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ABSTRACT: This review provides state of the art information on the heat resistance of biobased thermoplastic materials. It gives an

overview of the parameters used to indicate heat resistance, strategies to improve the heat resistance of (biobased) plastic materials

and some current “heat resistant” commercially available biobased plastics materials. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci.

2015, 132, 42305.
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INTRODUCTION

Several reasons explain the growing interest in and the use of

biobased plastic materials. The most important one is probably

environmental concern/awareness. Since biobased plastic materi-

als are produced from biomass they provide the unique poten-

tial of CO2-neutrality (greenhouse gas). In theory, only the CO2

which was fixed by the plant during its lifetime, will be released

again in the atmosphere after disposal of the plastic (closed

loop system), in contrast with conventional plastics which are

derived from fossil raw materials. Together with current estab-

lished measures like reuse and recycling, this aspect can put a

closed loop economy in place. However, most currently used

biobased plastic materials are not yet CO2-neutral, because the

energy used during the production chain (cultivation of the

biomass, transport, processing, . . .) is petroleum-based.1 A sec-

ond reason in favor of biobased plastic materials is the inde-

pendence of crude oil. The production of conventional plastics

currently needs around 5% of the global crude oil production

and this will increase to around 20 to 25% by the end of the

century.2 Since the growing demand for crude oil will not only

come from the plastic industry and the exploitation of crude oil

is characterized by fluctuating oil prices, it is feasible to search

for alternative resources.2 The perception of the consumer

towards green products is a third reason for the growing inter-

est in biobased plastic materials. According to a study con-

ducted by Flash Eurobarometer,3 84% of the European

consumers finds the environmental impact of a product impor-

tant and 77% is willing to pay more for products with a

reduced environmental impact. Furthermore, other factors, like

compostability as an alternative end-of-life option, legislative

drivers (e.g. ban on noncompostable bags) and specific func-

tionality of certain bioplastics (e.g. biocompatibility) contribute

to the increasing interest in bioplastics.4,5 Furthermore, the

transition from a fossil-based economy to a bio-based economy

is an important EU 2020 Strategy target.6 The implementation

of biobased plastics is however currently hindered by several

factors such as a higher price compared with conventional

crude oil based plastics, uncertainties regarding sufficient avail-

able renewable resources and technical limitations. Related to

the latter, the heat resistance of most of these biobased plastic

materials is insufficient for i.e. use as a packaging material for

foods undergoing a heat treatment before or after packaging,

for use in the automotive industry or for use as housing of elec-

tronic devices. Furthermore, a poor heat resistance can also lead

to degradation of the polymer during processing. Different

research strategies have been explored to improve the heat

resistance of biobased plastic materials, which are described in

this review.

VC 2015 Wiley Periodicals, Inc.
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MATERIALS

According to Robertson7 bioplastics can be divided into four

categories:

� Category 1: Polymers directly extracted from biomass, e.g.

starch and cellulose

� Category 2: Polymers synthesized from bioderived monomers,

e.g. polylactic acid (PLA) and bio-polyethylene (bio-PE)

� Category 3: Polymers produced directly by natural or geneti-

cally modified organisms, e.g. polyhydroxyalkanoates (PHA)

� Category 4: Polymers produced from petrochemicals, which

are biodegradable or compostable, e.g. polybutyrate adipate

terephthalate (PBAT) and polycaprolactone (PCL)

Biobased polymers can belong to one of the first three catego-

ries, biodegradable polymers can belong to all four different cat-

egories. A brief overview of the main biobased plastic materials

is described in the following sections.

Drop-in Bioplastics

Drop-in solutions represent the largest market share of the

global bioplastics production. These drop-in bioplastics are

(partly) biobased, nonbiodegradable polymers which are chemi-

cally identical to the corresponding conventional polymer.

Therefore, they can be easily used in the existing infrastructure

and they can be recycled along their conventional counterparts.

The most important drop-ins are bio-polyethylene terephthalate

(bio-PET) (e.g. PlantBottleTM, used by Coca Cola and Heinz)

and bio-PE (e.g. Actimel bottles from Danone). The monomer

ethylene is produced from ethanol, which is fermented from

biomass such as sugarcane and sugar beet.8–10 The terephtalic

acid (PTA) that is polymerized with the biobased ethylene glycol

(EG) to produce PET is currently still petroleum based. A more

biobased alternative is the use of biobased furandicarboxylic

acid (FDCA) instead of PTA to produce polyethylenefuranoate

(PEF). PEF, produced by Avantium (Netherlands), has a better

gas and water barrier than PET, but is not yet commercially

available.11,12

As drop-in bioplastics have a chemically identical structure as

their corresponding conventional counterpart, their thermome-

chanical properties as well as strategies to improve heat resist-

ance are known (e.g. heat-set PET bottles).

New Biobased Plastics

Poly(lactic acid). Poly(lactic acid) (PLA) is a transparent biode-

gradable/compostable thermoplastic polyester made from sugar

rich agricultural products or side-streams (carbohydrate sources,

e.g. corn) either chemically or by fermentation. It is nowadays

seen as one of the most promising polymers for commercial use

as a substitute for low and high-density polyethylene (LDPE

and HDPE), PET, and polystyrene (PS). The final properties of

the polymer are determined by its stereochemical composition,

since lactic acid exist as two optical isomers, L- and D-lactic

acid. Poly(L-lactide) (PLLA) and poly(D-lactide)(PDLA) are

(semi)crystalline polymers which are hard, while poly(D,L-lac-

tide) (PDLLA) is an amorphous polymer which is brittle. Only

when the D- and L-unit sequence is completely alternating with

each other, PDLLA can be crystalline. The processing possibil-

ities of this transparent material are very wide, ranging from

injection molding and extrusion over cast film extrusion to

blow molding and thermoforming.13–24

Polyhydroxyalkanoates. The polyhydroxyalkanoates (PHA)

family are biodegradable thermoplastic polymers produced in

the microbial cells as an energy reserve through a fermentation

process. Since various monomers and substrates can be used for

their production and the polymer can be synthesized by various

micro-organisms, several types of PHAs with a large diversity in

properties exist. More than 100 types of PHA are known, of

which polyhydroxybutyrate (PHB) is the most common and

best characterized one . The PHAs have potential as a substitute

for many conventional polymers, since they possess similar

chemical and physical properties.12,21,25–34

Polysaccharides. Starch. Starch is a widely available and easy

biodegradable natural resource (energy reserve in plants), which

exists out of amylose and amylopectine. High water content or

plasticizers (glycerol, sorbitol) are necessary to produce a

plastic-like starch-based film. Starch-based thermoplastic mate-

rials (TPS) have poor properties, especially at high humidity

and are therefore mostly blended with synthetic/biodegradable

polymers like PLA, PHB, or PCL. They have been successfully

applied on industrial level for foaming, film blowing, injection

molding, blow molding, and extrusion applications.12,19,21,35–41

Cellulose. Cellulose is the most widely spread natural polymer

and is derived by a delignification from wood pulp or cotton

linters. It is a biodegradable polysaccharide which can be dis-

solved in a mixture of sodium hydroxide and carbon disulphide

to obtain cellulose xanthate and then recast into an acid solu-

tion (sulfuric acid) to make a cellophane film. Alternatively, cel-

lulose derivatives can be produced by derivatization of cellulose

from the solvated state, via esterification (cellulose (di)acetate

and cellulose (tri)acetate) or etherification (hydroxypropyl cellu-

lose and methyl cellulose) of hydroxyl groups. Especially cello-

phane can be used for packaging applications. Since this

material is not thermoplastic it is often used with a separate

seal layer (e.g. starch).12,26,41–43

Other polysaccharides. Other polysaccharides, like chitin, chito-

san, xylans, and mannans (both hemicelluloses) can also be

used for the production of biobased plastics. They are extracted

from marine and agricultural products and are currently mostly

used as edible films or as coatings.41,44

Proteins. Proteins are another raw material that can be used to

produce biobased plastics. There are plant-based proteins, like

soy proteins, zein and wheat gluten and animal-based proteins,

like casein and whey proteins. Despite the many research con-

ducted on these proteins, their use is very limited43,45

Challenges

The use of bioplastics as food packaging material is subjected to

different limitations, restricting at this moment their use. The

most important reason for these current limitations of bioplas-

tics compared with conventional plastics is that the latter are a

very mature industry, while the bioplastics industry is still in its

infancy. Therefore, many opportunities for improvement of

these limitations exist. The main problems associated with
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renewable biopolymers are threefold: cost, processing and

performance.2,42

Besides a higher price level compared with conventional plastics

and the concerns on availability as well as on the use of land to

produce bioplastics, there are major limitations on the function-

ality (processing and performance). Chemical companies are

not familiar with these new biobased materials (e.g. PLA, PHB),

which can create the need for an increase in the R&D depart-

ment or the implementation of a new production process, since

bioplastics can provide difficulties during processing on the cur-

rent equipment.4,46 Furthermore, barrier properties, especially

when a very high water barrier is required, moisture sensitivity

(change of properties at higher % RH) and heat resistance are

still drawbacks hindering the successful market introduction of

bioplastics. Strategies to improve gas and water barrier proper-

ties of biobased plastics have been described in Peelman et al.21

HEAT RESISTANCE OF BIOBASED PLASTICS

Polymer Structure and Heat Resistance

The unique semicrystalline nature of most thermoplastic poly-

mers lies at the basis of their (lack of) heat resistance and the

variations which can be observed in thermal properties for

chemically identical polymer formulations. In brief, most poly-

mer structures consist of crystalline regions, in which the poly-

mer chains are organized into orderly crystalline platelets and

amorphous regions, spread out in between the crystalline parts,

in which no specific degree of order is observed except for that

of a polymer chain to its nearest neighbour. Some polymers are

completely amorphous. The potential for crystallinity is largely

dependent on the complexity of the polymer chain: the easier

the chain can be “folded” into crystalline platelets, the higher

the amount of crystals will be. As such, polymers with large

side groups, irregular tacticity or dominant branching will be

more inclined towards an amorphous structure.

Based on this semicrystalline structure, there are several trans-

formation temperatures which play a significant role in the

polymer’s structure and therefore its heat resistance. First, the

glass transition temperature (Tg) is the temperature above

which the amorphous section of the polymer structure will have

increased mobility, resulting in a slight sliding and rotating of

side groups.47 In terms of mechanical properties, Tg signals the

transition from a hard and relatively brittle state into a rubber-

like state (ISO 11357-2). At temperatures greater than Tg only

the crystalline phase warrants the mechanical properties of the

material. For some polymers, Tg is below room temperature or

even below zero, meaning they are always in the rubberlike state

at their temperatures of usage.

Second, the melt temperature (Tm) of a polymer is the tempera-

ture at which the ordered crystal structure passes to a viscous

liquid. The Tm of a (semicrystalline) material should be higher

than the maximum temperature at which the final packaging

will be used, but it should also be well below the degradation

temperature in order to facilitate the processing.

Third, when considering the cooling of the polymer from the

melt, the crystallization temperature Tcc is the temperature at

which the crystalline regions will begin to form upon cooling.

Tcc signals the solidification of a semicrystalline polymer and

should theoretically be the same as Tm in value. In practice,

however, Tcc will always be lower, as a certain amount of super-

cooling is needed to initiate the crystalline nucleation.

Finally, crystallization is rarely complete upon cooling of the

polymer after processing. Therefore, another transformation

temperature is relevant, that of the (post-)crystallization upon

(re)heating of the polymer solid. At this temperature Tc, further

crystallization can occur, until the full potential for crystallinity

is reached.

The heat resistance of a material is strongly linked to its crystal-

linity. A higher degree of crystallinity implies a higher tempera-

ture resistance, since the crystalline regions should maintain

material stiffness past the glass transition temperature (of the

amorphous phase).48 Apart from the polymer chain structure,

which defines the polymer’s potential for crystallinity, the proc-

essing of the polymer will affect the degree to which this poten-

tial can be realized. This is discussed in more detail further on.

The influence of molecular mass (Mw) on heat resistance is a

dual one. In general, longer polymer chains will lead to a struc-

turally more sound polymer material, which will have better

mechanical and thermal properties. Short polymer chains are

too small to form crystalline platelets and will barely contribute

to the semicrystalline nature of the polymer. However, very long

polymer chains are known to have more difficulty organizing

into the crystalline structure, as they are bulkier. As such, an

initial degradation of the polymer chains (due to thermal or

thermomechanical loading), can in fact be beneficial for the rate

of crystallinity in high Mw polymers.

Measuring the Heat Resistance

No clear protocol nor parameter exist to define the heat resist-

ance of a polymer, but several parameters can give an indication

of the heat resistance of a material. For an amorphous or low

crystalline polymer, Tg can give an indication of the heat resist-

ance, because, to avoid deformation, the Tg should not fall into

the temperature range in which the packaging material is to be

used.48 Furthermore, the crystallization temperatures upon heat-

ing (Tc) and upon cooling (Tcc) are important. A low Tc or

high Tcc means that crystallization can start at a low (Tc) or

high (Tcc) temperature, increasing the temperature window for

crystallization, resulting in a more complete crystallization.

Determination of these parameters, as well as Tm, can be per-

formed by differential scanning calorimetry (DSC) or by differ-

ential thermal analysis (DTA). The degradation temperature is

another parameter which is important regarding the heat resist-

ance. It is the temperature at which the polymer chains start to

break down into oligomers, monomers, and other small degra-

dation products that can evaporate, resulting in weight loss.

The degradation temperature can be determined by thermogra-

vimetrical analysis (TGA) and is an important parameter during

processing of a material. Furthermore, the heat deflection tem-

perature (HDT), the temperature at which a polymer deforms

under a constant load, and the Vicat softening temperature

(VST), the temperature at which a needle under constant load

can penetrate the polymer 1 mm, also give an indication of the

heat resistance. The HDT refers to the maximum temperature at

which a polymer can be used as a rigid material.49
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Molecular mass, and its evolution regarding thermally induced

degradation, can be determined by gel permeation chromatogra-

phy (GPC), a size-exclusion technique which allows immediate

calculation of the molecular mass distribution of the polymer.

GPC, however, is an expensive and time-consuming technique. As

an alternative, inherent viscosity (IV) measurements can be con-

ducted, in which the effluent time of a polymer solution through

an Ubbelohde capillary is used as a basis for measurement. It has

been found that the evolution (decrease) in IV relates directly to

loss of Mw, which can be measured with GPC.13

Finally, tensile tests at different temperatures can show to which

degree the polymer maintains its mechanical strength at higher

temperatures.

Current Heat Resistance of Biopolymers

An overview of some parameters indicating heat resistance,

some mechanical properties and the chemical structure of a

selection of biobased and conventional plastics are given in

Table I. Because crystallization temperatures are not often

reported, these were not included in this table. Since heat

resistance is closely related to crystallinity, most parameters in

this table are also related to the crystallinity of the material.

As explained in the previous paragraphs, large variations on

these parameters can occur within one and the same material,

due to differences in polymer chain morphology or processing

temperatures. This makes it difficult to present single values

per material type or indeed, to draw straightforward conclu-

sions. But it is clear that, just as for the conventional poly-

mers, the heat resistance of biopolymers depends strongly on

the type of material and polymers with lower and higher heat

resistance exist. Furthermore, it can be seen that, regarding the

biobased materials, especially PLA (amorphous) and starch

(crystalline regions) have a poor heat resistance, with respec-

tively a Tg (PLA) and a Tm (starch) within the temperature

range of heat treatments used industry. Both materials also

show a low HDT and VST.

Improving the Heat Resistance of Biopolymers

A large amount of studies have investigated different strategies

to improve the heat resistance of bioplastics. Following

techniques, described in detail in subsequent paragraphs, could

be used.

Additives. Additives are substances that are added in small

quantities to polymers in order to improve their properties.77

Different additives, like plasticizers, chain extenders, nucleating

agents, and nanoparticles can have an effect on the heat resist-

ance of biobased materials, mainly by decreasing the Tg and Tm

and increasing the degree of crystallinity.

A widely used additive for polymers are plasticizers. The pri-

mary role of these additives is to improve the flexibility, ductil-

ity and processability of the polymer by decreasing the Tg of the

polymer through reducing the intermolecular forces along poly-

mer chains. Regarding heat resistance, this increases the polymer

chain mobility which can enhance the crystallization rate by

reducing the energy required during crystallization. Plasticizers

mainly have an effect in the lower temperature range, where

crystallization is limited by the chain mobility with an effect on

Tc, extending the crystallization temperature window.48,78,79 Sev-

eral studies have investigated the effect of the addition of plasti-

cizers. Wang et al.80 found that the addition N-octyl lactate

(NOL) lowered the Tg with maximum 17.88C, depending on

the NOL content. Furthermore, the Tc and Tm also decreased

with increasing plasticizer content. The percentage crystallinity

increased with increasing NOL content and was 22.3, 24.5, 31.9,

34.1, 34.4, and 34.3% for respectively 0, 2.5, 5, 7.5, 10, and

12.5% NOL content. Boonfaung et al.81 found that the addition

of polypropylene glycol, polyethylene glycol-ran-propylene gly-

col, dioctyl phthalate, tributyl citrate, and adipic acid lowered

the Tg by maximum 15.48C. Furthermore, these plasticizers also

decreased the Tm of PLA . Martin and Averous82 reported simi-

lar results after the addition of PEG to PLA. Tg was decreased

from 588C to 41 and 308C for, respectively 10 and 20% PEG

(molecular weight 5 1500 g/mole) and even further decreased

to respectively 30 and 128C for PEG with a molecular weight of

400 g/mole. They also found an increase in the degree of crys-

tallinity. A lower Tm ensures that the polymer can be processed

Figure 1. Effect of clay and different chain extenders on thermal degrada-

tion of PLA nanocomposites (Reprinted from Ref. 86 with permission

from Elsevier).

Figure 2. Percentage crystallinity of PLA and PLA 1 2% talc dependent

on the mold temperature95 (VC Wiley)
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at a temperature well below the degradation temperature (better

preservation of the properties), but it was noticed by Arrieta

et al.83 that plasticizers can also lower the degradation tempera-

ture, neutralizing the positive effect. Branciforti et al.84 also

found that the Tg of PHBV decreased with increasing amount

of plasticizer. But, addition of plasticizer can also have a nega-

tive effect, like a decreased tensile strength and tensile modulus

and increased water vapor permeability.48,80,81

Chain extenders can also be used as an additive for polymers.

Thermal degradation of polyesters (PLA, PHA) is merely caused

by hydrolysis, intermolecular transesterification and back-biting

or intramolecular transesterification. Chain extenders are used

to prevent this thermal degradation of polymers during produc-

tion by extending the polymer chain and increasing the molecu-

lar weight (by re-coupling of degraded chains) and by

decreasing the polymer ends, resulting in a lower chance of

back-biting.85,86

Najafi et al.86 added the chain extenders JoncrylVR , a functional-

ized (epoxide, anhydride, ACOOH, AOH) low molecular-

weight styrene-acrylate copolymer,87 polycarbodiimide (PCDI),

a carboxyl-reactive chain extender, and tris(nonylphenyl) phos-

phite (TNPP) to PLA and PLA-based nanocomposites (PLA 1 -

Cloisite 30B) and tested the thermal stability by means of a

thermogravimetrical analysis. The temperature at which thermal

degradation started increased after the addition of TNPP and

PCDI (2% w/w) as can be seen in Figure 1. This could be

explained by the longer polymer chains produced in the PLA-

based nanocomposites containing these chain extenders, and

hence the reduced number of chain ends per mass. The addition

of JoncrylVR was not as effective at increasing the onset of degra-

dation of the PLA-based nanocomposites as compared with the

other two chain extenders. This might be attributed to a signifi-

cantly branched structure, having an increased number of ends

per chain.

The viscosity of PLA and PLA/PBAT with JoncrylVR remained

constant in time, indicating a lower thermal degradation.88

Addition of JoncrylVR (epoxy-functionalized) to PHBV induced

a lower crystallization temperature and crystallinity. This is

caused by a lower mobility and rate of crystallization because of

the longer chains.89 Di et al.90 found that the addition of 1,4-

butanediol and 1,4-butane diisocyanate to PLA increased the Tg

slightly, because of the higher molecular weight and the cross-

linking of the chains. Furthermore, a lower Tm was observed

(more than 108C), caused by defects in the lamellar crystals by

cross-linking of the chains.

A third type of additives are nucleating agents. Because of the

long chain character and the high viscosity, nucleation is often

a critical step during the crystallization of a polymer. Most of

the times, this primary crystallization takes place at tempera-

tures much lower than the Tm of the polymer, meaning a high

degree of undercooling is necessary to initiate nucleation.

Nucleating agents can increase the degree of crystallinity by low-

ering the surface free energy barrier towards nucleation and

thus initiating heterogeneous crystallization at higher tempera-

ture upon cooling. So, as for plasticizers, addition of nucleating

agents broadens the crystallization temperature window (during

cooling), causing a more complete crystallization and reducing

re-crystallization during heating. This will result in more con-

sistent mechanical properties upon heating.50,91–93 Nucleating

agents have to be compatible and dispersible in the polymer

and they have to be present in a solid state at the temperature

at which nucleation takes place.92 Kolstad94 found that the addi-

tion of 1% talc to PLA reduced the crystallization half time (t1/

2) from around 40 min to 90 s. Addition of 5% plasticizer could

even further reduce t1/2 to 70 s (acetyl triethyl citrate) and 60 s

(polyethylene glycol). Harris and Lee95 found that the addition

of 2% talc to PLA induced a higher crystallinity compared with

pure PLA (Figure 2). Furthermore, organic compounds like

N,N,-ethylenebis (12-hydroxy-searamide), benzoylhydrazide

compounds or calcium lactate have been reported as effective

nucleating agents for PLA.96–98 The brittleness of PHB, which is

caused by big crystal structures that can re-crystallize during

storage and induce microcracks, can be reduced by nucleating

agents. They ensure the formation of smaller and more consist-

ent spherulites, avoiding re-crystallization.99 Furthermore, PHB

can also act as a nucleating agent in PLA/PHB blends83 and the

addition of PDLA to PLA can increase Tm and HDT.43,100

Furthermore, Li and Huneault48 found that the simultaneous

use of a nucleating agent and a plasticizer had a synergistic

effect on the crystallinity of PLA (Figure 3). DSC curves showed

a much sharper crystallization peak upon cooling (208C/min)

for PLA with 1% talc and 10% PEG compared with PLA with

only 1% talc or 10% PEG. Furthermore, the crystallization peak

Figure 3. DSC thermograms for PLA and PLA formulations cooled at

208C/min and subsequently heated at 208C/min (Reprinted from Ref. 48

with permission from Elsevier).
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was shifted to a higher temperature, expanding the crystalliza-

tion window. This can be explained by the increasing chain

mobility in the lower temperature range (caused by the plasti-

cizer) and the increasing nucleation rate in the upper tempera-

ture window (caused by the nucleating agent). Addition of 1%

talc and 10% PEG allowed the PLA to reach its maximal crys-

tallization (40%)

Blends and Copolymers

Blending with another (bio)polymer is also a technique to

improve the thermal and mechanical properties of a biobased

plastic material.22,43 When blending materials, compatibility is

very important. Essentially, polymers are immiscible in the

melt. This will induce a phase segregation, which in turn will

lead to reduced mechanical properties. The larger the difference

in chemical nature of the polymer chains, the higher the surface

tension between the two will be and the more immiscible they

will turn out to be.101 Several techniques, like the introduction

of a reactive functional group, chemical modification or cross-

linking, can improve this compatibility.51,102,103

PLA/PHB blends are a typical biopolymer blend combining the

best properties of both polymers. The crystallinity of PLA can

be increased because of the much more crystalline PHB,

increasing the HDT of pure PLA.104,105 Furthermore, a blend of

75/25 PLA/PHB improved the mechanical properties of both

pure polymers.105 Blending of PBAT and PLA had a positive

effect on the elongation and strength of PLA and resulted in a

more constant viscosity, inducing a broader processing tempera-

ture window.106,107

The creation of copolymers can also ameliorate the heat resist-

ance of a polymer. The copolymer PHBV (11 mol % HV into

PHB) decreases Tm from 175 to 1578C and Tg from 9 to 28C.51

The lower Tm means that the processing can be performed at

temperatures further away from the degradation temperature

than for pure PHB, but Tm is still high enough to not compro-

mise its use as a packaging material (temperatures up to

1208C).

Because of the chirality of lactic acid (L and D-lactic acid), sev-

eral copolymers of PLA can be formed. The (thermal) proper-

ties of PLA depend on the ratio of L- and D-lactic acid present

in the polymer. An increasing quantity of D-isomer esterified in

the chain makes the polymer less crystalline, decreases the crys-

tallization rate and lowers the Tm of PLA.4,16,108 It was shown

that the Tm of PLA changed from 178 (100/0 L/D,L) to 1258C

(80/20 L/D,L) with decreasing amount of L-isomer.109–111 Fur-

thermore, Dorgan et al.112 found that the Tg of PLA with 100%

L-lactic acid was 60.28C, while the Tg of PLA with 50% L-lactic

acid was 54.68C.

The melt temperature, crystallinity, and heat deflection tempera-

ture of PLA can be improved by the creation of stereocomplex

PLA (sc-PLA) and stereoblock PLA (sb-PLA). Sc-PLA is formed

by melt-blending of PLLA and PDLA (1 : 1) when PDLA seg-

ments interact inter- and intramolecular with PLLA segments.

Sb-PLA is formed similarly between block copolymers of PLLA

and PDLA. The melt temperature for both polymers is around

200 to 2408C and 180 to 2308C for respectively sc-PLA and sb-

PLA. The HDT of amorphous PLA and stereocomplex PLA is

respectively 55 to 608C and 160 to 2008C. An increased crystal-

linity can only be accomplished if the cooling rate is slow.

Because of the high production rates (e.g. injection molding)

this is sometimes difficult. This can be overcome by the use of

nucleating agents.43,113–115 Furthermore, also the mechanical

properties of sc-PLA are better than those of PLLA and

PDLA.116

Biocomposites

A composite is a multiphase system in which a filler (discontin-

uous phase) is embedded in a matrix (continuous phase). The

efficiency depends on the adhesion between the components.51

Although the filler is not added to improve the heat resistance,

it can have a positive effect. Especially the introduction of natu-

ral fibers (e.g. flax) is a technique to improve the heat resistance

of (bio)polymers.117,118 The HDT of PHBV with bamboo fiber

increased with from 1148C to 1208C and 1238C for respectively

30 and 40 wt % fiber and the HDT of PHBV with wood fiber

also increased (Figure 4). The main reason of HDT improve-

ment is the fiber reinforcement which has higher HDT than the

matrix, but as well a higher degree of crystallinity, due to the

nucleating properties of the fiber surface.117,119 Furthermore,

the degradation temperature of the PHBV/bamboo fiber

Figure 4. Effect of wood fiber content on heat deflection temperature

(HDT) of PLA (Reprinted from Ref. 119 with permission from Elsevier).

Figure 5. TG curves for the pure PLA and PLA 1 clay (2, 4, 6, and 8 wt

%) samples (Reprinted from Ref. 123 with permission from Elsevier).
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composite was higher than the one of pure PHBV.119 A PLA/

bamboo fiber composite increased the degree of crystallinity

with 8% compared with pure PLA, probably because the surface

roughness of the bamboo fiber initiated the growth of crys-

tals.120 Du et al.121 also found a clear increase in HDT of cellu-

lose fiber reinforced PLA (160.88C) compared with neat PLA

(798C).

Nanocomposites

The development of (bio)nanocomposites is a new strategy to

improve the physical properties of biopolymers. Although the

effect of the use of nanoparticles on barrier properties of bio-

plastics is clear and consistent, their influence on the heat resist-

ance of biobased plastic materials is not always clear.

The addition of organomodified montmorillonite clay (MMT)

to PLA accelerates the degradation temperature of PLA. This is

believed to be associated with the organomodifier bonded on

the silicate layer surface (clay).122 Strongly exfoliated structures

resulted in a decreased onset temperature for thermal degrada-

tion up to 258C (Figure 5).86,123

Arrieta et al.124 also found a lower degradation temperature for

PLA with synthesized cellulose nanocrystals or surfactant modi-

fied cellulose nanocrystals. On the other hand, Martino et al.
125 found that the addition of 3 wt % of MMT (Cloisite-30B)

increased the initial decomposition temperature with 108C and

Arrieta et al.124 showed that the degradation temperature of a

PLA/PHB blend with synthesized cellulose nanocrystals or sur-

factant modified cellulose nanocrystals improved. This can be

explained by the fact that clay may act as heat barrier at the

beginning of the thermal decomposition giving rise to the slight

improvement in degradation temperature. But at higher temper-

atures the silicate layers could accumulate heat and then pro-

mote the degradation process.125

Also changes in Tg and Tm are not always clear and depend on

the type of nanoparticle used, the nanoparticle loading and

dispersion. A small increase in Tg was noticed by Azeredo

et al.126 when cellulose nanofibers were added to a mango puree

film. Anglès and Dufresne35 also found an increase in Tg and

Tm after addition of cellulose nanofibers to TPS, as well as

Alemdar and Sain127 who found an increase of 30 to 408C of Tg

for TPS films with addition of cellulose nanofibers, starting

from 2 wt % of fiber. Krishnamachari et al.128 noticed that the

Tg of PLA rinsed with 68C after addition of 1% organically

modified montmorillonite (OMMT) (Cloisite 30B, m/m) and

with 8% after addition of 2% OMMT. Higher percentages did

not increase the Tg more, indicating an optimum. The Tg of

PLA/nanofiber, PHB/clay and PLA/clay nanocomposites did not

significantly improve.123,129–131

The addition of 4% OMMT (m/m) to PLA resulted in an

increase in HDT from 76 to 938C.19 A gradual increase in HDT

from 75 to 1118C depending on the amount of OMMT added

was shown by Sinha Ray et al.132

Furthermore, the addition of nanoclay to PHB and PHBV

increased the cold crystallization temperature (Tcc) and the

crystallization rate. Also cellulose nanoparticles had a positive

effect on the crystallinity of PLA and PLA/PHB. In these cases

the nanoparticles had a nucleating effect and the better the par-

ticles were diffused into the polymer matrix, the greater the

effect. But, regarding clay particles, big clay platelets can hinder

a thorough crystal growth.123,131,133

Processing Parameters

Polymers can be processed making use of different techniques,

like extrusion, injection molding, and thermoforming. Depend-

ent on the used technique and the applied heat profiles, the

exerted thermomechanical loading on the polymer can vary,

resulting in different material properties. Heat resistance can be

influenced by the processing parameters, e.g. by thermal degra-

dation during processing, by the crystallinity which is affected

by the cooling rate and by the maximum processable molecular

weight.

High processing temperatures can cause thermal degradation of

a (bio)polymer, resulting in lower glass transition, melt and

degradation temperatures of the finished product (after process-

ing) compared with the pellets (before processing). Al-Itry

et al.88 found that the degradation of processed PLA started

Figure 6. Crystallinity (left) and HDT (right) of pure PLA, PLA 1 EBS (ethylene bis-stearamide) and PLA 1 talc in function of the annealing time at

808C95 (VC Wiley).
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308C earlier than the (nonprocessed) pellets. It is therefore

important to perform the processing at temperatures below

the degradation temperature to preserve the heat resistance of

the original material (pellets).

An enhanced crystallinity of PLA and other biopolymers had

a positive effect on certain mechanical and thermal proper-

ties (higher HDT).95,111 Crystallinity of the final polymer

product can be affected by adapting the cooling rate (during

injection molding). Fast cooling will increase crystalline

nucleation, but effectively disrupt crystalline growth, which

can cause the formation of less perfect crystals and lower

overall crystalline fraction, resulting in a lower Tm. Effec-

tively quenching the polymer will even lead to a fully amor-

phous structure. A slower cooling rate, induced by a higher

mold temperature, will allow the crystals to form more com-

pletely, increasing the crystallinity and the size and stability

of the crystals. Harris and Lee95 found that the crystallinity

of PLA (with or without talc) that was injected into a heated

mold during 3 min increased as the mold temperature

increased. Li and Huneault48 found similar results. The per-

centage crystallinity of PLA increased exponentially when the

mold temperature rose from 20 to 808C. At 808C the maxi-

mal crystallization of PLA (with 5% ATC and 1% talc) was

reached. Also the orientation of the polymer chain, the

remaining of unreacted monomer or a heat setting treatment

can influence the crystallinity and thermal stability.110 Fur-

thermore, annealing of the polymer can lead to a better for-

mation of crystals and an increase in crystallinity. The

optimum crystallization temperature for PLA was between

105 and 1158C.94 According to Harris and Lee95 the degree

of crystallization and the HDT increased with increasing

annealing time (Figure 6).

Tokoro et al.120 also found annealing at 1108C during 5 h

increased the degree of crystallinity from 25 to 42% for pure

PLA and from 31 to 50% for PLA/bamboo fibers.

A higher mold temperature can increase the crystallization,

but it can also effect the mechanical properties. Vadori

et al.134 showed that the elongation at break decreased from

243 to 22% with increasing mold temperatures from 30 to

908C. Furthermore, the crystallization influences the optical

properties.17

Also the application of the polymer is important and affects

the choice of polymer grade to be used (extrusion grade for

films, thermoform grade for trays, and injection mold grade

for beakers, . . .). Extrusion and thermoform machines can

handle polymers with a high viscosity (high molecular

weight). A higher molecular weight affects the thermal degra-

dation temperature (higher) and the crystallization (lower) of

a polymer. This means that the heat resistance of an extrusion

grade of a polymer can differ from the injection mold grade

of that same polymer.

In general it can be stated that the processing parameters,

especially a higher mold temperature, have an influence on

the heat resistance of biopolymers. Mainly the prevention of

degradation and the control of crystallinity can be adjusted.
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Furthermore, the eventual application of the material is impor-

tant to select the optimal process parameters.

Available Heat Resistant Biopolymers

An overview of heat resistant biopolymers or biopolymers that

claim a “higher heat resistance” that are already commercially

available are listed in Table II. Some of these materials applied

one of the above-described technique to increase the heat resist-

ance of the biopolymer. Several finished products (films and

trays) that can be used for food products undergoing a heat

treatment (e.g. microwave, oven) are already commercially avail-

able. Furthermore, various other materials that can be processed

into heat resistant packaging material can be found on the mar-

ket, especially PLA-based. Since PLA has a very poor heat resist-

ant, it is not surprising that many research regarding the

improvement of heat resistance has focused on this biopolymer.

CONCLUSIONS

Many techniques to overcome the poor heat resistance of bio-

polymers, have been proven successful. The use of nucleating

agents (in combination with the use of plasticizers) and a high

mold temperature, inducing a slower cooling rate seem the best

solution to obtain a higher crystallinity and therefore a higher

heat resistance of the processed material. Specific for PLA, ster-

eocomplexation is a very promising technique to create heat

resistant products. Chain extenders on the other hand seem the

best technique to reduce the thermal degradation during proc-

essing. Although several biopolymers with an enhanced heat

resistance are already commercially available, they are currently

not often commercially used. Nevertheless, the information of

the material producers indicate a much broader applicability of

biobased plastics that need a certain heat resistance. However,

processing tests and tests in industrial environments are needed

to evaluate the performance of these materials.

These results were obtained in the framework of a Flemish

Innovation Partnership (VIS-traject) supported by the Institute

for the Promotion of Innovation by Science and Technology in

Flanders, Belgium (IWT), and by 69 participating companies in

close collaboration with four research institutes (Ghent Univer-

sity, Packaging Centre, Belgian Packaging Institute and

KULeuven).
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