides. 
Aside from that, the maleated PLA produced via solution grafting exhibited mini-
mal chain scission/degradation even with different species of radical initiator 
(AIBN, BPO, DBP and DCP) compared to the one produced by the melt grafting 
procedure (Mani et al. 1999; Takamura et al. 2008).

In addition, the radical initiator concentration also affects the DG of MA onto a 
polymer backbone. Phua et al. (2013) in their study on grafting of MA onto PBS via 
melt grafting procedure, reported that the grafting efficiency increased as the DCP 
initiator concentration increased from 1 to 1.5 phr due to increased formation of 

Table 3.5  Effect of peroxide radical initiator on the DG and the intrinsic viscosity of maleated PLA

No. Initiator DG (%) Intrinsic viscosity (dL/g)

1 BPO 0.6 0.8305
2 DCP 0.27 0.8874
3 AIBN 0.20 0.9103
4 DBP 0.21 0.8744

Source: Mani et al. (1999)

M. Z. A. Thirmizir et al.
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radicals through the initiator decomposition reaction. Moreover, when the concen-
tration of radicals was high, the probability of chain transfer to the polymer back-
bone was also high, resulting in a greater DG of the compatibilizer. Mani et  al. 
(1999) also studied the effect of initiator (BPO for PLA and DCP for PBS) concen-
tration on MA grafting onto the backbone of the polymer. These authors suggested 
that melt grafting showed an increase in the DG g with respect to the initiator con-
centration, which appeared to be quite linear. However, excess of radical initiator 
can promote termination or a combination reaction between polymer macroradicals 
due to the available free radical species, thus resulting in a decrease in the DG (Chen 
et al. 2003). As reported by Chen et al. (2003), the intrinsic viscosity of the compati-
bilized polymers was reduced by about 30% for PBS, 25% for PBSA and 12% for 
PLA compared to the unmodified polymer due to the chain scission reaction. The 
excess radical initiator may cause the polymer to depolymerize, and may also cause 
an acute reduction of Mw (Chen et al. 2003). Other than that, the presence of perox-
ide radical initiator could be due to the unwanted crosslinking reaction between the 
polymer chains, especially for the grafting reaction that was conducted at a high 
concentration of the initiator.

3.2.1.4  �Purification of Compatibilizer

Another critical issue for manufacturing maleated compatibilizer is the purity of the 
compatibilizer itself. According to Bettini and Agnelli (2000), the MA residue could 
not be removed by self-evaporation during melt grafting if the reaction was carried 
out at a temperature below the boiling point of the MA (≈ 202 °C). The purification 
procedure is essential for producing good quality compatibilizers without the traces 
of any unreacted residues (Bettini and Agnelli 2000). Ahmad Thirmizir et al. (2011) 
demonstrated that the removal of ungrafted MA and unreacted DCP residues via 
solvent extraction improves the fiber-matrix interfacial adhesion. The residuals of 
the ungrafted MA and the unreacted DCP initiator present in the compatibilizers 
might interrupt the fiber-matrix interfacial adhesion since it could not form a com-
plete bridging between the composite components (Ahmad Thirmizir 2011).

The high concentration of unreacted MA in the blends causes color fading, 
degassing, reduces ultraviolet (UV) resistance, release of unpleasant odors and the 
fogging of proximate surfaces (Martin 2019). In addition, Clasen et  al. (2015) 
informed in its study about the thermoplastic starch (TPS)/PLA blends, that the 
grafting of MA onto polymer backbone restricts the segmental movement of the 
polymer chains. However, the presence of ungrafted MA in the blends act as a plas-
ticizer and reduce stiffness of the blends. Here, the MA can act as a plasticizer or 
compatibilizer in the TPS/PLA blend depending on the concentration of the mono-
mer used and residual of the unreacted monomer. MA as a plasticizer can reduce the 
rigidity of the blends by reducing the Tg and increasing the mobility of the polymer 
chain. Furthermore, the grafted MA reduces the crystallinity of the PLA-g-MA, 
which led to a reduction in the TPS/PLA blends module as a whole. Aside from that, 
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the balance degradation rate and degree of crosslinking are essentials for producing 
maleated compatibilizer with an optimal Mw distribution, low Mw degradation and 
a greater number of reactive sites (Rapthel et al. 2018).

3.2.2  �Reaction Mechanism of Maleated Compatibilizer

Free radical polymerization is the most commonly used functionalization technique 
for polyolefins in which organic peroxides are commonly used as initiators. Several 
formulations of MA-grafted PP (MAPP) are available in the plastics market depend-
ing on the processing method and end-use applications. The grafting reaction of 
MA onto PP by the melt grafting technique involves a reaction between the polymer 
melt with MA, in the presence of organic peroxides such as BPO, DCP, etc. As 
reported by Oromiehie et al. (2014), the organic peroxides are thermally unstable 
and undergo haemolytic scission at the oxygen-oxygen bonds to form primary radi-
cals. The radicals remove hydrogen atoms from the PP chains and form macroradi-
cals to initiate the grafting process. As reviewed by Oromiehie et al. (2014) in other 
experiments, they found the mechanism of MA grafting onto PP can be divided into 
three stages: stage 1- initiation, stage 2  - grafting and stage 3  - termination. The 
schematic reaction mechanism is shown from Eq. 1 to Eq. 21.

	(i)	 Decomposition of a radical initiator:
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	(ii)	 Some possible reaction for chain radical:

 

	(iii)	 Grafting of MA

 

	(iv)	 Chain transfer
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	(v)	 Termination by combination reaction

 

M. Z. A. Thirmizir et al.



39

	(vi)	 Termination by disproportioning

 

The grafting of MA onto PP was shown in Eqs. 6 and 7. Other than that, the 
homopolymerization of MA (Eq. 8) is possible to occur mainly at the high content 
of MA, while the chain transfer reaction was shown in eq. 9, and the different types 
of termination reactions included combinations and disproportions, which were 
shown in equations from Eq. 10 to Eq. 15 and Eq. 16 to Eq. 21, respectively.

Mani et al. (1999) investigated the functionalization of PBS and PLA with MA, 
and suggested the mechanism of grafting reaction of MA onto polyester (Fig. 3.6).

According to Ahmad Thirmizir et  al. (2013), the organic peroxide initiator 
formed a homolytic scission as a free radical. The reaction between a free radical 
and polyester resulted in the hydrogen abstraction of an α-carbon atom to the ester 

3  Compatibilization and Crosslinking in Biodegradable Thermoplastic Polyester Blends



40

carbonyl group of polyester to form a macroradical. Some of the macroradicals then 
suffered β-scission to form a radical chain end and a vinylidene chain end.

According to Mani et al. (1999), in solution grafting reactions, in the presence of 
organic peroxide, the additional reaction of the macroradicals is predominant before 
β-scission, but in the melt-grafting reaction, β-scission is predominant. Once the 
MA is grafted onto the polymer macroradical, several reactions such as chain trans-
fer reaction, oligomerization, termination and some side reactions can occur. 
However, the materials made by Mani et al. (1999), no signs of homopolymeriza-
tion or oligomerization of poly-MA were observed. Similar findings have been 
reported in previous studies in which the MA monomer has a poor homopolymer-
ization tendency due to its unique structure consisting of 1,2-disubstituted double 
bonds and the reaction temperature is higher than the MA ceiling temperature 

Fig. 3.6  Grafting reaction mechanism for MA grafting onto polyesters. Reproduced with permis-
sion from Mani et al. (1999)

M. Z. A. Thirmizir et al.



41

(Mantere 2015; Moghaddam et  al. 2012; Muthuraj 2015). However, Mani et  al. 
(1999) suggested based on evidence from Fourier transform infrared (FTIR) spec-
troscopy and nuclear magnetic resonance (NMR) analysis that the termination reac-
tion of MA onto the polyester could occur via two routes: recombination and radical 
termination reactions to produce end products I and III as shown in Fig. 3.6. Some 
examples of biodegradable maleated polymers, mainly aliphatic polyesters, will be 
presented in Sect. 3.2.3.

3.2.3  �Maleated Biodegradable Polymers: Some Examples

Rzayev (2011) used with successfully as a monomer in the grafting of biodegrad-
able polymers such as PBS, PBSA, PCL and PLA. Functionalizing the biodegrad-
able polymers with reactive groups is an effective strategy to produce commercial 
blends and composites suitable for end-user applications. In this section, some 
examples of maleated biodegradable will be further developed.

3.2.3.1  �Maleated PBS

The grafting of MA onto PBS via the melt grafting technique was initially reported 
by Mani et al. (1999). In general, the mechanism of MA grafting onto PBS is similar 
to that of MA grafting onto polyolefins as presented in Fig. 3.6. Many researchers 
have reported on the production of maleated PBS and its copolymers for the appli-
cation of polymer blends (Ramaswamy Mani and Bhattacharya 2008; Yin et  al. 
2015; Muthuraj et al. 2017) and composites (Ahmad Thirmizir et al. 2011; Phua 
et al. 2013).

In this sense, Mani and Bhattacharya (2008) reported the use of maleated PBS as 
a compatibilizer for PBS/starch blends. Here, the compatibilizer was produced 
using the melt grafting method in a twin-screw extruder. The results showed that the 
tensile strength (σ) values of the PBS/starch blends without PBS-g-MA compatibil-
izer decreased. For uncompatibilized blends, the increase in starch load decreased 
the σ values of the blends. At the higher concentration of starch approximately 
>50  wt.%, a tremendous reduction in σ values of about 60% was observed. 
Meanwhile, when PBS-g-MA was incorporated into the blends, the σ values 
increased for all blend’s ratios. In contrast, the σ value decreased slightly at 30 wt.% 
starch content before increasing with an additional increase in starch content. At 
70 wt.% starch content, the σ values were approximately similar to that of the pure 
PBS. As expected, the strain at break (εb) of the PBS/starch blends was severely 
reduced with the addition of starch. As reported by Mani and Bhattacharya (2008), 
at 10 wt.% starch content, only a slight reduction in εb values was observed, while 
at higher starch load, a tremendous decrease of εb values was reported. At concen-
trations of 30 wt.% or higher, the εb values of non-compatible and compatibilized 
blends was comparable (approx. Between 10 and 20% of εb). Starch is brittle 
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material with a modulus of approximately >1 GPa, and the addition of this into 
blends makes this material rigid.

Another study by Yin et al. (2015), also reported the consumption of maleated 
PBS as a compatibilizer in thermoplastic starch/PBS (TPS/PBS) blends. The male-
ated PBS was produced via the melt grafting technique with the presence of a DCP 
radical initiator. The formulation of maleated PBS was not mentioned in the paper. 
The TPS/PBS blends were produced in a twin-screw extruder, and then the blends 
were compression molded at 135 °C into test specimens and were characterized. 
The FTIR analysis of maleated PBS confirmed the presence of MA attributed to a 
weak peak at 1633  cm-1, representing the symmetric stretching of the anhydride 
groups of MA.  The 1H-NMR analysis also confirmed the chemical interaction 
between MA and PBS, as indicated by the existence of new peaks at 2.74 and 
3.52 ppm in the maleated PBS spectra. The mechanical properties in terms of σ and 
εb values for 40TPS/60PBS blends were significantly improved with the incorpora-
tion of maleated PBS. The TPS/PBS (40/60) blends showed good flexibility with an 
εb of about 20% higher compared to the pure blends. Most importantly, the σ values 
for TPS/PBS (40/60) blends increased almost twice with the same maleated PBS 
content. However, the tensile properties did not change, obviously, when maleated 
PBS content was increased even more from 5% to 10%. The result shows that male-
ated PBS has an excellent compatibilizing effect where it is thermodynamically 
miscible with PBS and could form a chemical interaction with TPS. With respect to 
thermal properties, the addition of maleated PBS reduced the crystallization tem-
perature and degree of crystallinity of the TPS/PBS (40/60 wt.%) blends. The higher 
concentration maleated PBS resulted from the lower crystallization temperature and 
degree of crystallinity of the blends. It can also be specified that the maleated PBS 
could make the blends more ductile by promoting the migration of pure PBS molec-
ular chain (Yin et al. 2015).

As reported by Yin et al. (2015) three Tg can be observed by dynamic mechanical 
analysis (DMA) and be associated with the glycerol-rich phase, the PBS phase and 
the starch-rich phase. The introduction of maleated PBS resulted in the DMA peaks 
approaching each other, indicating that PBS and TPS are partially compatible. In 
addition, the maleated PBS also improved the interfacial compatibilization through 
a plasticizing effect in the blending system.

Muthuraj (2015) reported the development of maleated PBS as a compatibilizer 
for poly(butylene adipate-co-terephthalate) (PBAT)/PBS blends. These authors 
investigated the effect of the concentration of DCP on the maleated PBS properties. 
The DG of maleated PBS increased with the increase of DCP concentrations, and 
the highest percentage of 2.56 was achieved at a concentration of 1.0 phr. The MA 
grafting efficiency of the batch and the continuous process were also compared, and 
the results showed that the batch-processed samples had a slightly higher grafting 
yield compared to the continuously processed samples. The grafting yield was 
slightly higher in the internal batch process, and can be attributed to a longer resi-
dence time and air contact of the reaction medium. Muthuraj (2015) reported from 
the differential scanning calorimetry (DSC) analysis that the crystallization and Tm 
of the maleated PBS decreased significantly and were lower compared to that of 
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pure PBS. It is believed that the presence of MA groups prevents the nucleation and 
lamella growth of PBS, thus leading to the formation of the imperfect crystalline 
structure.

3.2.3.2  �Maleated PHB

Among the PHAs, PHB and its copolyesters are the most studied because they are 
relatively easier to produce and can yield a consistent quality of bioplastics (Avérous 
2013). As for physical properties, PHBs are highly crystalline polyester, i.e. they 
are brittle and prone to thermal degradation during processing. In the past, attempts 
have been made to reduce the degree of the brittleness of the PHB by copolymeriza-
tion with hydroxyhexanoate (HHx) or hydroxyvalerate (HVx) co-monomers. 
Among PHB copolymers, PHB-co-HHx, PHBV, poly(3-hydroxybutyrate-co-3-hy-
droxyhexanoate) (PHB-co-HHx) and poly(3-hydroxybutyrate-co-4-hydroxybutyr-
ate) (P(3HB-co-4HB)) have improved flexibility and mechanical properties over 
other PHBs. In addition, they have properties comparable to those of conventional 
polymers such as poly(ethylene terephthalate) (PET), poly(ethylene) (PE) and 
PP.  PHB-co-HHx become soft and flexible, with an increase in the 
3-hydroxyhexanoate (3HH) co-monomer fraction. Doi et al. (1995) reported that an 
increase in the 3HH co-monomer from 0 to 17 mol% greatly increased the εb values 
from 6 to 850%, but the σ values decreased from 43 to 20 MPa. Another study done 
by Laycock et al. (2014) reported as the concentration of 3HH comonomer in the 
melt press P(3HB-co-3HH) copolymers increases from 2.5 to 9.5  mol%, the εb 
significantly increased from 6.7 to 43% and the σ tremendously reduced from 25.7 
to 8.8 MPa.

Beyond that, its mechanical strength and T characteristics can be further 
improved by blending with ductile biodegradable polymers such as PBS and 
PCL. The blending approach is widely known for its use in conventional polymers, 
and is cost effective and relatively easy to be undertaken compared to the biological 
way. From the study by Thirmizir et al. (2017), it is known that the PBS/PHB-co-
HHx blends are immiscible or immiscible limitedly, depending on the ratio of the 
components where it is expected to observe the morphology associated with phase 
separation. To overcome this drawback, several methods such as the addition of 
compatibilizer and/or the introduction of a crosslinking agent at the blending inter-
phase can be employed. According to Chen et al. (2003), very limited studies on the 
graft copolymerization of PHB have been published. A study on the radiation graft-
ing of 2-hydroxyethyl methacrylate (HEMA), AAc, acrylamide, methyl methacry-
late (MMA) and styrene (St) onto PHB and its copolymer, found that grafted 
polymers are thermally stable and have a faster biodegradability rate (Chen et al. 
2003). However, the graft copolymerization only modifies its surface properties and 
can produce long graft side chains by homopolymerization. These homopolymers 
can reside in the environment after PHB, which degrades completely and will dam-
age the environment. Therefore, to avoid those drawbacks, Rzayev (2011) chose the 
MA monomer to be grafted to the PHB chains via free-radical polymerization due 
to its good reactivity and controllability reaction.
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The grafting reaction is depicted in Fig. 3.7. As reported by Chen et al. (2003), 
grafting reaction of MA onto PHB chains was conducted in chlorobenzene with a 
solution temperature of about 130 °C using BPO as an initiator.

3.2.3.3  �Maleated PLA

Gardella et al. (2014) studied PLA/PCL blends, and reported maleated PLA (PLA-
g-MA) which was introduced to promote grafting between PCL and PLA-g-MA 
backbone and physical compatibility at the PLA-PLA-g-MA interface. The male-
ated PLA was produced by using the melt grafting technique employing a glass 
reactor with a mechanical stirrer placed in an aluminium block oven. Before the 
reaction process, MA, PLA and 2,5-dimethyl-2,5-di-(t-butylperoxy)hexane were 
purged with helium for 30 min and repeated at least three times, to ensure a mois-
ture free atmosphere. The reaction was conducted at 180 °C under the stirring con-
dition for a reaction time of 10 min. The peroxide content was 0.5 wt.%, and MA 
was 6 wt.%. The maleated PLA was then purified by dissolving in chloroform and 
precipitated into methanol. The blends were prepared by mixing different amounts 
of PCL, PLA and maleated PLA in the same reactor. The suggested reaction mecha-
nism between PCL and maleated PLA is shown in Fig. 3.8.

Ma et al. (2014c) reported the production of maleated PLA via the melt grafting 
technique using a mini twin screw extruder. Before the grafting process, the PLA 
pellets were sprayed with a mixture of acetone dissolved in DCP, MA and St and 
allowed to dry. After that, the pre-treated PLA pellet was fed into the extruder, and 
the grafting reaction was conducted at 160–190 °C with a screw speed of 35 rpm. In 
this study, the DCP radical initiator and St co-monomer were used to promote the 
formation of free radical. St with an electron-donating feature can easily interact/
react with the electron-attracting monomers (i.e. MA via a charge transfer complex 
(CTC)) or through copolymerization (Ma et al. 2014b). St could activate MA to 
form an asymmetric structure and Π bonds of radical-anion. As a result, the interac-
tion between macroradicals and MA monomers could be bridged by St, and a higher 

Fig. 3.7  Grafting of MA onto poly(3-hydroxybutyrate) (P(3HB)). Reproduced with permission 
from Rzayev (2011)
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DG could be achieved. The St co-monomer has been widely used for the production 
of maleated polyolefins, but for maleated aliphatic polyester, it is considerably rare. 
Keeping this in view, Ma et al. (2014b) reported that the use of the St co-monomer 
successfully increased the DG of MA onto PLA backbone and achieved an opti-
mum at the St/MA ratio of 2/1. The St co-monomer is necessary in the maleated 
reaction due to the low MA reactivity towards the macro-radicals attributed to its 
structural symmetry and low electron density around the –CH=CH– bond. The reac-
tion mechanism of the free radical grafting of MA onto PLA with the presence of 
DCP radical initiator is shown in Fig. 3.9.

Fig. 3.8  Reaction scheme between PCL and PLA-g-MA.  Reproduced with permission from 
Gardella et al. (2014)

Fig. 3.9  Free radical grafting of MA onto PLA with the presence of DCP radical initiator. 
Reproduced with permission from Ma et al. (2014b)
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The grafting mechanism of MA onto PLA in the presence of St co-monomer is 
produced in two steps. As proposed by Ma et al. (2014b), first, the reaction begins 
with the decomposition of DCP to form primary radicals (RO•). This is followed by 
the initiation of PLA macroradicals (PLA•) by hydrogen abstraction. The PLA mac-
roradicals then react with grafting monomers, and some of them involve inside reac-
tions such as chain scission or recombination. Most of the PLA macroradicals 
would be used before reacting with MA due to the inert character of the MA towards 
the macroradicals. St reacts with PLA macroradicals, thus forming stable styryl 
macroradicals, which then copolymerize with MA. St then reacts with MA to form 
a CTC which can improve the electric asymmetry on the –CH=CH– bond of 
MA. The CTC can increase the reactivity and DG of MA, which could be copoly-
merized with St in the presence of free radicals to form oligomer-radicals 
(St-co-MA•). The St-co-MA• could also react with macroradicals (PLA•) by a com-
bination reaction. Subsequently, more routes for MA to be grafted onto PLA chains 
are obtained, thus significantly increases the DG. However, the excess of St may 
result in the copolymerization of St and MA or the grafting of St rather than MA, 
which could reduce the DG (Ma et al. 2014b).

The maximum DG of MA was reported by Ma et al. (2014b) at a St/MA ratio of 
2/1 in the PLA-g-MA/St system and not at a 1/1 ratio due to polymer chain struc-
tures. In the presence of primary radicals (RO•), the residual St may react with PLA 
macroradicals to produce relatively stable styryl macroradicals (PLA-g-St•) or 
copolymerize with MA to form short oligomer-radicals (St-co-MA•). The PLA-
g-St• could then react with short St-co-MA•, CTC or MA to form branched struc-
tures. Ma et al. (2014b) suggested that the grafting of short St-co-MA• onto PLA 
chains causes the main reaction to occur at the St/MA ratio of around 2/1, as shown 
in Fig. 3.10.

As stated by Ma et al. (2014b), St-co-MA is a random co-oligomer rather than a 
block co-oligomer, due to the strong free radical reactions. Ma et al. (2014b) also 
reported the effect of MA concentration on the DG at a constant St/MA/DCP ratio 
where the DG remained unchanged with the increase in the MA concentration. The 
DG also depends on the number of reactive species associated with the MA mono-
mers and the DCP concentration. Another factor that affects the DG is the reaction 
temperature. In this sense, Ma et al. (2014b) reported that at a fix MA concentration 
of 4.5 phr and constant St/MA/DCP ratio of 2/1/0.1, the DG increased with tem-
perature and achieved optimum at 180 °C. Beyond that, the DG was reduced.

3.2.3.4  �Maleated PCL

PCL is a ductile biodegradable polyester commonly used to improve the brittleness 
of other biodegradable polymers, such as PBS (Can et  al. 2014; Gumede et  al. 
2018), PHB (Barghini et al. 2010) and PLA (Gardella et al. 2014) through the blend-
ing approach. However, Gardella et al. (2014) indicated that PCL and PLA are ther-
modynamically incompatible and form blends with a multiphase structure and an 
inadequate interfacial bonding, which deteriorates their mechanical performance. 
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Many studies have been carried out to improve the compatibility between them via 
compatibilization techniques, such as the incorporation of polymeric compatibiliz-
ers and reactive compatibilization approaches (Gutiérrez and Alvarez 2017 a,b,c; 
Herniou--Julien et  al. 2019). Wu and Liao (2012) studied PCL/rice straw fiber 
blends and used maleated PCL as a compatibilizer. The maleated PCL was pro-
duced by the solution grafting technique using tetrahydrofuran (THF) as the solvent 
and BPO as the free radical initiator. The grafting reaction of MA onto PCL was 
carried out at a temperature of 40 ± 2 °C and a rotor speed of 60 rpm for 10 hours. 
The optimal DG was 1.02 wt.% with BPO and MA contents of 0.3 and 10 wt.%, 
respectively. The schematic reaction of MA onto PCL is shown in Fig. 3.11.

Wu and Liao (2012) assessed the maleated PCL by FTIR and 13C-NMR to con-
firm the grafting reaction. The FTIR analysis exhibited the presence of two addi-
tional bands at 1786 and 1857 cm−1, representing anhydride carboxyl groups in the 
modified PCL-g-MA. The presence of the bands represents free acid in the PCL-
g-MA showing an effective MA grafting onto PCL (Wu and Liao 2012). Meanwhile, 
solid state 13C-NMR analysis was conducted to confirm this finding. These authors 
observed six peaks, corresponding to carbon atoms in the unmodified PCL (1, 
δ = 64.3 ppm; 2, δ = 28.9 ppm; 3, δ = 25.8 ppm; 4, δ = 25.1 ppm; 5, δ = 34.4 ppm; 
6, δ = 172.9 ppm). For PCL-g-MA, the additional peaks at (7, δ = 42.3 ppm, 8, 
δ = 36.2 ppm; 9, −C=O δ = 174.3 ppm) confirmed that MA was covalently grafted 
onto PCL (Wu and Liao 2012).

An overview on the REx of PCL/starch blends made by Kalambur and Rizvi 
(2006) was reported using maleated PCL as a compatibilizer in PCL/starch blend 
systems suggested by John et al. (1997). The maleated PCL was prepared by melt 

Fig. 3.10  The main grafting reactions proposed at low St/MA ratios (R = C9H11). Some possible 
side reactions are not present here. Reproduced with permission from Ma et al. (2014b)
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grafting of MA onto PCL in a batch mixer with a roller blades type rotor in a twin-
screw extruder using DCP as an initiator. The results indicated that no crosslinking 
reaction occurred during the grafting process.

According to John et al. (1997), the reaction mechanism begins with the homo-
lytical scission of peroxide, which produces radicals followed by hydrogen extrac-
tion of α- carbon atom relative to the carbonyl group. The second step involves the 
formation of radical on the PCL chain and some degree of β-scission due to the 
existence of organic peroxide. The third step involves the addition of a double bond 
to the radical from β-scission. In this case, the termination reaction can occur in 
three possibilities: homopolymerization, radical termination and recombination. 
Based on the FTIR and NMR analysis, the termination reaction and recombination 
reaction are favored and no traces of homopolymerization reaction products were 
detected in the compatibilizer. The reaction mechanism between the maleated PCL 
and the starch was further developed by Kalambur and Rizvi (2006) and the sche-
matic reaction is shown in Fig. 3.12.

3.3  �Free Radical Crosslinking of Biodegradable Polymer

During the last decade, stabilization of polymer blends by the crosslinking reaction 
has been widely practiced in many industries. Initially, the concept of a system of 
crosslinked blends was practiced in the production of thermoplastic vulcanizates for 

Fig. 3.11  The grafting reaction of MA onto PCL.  Reproduced with permission from Wu and 
Liao (2012)
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replacing pure elastomeric block copolymer which was relatively expensive and 
complicated to be produced. The blends were dynamically crosslinked using vari-
ous crosslinking agents such as organic peroxides (e.g. 2,5-dimethyl-2,5 bis(t-
butylperoxy) and DCP), phenolic curative (e.g. dimethyl alkyl phenol), sulphur and 
zinc oxide (Harrats and Groeninckx 2007). Various compatibilizers such as GMA-
grafted ethylene propylene diene monomer (EPDM), MA-grafted EPDM and 
MA-grafted PP, have been to improve the interfacial adhesion between the rubber 
phase and thermoplastic matrix. As for the mechanical properties, thermoplastic 
vulcanizates show a full strain recovery compared to pure thermoplastics. They also 
have higher σ values compared to pure rubbers and are controlled by the size of the 
vulcanized rubber particles in the blends. As shown in the EPDM-PP blends in 
Fig. 3.13, the smaller the particle size, the higher the tensile stress of thermoplastic 
vulcanizate.

Fig. 3.12  Reaction mechanism of MA grafting onto PCL and reaction between maleated PCL and 
starch. Reproduced with permission from Kalambur and Rizvi (2006)
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3.3.1  �Type of Peroxide Radical Crosslinking

Peroxide initiated crosslinking commonly produced by adding small amounts of 
peroxide during melt processing. Peroxides can be classified into seven types 
according to the chemical structures: diacyl peroxides, dialkyl peroxides, diper-
oxyketals, hydroperoxides, ketoneperoxides, peroxydicarbonates and peroxyesters 
(Takamura et  al. 2008). In the context biodegradable polymers, various types of 
peroxides have been used in the crosslink or partial crosslink polymer blends, such 
as BPO, DCP, dilauroyl peroxide (LPO), n-butyl 4,4-di-(t-butyl peroxy) valerate 
(BTBV), OO-(t-butyl) O-(2-ethylhexyl) peroxycarbonate (TBEC), t-butyl peroxy 
benzoate (TBPB), t-butyl peroxy-2-ethylhexanoate (TBEH) and t-butyl 
peroxy-3,5,5-trimethylhexanoate (TBTH) (Takamura et  al. 2008). Among these 
peroxides, DCP has been the most widely used peroxide crosslinking agent in the 
biodegradable polymer blends system (Semba et  al. 2006; Mishra et  al. 2007; 
Takamura et al. 2008; Deng and Thomas 2015).

Takamura et al. (2008) reported the use of various types of peroxides as cross-
linking agents of PLA under REx conditions. The peroxides can be divided into 
three main groups according to their decomposition rates: group I: fast, group II: 
moderate and group III: slow, as shown in Table 3.6.

Fig. 3.13  Effect of vulcanized-rubber particle size on the mechanical properties of EPDM-PP 
thermoplastic vulcanizates. Reproduced with permission from Harrats and Groeninckx (2007)
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3.3.2  �Crosslinking Reaction Mechanism

According to Takamura et al. (2008), crosslinking of polymers initiated with perox-
ides occurs through three key steps:

	(i)	 The generation of primary radicals derived from thermal decomposition of 
peroxides.

RO—OR• → 2RO• (primary radicals)

	(ii)	 Hydrogen abstraction from polymer chains by primary radicals to generate 
polymer radicals.

RO• + P(Polymer) → P•(Polymer radical) + ROH

	(iii)	 The bimolecular recombination of polymer radicals to form carbon-carbon 
cross-links.

2P → P—P (crosslinking).

In contrast, Mishra et al. (2007) proposed the mechanism of crosslinking reaction 
from PCL/epoxidized natural rubber (ENR) (50/50) blends that occurred via two 
schemes: (1) formation of PCL macroradical and chain scission of its polymer chain 
(Fig. 3.14) and (2) inter-chain crosslinking between PCL and ENR at the interface 
(Fig. 3.15).

Table 3.6  Life time of peroxides at 190 °C

Group Type
Name 
(purity)

Mw (g/
mol)

Lifetime 
(s)b

Peroxide amounts (g/kg 
PLLA)c

I Diacyl peroxides LPO (98%) 399 2 324
BPO (75%a) 242 5 257

Peroxyesters TBEH 
(97%)

216 11 177

II Peroxyesters TBEC 
(97%)

246 68 206

TBTH 
(97%)

230 110 189

TBPB (97%) 194 108 157
III Diperoxyketals BTBV 

(95%)
334 190 138

Dialkyl 
peroxides

DCP (98%) 270 190 219

Source: Takamura et al. (2008)
aMoisture content 25%
bLifetime at 190 °C calculated using decomposition parameters (ΔE and A) from NOF Technical 
bulletin 2004. Lifetime (s)  =  -ln(ratio of residual peroxide to initial peroxide)/Aexp(ΔE/RT), 
where the ratio of residual peroxide to iniatl peroxide = 0.0001, R = 831 J mol-1 K-1(gas constant) 
and T = 463 K
cRadical content was fixed at one peroxide molecule per poly(L-lactic acid) (PLLA) molecule
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Fig. 3.14  Chain scission of PCL during crosslinking with DCP. Reproduced with permission from 
Mishra et al. (2007)

Fig. 3.15  Inter-chain crosslinking between PCL and ENR at the interfacial region with 
DCP. Reproduced with permission from Mishra et al. (2007)
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On the other hand, Hu et al. (2018) produced crosslinked PBS/PLA blends by 
using BPO as a peroxide radical initiator in hot chloroform at a temperature of 
65 °C as a blending solution. The reactive solution was blended for 120 min, and the 
blends were them dried for 48 h at 50 °C before compression molding at a tempera-
ture of 160  °C.  The possible BPO-initiated crosslinking reaction mechanism of 
PLA/PBS is shown in Fig. 3.16.

3.3.3  �Peroxides Concentration

Fei et al. (2004) and Takamura et al. (2008) reported the influence of the concentra-
tion peroxides on the degree of crosslinking of the partially crosslinked copolymer 
poly(L-lactic acid) (PLLA) and PHBV via the gel content, Mw analysis and thick-
ness swelling. According to Fei et al. (2004), by varying the concentration of perox-
ide during processing, the degree of crosslinking of PHBV chains can be tailored to 
a suitable degree. By tailoring the Mw of PHBV via the grafting approach, the 
undesirable effect of heat processing on the melt viscosity and Mw of PHBV could 
be compensated, and the resulting material even shows better mechanical properties.

Generally, the crosslinking time can be estimated based on the half-life of the 
peroxide used at that particular grafting temperature. The grafting period is nor-
mally five times than the half-life of the peroxide (Fei et al. 2004). In addition, the 
crosslinking density can be controlled by the initial amount of peroxide at constant 
crosslinking parameters.

Fig. 3.16  Reaction mechanism of BPO-initiated PLA/PBS crosslinking. Reproduced with per-
mission from Hu et al. (2018)
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It can be seen in Fig. 3.17 that the gel fraction is almost zero at 0.17% DCP. Fei 
et al. (2004) suggested that mainly branched PHBV was produced under these con-
ditions. When the DCP content was increased to 0.5%, the gel fraction of about 2% 
was obtained, and since the DCP content is increased to 1%, the gel fraction is about 
55%. However, additional increases in the DCP content did not result in a signifi-
cant increase in the gel fraction. Fei et al. (2004) also compared the gel fraction 
analysis between PHBV with LDPE, where the crosslinking efficiency of PHBV 
was much lower than that of LDPE when the peroxide concentration used reached 
between 3 and 5%. While at the lower peroxide concentration (1% of DCP), the 
crosslinking efficiency in PHBV is comparable to that in LDPE, thus suggesting 
that the ideal DCP content should be in a range between 0.5 and 1% in order to 
obtain an optimal degree of crosslinking of the PHBV.  On the contrary, the gel 
swelling ratio decreased as the content of DCP increased, which explains why the 
crosslink density of the copolymer increased as the content of DCP increased 
(Fig. 3.18).

Peroxide radical crosslinking has also been used to improve the compatibility of 
biodegradable polymer blends via partial crosslinking of the components of the blend. 
Previous studies have reported the positive impact of partial crosslinking on the 
improvement of σ, εb and T of the blends (Dong et al. 2013; Ji et al. 2014; Ma et al. 
2014a; Signori et al. 2015). In line with this, the incorporation of peroxides tends to 
promote the formation of chain branching, as well as crosslinking, thus increasing the 
degree of crystallinity, T and thermal behavior of the polymer blends. Indeed, the 
crosslinking reaction is also an effective approach to improve interfacial adhesion of 
the immiscible polymer blends by initiating the emerging of mixed chains (copoly-
mers), which act as compatibilizers at the interphases (Signori et  al. 2015).  

Fig. 3.17  Gel fraction based on DCP content for crosslinked PHBV. Reproduced with permission 
from Fei et al. (2004)
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Fig. 3.18  Effect of DCP content on the swelling ratio of crosslinked PHBV obtained via chloro-
form extraction. Reproduced with permission from Fei et al. (2004)

Fig. 3.19  Gel fraction of the crosslinked PHB/PDLLA (70/30) blends as a function of DCP con-
tent. Reproduced with permission from Dong et al. (2013)

The formation of branching or crosslinking of the polymer chains by heterogeneous 
and/or homogeneous radical coupling reactions are controlled by the concentration of 
peroxides used in the blending system.
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Dong et al. (2013) reported the effect of peroxide (i.e. DCP concentration on the 
properties of PHB/poly(D,L-lactic acid) (PDLLA) blends). It can be seen from the 
result of the gel fraction (Fig. 3.19) that the gel fraction of the PHB/PDLLA (70/30) 
blends increased up to 2 wt.% before being leveled with an additional increase in 
DCP concentration. A similar observation was also reported by Signori et al. (2015) 
for PLA/PBAT/DCP crosslinked blends where the gel fraction of the blends 
increased with the peroxide content from 0 to 0.2 wt.%. Ji et al. (2014) also observed 
similar trends in which the gel fraction of partial crosslinked PLA/PBS blends 
increased when the DCP peroxide concentration increased from 0.1 to 0.5 phr. In 
addition, Dong et al. (2013) reported, at a low concentration of DCP (1%) the gel 
fraction obtained was considerably low, while with a 2% DCP content, the gel frac-
tion was almost doubled. However, a slight drop in the gel fraction was observed at 
the high DCP concentration (4%). This was related to the domination of the chain 
scission reaction of the components of the blend’s main chains instead of crosslink/
branching reactions.

According to Dong et al. (2013), PHB/PDLLA blends with a DCP concentration 
greater than 1% were relatively more difficult to be processed due to the presence of 
a highly density portion from crosslinking which tended to increase the melt viscos-
ity of the blends. Dong et al. (2013) reported that the incorporation of DCP into 
PHB/PDLLA (70/30) blends resulted in a large increase in the mixing torque: the 
higher the DCP content, the higher the mixing torque. This phenomenon was due to 
the formation of the crosslinking/branching structure by carbon-carbon crosslinks 
as a result of the recombination of polymer radicals (Takamura et al. 2008).

Regarding the rheology point of view, Dong et al. (2013) reported the effect of 
the DCP addition on the storage module (G’) and the complex viscosity (ɲ*) of the 
PHB/PDLLA (70/30) blends (Figs. 3.20 and 3.21). The G’ of the blends increased 
significantly after adding DCP, while the plots of G’ vs frequency show a flatter 
curve in the low-frequency zone. The trends denote the presence of branched 

Fig. 3.20  Storage module 
(G’) of the PHB/PDLLA 
(70/30) blends as a 
function of DCP content. 
Reproduced with 
permission from Dong 
et al. (2013)
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structures and/or partial crosslinks in the blends. It can be seen from the ɲ* result 
that the partial crosslinking improved the melt strength of the blends. However, the 
ɲ* for the partially crosslinked PHB/PDLLA blends at the high frequency zone was 
not so high, thus indicating that the blends maintain good melt processability even 
after partial crosslinking. Signori et al. (2015) also found good processability for 
partial crosslinked PLA/PBAT blends up to the peroxide content of 0.2 wt.%.

3.4  �Compatibilization of Blends

The polymer blend is a relatively easy and cost-effective approach to produce poly-
mer products with beneficial combinations of valuable properties with respect to the 
single polymer properties (Rapthel et al. 2018). Many of the polymer blends are 
immiscible and incompatible, and therefore, a compatibilization process either non-
reactive or reactive is essential to ensure that the properties of desired blends can be 
achieved (Muthuraj 2015). Non-reactive compatibilization usually involves a pro-
cess in which a prefabricated graft or block copolymers are used. On the other hand, 
reactive compatibilization is carried out via melt blending with the presence of com-
patibilizer can effectively form chemical interactions at the interfacial region of the 
components of the blend (Muthuraj 2015). This procedure is conducted by the addi-
tion of pre-produced polymers (block copolymer, graft copolymer, homopolymer, 
etc.) or by forming reactive compatibilizers in-situ to improve the interfacial adhe-
sion, decrease the interfacial tension and the dispersed phase size and suppress the 
coalescence of the dispersed phase (Rapthel et al. 2018).

Fig. 3.21  Viscosity of the 
PHB/PDLLA (70/30) 
blends as a function of 
DCP content. Reproduced 
with permission from 
Dong et al. (2013)
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3.4.1  �Reactive Compatibilization of Biodegradable Blends

Reactive compatibilization is also known as REx if it is conducted in a continuous 
mixing system and reactive melt blending if it is conducted in a batch mixing sys-
tem. Although REx has been well known for conventional polymer processing in 
the last decade, its application for processing of biodegradable polymer blends is a 
somewhat a new direction of scientific research. The reactive compatibilization of 
polymer blends can be produced via one step (in-situ) or two-step REx. In one-step 
REx, all components are introduced simultaneously during blending. Both the func-
tionalization and reactive blending steps are carried out in the same extrusion pro-
cess (Sun et al. 1996). The functionalization can be conducted in the first section of 
the extruder, followed by interfacial reaction compatibilizer and polymer blends. 
The process is also known as in-situ compatibilization. While in the multi-steps, 
usually two-step REx, it includes functionalization of the polymer with reactive 
agents normally with the presence of the free radical initiator in the first step and 
blend of functionalized polymers with other components through an extrusion pro-
cess in the second step (Gutiérrez et al. 2017).

3.4.1.1  �Single Step or in-situ Reactive Compatibilization

Finding the components of polymer blends that are thermodynamically correct with 
good miscibility is realistically challenging, since the incompatibility between the 
components tends to occur. The improvement of compatibility and adhesion 
between phases can be carried out by incorporating suitable interfacial agents, 
either block or graft copolymers, which is a relatively complicated and less eco-
nomical process. Alternatively, these copolymers can be produced in-situ by a 
blending process through polymer-polymer graft reactions using functionalized 
polymers (Rzayev 2011). The incorporation of block copolymers or functionalized 
homopolymers, which can react to form copolymers in-situ, is an effective method 
for compatibilizing immiscible polymer blends and preventing coalescence 
(Fink 2013).

Sun et al. (1996) reported in-situ compatibilization based on the REx technologi-
cal point of view, where the compatibilization and reactive melt blending are carried 
out in the same barrel. The authors also suggested two types of extruder and screw 
configuration, specifically for in-situ reactive compatibilization purposes, as shown 
in Fig. 3.22. For an extruder with type (a) screw configuration, e.g. the PP pellets, 
the monomers (GMA and St) and the peroxide are fed by the first hopper, while the 
poly(p-phenylene-2, 6-benzobisthiazolediyl) (PBT) pellets are fed by the second 
hopper. In this configuration, the functionalization of the PP is produced almost 
completely in the first zone between the first and second hoppers, after which (in the 
second zone, from the second hopper to the matrix) the interfacial reaction between 
the functionalized PP and the PBT occurs. While in type (b) screw configuration, 
the devolatilization zone can be moved to the end of the first zone before the second 
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Fig. 3.22  The two screw configurations used for the in situ compatibilization of PP/PBT blends 
by one-step REx. Reproduced with permission from Sun et al. (1996)

Fig. 3.23  Grafting 
reaction between the EVA 
and starch via using MA to 
produce EVA-g-starch. 
Reproduced with 
permission from Ma et al. 
(2014c) 

hopper. In addition, the devolatilization zone in the screw configuration (b) can also 
be extended more than in the configuration (a) in order to efficiently remove unre-
acted monomers and avoid any unwanted reaction between the unreacted monomer 
and the PBT.

 Ma et al. (2014c) reported the preparation of PHB/EVA/starch ternary blends via 
in-situ grafting between EVA-g-starch and PHB. The EVA-g-starch was prepared 
separately in a twin-screw extruder at 135 °C and with a rotor speed of 100 rpm. The 
reactive compatibilization was conducted with the presence of MA, using BPO and 
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glycerol as a radical initiator and plasticizer, respectively. The possible MA-induced 
chemical interaction in the EVA-g-starch copolymer is shown in Fig.  3.23. The 
extruded PHB/EVA/starch blends were pelletized and compression-molded at 
180 °C into the test specimens. In the grafting process between EVA and starch, the 
starch gelatinization occurs due to a combination of plasticizer elements, heat and 
shear during mixing, which resulted in the elimination of crystalline structure of 
starch (Ma et al. 2014c). However, the phase morphology of starch is usually thick 
due to its high Mw, hydrophilic nature and strong hydrogen bonds. In this grafting 
process, MA was introduced to alter the blends in a fine morphology, in order to 
produce better mechanical properties. The EVA-g-starch copolymers were gener-
ated in-situ at the interfaces to prevent the agglomeration of fine starch particles. As 
a result, a reduction in starch particle size in the blends by a factor of about 100 
times was achieved. In addition, the PHB/EVA/starch ternary blends had a better 
affinity between starch and PHB due to the use of MA, thus reducing their parti-
cle size.

3.4.1.2  �Two Steps or more Reactive Compatibilization

For example, Thirmizir et  al. (2017) reported the use of maleated PHB-co-HHx 
(PHB-co-HHx-g-MA) as a compatibilizer for the PBS/PHB-co-HHx blend sys-
tems. The process was conducted via two steps REx. In the first step, the compati-
bilizer was produced by reactive melt grafting of MA onto PHB-co-HHx at 160 °C, 
using DCP as an initiator in a double-wing co-rotating internal mixer at 50  rpm 
rotor speed. The compatibilizer was also purified before use. For manufacturing 
blends, the 5  wt.% of PHB-co-HHx-g-MA was added to the PBS/PHB-co-HHx 
blends, and the reactive melt blending was conducted at 160  °C for 5  min. The 
blends were then compression molded at the same temperature and assessed using 
tensile and morphological analysis. The compatibilized blends had higher σ values 
in all the blend ratios compared to the uncompatibilized blends. The tensile modu-
lus of the compatibilized blends was also higher than uncompatibilized blends. 
However, the εb values of the blends only experienced a significant increase effect 
at 20/80, 30/70 and 40/60 ratio from blends before remaining unchanged at 50/50 
blend ratio. It is known that the incorporation of the PHB-co-HHx-g-MA compati-
bilizer helps promote a good interfacial interaction between both phases. As 
expected, the compatibilization between brittle and ductile polymers increased the 
εb values due to the improved stress transfer from the brittle phase to the ductile 
phase. The increase in the σ and T values denotes the improved mechanical proper-
ties. Therefore, these findings demonstrate that the addition of PHB-co-HHx-g-MA 
had a synergistic effect in improving the properties and morphologies of the blends 
towards a more cohesive and continuous structure (Thirmizir et al. 2017).

Persenaire et al. (2014) also investigated the reactive compatibilization of PLLA/
PBS blends with the addition of maleated PBS and PLLA. These authors used reac-
tive compatibilization of 2 steps, where the grafting process of the compatibilizers 
was prepared by REx using a twin-screw extruder at 120 °C and a low screw speed 
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of 30 rpm for developing PLLA-g-MA and PBS-g-MA. The compatibility of the 
blends was carried out separately in a batch mixer bench scale kneader at 190 °C 
with a reaction time sequence of 3 min at 30 rpm and 6 min at 60 rpm. The MA and 
the radical initiator Luperox® 101 concentrations were fixed at 3 wt.% and 0.5 wt.%, 
respectively, for both compatibilizers. The maleated compatibilizer was further 
purified to remove un-grafted MA and initiator. The grafted MA content was 
approximated to be 0.65 wt.% for PLLA-g-MA and 0.55 wt.% for PBS-g-MA. In 
addition, Persenaire et  al. (2014) observed that the incorporation of 4  wt.% of 
PLLA-g-MA into PLLA/PBS blends 80/20 (w/w) exhibited the improvement of σ 
and εb values by 18% and 61%, respectively. With respect to the morphology of the 
blends, PLLA/PBS blends 80/20 (w/w) showed a dispersed phase morphology 
where the PBS drops were dispersed into the PLLA matrix, as shown in Fig. 3.24a. 
In contrast, the addition of PLLA-g-MA (4 wt.%) resulted in a drastic reduction in 
the size of the PBS drops, thus indicating a better dispersion of guest polymer. In 
fact, most of the drops were less than 1 μm in diameter, as shown in Fig. 3.24b. 
Furthermore, the polymer interface was improved as a result of the chemical inter-
action between both blend components.

Gardella et al. (2014) investigated the potential of PLA-g-MA as a compatibil-
izing agent for PLA/PCL blends. In this study, the maleated compatibilizer was 
prepared to be used in 2-step reactive compatibilization. The first step involved free 
radical grafting of MA onto PLA chains in the presence of 2,5-dimethyl-2,5-di-(t-
butylperoxy)hexane peroxide initiator. The second step involved the compatibiliza-
tion of the PLA/PCL blends with maleated PLA.  As expected, the mechanical 
properties of the uncompatibilized blends were an average between the two poly-
mers, depending on the ratio of the two components of blends. The module of the 
PLA/PCL blends was intermediate between those of PLA and PCL, while the εb did 
not significantly improve compared to that of pure PLA, indicating that there is no 
toughening effect of PCL. However, by incorporating maleated PLA, a direct rela-
tionship between the concentration of maleated PLA and the tensile modulus was 

Fig. 3.24  SEM microphotographs of cryo-fractured surfaces of 80/20 (wt/wt) PLLA/PBS blends: 
(a) uncompatibilized and (b) PLLA-g-MA compatibilized. Reproduced with permission from 
Persenaire et al. (2014)
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observed. In addition, εb values were significantly increased (650%) with the use of 
maleated PLA up to 7 wt.%, since at higher maleated PLA concentrations, εb values 
declined. According to Gardella et al. (2014) the increase in the tensile modulus and 
εb values of the PLA/PCL blends was related to the improved compatibility between 
the two phases. Nonetheless, at the high PLA-g-MA content, the loss of ductility 
obtained was observed.

3.4.2  �Non-reactive Compatibilization of Biodegradable Blends

The method to improve the properties of the polymer with blending with other poly-
mers has been well established in conventional polymers such as acrylonitrile buta-
diene styrene (ABS), poly(carbonate) (PC), polyolefins, etc. With respect to 
biodegradable polymers, modification as the toughening approach by adding elasto-
meric biodegradable polymer such as PCL has been reported in previous studies 
(Kalambur and Rizvi 2006; Barghini et al. 2010; Gardella et al. 2014). This type of 
non-reactive compatibilization is also effective for improving the T values by reduc-
ing the stiff characteristic of blends. However, it is generally unable to compensate 
for the reduction in strength of the blends due to two main factors, namely: (1) poor 
interfacial adhesion and (2) immiscibility between the components of the blend. To 
overcome these drawbacks and achieve more valuable properties, several methods 
have been introduced, e.g. the addition of block copolymers such as PCL-
poly(ethylene glycol) (PEG) copolymer, PCL-PLA diblock, triblock and random 
copolymers and poly(ethylene oxide) (PEO)-poly(phenylene oxide) (PPO)-PEO 
triblock copolymer (Imre and Pukánszky 2013). In the immiscible blends, block-
copolymer plays a role as a compatibilizer between the components of the blend, 
which reduces the interfacial tension between them (Muthuraj 2015). While, the 
incorporation of diblock-copolymer can improve the stability of the blend as it tends 
to segregate at the interface between the two components. In addition, the graft or 
block copolymer is designed to reduce the interfacial tension and create strong 
interfacial adhesion, which leads to reduced particle size of the dispersed phase and 
makes it more stable against coalescence during the melt processing (Karami 
et al. 2019).

According to Kim and Park (1999), a random or block copolymer of two or more 
biodegradable polymers can be produced by transesterification reaction using an 
appropriate catalyst (di-n-butyltin-dilaurate at 0.5  wt.%) at high temperature to 
accelerate the reaction. These authors demonstrated that the degree of transesterifi-
cation between PBS and PTB increased linearly with increasing reaction time and 
the use of catalyst. The possible copolymer structure derived from the transesterifi-
cation reaction between PBS and PBT is listed in Fig. 3.25. Kim and Park (1999) 
observed from the DSC and the dynamic mechanical thermal analysis (DMTA) that 
although the PBS/PBT blends were immiscible, with the introduction of the PBS-
PBT copolyester, the degree of miscibility between both components was improved.
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3.5  �Crosslinking of Biodegradable Polymer Blends

Polymer blends are materials commonly used in the plastics industry for various 
applications, such as adhesives, coatings, composites, foams, molded products and 
many more. Many techniques can improve the blend properties. One of the simplest 
techniques is the introduction of organic peroxide crosslinking between blend com-
ponents. The crosslinked blends are more compatible blends compared to simple 
blends due to improved interfacial adhesion between the components of the blend 
which can improve the mechanical properties of the blends as a whole (Mishra and 
Wonho 2011).

Keeping this in view, Mishra et al. (2007) reported on the development of PCL/
ENR blends crosslinked with DCP as the peroxide crosslinking agent produced by 
the melt blending technique in an internal mixer at 160  °C for 8  min. The 

Fig. 3.25  Possible 
copolymer structures of the transesterification reaction between PBS and PBT. Reproduced with 
permission from Kim and Park (1999)
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crosslinking effect was improved the σ and εb values from the PCL/ENR (50/50) 
blends. It was believed that peroxide (DCP) introduced inter-chain crosslinking 
between PCL and ENR as presented in Fig. 3.15. Mishra et al. (2007) suggested that 
the compatibility of the interchain reaction via crosslinking of peroxide radical is 
similar to that of blends with the addition of block copolymers, which leads to an 
increased σ and εb values. While in a homopolymer system, the introduction of 
crosslinking normally increases the stiffness and causes a decrease in the εb values 
(Fei et al. 2004). Mishra et al. (2007) also reported that the crosslinked blends have 
a slightly lower modulus compared to uncrosslinked blends, possibly due to the 
alteration of at least one or more of the following factors: degree of crosslinking, 
entanglement network, number of binding molecules and crystallinity (Mishra 
et al. 2007).

Aside from that, many other studies have reported the use of peroxides as a 
crosslinking agent in the blend systems such as BPO (Hu et al. 2018) and DCP (Fei 
et al. 2004; Semba et al. 2006; Mishra et al. 2007; Dong et al. 2013; Ji et al. 2014). 
Dong et al. (2013) reported the introduction of partial crosslinking in PHB/PDLLA 
blends by using DCP as a free radical initiator via melt blending at 170 °C and a 
rotation speed of 40 rpm. The DCP was added after 4 min. of mixing, and the blends 
were processed for another 2 min. The formation of free radicals in the PHB and 
PDLLA chains was initiated by peroxide via a hydrogen absorption mechanism. 
The grafting of PHB/PDLLA blends was produced at the interface through a com-
bination of free radicals on both components and also occurred in the PHB and 
PDLLA rich phases, separately (Dong et al. 2013). As a result, complex products 
such as branched/crosslinked PHB branched/crosslinked PDLLA, PHB-crosslinked-
PDLLA network and PHB-g-PDLLA copolymers could be produced.

Following Dong et al. (2013) the melt blending technique also caused chain scis-
sions due to the low thermal stability of the free radicals and PHB polymer. The 

Fig. 3.26  Effect of DCP on the torque vs processing time during blending. Reproduced with per-
mission from Dong et al. (2013)
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crosslinking and chain scissions occurred through a six-member ring transition, 
which is difficult to avoid. The crosslinking and chain scission are two competitive 
reactions. These phenomena could be seen during the mixing process, where the 
torque value increases when the DCP is introduced until it reaches a maximum 
value and then dropping with a prolonged mixing time. This observation was also 
recorded by Dong et al. (2013) as indicated by the curves in the crosslinking zone 
(Fig. 3.26). Since the peroxide crosslinking only occurred somewhere of the blends. 
This is known as partial crosslinking systems.

Table 3.7 summarizes the properties of biodegradable blends crosslinked by per-
oxides that have been studied by previous researchers.

Table 3.7  Comparison of properties of biodegradable blends crosslinked by peroxides

Polymer Matrix Peroxides

Preparation methods

Mechanical 
properties

ReferencesBlends Ratio Type
Content 
(wt. %) σ (MPa) εb (%)

PLA/
PBAT

80/20 DCP 0.05 Internal mixed at 170 °C 
and 50 rpm.
Compression molding at 
170 °C and 10 MPa.

42.1 213 Semba 
et al. 
(2006)

0.1 43.5 309
0.2 44.6 277
0.5 45.9 244
1.0 46.0 29

PHBV/
PBS

80/20 DCP 0.2 Internal mixed at 170 °C 
and 40 rpm.
Compression molding at 
170 °C and 10 MPa.

29.0 200 Ma et al. 
(2012)0.5 28.0 400

1.0 27.0 350

PHB/
PBS

80/20 DCP 0.5 Internal mixed at 170 °C 
and 40 rpm.
Compression molding at 
170 °C and 10 MPa.

40.0 4 Ma et al. 
(2012)70/30 38.0 11

50/50 37.0 15

PLA/
PBS

80/20 DCP 0.1 Internal mixed at 180 °C 
and 50 rpm.
Compression molding at 
180 °C and 10 MPa.

68.0 134 Ji et al. 
(2014)0.2 73.0 195

0.3 80.0 205
0.4 77.0 151
0.5 72.0 92

PLA/
PCL

70/30 DCP 0.1 Internal mixed at 180 °C 
and 60 rpm.
Compression molding at 
180 °C.

52.0 40 Semba 
et al. 
(2006)

0.2 49.0 160
0.3 48.0 140

PBS/
PLA

20/80 BPO 0.1 Solution blending in 
chloroform at 65 °C.
Compression molding at 
160 °C.

16.0 76.0 Hu et al. 
(2018)0.3 16.3 97.3

0.5 18.1 157.3
0.7 17.8 247.9
1.0 16.8 399.9
1.5 15.3 223.9
2.0 15.4 159.9
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3.6  �Crosslinked-Compatibilized of Biodegradable Blends

Compatibilization is a chemical process that was introduced to improve the adhe-
sion between the phases of the blends, facilitate chain dispersion, reduce interfacial 
tension and stabilize the morphology of the blends (James et al. 2009). On the other 
hands, crosslinking in the context of polymer blends refers to in-situ free radical 
crosslinking which introduces partial crosslinking inter- and intra-components from 
blends. Crosslinking leads to a more cohesive interfacial interaction and phase dis-
tribution. In this chapter, the effect of phase compatibilization-crosslinking syner-
gism is further discussed. Many studies on compatibilization of polymer blends via 
crosslinking have been focused on non-biodegradable polymers, as will be cited in 
the literatures below. In this section, we will demonstrate that such a technique can 
also be used to improve the properties of biodegradable blends.

In a review made by Koning et al. (1998) revealed the compatibilization reaction 
of polymer blends through a combination of peroxides and multifunctional chemi-
cals. The peroxide is used to activate the reaction between a polymer and the func-
tional groups of the chemical. The multifunctional chemical then bound to the 
polymer chains in graft or branch copolymers, which is the real compatibilizer. The 
combination of a peroxide and unsaturated monomers such as hydroxypropylmeth-
acrylate, low Mw unsaturated rubber, MA, St, triallyl isocyanurate, and undefined 
silane is actually similar to the peroxide/co-agent systems that are commonly used 
for crosslinking of conventional polymers (e.g. EPDM, PE and PP). The main 
advantage of the crosslinked-compatibilized reaction is to increase the efficiency of 
the peroxide and the reaction rate. While for a single compatibilization reaction 
system, the crosslinking or compatibilization will experience a lack of chemical 
selectivity and the improvement of properties will not be pronounced.

Xu et  al. (1993), reported on the synergistic effect of crosslinking-
compatibilization in poly(vinyl chloride) (PVC)/LDPE blends in the presence of 
butadiene-acrylonitrile rubber (NBR) unsaturated monomer as a compatibilizing 
agent and DCP organic peroxides as a crosslinking agent. A two-roll mixer pro-
duced the blends at 155 °C. In compatible PVC/LDPE blends, the NBR was added 
to shear forces during blending by increasing the melt viscosity of the LDPE and 
reducing the lubrication effect on PVC phase. As a result, the dispersion of the 
blends was improved as indicated by the reduction domain size of the dispersed 
phase. On the other hand, in the DCP-crosslinked PVC/LDPE blends, an increase in 
mechanical properties was recorded due to the formation of the co-crosslinked 
product. Without the NBR compatibilizer, the interphase area between two compo-
nents was quite small, which made the co-crosslinking reaction at the interface 
region difficult, thus resulting in minimal improvements in the mechanical proper-
ties. In PVC/LDPE blends, crosslinked-compatibilized with DCP and NBR, pro-
vided a significant improvement in the σ and εb values. In this system, the possibility 
of a crosslinking agent residing in the interfacial area is greater due to the better 
phase dispersion which is promoted by the NBR compatibilizer. In addition, with 
the presence of DCP, a greater number of co-crosslinked products could be formed 
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to promote a more cohesive interfacial interaction. The phase morphology of the 
crosslinked-compatibilized blends shows an unclear interface and smaller domains, 
which indicates the successful synergism of crosslinked-compatibilized reaction 
between the blending system.

James et  al. (2009) reported the crosslinked-compatibilized reaction between 
ultra-high Mw polyethylene (UHMEPE) and natural hyaluronan (HA) polysaccha-
ride for biomaterial applications. These authors used MA-grafted high-density 
polyethylene (HDPE-g-MA) as a compatibilizer and DCP organic peroxide as a 
crosslinking agent. In this case, the anhydride group of MA reacted with the 
hydroxyl groups onto the HA to form ester bonds, while the hydrophobic chain por-
tion of the compatibilizer diffused and entangles with the UHMWPE chains. Aside 
from that, HDPE-g-MA also helps improve the processability since the HDPE por-
tion of the compatibilizer has a lower Tm compared to pure UHMWPE, which 
makes the molding process easier and spends less thermal energy compared to the 
molding of pure blends. To crosslink the compatibilized UHMWPE/HA, DCP was 
introduced as a crosslinking agent via dipping the compatibilized UHMWPE/HA 
preform in a DCP/antioxidant solution. This novel crosslinked-compatibilized pro-
cess is simplified in Fig. 3.27.

James et al. (2009) also subjected the blends to a wear resistance test conducted 
in 90% bovine calf serum at 37 ± 1 °C, applying a load cycle with a maximum force 
of 330 N at a frequency of 1.6 Hz. The duration of the test was almost two million 
cycles. The authors found that the wear rates of crosslinked and crosslinked com-
patibilized UHMWPE/HA were non-significant compared to the control (50 kGy 

Fig. 3.27  Crosslinked 
compatibilized UHMWPE/
HA process. Reproduced 
with permission from 
James et al. (2009)
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irradiated and stabilized PE GUR 1050) at 1.98 million cycles. Within the same 
cycles, the total wear of crosslinked compatibilized UHMWPE/HA was 5.54 mg, 
while the total wear of the control sample was 3.56 mg. The lower wear (mg) and 
wear rates (mg/million cycles) of crosslinked and crosslinked compatibilized 
blends, compared to pure blends, demonstrated the effectiveness of crosslinking-
compatibilization reaction on the wear resistance properties of UHMWPE/
HA blends.

3.7  �Performance Evaluation

In this section, the evaluation of the performance of biodegradable polymer blends 
will be further discussed in terms of water performance or exposed to moisture, 
natural weathering, and biodegradation in the natural environment. The discussion 
will also cover the effect of the type of polymer, the blending system and type of 
additives used to alter or improve the properties of the blends.

3.7.1  �Water Absorption

Some applications of biodegradable polymers involve a greater understanding of 
the durability and the possibility of the macroscopic properties. Functional groups, 
such as carboxylic acid, hydroxyl and lactide, as well as other hydrophilic mole-
cules, can increase the level of moisture, which leads to higher degradation rates. 
Water absorption causes a severe alteration of the properties of biodegradable poly-
mer blends, including chemical and physical modifications such as hydrolysis, 
interface debonding and plasticization (Hiljanen-Vainio et al. 1996).

In addition, water absorption is highly dependent on the morphology of polymer 
blends (Choi et  al. 2002). In this case, the morphology cannot only affect water 
absorption based on crystallinity but also via the existence of microvoids or porosity 
(Drumright et al. 2000). The degree of crystallinity plays an important role in deter-
mining barrier properties, as well as the water absorption of the polymers. Berthé 
et al. (2010) revealed that crystallinity seemed to be the most influential factor rather 
than Mw to determine the water absorption properties of two different PLLA resins. 
These authors also found that PLLA resin with greater crystallinity induced less 
water absorption. According to Berthé et  al. (2010), high crystallinity possibly 
reduced the mobility of the chain that could hinder the water diffusion into the poly-
mer. Zhang et al. (1995) also investigated water absorption and hydrolytic degrada-
tion of PCL, PLA and PLA/PCL blends, and reported that highly crystalline PCL 
was more hydrophobic compared to amorphous PLA, which could explain the 
greater water absorption of PLA compared to PCL. Meanwhile, the water absorp-
tion of PLA/PCL (25/75 and 50/50) blends was between that of simple PCL and 
PLA. Interestingly, it was found that the PLA/PCL (75/25) blend exhibited greater 
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water absorption compared to the PLA component. Zhang et al. (1995) also stated 
that this was contributed by a higher content of the amorphous region and its two-
phase nature of the blends. Realizing the importance of having a crystalline phase, 
some studies have focused on increasing the crystallinity of biodegradable blends 
(Bucci et al. 2007; Zhang and Thomas 2011). The incorporation of PHB, a highly 
crystalline biopolymer into the PLA matrix by melt blending, is a relatively easy 
approach to increase crystallinity and control the properties of the blends. Similar 
Tm values also allowed both polymers to be blended in the melt state. In the previous 
work of Arrieta et al. (2014), the PLA was melt blended with 25 w.% of PHB and 
showed an improved water resistance, the oxygen barrier and the reduction of the 
high transparency typical of PLA.

The presence of microvoids has also allowed water molecules to migrate into the 
blends and increase the rate of hydrolysis. Therefore, in some case, water absorp-
tion from biodegradable polymer blends is followed by hydrolysis that can also 
affect the absorption rate. Pitt et al. (1992) reported that the water absorption of the 
blends from poly(glycolic acid-co-lactic acid) (PGLA) and poly(vinyl alcohol) 
(PVA) increased rapidly at an early stage and then gradually decreased due to 
hydrolysis of PGLA in the blends. In contrast, Tsuji and Muramatsu (2001) not 
observed this behavior for PLLA/PVA blends. Rather, the water adsorption increased 
with immersion time and then reached saturation in 10 h, regardless of the blend 
ratio. This was due to the low hydrolysis rate of PLLA compared to that of PGLA.

It has also been reported that the hydrolysis rate constant (k) for PLLA and 
PGLA is 2.59 × 10–3 day-1 (Tsuji et al. 2000) and 7.44 × 10–2 (Cha and Pitt 1990), 
respectively. Hydrolysis of polymers is influenced by chemical structure (crosslink-
ing, co-monomers) (Li and McCarthy 1999), crystallinity (Li and McCarthy 
1999), Mw (Bastioli 2005), pH (Bastioli 2005), polydispersity (Lépine and Gilbert 
2002), shape of the sample (Grizzi et al. 1995), temperature (Dell’Erba et al. 2001) 
and traces of catalysts (Sodergard and Stolt 2002). 

On the other hand, blending biodegradable polymer with starch is a good way to 
balance cost-effective problems and obtain new material that has outstanding 

Fig. 3.28  Water 
absorption of starch/PLA 
blends at different ratios 
depending on water 
soaking time. Reproduced 
with permission from 
Tianyi and Xiuzhi (2000)
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properties (Ren et al. 2009). However, the starch is hydrophilic in nature due to the 
hydroxyl groups present in its structure. Tianyi and Xiuzhi (2000) studied the 
effects of the blend ratio of starch and PLA on the physical properties of the blends, 
including water absorption. Figure 3.28 shows the water absorption as a function of 
soaking time of PLA/starch blends at different ratios. Water absorption was 
increased sharply on day 1 and then stabilized on day 3 regardless of the blend ratio. 
According to Tianyi and Xiuzhi (2000), starch was mainly responsible for the water 
absorption of the blends. Tianyi and Xiuzhi (2000) also reported that the PLA 
formed a good continuous phase that covers the starch component at a lower starch 
content (< 60%), resulting in less water absorption (Fig. 3.29). As the starch content 
increased to >60%, the degree of the discontinuous phase of PLA increased consid-
erably (Fig. 3.29). The water penetration into the blends could occur via voids and 
be absorbed by starch, resulting in greater water absorption values. A similar obser-
vation was reported in several studies of various biodegradable aliphatic polyester/
starch blends (Lai et al. 2006; Yu et al. 2006; Liao and Wu 2009).

In the literature, a great effort has been made to modify the properties of starch-
based blends in order to obtain blends with better dispersion, miscibility and mor-
phology, as well as less water absorption. The increase in water resistivity is 
important because starch disintegrates in water and loses its properties when 
exposed to environmental humidity, since both amylose and amylopectin are swol-
len in the presence of water (Liao and Wu 2009). Zeng et al. (2011) also found that 
the incorporation of hydrophobic PBS significantly reduces the water sensitivity in 
TPS/PBS blends compared to TPS alone. This is understandable, since PBS is 
hydrophobic. Interestingly, Yin et  al. (2015) obtained a further improvement in 
water resistance in maleated PBS-containing blends due to good dispersion, homo-
geneous microstructure of starch and well dispersion of starch particles hindering 
the diffusion of water molecules into TPS/PBS blends. Similarly, Wu (2003) found 
that at the same starch content, maleated PCL (PCL-g-MA/starch) blends showed 

Fig. 3.29  Scanning electron microscopy of corn starch/PLA blends: (a) 20:80 and (b) 80:20. 
Reproduced with permission from Tianyi and Xiuzhi (2000)
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moderately good water resistance compared to PCL/starch blends. The author 
deduced that this was due to a good miscibility between the components of the 
blend because of the presence of the carbonyl ester group in the blends.

3.7.2  �Weathering

The weathering test is conducted within a specific time to measure the durability of 
the material towards the elements of environmental exposure. These elements are 
relative humidity/water, solar radiation, temperature and/or other environmental 
variables such as pollutants (dirt, dust, nitrogen oxides, sand and sulphur oxides) 
that can deteriorate the properties of the polymer, and polymer blends and compos-
ites (Li 2000; Falk et al. 2001; Matuana et al. 2002; Ariawan et al. 2017). Several 
studies have also reported that color fading, loss of mechanical properties, surface 
erosion and weight loss are the most common harmful effects on the polymeric 
materials that have been exposed to the weathering test (Lopez et al. 2006). Among 
all the weathering elements, it is important to analyze the solar radiation that induces 
photo-degradation of polymers, since it greatly influences the properties of poly-
mers during their in-life service, especially in outdoor applications.

Solar radiation induces photo-degradation due to the absorption of UV radiation, 
which promotes chemical and physical alterations. The complex process of photo-
degradation involves a sequence of reactions which produce radicals that progress 
as a sequence of chain mechanisms where peroxides are the oxidation initiators. 
The presence of a stabilizer and the material structure influences the properties of 
the final and stable end products. Fully formed products appear as an oxygen-
containing structure caused by the collateral reactions (chain branching) or by the 
self-decaying of peroxyl radicals (chain termination) as shown in Fig. 3.30.

On the other hand, few studies have reported on the degradation mechanism of 
biodegradable polymer blends. In most studies, comparisons between the blends 
and the original homopolymers in terms of stability have been made (Kaczmarek 
and Podgoorski 2004; Therias et al. 2010). In some cases, polymer blends with two 
or more components have less stable combinations (Waldman and De Paoli, 2008). 

Fig. 3.30  Photodegradation of most polymers by exposure to UV rays. Reproduced with permis-
sion from Rosu and Visakh (2016) 
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The formation of free radicals in the less stable polymer degrades the more stable 
polymer. In most blends, the degradation rate of the blends was among that of the 
components of the blend. However, such a relationship is not obvious or direct due 
to several factors involved, and the mechanism of radical transport from one poly-
mer to another is not simple. In addition, the photodegradation behavior of polymer 
blends is greatly influenced by the components of the blend which may deviate from 
the single polymer system due to chemical interactions between the different spe-
cies in the blends during degradation and interactions between the degradation 
products. These chemical reactions can lead to an acceleration of the degradation 
rate (Kowalonek 2016) or a stabilizing effect (Botta et al. 2009; Fernandes et al. 
2010). For example, Rivaton et al. (1998) studied the photolysis rate on PP/PBT 

Fig. 3.31  Photolysis of PP/PBT blends. Reproduced with permission from Rivaton et al. (1998)
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blends, and found that photo yellowing was more prevalent for the PP/PBT blend 
than PBT alone. These authors clarified that the appearance of a more extensive yel-
lowing was due to the macroradicals formed by the photochemical hemolysis of the 
ester bonds in PBT that cannot extract hydrogen atoms from the PP chains. 
Figure 3.31 illustrates the mechanism of photolysis, as suggested by the authors. 
The mechanism includes cross-degradation of the polymer resulting in acceleration 
degradation of the blends.

However, in some polymer blends a stabilizing effect could occur. For example, 
Rivaton et al. (1998) studied polymer blends made from PP containing between 5 
and 80% of PE exposed to UV radiation. A blend containing 5% PE endured the 
maximum degradation, and the degradation became less severe as the concentration 
of PE increased. This is in line with the performance of the individual polymers 
where PE had a better resistance since it does not contain susceptible tertiary hydro-
gens. In this case, the properties of the blends are the sum of the properties of their 
components. Meanwhile, Kaczmarek et  al. (2011) suggested that the PEC/PVA 
blend is an example in which the blends have superior properties than the sum of the 
components. As confirmed by the authors, through spectroscopic analysis, they 
stated that intermolecular interactions between PEC and PVA explained the effect 
of mutual stabilization.

Among the various research works conducted on polymer blends, studies on 
biodegradable polymer blends under the weathering test are limited. With this in 
mind, Persenaire et al. (2014) investigated the weathering behavior of biodegrad-
able polymers in a varied blending ratio of PLLA/PBS with and without the use of 
MA as a compatibilizer. These authors found that the addition of PBS to PLLA 
accelerated the degradation of the blend. In addition, PBS demonstrates a higher 
degradation rate than PLLA. As a consequence, its dispersion in the PLLA matrix 
improved the PLLA degradability. When considering the PLLA/PBS blend at a 
80/20 (w/w) composition as the optimal ratio of polymer blends, the authors 
deduced that PBS tends to promote the degradation of PLLA in the presence of 
compatibilizer. Meanwhile, uncompatibilized blends seem less degradable com-
pared to pure PLLA. This phenomenon was attributed to the existence of homoge-
neously dispersed carboxylic acids produced by PBS degradation, which preferred 
the hydrolysis of the PLLA matrix.

It can thus be concluded that the prediction of the degradation of polymer blends 
is not directly related to the behavior of the pure component. The composition of the 
blend and the possible presence of a compatibilizer can strongly affect the degrada-
tion behavior of a polymer blend. The degradation means of the pure components 
may differ from the blends since interactions can occur between the different com-
ponents in the blends during degradation or between the degradation products. 
Therefore, the additive rule cannot be used for the degradation of polymer blends. 
Apparently, the degradation rate of a polymer blend may be greater, intermediate or 
lower than that of the pure components. The chemical and physical changes of 
degraded blends are comparable to those that occur in the single polymer. The pos-
sible changes in carbonyl index, the hydroxyl/hydroperoxide index, the optical 
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density of the material can be determined by deterioration of the mechanical proper-
ties, IR, UV-Vis, gel content and cloud point determination (Wypych 2008).

3.7.3  �Biodegradability

Most conventional polymers are petroleum based, have good resistance against bio-
logical degradation (biodegradation), and therefore, exist in the environment for 
many years (Muniyasamy et al. 2016). This problem has motivated researchers to 
develop biobased and biodegradable polymers (Gutiérrez 2018a; Toro-Márquez 
et al. 2018; Gutiérrez et al. 2019; Herniou--Julien et al. 2019). In addition, these 
polymers have mechanical properties comparable to conventional polymers and 
have been used as eco-friendly materials in various industries such as automotive, 
medical, packaging, pharmaceutical and consumer products (Gutiérrez 2018b; 
Gutiérrez and Alvarez 2017d). They are also widely used for single-use applications 
and short-term applications, such as food packaging, trash bags, mulch films, per-
sonal products and some home care products (Muniyasamy et  al. 2016; Merino 
et al. 2018a, b; 2019a, b).

However, these biodegradable polymers have several drawbacks, such as poor 
mechanical properties and resistance to environmental degradation, as well as low 
thermal resistance. For that reason, several approaches have been imposed to mod-
ify biodegradable polymers using blending, compatibilization, crosslinking and a 
combination of them to improve the chemical, thermal and physical properties. 
Other than that, the lifetime of a biodegradable polymer can be tailored by incorpo-
rating additives (e.g. antioxidants, antioxidants, plasticizers and other chemicals) 
(Gutiérrez 2018c, d; Gutiérrez and Alvarez 2018; Gutiérrez, Herniou-Julien 
et al. 2018).

Consequently, further studies should be carried out to understand the influence of 
the modification of chemical, thermal, physical and mechanical properties on the 
biodegradability and degradation performance of biodegradable polymers in natural 
environments. Therefore, it is necessary to carry out an exhaustive study on the 
degradation and biodegradation mechanisms of these polymers to ensure their safe 
use in various end-use applications. Several international norms and standards can 
be adopted and used to test the biodegradability properties of biodegradable poly-
mers in a natural environment. The biodegradation rate can also be measured 
through loss of mechanical properties, morphology variations and weight reduction 
under different environmental conditions (Muniyasamy et al. 2016). Several stan-
dards can be also used as guidelines for biodegradation analysis, such as ASTM 
D5338–15, biodegradation under composting conditions and ASTM D5988–12, 
biodegradation under soil burial condition.

Biodegradation can be described as the decomposition of materials by the action 
of microorganisms, which involve the recycling of carbon, the mineralization of 
organic compounds and the production of biomass (Lucas et  al. 2008). 
Biodegradation occurs in three steps: biodeterioration, biofragmentation and 
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Fig. 3.32  Polymer biodegradation process. Reproduced with permission from Lucas et al. (2008)

assimilation, without neglecting the participation of abiotic factors (Fig. 3.32). The 
biodegradation of polymeric materials involves several steps, so the process can be 
stopped at each stage, as shown in Fig. 3.34.

According to Lucas et  al. (2008), the biodegradation process involves several 
stages. Starting with biodeterioration via the combined reaction of microbes, other 
decomposing organisms or/and abiotic factors, biodegradable plastics become small 
pieces. This is followed by depolymerization by microorganism-secreted catalytic 
agents (e.g. free radicals and enzymes) that can reduce the polymer molecules into 
oligomers, dimers and monomers. Certain molecules are identified by microbial cell 
receptors and can across the plasmic membrane. The other molecules remain in the 
extracellular environment and may be object to different changes. Next is assimila-
tion, where in the cytoplasm, the transported molecules are integrated by microbial 
metabolism to produce storage vesicles, energy and new biomass. The last stage is 
mineralization, where some simple and complex metabolites can be excreted and 
reach the extracellular environment (e.g. aldehydes, antibiotics, organic acids, ter-
penes, etc.). Simple molecules such as CH4, CO2, H2O, N2 and various salts from 
intracellular metabolites are completely oxidized and released into the environment.

In addition, polymeric products exposed to outdoor conditions (i.e. aging, bury-
ing and weathering) may experience abiotic degradation that will deteriorate the 
chemical, light, mechanical and thermal properties of polymers.
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Keeping this in view, Muniyasamy et al. (2016) reported the biodegradation of 
PHBV, PLA and PLA/PHBV blends under composting and soil burial conditions 
according to ASTM D5338–15 and ASTM D5988–12, respectively. The degree of 
biodegradation was calculated as a percentage of the overall theoretical CO2. For 
biodegradation under control compositing condition, the test was conducted for 
200  days. According to the results, no significant amount of CO2 emission was 
observed for both pure PHBV and PLA during the first 32 days of compost incuba-
tion. After the initial phase, the blends reached 70% biodegradation rate in 120 days 
and a slight static phase that achieved a 92% biodegradation in 200 days. This slow 
biodegradation could be due to the crystalline and brittle nature of the PLA. While 
the delayed degradation of PHBV could be due to an approx. 12% valeric acid con-
tent present in the degradation of PHBV polymer.

On the other hand, Muniyasamy et  al. (2016) reported that the PLA/PHBV 
blends showed about 20% biodegradability in the first 32 days because the blending 
process could break the crystalline structure of the PLA, as well as the surface-
enriched heterogeneous phase in one constituent. In terms of physical degradation, 
all samples (PHBV, PLA and PLA/PHBV blends) began to experience fragmenta-
tion after 32 days. The size of fragmented samples became smaller over time and 
apparently could not be detected in the composting medium after 45  days, thus 
indicating that the composting environment conditions were adequate for the pri-
mary degradation (i.e. fragmentation/disintegration) to occur.

Regarding biodegradation under the soil burial environment, the pure PHBV and 
PLA/PHBV blends exhibited about 30% biodegradability after 120 days while pure 
PLA showed no significant biodegradability even after 200  days of exposition. 
Following Muniyasamy et al. (2016) results indicated the pure PHBV and PLA/
PHBV blends have a better degree of biodegradability under the soil burial environ-
ment compared to pure PLA. The PLA had a better biodegradation capability under 
industrial composting conditions than in soil burial because the PLA requires envi-
ronment temperature in order to trigger hydrolytic degradation of its Mw before 
allowing the action of microbial degradation (thermophilic bacteria and fungi).

Lucas et al. (2008) mentioned that another way in which the polymer can undergo 
chemical degradation during biodegradation in the compost or in the soil environ-
ment is by hydrolysis. Polymers containing hydrolysable functional groups, such as 
amide, anhydride, carbamide, ester and ether can be hydrolyzed. However, the deg-
radation reaction depends on some parameters such as pH, temperature, time and 
water activity. The crystalline fraction could prevent the diffusion of oxygen and 
water, thus limiting hydrolytic degradation. While amorphous domains which dis-
organize molecular regions are prone to oxidative and hydrolytic degradations. 
Lucas et al. (2008) proposed the schematic reaction of the PLA hydrolysis under 
acidic and alkaline condition as examples of abiotic degradation via chemical deg-
radation, as shown in Figs. 3.33 and 3.34, respectively.

These biodegradation conditions require adequate controls of moisture content, 
pH and temperature, and a specific thermophilic microorganism, which is only 
available in an industrial composting facility to adequately test the biodegradation 
of plastic materials. In addition, the biodegradation of polymer blends depends 
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Fig. 3.33  PLA hydrolysis under acidic conditions. Reproduced with permission from Lucas 
et al. (2008)

Fig. 3.34  PLA hydrolysis under alkaline conditions. Reproduced with permission from Lucas 
et al. (2008)

largely on the ratio of the components and the type of polymer blend. For example, 
Zhang and Thomas (2011) observed that the PHB/PLA blends and the components 
of the blends experienced a different degradation mechanism. In this sense, the PHB 
is mainly degraded by the reaction of several enzymes on the surface, while the 
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degradation of the PLA begins with non-enzymatic hydrolysis, which depends 
largely on the ambient temperature.

In another study by Liu et al. (2019) reported the species of soil bacteria respon-
sible for the biodegradation of PHB, PLA and their blends. In this accelerated bio-
degradation test, the soil bacteria were collected and cultured several times, 
approximately three times in the generation of bacterial culture (Gen III) until a 
stable bacterial community was achieved before the biodegradation test. The bacte-
ria were then inoculated into a vial filled with several nonwoven samples and grown 
for 15 days on a shaker at 150 rpm at room temperature. As expected, the morpho-
logical observation revealed that the incubation of nonwoven blends for 15 days 
with the soil bacterial resulted in severe degradation with different changes, such as 
the presence of pores and microcracks on the nonwoven samples. In line with this, 
the CO2 evolved during the 15 day of incubation period also exhibited an increasing 
percentage of biodegradation over time.

Liu et al. (2019) in order to identify bacterial species that may be responsible in 
the biodegradation process, extracted the Gen III bacteria DNA and then subjected 
to pyrosequencing analysis. From the sequencing analysis, the relative abundance 
of marker gene sequences in the samples was associated with members of the gen-
era Citrobacter, Lysinibacillus (phylum Firmicutes) and Pseudomonas (phylum 
Proteobacteria), which demonstrates that these newly identified bacterial species 
can play an important role in the biodegradation of PHB/PLA-blended nonwovens 
(Liu et al. 2019). Several species belong to the genus Citrobacter, such as C. amalo-
naticus, C. freundii and C. koseri, which have been reported to use polyhydroxyl 
compounds as the sole carbon source (Liu et al. 2019).

According to Shah et al. (2008), the biodegradation rate of polymer blends is 
mainly controlled by the degradation of the most susceptible biodegradation com-
ponents with respect to the type of presence of bacteria and the environmental con-
dition. Table 3.8 shows a list of microorganisms that could degrade biodegradable 
polyesters.

To date, limited studies have reported on the biodegradability of biodegradable 
polymer blends and the effect of the compatibilizer and crosslinking agent on the 
biodegradation rate. With this in mind, a slower biodegradation for compatibilized 
blends in another mixing systems (biodegradable/non-biodegradable polymer 
blends) such as PC/PLA (Lee et al. 2011), PHB/PP (Sadi et al. 2013) and PBS/PP 
(Bionelle/CPP) blends (Zainuddin et al. 1999) have been informed.

As reported by Zainuddin et al. (1999), the addition of Modic compatibilizer into 
PBS/PP blends improved the dispersion of the dispersed phase into finer droplets, 
thus allowing the microbes to attack randomly and penetrate the blends as a whole 
matrix. However, the biodegradability of the compatibilized blends seems to depend 
on the ratio of the blends. At the 25/75 blend ratio, the biodegradability was consid-
erably lower is due to the PBS droplets since they were protected from microbial 
attacks and degradation by the surrounding PP layer as the interfacial interaction 
between the components of blend. On the contrary, the degradation rates appear to 
increase exponentially up to 75% PBS content due to the changes in the morphol-
ogy of the blends and the presence of higher PBS-rich area.
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Hu et al. (2018) investigated the effect of BPO as a crosslinking agent on the 
biodegradable properties of PBS/PLA blends. In this study, the biodegradation rate 
was determined by the enzymatic degradation of proteinase K from the Tritirachium 
album. The hydrophobic interaction of proteinase K is well known to be the main 
cause of degradation of PLA. Aside from that, it could reside on the surface of PLA 
and be able to change its conformation to create the catalytic site to hydrolyze PLA 
around the enzyme molecules. Hu et al. (2018) reported that the BPO-crosslinked 
PBS/PLA blends showed a better resistance to enzymatic degradation of proteinase 
K than pure PLA. It is known that PBS is relatively less susceptible to degradation 
of proteinase K than PLA and that the incorporation of PBS in the blends reduces 
the degradation rate of the blends. In addition, the introduction of peroxide cross-
linking can change the structure of the blends and limit degradation by proteinase K 
(Hu et al. 2018). Along with the degradation, the surface morphology of PBS/PLA/
BPO blends changed from the filament to the segments and finally to the particles 
as structures. It can also be concluded from the work of Hu et al. (2018) that the 
uncrosslinked PLA fraction was degraded first and left the crosslinked PLA/PBS 

Table 3.8  Different degrading microorganisms of biodegradable polyesters

Plastic Microorganism

Poly(3-hydroxybutyrate-co-3-mercaptopropaonate) Schlegelella thermodepolymerans

Poly(3-hydroxybutyrate-co-3-mercaptopropionte) Pseudomonas indica K2
P(3HB) Alcaligenes faecalis

P(3HB) Caenibacterium thermophilum
Schlegelella thermodepolymerans

P(3HB) Pseudomonas lemoignei

P(3HB)
PHBV

Streptomyces sp. SNG9

Poly(hydroxybutyrate-co-3-hydroxypropionate) Ralstonia pikettii T1
Poly(hydroxybutyrate-co-3-hydroxypropionate) Acidovorax sp. TP4
P(3HB)
poly(3-hydroxypropionate)
poly(4-hydroxybutyrate)

Alcaligenes faecalis

PES
poly(ethylene adipate)

Comamonas acidovorans
Pseudomonas stutzeri

PHBV Clostridium acetobutylicum
Clostridium acetobutylicum
Clostridium botulinum
Clostridium botulinum

PCL Clostridium acetobutylicum
Clostridium botulinum

PCL Fusarium solani

PLA Amycolatopsis sp.
Bacillus brevis
Fusarium moniliforme
Penicillium Roquefort
Rhizopus delemer

Source: Shah et al. (2008)

3  Compatibilization and Crosslinking in Biodegradable Thermoplastic Polyester Blends



80

filaments in the blends. Then, the fragments of crosslinked PLA began to degrade, 
causing the filaments to change to segments and eventually to particles. The remain-
ing particles or fragments could be associated with the PBS and a portion of non-
degraded crosslinked PLA. The results obtained in this study were useful to tailor 
the biodegradation characteristic of the new biodegradable polymers and can also 
be used to understand the biodegradation mechanisms in new polymers or mixing 
systems.

3.8  �Conclusions

In recent decades, biodegradable polymers have been developed, along with many 
published studies on biodegradable polymers. The research in this field is focused 
on strategies to improve the mechanical, thermal and biodegradable properties of 
polymers through many approaches, such as compatibilization, copolymerization, 
crosslinking and addition of reinforcement or functional additives.

In terms of compatibilizer, maleated compatibilizers have been the most studied 
and are well established in the polymer industry. It has also been demonstrated that 
the incorporation of maleated compatibilizers improves the mechanical properties 
of binary and ternary biodegradable polymer blends. The maleated compatibilizer 
also reduces the interfacial energy, which results in a reduction of the size of the 
dispersed phase. It is known that the presence of active chemical sites on the MA 
(i.e. the double bond and the carboxylic acid group) is a powerful electron-accepting 
monomer and reactive. The most extensive method to produce compatibilizer is by 
the melt grafting technique, which involves the grafting of MA onto polymer in a 
molten state with the presence of a free radical initiator. MA has been used success-
fully as a monomer to graft onto biodegradable polymers such as PBS, PBSA, PCL 
and PLA to produce maleated compatibilizer.

Other than that, crosslinking by means of radical peroxides is an interesting strat-
egy that has been widely used to stabilize and improve the properties of biodegrad-
able polymer blends due to its simplicity and efficiency. Among these peroxides, 
DCP is the most widely used peroxide crosslinking agent in the biodegradable poly-
mer blend system. The use of peroxides promotes the formation of chain branches, 
as well as crosslinking, which increases the Tg, the modulated crystalline content 
and the thermal behavior of polymer blends. The crosslinking reaction is also an 
effective means to improve interfacial adhesion in immiscible polymer blends by 
initiating the appearance of mixed chains (copolymers), which act as compatibiliz-
ers at the interfaces. The formation of chain branching or crosslinking by heteroge-
neous and/or homogeneous radical coupling reactions also depends on the 
concentration of peroxides and the reaction temperature used.

In addition, reactive compatibilization, either by incorporating a maleated com-
patibilizer or peroxide-induced crosslinking, can be performed in one step (in-situ) 
or two-step extrusion, depending on the available processing equipment and the 
system of blends and additives used. In addition to the compatibilization and 
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crosslinking approaches, the combination of the crosslinked-compatibilization 
approach seems to be more effective for improving the mechanical properties such 
as σ, εb and T of the biodegradable polymer blends. The synergistic effect of cross-
linking and compatibilization is produced due to the presence of a compatibilizer, 
which reduces the interfacial energy and forms a better interfacial adhesion which 
in turn helps the guest polymer to be well dispersed, thus providing larger interface 
area between the components of the blend. When the peroxide radical crosslinking 
agent is added, the higher number of crosslinking will be formed at the interface 
region, thus resulting in a significant increase in the properties of the blends.

Finally, the performance of biodegradable blends depends on the moisture or 
water exposure. Likewise, the biodegradation rate of polymers in the natural envi-
ronment depends largely on the characteristics of the components of the blend and 
how they interact with environmental factors. Additions of compatibilizer or cross-
linking agent have improved the resistance of the blends to environmental degrada-
tion. However, due to limited studies on the effect of compatibilizer and crosslinking 
agent on the performance of biodegradable polymer blends and natural degradation, 
a comprehensive study is necessary to understand the degradation mechanism and 
its safe use in many applications. International norms and standards should be used 
to test the degradation properties of biodegradable polymers in the natural environ-
ment in order to allow these materials to be used safely in consumer products.
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