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SUMMARY 

This investigation work is focused on preparation and characterization of novel polymeric 

materials based on PLDA homopolymer and both commercial and synthesized PLLA-b-PCL 

diblock copolymer with improved properties to be use for packaging applications. This 

manuscript consists of a short Introduction and Motivation and Objectives, following 7 

Chapters related to experimental part of this investigation work and is finished with General 

Conclusions, Future Work and Scientific Production.   

In Chapter 1, the miscibility between PLDA and PCL homopolymers is evaluated since PCL 

homopolymer as a good candidate to improve brittleness of PLDA. For this purpose, first a 

procedure for obtaining homopolymer films by solvent casting technology is checked. Using 

this procedure, several PLDA/PCL polymer blends are produced and characterized to analyse 

PLDA/PCL miscibility.  

Chapter 2 deals with the use of a semi-crystalline PLLA-b-PCL diblock copolymer as a polymer 

blend component to introduce a PCL block in a PLDA homopolymer. Several PLLA-b-PCL/PLDA 

polymer blends with different PLLA-b-PCL content is produced by solvent casting and studied. 

Main characterization is focused on the effect of the PLLA-b-PCL on the properties of PLDA 

polymer matrix, concretely on the possibility of its self-assembly and the morphologies 

obtained, as well as the improvement of barrier properties if compared with neat PLDA 

homopolymer.  

Chapter 3 explores the use of the PLLA-b-PCL as polymer blend compatibilizer to improve the 

miscibility of PLDA-PCL polymer blend components. The investigation work in this Chapter is 

oriented to the double miscibility between each block of PLLA-b-PCL diblock copolymer with 

PLDA and PCL homopolymers, respectively. Two specific ratios of PLDA-PCL are chosen for 

preparation of PLLA-b-PCL/PLDA-PCL polymer blends with different content of PLLA-b-PCL 

diblock copolymers. PLLA-b-PCL/PLDA-PCL polymer blends is characterized to analyse the 

effect of the PLLA-d-PCL as compatibilizer on the final morphology, thermal and barrier 

properties. 

Chapter 4 takes advantage of the results obtained in Chapter 2 using a commercial diblock 

copolymer, the investigation work is focused on the synthesis of PLLA-b-PCL diblock copolymer 

on laboratory scale with the same characteristics as the commercial one. In this Chapter, the 



SUMMARY 

 Confidential

optimization of polymerization reaction conditions of synthesis on laboratory scale of PLLA-b-

PCL diblock copolymer is established and the possibility of nanostructuration of polymer blend 

by addition of PLLA-b-PCL diblock copolymer is verified. Moreover, an evaluation of three 

different PLDA:PCL ratios (1:1, 2:1 and 3:1) is done as well as preparation and characterization 

of mechanical, thermal and barrier properties of PLLA-b-PCL/PLDA polymer blends using 

synthesized PLLA-b-PCL diblock copolymers with different PLLA:PCL ratios. This Chapter allow 

to choose the synthesis procedure and the ratio of the PLLA-b-PCL diblock copolymer for its 

upscale in Chapter 5. 

Chapter 5 is focused on the scale up process of synthesized PLLA-b-PCL diblock copolymer on 

preindustrial scale. For this purpose, it was necessary to study the kinetic of the polymerization 

reaction to control the final molecular weight and ratio between blocks of PLLA-b-PCL diblock 

copolymer if compared with commercial PLLA-b-PCL diblock copolymer. The optimization of 

polymerization reaction is done taking into account the reduction of the cost of the reactives, 

as well as the time of each polymerization step. Synthesized PLLA-b-PCL is characterized to 

achieve similar properties to this of commercial block copolymer.  

In Chapter 6, synthesized on preindustrial scale PLLA-b-PCL diblock copolymer named DBC is 

used to produce novel DBC/PLDA polymer blends using conventional thermoplastics 

processing technologies such as extrusion compound, extrusion cast and injection on 

preindustrial scale. Before the extrusion, a preliminary extrusion simulation is performed, and 

the optimized extrusion parameters is used to produce the DBC/PLDA polymer blends. 

Moreover, in this Chapter, the food safety of polymeric materials is tested to verify their use 

for food packaging applications and the biodegradability and compostability to guarantee that 

DBC does not modify these properties. 

Finally, in Chapter 7 a validation of the developed DBC/PLDA polymer blends for being use as 

a packaging material is done. For this purpose, two different package types were used on 

preindustrial scale, in particular a thermoformed tray and a vacuum bag. Thus, two specific 

products with different shelf-life, concretely fresh pastry and cure ham are selected to this 

validation. A preliminary study of both shelf-life is carried out including an organoleptic study 

with internal panellist to evaluate the consumer acceptance of the new developed materials.  
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I.1. PACKAGING MATERIALS CURRENT SCENARIO  

In last era, the use of conventional polymers in the different industries has reached alarming 

levels. Conventional polymeric materials are present in our daily lives and in the different 

products that surround us. This in mainly due to their great properties, such versatility, 

durability, low cost and because they allow the industry to meet the demands of the customers 

of different industries such as packaging, building and construction, household, leisure, 

automotive or electrical among others. Specially for the packaging industry conventional 

materials are presented in a huge number of applications due to its lightness, transparency 

and high barriers properties which made them safe materials to contain and transport food 

and other goods. 

During the last years, the global production of fossil-based or conventional polymers reached 

almost 368 million tons, representing an increase of about 10 million tons, with respect to the 

global production of fossil-based polymers in 2018, being only in Europe 58 million tons. 

Regarding the percentage by industry, as it is shown in Figure I.1 packaging represent the major 

consumer, ~40 %, compared with the second one that is construction ~20 % or automotive 

which represent only ~10% [1]. 

 

Figure I.1. Conventional polymer materials production by industries in Europe. Source: PlasticsEurope 
Market Research Group (PEMRG) and Conversio Market & Strategy.GmbH. 

It is well-known that since 2015 the EU started to reduce conventional polymer production 

and to control their consumption, indeed, in 2015, the EU Action Plan for the Circular Economy 

was defined, in order to protect the environment from plastic pollution and encourage the 

reuse and the recyclability. This change allows to industries and to consumers to know the 
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principles of circular economy, and to learn about how to collaborate in all the different steps 

of the conventional polymers (plastics) life, from the plastics production, conversion into 

products, consumption, waste collection and finally the different waste treatments to valorize 

polymer wastes including the recycling. 

During last years, different actions were carried out in this line and results showed a progress 

in the change from linear to circular economy, some numbers indicated than more than 10 

million tons of post-consumer plastic waste were sent to recycling since 2018, 4.6 million tons 

of this post-consumer plastic has been used in new plastics products and compared to 2018, 

the quantity of recycled plastic used in packaging items has been increased by 43% [2]. These 

improvements also have been driven by the European Strategy for Plastics in a Circular 

Economy [3] and concretely in the field of packaging because of by 2030 all packaging plastic 

must be reusable or capable of being recycled in a profitable way. From this, its derived the 

Directive 2018/852 [4], which modifies the old directive 94/62/EC on packaging and packaging 

waste, establishes the minimum reuse and recycling of plastic waste for the medium and long 

term of: 50% by 2025 and 55% by 2030, as well as a recycling of a minimum of 70% by weight 

of all packaging waste. This change has driven the interest of looking for real sustainable 

packaging materials and to substitute the use of synthetic polymers by natural biopolymers, 

being one of the most promising applications these related to packaging.  

However, packaging technology is a wide science field which requires knowledge not only in 

materials science, also in food science and in the interactions which could been between the 

packaging materials and the food which contains them. 

I.2. FOOD PACKAGING REQUIREMENTS AND MATERIALS 

I.2.1. Packaging types and definition 

Packaging types can be divided mainly in three which are represented in the industry. First one 

is the primary packaging, which is the packaging that is in direct contact with the product. Most 

of the times primary packaging is named unit of packaging and could be the unique packaging 

that direct contain the product (ie: tray with fresh meat, bag with pastry, jar with marmalade) 

[5]. The second one is the named secondary packaging which group several primary packages 

and that can be used to transport the primary packages (ie: cardboard box with several bags 

with pastry). And the third one is tertiary packaging which are usually used to transport a high 
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number of secondary packaging and are for example containers or a pallet. In this investigation 

work the research was focus on the development of materials to reach the primary packaging 

requirements. The main basic functions of a packaging are summarized below:  

1. Containment. The packaging must contain the product and maintain its integrity. This means 

the original properties during the different processes that involved the supply chain of the 

product from the package action until the final dispensing of the product including the 

transport.  

2. Protection. Packaging must protect the product to external influences that could damage 

the product changing the chemical, biological or physical properties of the food/product.  

3. Communication. The package must inform the consumers providing information about legal 

requirements but also about marketing information such as, nutritional facts or prizes.  

4. Convenience. Convenience means to provide the consumer a desired functionality, such as 

easy to hand and to dispose, easy to open or to reclose and also the visibility (consumers need 

to see the product inside the package). In this decade packages with food ready to eat are 

examples of packaging designed to accomplish with the consumer convenience and demands.  

In recent years, in addition with the conventional functions of a package consumers aligned 

with the EU recommendations also demand the development of packaging more sustainable 

with the environment and using natural materials which can be ease recycle or reintroduced 

in the environment like biodegradable and compostable materials. 

I.2.2. Current materials used in food packaging applications 

As it was explained before the majority of the materials used for primary packaging 

applications, are made of synthetic polymers such as poly (propylene) (PP), poly (ethylene) 

(PE), poly (styrene) (PS) or poly (ethylene terephthalate) (PET). In Table I.1 the distribution of 

the most used polymers for packaging applications by polymer type and examples of its main 

applications are summarized.  

Table I.1. Polymer types used for packaging applications. 

Type  (%) Main uses 

PP 19.7 

Food packaging with medium oxygen barrier and high 
humidity barrier requirements (sweet and snacks unit 

flexible bags, thermal resistant trays to be used in oven or 
microwaves for food ready to eat) 
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PE (LDPE, LLDPE) 17.4 
One use supermarket bag, general trays and films for food 
products with medium oxygen and water vapour barrier 

requirements. 

PE (HDPE, MDPE) 12.9 Rigid food packaging with medium barrier requirements 
milk bottles, shampoo 

PET 8.4 
Rigid and flexible packaging with high oxygen and water 

vapour barrier requirements such as bottle for water, 
juices, soft drinks. 

PS 6.1 Semi-rigid food packaging with high medium barriers (dairy 
products, fishery trays) 

I.3. BIOPLASTICS AND BIOPOLYMERS 

I.3.1. Bioplastics future scenario and definitions 

Exploring alternatives for substituting synthetic polymer packaging materials is one of the 

joined objectives of the research and the industry. Both agree the need to use polymeric 

materials from renewable sources. With this aim during last decade, several new sustainable 

materials have been developed and commercialize. These materials are general named 

bioplastics, and nowadays although they represent only 1 % of the more than 368 million tons 

of plastic produced annually, the demand is continuously growing. Figure I.2 shows the 

evolution of the expected global production of bioplastics for the next years up to 2025 [6].  

 

Figure I.2. Forecast of bioplastics up to 2025. Source: European Bioplastics, nova-Institute (2021). 
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As it is forecast a high increased is expected from the next years in the production of bioplastics 

from 2.11 million tons in 2019 to about 2.42 million tons by 2024, being this increase a 

revolution in the field of materials.  

According to the definition of the European Bioplastics association, bioplastics materials  

involved a family of several polymers that have in common that are either biobased, 

biodegradable, or both [7]. 

There are many definitions of what it means biobased materials, (materials which are fully or 

partly extracted from biomass) and biodegradable materials (a material which degrades in a 

controlled condition according to defined standards). On the same way it is well-known that 

not all biobased materials are biodegradable as well as all biodegradable materials have been 

obtained from biomass.  

There are many classifications of bioplastics however one of them is by origin. In this 

investigation work the classification by origin was chosen to define bioplastics materials. 

Taking into account this classification, bioplastics can be divided in the following subgroups:  

- Natural biopolymers which are polymers directly extracted from the nature, such as 

cellulose. 

- Biopolymers which are polymers which can be produced by synthetic polymerization 

but using natural monomers extracted from the nature or the biomass, such as PLA.  

- Biopolymers produced by fermentation technologies using biomass and 

microorganisms such as PHB. 

Natural biopolymers mainly include those made from polysaccharides (such as cellulose or 

starch). The first type of biopolymers includes biopolymers such as poly (lactic acid) (PLA), 

which is extracted from biomass and biopolyethylene (BioPE), which is synthesized using 

ethylene monomer produced from bioethanol. The third type is related to biopolymers, which 

are produced from bacterial fermentation or microorganisms, such as poly 

(hydroxyalkanoates) (PHAs). According to ISO 17088, EN 13432/ 14995 or ASTM 6400 or 6868, 

a compostable polymer is a polymer that undergoes degradation by biological processes 

during specific composting conditions to be transformed in CO2, H2O, inorganic compounds, 

and organic biomass. These materials must be disintegrated avoiding visual contamination and 

must be safe for being used as a compost material, because of that they can not contain toxic 

residues such as hard metals or hazardous substances. Therefore, the evaluation of 
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compostability following the current standards have four main steps to be accomplished, 

chemical characteristics, biodegradability, disintegration, and ecotoxicity or evaluation of the 

generated compost quality. 

As can be understood from the definition a biopolymer synthesized from biomass can be 

biodegradable and compostable like as poly (lactic acid) or can not be biodegradable or 

compostable such as BioPE. On the contrary there are biodegradable and compostable 

polymers which have a synthetic or fossil-based origin such as poly (ε-caprolactone).   

Commercial bioplastics available in the industry, their producers, and their brand names are 

summarized in Table I. 2. 

Table I. 2. Commercial bioplastics available at industrial scale, producers, and brand names. 

Biodegradable 

Origin Polymer Brand Producer 

Renewable 

Starch Mater Bi 
Bioplast 
Biolice 

Cereplast 
Piopar 
Solanyl 

Vegeplast 
EverCorn 

Amitroplast 
Plantic 

Gaialene 
Tapioplast 

Novamont 
Biotec GmbH & Co. KG 

Limagrain 
Céréales Ingrédients 

Biopolymer Technologies 
Rodenburg Biopolymers 

Vegemat 
Japan Cornstarch Co. 

Agrana 
Plantic – Kuraray 

Roquette 
DKSH 

Cellulose Biograde 
Tenite 
Fasal 

Bioceta 
NatureFlex 

Tipa 

FKuR 
Eastman 

Fasal Wood Keg 
Mazzucchelli 

Futamura 
Tipa Compostable 

Packaging 
PHAs 

(PHB/PHBV/PHBH) 
Enmat 
Enmat 
PHACT 

Biocycle 
Biopol 
Mirel 

NODAX 
Kaneka PHBH 
MINERV-PHA 

Biomer grades 
Bioplastech 

Sogreen 

TianAn 
Helian Polymers B. V. / 

PHAradox 
CJ Bio 

PHB-ISA 
Metabolix 

Metabolix - ADM 
Danimer Scientific 

Kaneka 
Bio-ON 
Biomer 

Bioplastech 
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DAN*NA PHA 
BluePHA 

Tianjin Green bioscience 
Artificial Nature 
BluePHA Co. Ltd 

PLA PLA-Ingeo 
Luminy 
Renew 
Lacea 
Lacty 

Eco plastic 
Heplon 
Ecoloju 
Hycail 

Revode 
Bioshrink 

Terramac TE 

NatureWorks LLC 
TotalEnergies Corbion 

Futerro 
Mitsui Chemicals 

Shimadzu 
Toyota 

Chronopol 
Mitsubishi 

Hycail 
Hysun Biomaterials Co. 

Ltd 
Alesco GmbH & Co. KG 

Unitika Ltd 
PLA/PCL blend Vyloecol BE Toyobo 

PLA/copolyester 
blend 

Bioflex 
Ecovio 

Floreon 
 

FKuR 
BASF 

Floreon 
 

recycled PLA  LOOPLA Galactic 
Luminy rPLA 
PLA recycled 

rPLA 
 

Galactic 
TotalEnergies Corbion 

Gianeco S.r.l. 
LoopLife Polymers – 

Despriet Gebroeders NV 
PBAT Fepol 

Ecoflex 
Origo Bio (Eastar Bio) 

Ecoworld 
M-Vera 

TRBF 
Biogenpol 

Ecovio 
Biopar 

Far eastern new century 
BASF 

Novamont 
Jinhui Zhaolong 

BIO-FED 
Jiangsu Torise 
Biomaterials 

ANKOR Bioplastics 
BASF 

Biopolymer Technologies 
AG 
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Non - 
renewable 

PBS BioPBS FZ 
Skygreen SG100 

 

Mitsubishi Chemicals 
(MCPP) 

Sk Chemicals 
 

PBSA BioPBS FD 
Skygreen SG 200 

Mitsubishi Chemicals 
(MCPP) 

Sk Chemicals 
PVOH Nichigo G-Polymer 

Elvanol 
Poval 
Selvol 

Nippon Goshei 
Kuraray 
Kuraray 

Sekisui Specialty 
Chemicals 

PCL Tone 
Capa 

Celgreen 
Pvaxx 

Union Carbide 
Corporation 

Solvay 
Daycel 

Reliance Industries 
Non biodegradable 

Renewable 

Bio-PE Green PE 
Terralene 

Braskem 
FKuR 

Bio-PP Green PP Braskem 

Bio-PET Eastlon PET 
Green PET 

BioPET 

FKuR 
Braskem 
Avantium 

Bio-PA EcoPAXX 
Vestamind Terra HS 

Grilamid 2s 
Ultramid S Balance 

Zytel RS 
Hiprolon 

Kalix 
Agimid 
Rilsan 

Terez Eco 
Amilan 

DSM 
Evonik – FkuR 
EMS Grivory 

BASF 
DuPont 
Arkema 
Solvay 

Agiplast 
Arkema 

Ter Plastics Polymer 
Group 

Toray Plastics 

 

In this investigation work, PLDA and PCL have been selected used. PLA has a renewable origin 

and it biodegradable and compostable according to mentioned standards and PCL hasn´t come 

from renewable origin but it is biodegradable and compostable according to mentioned 

standards.  
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I.3.2. Poly (lactic acid) (PLA) 

The demand of biopolymers to be used as packaging materials lead to poly (lactic acid) as one 

of the most promising candidates, indeed PLA was called the frontrunner of the bioplastics due 

its attractive mechanical properties which have been comparable with some synthetic 

polymers [8]. PLA is a bioplastic synthesized using monomers from renewable sources. The 

first PLA generation was obtained from sources such as corn or sugar beets agricultural 

sources, second generation of PLA was produced using agricultural or sources which no 

compete with human food. Nowadays there are several studies which corroborated the use of 

agroindustrial wastes to produce lactic acid by chemical hydrolysis of wastes such as the last 

production research of El-Sheshtawy et al.[9] which use agroindustrial wastes as cotton textiles 

or coffee pulp. These new ways of producing PLA allowed to reduce the PLA cost and to 

increase the availability in the market. PLA was selected in this investigation work because of 

its production capacity and its market availability, its processability, PLDA can be processed 

using conventional processing technologies such as extrusion compounding, extrusion cast or 

injection which are commonly used in the packaging industry [10] and decisively due to its 

natural properties which compared with other biopolymers were similar to synthetic 

polymers. These properties are high young modulus, high scratch resistance, high 

transparency, good sealability, good printability, certified industrial compostability. However, 

PLA present some drawbacks such as high hydrophilicity which it means poor oxygen and 

water vapour barrier properties, brittleness, low impact strength and low heat resistance.  

Looking to these drawbacks and despite the benefits of PLA compared with other biopolymers 

it is necessary to improve PLA properties to be used as packaging material. 

In this sense different research along the last years have been done, such as the development 

of nanocomposites, [8],[11], [12],[13], [14] or using other biopolymers or bioplastics to 

developed PLA polymer blends with improved properties, such as the use of PBS to improve 

thermal resistance [15] or the use of PCL to improve PLA ductility [16] among others. However 

high molecular polymer blends such as PLA and PCL normally, are immiscible [17] and it was 

necessary to use modifiers like as surfactants or other additives which finally decrease other 

properties such as mechanical ones [18],[19]. In this investigation work PCL bioplastic was 

selected to improve PLA due to PCL inherent properties such as low glass transition 

temperature (- 63 °C) and its low melting temperature (~ 60 °C) [20] which could improve PLA 
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brittleness. However, the use of PCL homopolymer was refuted and other alternatives as the 

use of copolymers containing PCL blocks were used. 

I.4. DIBLOCK COPOLYMERS 

Block copolymers materials (BCP) are polymeric materials composed of two or more 

chemically different, generally immiscible, polymer units linked by covalent bonds. The 

polymer units which constitute BCP are usually named blocks. Depending on the number of 

blocks, block copolymers could be diblock, triblock etc. [21].  

The difference between a polymer blend and a block copolymer is that block copolymers are 

materials capable of self-assembling into different microstructures at the nanometer scale, 

leading to different morphologies and these morphologies could have a wide variety of 

mechanical, optical or electrical properties [22]. This characteristic of block copolymers is 

because of they have been considered future promising materials, since it is possible to 

tailored made different block copolymers combining specific blocks to obtain desired 

properties.  

In this investigation work, a diblock copolymer (DBC) has been chosen as main material, 

concretely a symmetric block copolymer (A-B) composed of a linear block of poly (L-lactic acid) 

covalently bonded to a block of poly (ε-caprolactone) (PLLA-b-PCL). In this case both blocks of 

the diblock copolymer (PLLA and PCL) are crystalline and both homopolymers are immiscible.  

The thermodynamic incompatibility between the two blocks of the DBC usually generates a 

segregation between blocks polymer chains, named self-assembly, as it was mentioned 

before. This separation allow DBC to adopt different morphologies such as spheres, cylinders, 

lamellar and gyroidal ones as it was described by Hu et al. [23]. 

The segregation of the block copolymers has been demonstrated that is governed by three 

controllable parameters which are, the degree of polymerization (N) of both polymers blocks, 

the Flory-Huggins interaction parameter (ꭓN) between blocks and the volumetric fraction of 

each of the blocks at DBC.  

Depending on the parameter χN and evaluating different theories on the phase separation of 

block copolymers, three types of regimes can be distinguished: weak segregation limit (WSL) 

for χN below 10; intermediate segregation region (ISR) for values of χN between 10 and 50 and 
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finally, for high values of χN (χN → ∞) the strong segregaƟon regime (SSL). Those different 

regimes led to different morphologies as it is shown in Figure I. 3. 

 In this case and due to its crystalline nature the microphase separation will be a competition 

between the segregation and the crystallization processes. The effect of how the different 

crystallinity of the DBC could affect the final morphology was studied by several authors such 

as Navarro-Baena et al. [24], Peponi et al. [25] and Hamley et al. [26] and in particular using 

block copolymers containing PLA and PCL as a blocks. In this investigation work the use of PLLA-

b-PCL diblock copolymer will be studied. Numerous studies have determinate that PLLA-b-PCL 

are weakly segregated in the melt depending on the composition and the molecular weight of 

each block [27], [28], consequently it is expected not to reach an ordered structure like showed 

in Figure I. 3.  

 

 

Figure I. 3. Phase diagram of a symmetric diblock copolymer [23]. 

During last decade, numerous applications of the use of BCP in different fields of research have 

been reported. The tailored synthesis of BCP made them similar to a bottom-up nanomaterial 

synthesis playing with the self-assembling and taking advantage of that to developed advanced 

materials.  

Some examples of the wide range of applications which could be developed using block 

copolymers are thin films for electronic devices nanostructured membranes for filtering, 

photonic materials and batteries among or old applications as a surfactants in products for 
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detergency or pharmacy [23]. DBC have been used also to improved epoxy properties such as 

Cano et al. [29] or to develop nanostructured unsaturated polyesters using triblocks 

copolymers such as Builes et al. [30]. The use of DBC in the field of compatibilizer for 

conventional thermoplastics polymer blends have been also explored, mainly focus on 

materials such as Nylon -6, PP or PS by using reactive blending such as Jiang et al. [31] or 

polymer blending to improve polymer blends compatibility such as described Müller et al. [32] 

for blends of PMMA and PS. 

However, it has been during the last decade when it is reported the use of DBC as 

compatibilizer of natural polymers by polymer blending, as it was reported by Chang et al.[33] 

using PI-b-PLLA diblock copolymer as a compatibilizer for PLLA and soybean oil polymer blends. 

In this investigation work the PLLA-b-PCL diblock copolymer will be use by polymer blending 

as compatibilizer for PLDA and PCL homopolymer components.  

The use of DBC as a component in a polymer blend and not as an additive to nanostructure 

biodegradable and compostable materials such as PLDA hasn´t extensively studied,in this 

investigation work it will be studied and almost by using conventional processing technologies 

at preindustrial scale.  
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II.1. MOTIVATION AND OBJECTIVES 

The need of development of novel packaging materials is increased over the last decade. This 

need is most pronounced in the field of sustainable materials like as bioplastics. Known 

bioplastics and its blends do not reach the high requirements demanded to materials currently 

used for packaging applications. In particular, there are some food packaging applications, 

where the use of commercial biodegradable polymers is still not possible. Food packaging 

materials with high oxygen and water vapour barrier properties to avoid food degradation, for 

instance dried snacks, fall into this category. 

Another example are foodstuffs that require barrier and long shelf-life, such as sauces. 

Products that have to be packed while hot, and hence need temperature-resistant packages, 

are another example.  

Therefore, the opportunity exists to develop new bioplastics meeting the demanded 

requirements, especially biodegradable and compatible materials as they represent a more 

environmentally friendly alternative from and end of life point of view.  

In addition, latest technologies to develop packaging materials must be aligned with the 

European Strategy for Plastics in a Circular Economy and the packaging waste directives 

(Directive 2018/852) which indicate that by 2030 all materials should be reusable or recyclable, 

including organic recycling as a solution for compostable materials.  

The aim of this investigation work is the development of biodegrable and compostable 

packaging materials based on bioplastics, such as PLDA, with improved properties compared 

with commercial PLA by using diblock copolymers as cutting-edge technology to develop 

nanostructured materials.  

To reach this goal extensive research has been performed from laboratory to preindustrial 

scale with the aim to demonstrate that the use of diblock copolymers is an up scalable 

technology and that developed nanostructured DBC/PLDA polymer blends are validated to be 

used for some food packaging applications.  

Thanking above into account, the main objective of this investigation work is to improve 

properties of neat PLDA homopolymer to develop novel polymeric materials for food 

packaging applications. With this aim a commercial and synthesized PLLA-b-PCL diblock 

copolymer will be used to validate, from laboratory to preindustrial scale, the possibility of 
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development of novel polymer blends based on PLDA modified with these block copolymers 

for a new biodegradable and compostable polymeric materials for food packaging 

applications.  

The specific objectives of this investigation work are the following: 

o Study of the miscibility between PLDA and PCL homopolymers,  

o Evaluation of the possibility of the addition of a semi-crystalline commercial PLLA-b-

PCL diblock copolymer to improve miscibility between PCL block and PLDA 

homopolymer and to develop nanostructured PLLA-b-PCL/PLDA polymer blends,  

o  Evaluation of the possibility of the use of commercial PLLA-b-PCL diblock copolymer 

as polymer blend compatibilizer to improve miscibility between PLDA and PCL 

homopolymers, 

o  The synthesis of the PLLA-b-PCL diblock copolymer on the laboratory and 

preindustrial scale with properties similar to commercial PLLA-b-PCL diblock 

copolymer, 

o The analysis of the nanostructuration of PLDA matrix using synthesized at laboratory 

scale PLLA-b-PCL block copolymer, 

o The evaluation of the possibility of scale up of synthesized PLLA-b-PCL diblock 

copolymer on preindustrial scale using facilities of pilot plant of ITENE,  

o The production of DBC/PLDA polymer blends on preindustrial scale using 

conventional processing technologies such as extrusion compounding, extrusion cast 

and injection. Here, the aim is also to corroborate the nanostructured DBC/PLDA 

polymer blends are able to reach the same properties as these achieved on laboratory 

scale, 

o The evaluation of food safety and the biodegradability and compostability of 

developed DBC/PLDA polymer blends employing standard tests. 
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CHAPTER 1 

Evaluation of miscibility of poly (L-D-lactic acid) 
and poly (ɛ-caprolactone) polymer blends 

Poly (L-D-lactic acid) (PLDA) is one of the aliphatic polyesters most intensively studied for 
packaging applications during the last decade. This is due to its good mechanical properties, 
high availability, competitive cost, and its excellent biodegradability and compostability under 
industrial conditions. However, the main drawback of PLDA is its brittleness. This weakness 
could be improved by blending with more flexible polymer components. Poly (ε-caprolactone) 
(PCL) is a biodegradable aliphatic polyester with a low glass transition temperature and a high 
elongation at break, being one of the most promising candidates to modify the brittleness of 
PLDA. However, PLDA is usually immiscible with PCL, and thus PLDA/PCL polymer blends do not 
reach an intrinsic blend and consequently their expected improvement of the mechanical 
properties are not achieved. The aim of this Chapter is the evaluation of the miscibility between 
PLDA and PCL. A study of miscibility between PLDA and PCL homopolymers has been carried 
out, for this purpose, three protocols to obtain PLDA/PCL polymer blend films have been 
developed and a thermal study by DSC and TGA has been done to prove that PLDA and PCL 
polymers are not miscible or are miscible only up to a percentage. The result of this Chapter will 
allow to better understand the effect of the addition of poly (L-lactic-b-ε-caprolactone) diblock 
copolymer to increase PLDA/PCL polymer blend miscibility, which will be described in more 
details in Chapters 2 and 3.  
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1.1. INTRODUCTION AND OBJECTIVES 

Poly (lactic acid) (PLA) is a linear aliphatic polyester, synthesized from the lactic acid. PLA has 

been widely studied during the last decade due to its wide range of properties if compared 

with other commercial biopolymers. The main benefits of PLA are its renewability, 

biocompatibility, biodegradability, and compostability under industrial conditions. Good 

processability (if compared with other compostable polymers), mechanical properties, 

thermal resistance and barrier properties of PLA make it one of the most widely used in 

biodegradable and compostable packaging applications. As was mentioned above, PLA could 

be synthesized by ring opening polymerization (ROP) of lactide dimer or by direct 

polycondensation of lactic acid monomer [1]. The main drawbacks of the polycondensation of 

lactic acid monomer is, on the one hand, the removal of the side reaction products such as 

water and, on the other hand, the reaction high viscosity which led to a low molecular weight 

PLA homopolymer. Therefore, the most efficient method for synthesis of PLA is the ROP of 

lactide dimer [2], which results in high molecular weight PLA [3]. At industrial scale, companies 

such as Natureworks or Total Corbion PLA use a combination of both methods to synthesize 

PLA, starting from a polycondensation of lactic acid monomer to produce the lactide dimer 

and then following ROP to produce the final PLA with the desirable molecular weight.  

The lactic acid monomer possesses chiral activity, which depends on the asymmetric carbon 

position. This is responsible for presence of two different stereoisomers configurations L-lactic 

acid monomer and D-lactic acid monomer (see Figure 1.1), and described with details 

elsewhere by Duana et al. [4], Lunt et al. [5] and Auras et al. [6]. 

 

Figure 1.1. Stereoisomers of L-lactic acid and D-lactic acid monomers. Source: adapted from Auras et al. [6]. 

Moreover, the lactic acid monomer can be transformed in the lactide dimer and has three 

different forms depending on the carbon position: D-lactide, meso-lactide and L-lactide, as 

shown in Figure 1.2.  
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Figure 1.2. Stereoisomers of lactide dimers, a) D-lactide, b) meso-lactide, c) L-lactide. Source: adapted 
from Auras et al. [6]. 

The polymerization reaction of PLA by ROP can lead to different stereoisomers polymer 

configurations as shown in Table 1.1.  

Table 1.1. PLA stereoisomers configurations. 
PLA Type Configuration Structure 

Isotactic PLA 

For L-lactide or D-lactide, all sequences are the same. 

 
Isotactic PLLA 

 
Isotactic PDLA 

Syndiotactic PLA 

The stereocenters have alternating positions, first L-lactide, second D-

lactide, and their following the same sequence. 

 

Tactic PLA 

The stereocenters have a random configuration, if the lactide is the meso-

lactide the name should be isotactic stereoblock. 

 

These different stereoisomers configurations open the possibility to fabricate different types 

of commercial PLA with different final properties. However, from the industrial point of view, 

the production of neat PLLA or PDLA homopolymers is quite expensive. Consequently, most of 
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the commercial grades of PLA used for packaging applications consist of a mixture of PLLA with 

a small amount of PDLA (low wt%). The difference between the amounts of each stereoisomer 

is due to the fact that in the nature is easier to find L-lactic acid form than D-lactic acid form 

[7]. As expected, the different amount of PLLA or PDLA is responsible for different final 

properties of PLA and, as a consequence, for diverse applications in the market.  

Most of the commercial grades PLA available in the market consist of high amount of PLLA 

homopolymer and very low amount of PDLA, less than 8 wt%. The increase of the D-lactic acid 

monomer in commercial PLA led to decrease of crystallinity degree, and, as a consequence, 

thermal and mechanical properties are affected since this polymer become almost 

amorphous. Surprisingly, D-lactic polymer is used as nucleating agent to improve PLDA 

commercial grades as has been reported by Park et al. [8] and Aliotta et al. [9]. Both research 

groups reported a positive effect on crystallinity and mechanical properties, with the increase 

of D-lactic polymer content in these polymer blends.  

In this investigation work the selected commercial PLA grade is a poly (L-D-lactic acid) (PDLA) 

which contains ~2 wt% of D-lactic acid monomer. The Young modulus of this PDLA polymer is 

~3GPa and a tensile strength ~50 and 70 MPa. Thus, the mechanical properties are optimal 

compared with some commercial conventional polyesters such as PET or some polyolefins 

such as PS [10], however its elongation at break is ~4 %, being this value the main drawback of 

this commercial PLA. This weakness can affect the final PLDA polymer toughness and can be 

improved by either blending or copolymerization with more flexible or ductile polymers 

components. Several research have been done in this direction by authors such as Rasal et al. 

[11] and Fortelny et al. [12] among others.  

Poly (ε-caprolactone) (PCL) is a fossil based aliphatic polyester, synthetized similarly as poly 

(lactic acid) by ROP of ε-caprolactone monomer. As reported in the literature, in the case of 

PCL several organic metal complex catalysts can be used [13]. PCL homopolymer is a ductile, 

and semi-crystalline polymer with a low glass transition temperature (− 60 °C), a low melƟng 

transition temperature (60 °C) and a high elongation at break (≥ 600). Taking this into account, 

the blending of PCL with PLA can result in reduction of PLA glass transition temperature due 

to plasticization effect of PCL, which also can affect PLA brittleness. Many research groups 

investigated polymer blends of PLA with different flexible biodegradable polyesters such as 

poly (butylene succinate) (PBS), poly (3-hydroxybutyrate) (P3HB), poly (hydroxybutyrate-co-3-

hydroxyvalerate) (PHBHV), poly (butylene adipate-co-terephthalate) (PBAT), among other to 
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avoid PLA brittleness. In this filed authors such as J.M.Raquez et al. [14], Barakat et al. [15], or 

Hongwei Bai et al. [16] have been published a comprehensive reviews. Moreover, several 

routes have been deeply explored to produce PLA blends being the most studied the 

polycondensation (in both solution or melt), the chemical chain extension by using reactive 

extrusion or the ROP followed by a functionalization with an aliphatic polyester chain. 

The main drawback of polymer blend of PLA with different polyesters is still poor impact 

resistance due to micrometric phase separation and poor interfacial adhesion between the 

two polymer blend components. This behaviour can be better understood by study the 

miscibility and compatibility between polymer blend components. The miscibility between 

polymer blend components takes place when the resulted blends is homogeneous not only at 

micrometric but also at nanoscale level. Therefore, any microphase separation can not be 

detected. This effect was observed for some polymers such as PLA with poly (methyl 

methacrylate) (PMMA) blends [17]. Several studies have been carried out to evaluate the 

miscibility between PLA/PCL polymer blends and, as expected, it was demonstrated by authors 

such as Yokohara et al. [18], Jiao et al. [19] or Broz et al. [20] among others like Jerome et al. 

[21], Delgado-Aguilar et al. [22] and Przybysz-Romatowska et al. [23], that high molecular 

weight PLA is usually immiscible with high molecular weight PCL, even at temperatures higher 

than their melt temperatures. Thus, the immiscibility between PLDA and PCL provoked 

microphase separation and spherical morphology for PLDA/PCL polymer blends can be 

detected. Moreover, the properties of polymer blends are lower if compare with the 

properties of homopolymer components.  

To predict polymer blend components immiscibility, the glass transition temperature (Tg) of 

each component should be calculated. The Tg of each polymer blend component can be 

analyse by several techniques, but the most common technique is differential scanning 

calorimetry (DSC). As it is well known, for partially miscible polymer blends, the multiple Tg’s 

will showed intermediate temperature values (if compared to the Tg of each polymer blend 

component) corresponding to partially miscible phases rich in one of polymer blend 

components. The variation in binary blend Tg can be modeled by the Fox-Flory equation (see 

Equation 1.1) 

૚૛ࢍࢀ = ૚ (࢝૚)ࢍࢀ +  ૛ (࢝૛)          Equation 1.1ࢍࢀ

where ௚ܶଵଶ is the Tg of the polymer blend, ௚ܶଵ and ௚ܶଶare the Tg´s of polymer blend 

components, and ݓଵ and ݓଶ are the weight percent (wt%) of each component in the polymer 
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blend. This equation is a simple equation that does not take into account specific interactions 

between the polymer blend components like as Gordon-Taylor equation [24]. 

The term of compatibility is a different term than miscibility. Compatibility considers the final 

properties of the polymer blend and for example if blending results in the improvement of the 

mechanical properties or barrier properties of developed polymer blend, this polymer blend is 

compatible either if this polymer blend is not miscible or partially miscible.  

With the same objective that presented research groups works, several companies have been 

working on the improvement of PLA toughness without decrease its transparency. In the 

patent of Shimadzu Corporation [25], blending technology has been used to prepare PLA 

blends with less than 40 wt% of PCL or PBS resulted in slight improvement in mechanical 

properties In the patent of Mitsubishi Plastics [26], biodegradable polymer films have been 

prepared based on PLA and a flexible aliphatic polyesters (PCL, PBS, or poly (butylene succinate 

adipate) (PBSA), which correspond to commercial products such as Placcel® H7 (Daicel Chem), 

Bionolle® 1010 (Showa High Polymer K.K) and Bionolle® 3010 (Showa High Polymer K.K) with 

the Tg ≤ 0 °C. Obtained in this way polymer blend films possessed high impact strength, 

dimensional and chemical stability under heat as well as humidity conditions. Moreover, these 

films do not reach barrier properties and neither thermal resistance. Thus, developed polymer 

blends do not provide sufficient flexibility (Young modulus of 1 GPa or less) for PLA, and 

polymer blends require the addition of higher amount of the flexible aliphatic polyester, for 

example, ≥60 wt% PBS. As a result, the main characteristics of PLA such as barrier and 

mechanical resistance or toughness are mostly loosed.  

The main objective of this Chapter is the evaluation of the miscibility between PLDA/PCL 

polymer blend components prepared by solvent casting. For this propose several blends of 

PLDA/PCL was produced at laboratory scale using different procedure and miscibility between 

blend components has been studied. The main aim was also to maintain the transparency and 

low residual solvent content in obtained polymer blend films. 

1.2. MATERIALS AND METHODS 

1.2.1. Materials 

Poly (L-D-lactic acid) (PLDA) 7032 D with 2 wt% content of PDLA was supplied by Natureworks 

LLC. Poly (Ɛ-caprolactone) (PCL) Capa 100 was produced by Perstop and formerly supplied by 
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Solvay. Chloroform and dichloromethane were purchased from Sigma-Aldrich. The chemical 

structure of PLDA and PCL is shown in the Figure 1.3 and Figure 1.4, respectively. 

 

Figure 1.3. Chemical structure of PLDA. 

 

Figure 1.4. Chemical structure of PCL. 

1.2.2. Experimental methods 

In this Chapter all investigated polymer blend films were obtained by solvent casting 

preparation method. To determine the appropriate solvent and evaporation conditions several 

experiments for PLDA homopolymer have been carried out with the aim of choose the best 

protocol for the preparation of the transparent PLDA/PCL polymer blend films. The main 

requirements for the best protocol were low residual solvent content and homogeneous 

polymer blend films. 

1.2.2.1. Study of different solvent casting conditions for preparation of PLDA homopolymer 

films 

PLDA homopolymer was used to evaluate the different solvent casting conditions to prepare 

polymer films. PLDA homopolymer films were prepared using as solvent both chloroform and 

dichloromethane. First, 10 g of PLDA homopolymer was dissolved under stirring (100 rpm) at 

room temperature during 30 min. Then, the solution was casted onto Petri dishes and were 

dried. The drying protocol consisted in two consecutive steps with different conditions.  

 Step 1: drying at temperature of 23 °C and relative humidity (RH) of 50 %. 

 Step 2: drying at temperature of 25 °C under vacuum with controlled p (660 mbar), a 

hysteresis loop of 80 and varying the time. 
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Details of each protocol condition is summarized in Table 1.2. 

Table 1.2. Different conditions tested for preparation of PLDA homopolymer films by solvent casting 
method. S1 correspond to step 1 and S2 correspond to step 2. 

Protocols 

S1: Laboratory ambient 
RH (50%) 

S2: Under vacuum 
p (660 mbar) 

T 
(°C) 

t 
(h) 

T 
(°C) 

t 
(h) 

Protocol 1 23 2.5 25 48 

Protocol 2 23 24 25 12 

Protocol 3 23 2.5 40 48 

1.2.2.2. Preparation of PLDA/PCL polymer blends films by solvent casting 

PLDA/PCL polymer blends with different weight ratio (70:30, 50:50 and 30:70) between 

homopolymers were prepared by solvent casting following the experimental procedure 

described in Section 1.2.2.1. For the drying step, protocol 2 was used: 

 Step 1: drying during 24 h at T of 23 °C and RH of 50 %. 

 Step 2: drying during 2 h at T of 25 °C under vacuum with controlled p (660 mbar) and 

a hysteresis loop of 80. 

All investigated PLDA/PCL blends are summarized in Table 1.3.  

Table 1.3.PLDA/PCL polymer blend films and its weight relation between blend components. 
Sample name PLDA (%) PCL (%) 

PLDA 100 0 

PLDA/PCL 70:30 70 30 

PLDA/PCL 50:50 50 50 

PLDA/PCL 30:70 30 70 

PCL 0 100 

1.2.3. Characterization techniques 

1.2.3.1. Films appearance  

The appearance of PLDA homopolymer films and PLDA/PCL polymer blend films were visually 

analysed in this investigation work.  

1.2.3.2. Gel permeation chromatography (GPC) 
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The number average molecular weight (Mn) and the weight average molecular weight (Mw) 

distributions of commercial PLDA and PCL homopolymers were determined by gel permeation 

chromatography (GPC) using a Perkin Elmer Series 200 equipped with a refractive index 

detector. Tetrahydrofuran (THF) was used as mobile phase at a flow rate of 1 mL/min. 

Specimen concentrations were 0.1 g/mL THF. The injected volume was 200 µL and the flow 

rate was 1.5 mL/min at 7.1 MPa. The Mn, Mw and the polydispersity index (PDI) values of 

investigated samples were calculated using polystyrene as standard.  

1.2.3.3. Differential scanning calorimetry (DSC) 

DSC measurement was performed using a Mettler Toledo DSC822e equipment, provided with 

a robotic arm and an electric intracooler as a refrigeration unit. Investigated films with a weight 

between 5-10 mg were sealed in aluminum pans.  

The observed inflection point of the heat flow signal change was chosen to evaluate the glass 

transition temperature (Tg). The cold crystallization temperature (Tcc) was settled as the 

maximum exothermic peak during the heating scan and the melting temperature (Tm) 

observed during the 1st and 2nd heating scans was settle as the maximum of the endothermic 

peak, taking the area under the peak to analyse the melting enthalpy (ΔHm). In general, first 

scanning is performed to avoid the thermal history and, as a consequence, the thermal 

transitions of investigated films were determinate from the second scan.  

Moreover, crystallization temperature (Tc) calculated from the cooling scan was taken as the 

minimum of the exothermic peak observed in this scan, and the crystallization enthalpy (ΔHc) 

was calculated from the area under this exothermic peak.  

Before each measurement, the films were conditioned at 50 % RH and at 23 °C. All performed 

measurements were carried out under nitrogen gas at a flow rate of 50 mL/min. 

Two different methods were used: 

Method 1 was used to analyse thermal properties of both PLDA and PCL homopolymers 

including the crystallization of PLDA homopolymer films, which were obtained by solvent 

casting using two different solvents. The measurement was performed with a heating/cooling 

rate of 20 °C/min. First heating scan was in the temperature range from 25 °C to 250 °C, cooling 

scan from 250 °C to 0 °C and the second heating scan from 0 °C to 250 °C. 
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Method 2 was used to evaluate the miscibility of PLDA/PCL polymer blends components used 

the following procedure: 

 Cycle 1 (1st heating scan): from 25 °C to 250 °C using a heating rate of 20 °C/min. 

 Cycle 2 (cooling): from 250 °C to -60 °C using a heating rate of 100 °C/min. 

 Cycle 3 (2nd heating scan): from -60 °C to 250 °C using a heating rate of 10 °C/min. 

DSC technique was also used for the calculation of the homopolymers and polymer blend film 

degree of crystallinity (χc). This calculation was performed following the Equation 1.2.  

ࢉࢄ = (ࢉࢉࡴࢤି࢓ࡴࢤ)
࢓ࡴࢤ

º × ૚૙૙ Equation 1. 2 

In this equation, the term ΔHm correspond to the experimental enthalpy of the melting 

transition, ΔHcc correspond to the experimental enthalpy of the cold crystallization transition, 

and ΔHm
0 is the theoretical melting transition enthalpy of the 100 % crystalline polymer. The 

ΔHm
0 of PLA is 93.0 J/g [27]. In this case the χc of PCL was not calculated since the objective of 

this research work was related to the improvement of PLDA homopolymer properties.   

1.2.3.4. Thermogravimetrical analysis (TGA) 

TGA of PLDA homopolymer and PLDA/PCL polymer blends films were carried out using a 

Mettler Toledo TGA/SDTA/851 (Mettler Toledo, Columbus, OH, USA). Samples of ~7.5 mg were 

heated from 25 °C to 700 °C at a heating rate of 10 °C/min and under nitrogen atmosphere. 

The TGA curves were plotted as the weight loss as a function of temperature. The results 

showed the onset temperature (Tonset) which is the beginning of weight loss as a function of 

the temperature and the degradation temperature (Tdeg) which is defined as the temperature 

at the end of the degradation.   

1.3. RESULTS AND DISCUSSION 

1.3.1. Characterization of commercial PLDA and PCL homopolymers  

1.3.1.1. Appearance of the films 

PLDA homopolymer films and PLDA/PCL polymer blend films were homogeneous at 
macroscopic level. Moreover, PLDA/PCL polymer blend films showed high transparency. 
Thus, any macrophase separation and any macro crystallization was observed. 
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1.3.1.2. Gel permeation characterization 

Mw, Mn and PDI of both commercial PLDA and PCL homopolymers were determined by GPC 

and results are showed in Table 1.4. The high Mn and Mw of PLDA homopolymer is slightly lower 

than Mn and Mw of PCL homopolymer being PDI very similar equal to 1.5 and 1.39 for PLDA and 

PCL, respectively. 

Table 1.4.PLDA and PCL homopolymers molecular weights obtained by GPC. 

Sample name 
Mn 

(g/mol) 
Mw 

(g/mol) 
PDI 

PLDA 111.790 168.704 1.50 

PCL 100.865 140.038 1.39 

1.3.1.3. Differential scanning calorimetry 

Thermal transitions of both PLDA and PCL homopolymers were analysed by DSC. The method 

used was Method 1 described in Section 1.2.3.3. In Figure 1.5, DSC thermograms of PLDA and 

PCL homopolymers are represented. 

 

Figure 1.5. DSC thermograms of a) PLDA and b) PCL homopolymers. 



CHAPTER 1 

45 Confidential

As can be easy observed the Tg of PLDA homopolymer was identified at 66 °C and the Tm at 157 

°C with its corresponding melting transition enthalpy of 30 J/g. PCL homopolymer showed the 

Tm at 78 °C and its corresponding melting transition enthalpy was 40 J/g. All thermal transitions 

are summarized in Table 1 5. 

Table 1 5.PLDA and PCL homopolymers thermal transitions by DSC. 

Sample name 
Tg 

(°C) 
Tm 

(°C) 
AHm 

(J/g) 
PLDA 73 145 349 

PCL - 79 54 

1.3.2. The evaluation of different protocols used for preparation of PLDA/PCL polymer blend 

films by solvent casting 

The different protocols of preparation PLDA/PCL polymer blend films were studied to select 

the most appropriate conditions to avoid crystallization of PLDA and PCL polymer blends 

components during film preparation but also to evaluate the solvent residual content in 

prepared films. The solvent residual contents were analysed by TGA. The χc y is one of the most 

important parameters of a polymer since it has strong influence on the mechanical properties 

[30] and affect other important properties, such as gas permeability [31] related with the 

polymer barrier properties against oxygen and water vapour among other gases. 

Taken this into account, in this Chapter different PLDA homopolymer films were obtained by 

varying the preparation conditions previously mentioned in Section 1.2.2.1. Different 

conditions were employed since the χc and the solvent residual content are important 

parameters to control the preparation process due to their strong influence on the final 

properties of obtained PLDA and PCL homopolymer films. The list of tested films is summarized 

in Table 1.6. The investigated films were denominated as PLDA-formula of solvent-PX protocol 

number. 

Previous experiments to determine the best protocol were made using only PLDA 

homopolymer Once adequate protocol was selected PLDA/PCL polymer blends were prepared 

and characterized. 

Table 1.6. PLDA homopolymer films used to evaluate the optimal preparation conditions. 

Sample name Solvent 
Protocol (see Table2, 

Chapter 1) 
PLDA-CHCl3 P1 Chloroform 1 



Miscibility of PLDA/PCL polymer blends 

46 Confidential

PLDA-CHCl3 P2 Chloroform 2 

PLDA-CHCl3 P3 Chloroform 3 

PLDA-CH2Cl2 P1 Dichloromethane 1 

PLDA-CH2Cl2 P2 Dichloromethane 2 

PLDA-CH2Cl2 P3 Dichloromethane 3 

1.3.2.1. Characterization of PLDA homopolymer films thermal properties by DSC 

The χc of a polymer is temperature dependent due to this reason it is necessary to carry out 

polymer characterization measurements at the same conditions, in this way, it is possible to 

compare the properties of different polymeric materials.  

The evaluation of the χc of PLDA homopolymer by DSC was performed following the Method 1 

described in Section 1.2.3.3. To evaluate the thermal history of PLDA homopolymer films and 

how the solvent influence on the final crystallization of PLDA homopolymer, the first heating 

scan was considered.  

To evaluate the effect of different drying protocols on the preparation of PLDA homopolymer 

films, the relaxation enthalpy or physical ageing should be considered. PLA as a semi-crystalline 

polymer has an enthalpy relaxation behaviour. This behaviour is observed when PLA is storage 

in conditions near its Tg it means around 53-55 °C. This phenomenon is called relaxation 

enthalpy or physical ageing as showed by Huang et al. [28] and Turner et al. [29]. The Tg of 

obtained PLDA homopolymer film is around 60 °C, consequently, drying or storage PLDA 

homopolymer at a temperature lower and close to the Tg (for example in protocol 3 the storage 

temperature was 40 °C of the polymer will result in the presence of the relaxation enthalpy or 

physical ageing. 

As reported several years ago by different research groups [30], [31], [32] relaxation enthalpy 

or physical ageing has strong influence on the polymeric material properties, such as the 

mechanical properties, barrier resistance, optical properties, and the crystallization behaviour. 

Taking this into account, it is necessary to evaluate if the protocols chosen to obtain PLDA 

homopolymer films will provoke the relaxation enthalpy or physical ageing of PLDA 

homopolymer films. 

 

In Table 1.7 main thermal transitions of PLDA homopolymer films prepared by different 

protocols are summarized. 
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Table 1.7.PLDA homopolymer films thermal transitions using different protocols. 

Sample name 
Relaxation 
enthalpy 

Tg 

(°C) 
Tcc 
(°C) 

Tm 

(°C) 
ΔHm 

(J/mol) 
Χc 

(%) 
PLDA-CHCl3 P1 Not 37 110 150 9.4 10 

PLDA-CHCl3 P2 Not - 130 150 1.9 2 

PLDA-CHCl3 P3 Yes 47 130 151 2.3 2.5 

PLDA-CH2Cl2 P1 Yes 48 130 151 2.3 2.5 

PLDA-CH2Cl2 P2 Yes 50 130 150 1.9 2 

PLDA-CH2Cl2 P3 Yes 50 - 150 6.0 6.5 

In Figure 1.6, DSC thermograms of different PLDA homopolymer films prepared using 

chloroform as solvent are showed. DSC thermograms proved that films prepared by protocol 

3 presented a higher enthalpy relaxation if compared to films prepared by protocol 1 and 2. 

Cowie et al. [45] reported that the enthalpy relaxation affect the segmental mobility caused 

volume relaxation and the reduction of the free volume. A smaller free volume led to smaller 

enthalpy relaxation. This effect was observed for some investigated PLDA homopolymer films. 

Tcc of PLDA homopolymer films prepared by protocol 2 and 3, appeared at higher temperature 

if compared to the Tcc of PLDA homopolymer films prepared by protocol 1. This effect could be 

related with the Χc which is lower for film prepared by protocol 1. The Tms of PLDA 

homopolymer films prepared by three different protocols was the same. 

 

Figure 1.6. DSC thermograms of PLDA homopolymer films prepared by solvent casting using chloroform 
as solvent. 

Thermograms of PLDA homopolymer films prepared by solvent casting using dichloromethane 

as solvent are showed in Figure 1.7. DSC results indicated that all films possessed a high 
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relaxation enthalpy or physical ageing compared with those obtained using chloroform. In 

addition, the Tgs of these films were shift to higher temperatures compared with the Tg of PLDA 

homopolymer films prepared by protocols 1-3 using chloroform as solvent. The Tcc, Tm and Χc 

values were similar to those obtained using chloroform as solvent. As was also demonstrated 

by Rhim et al. [33], dichloromethane (DCM) dissolved PLDA homopolymer films and led to films 

with lower Χc however it can not be used in industrial applications since it is highly toxic and 

carcinogenic. In 1999 the EU presented a report of Tukker et al. [34], where were exposed the 

advantages and drawbacks of the use of DCM in the industry and its market restrictions due 

to the fact that DCM is a toxic and volatile compound which can be found in the ground waters 

and waste waters of several industries like as textile, pharmaceutical, metal-working, and 

chemical and petroleum industries. Moreover, Shestakova et al. [35] demonstrated its 

potentially carcinogenic effect on animals and humans. On the other hand, to control the Χc of 

PLDA homopolymer films it is necessary a balance between solvent fast evaporation and 

residual solvent content. Thus, the residual solvent content caused the relaxation enthalpy as 

it was deduced from DSC results presented in Figure 1.6. and Figure 1.7. To complete the 

solvent selection TGA measurements were carried out and the results were presented below.     

 
Figure 1.7. DSC thermograms of PLDA homopolymer films prepared by solvent casting using 

dichloromethane as solvent. 

1.3.2.2. Determination of solvent residual content in PLDA homopolymer films 

To evaluate the final solvent content of all prepared PLDA homopolymer films, TGA analyses 

were carried out following the procedure describe in Section 1.2.3.4. TGA thermograms allow 

also to study thermal stability of PLDA homopolymer films prepared by different protocols. All 
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prepared PLDA homopolymer films showed a slight weight loss between 80 °C and 100 °C 

related to the removal of the solvent, which was captured during each film preparation [36]. 

After this weight loss, a one-step thermal degradation was observed for all prepared PLDA 

homopolymer films prepared by protocol 1, 2 and 3, respectively, as observed from TGA 

thermograms showed in Figure 1.8, Figure 1.9 and Figure 1.10. The residual content 

corresponding to polymer impurities was calculated at 700 °C. The % of solvent content, the 

Tdeg and the final residue content of PLDA homopolymer films prepared by protocol 1, 2 and 3 

are showed in Table 1. 8, Table 1.9 and Table 1.10, respectively.  

 

Figure 1.8. TGA curves of PLDA homopolymer films prepared by protocol 1. 

 

Table 1. 8. Tonset and Tdeg of PLDA homopolymer films obtained by protocol 1. 

Sample name Solvent 
Tonset 

(° C) 

Solvent 
content 

(%) 

Polymer 
content 

(%) 

Tdeg 

(° C) 

Residue 
content 

(%) 
PLDA-CHCl3 

P1 
Chloroform 80 9 91 310 0.43 

PLDA-CH2Cl2 
P1 

Dichloromethane 90 3 97 300 0.01 
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Figure 1.9.TGA curves of PLDA homopolymer films prepared by protocol 2. 

 

 

Figure 1.10. TGA curves of PLDA homopolymer films prepared by protocol 3. 

Table 1.9. Tonset and Tdeg of PLDA homopolymer films obtained by protocol 2. 

Sample name Solvent 
Tonset 

(° C) 

Solvent 
content 

(%) 

Polymer 
content 

(%) 

Tdeg 

(° C) 

Residue 
content 

(%) 
PLDA-CHCl3 

P2 
Chloroform - - 99 300 0.4 

PLDA-CH2Cl2 
P2 

Dichloromethane 80 4 95 290 0.7 
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Table 1.10. Tonset and Tdeg of PLDA homopolymer films obtained by protocol 3. 

Sample name Solvent 
Tonset 

(° C) 

Solvent 
content 

(%) 

Polymer 
content 

(%) 

Tdeg 

(° C) 

Residue 
content 

(%) 
PLDA-CHCl3 

P3 
Chloroform 80 7 94 300 1.26 

PLDA-CH2Cl2 
P3 

Dichloromethane 100 2 98 300 1.38 

 

The lowest content of residual solvent was obtained using protocol 2, if compared with the 

other protocols the residual solvent content in protocol 2 was less than 1 % in chloroform. In 

all the protocols the Tonset was around 80 °C - 100 °C and the Tdeg of PLDA homopolymer films 

was ~300 °C. These results demonstrated that type of protocol does not affect highly to Tonset 

and Tdeg. Thus, taken into account the results of the comparison between relaxation enthalpy 

studied by DSC, and final solvent content studied by TGA, the protocol 2 was selected for 

preparation of PLDA/PCL polymer blend films and, as a consequence, all investigated in this 

Chapter polymer blends were prepared by solvent casting using chloroform as solvent. 

1.3.3. Miscibility of PLDA/PCL polymer blends films  

Miscibility between polymer blend components has strong effect on the final properties of 

polymer blends. In the introduction of this Chapter the difference between miscibility and 

compatibility was explained. In this investigation work, DSC technique was used to 

determinate the Tgs of PLDA/PCL polymer blends and discuss the miscibility between both 

blend components.  

For this purpose, several PLDA/PCL polymer blends varying the ratio between PLDA and PCL 

homopolymers were prepared. The preparation was carried out following the protocol 2 

explained in detail in Section 1.2.2.1.  

As it is explained in the introduction using the Fox–Flory equation: Tg12 = Tg1 (w1) + Tg2 (w2) 

(Equation 1.1),  it is possible to estimate values according to the miscibility of a polymer blends. 

In polymer blends which are miscible in amorphous phase it is expected to see a single Tg with 

an intermediate temperature between that of each individual homopolymers, while 

immiscible or partially miscible polymer blends showed multiple Tg´s. In the case of a 

completely immiscible polymer blends, the Tg´s of the single homopolymers will remained at 
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same temperature as it was demonstrated by authors such as Chen et al. [37] and Perrin et al. 

[38]. 

But not only Tg serves to analyse miscibility between polymer blends, Tcc and Tm also indicate 

changes in the miscibility, in addition if any displacement of both temperatures is observed 

during the heating scan it means that any change in the homopolymer is occurring, so an effect 

related with the miscibility is occurring. 

PLDA/PCL polymer blend films were analysed by DSC using method 2 described in Section 

1.2.3.3. DSC thermograms of PLDA/PCL polymer blend films and neat PLDA and PCL 

homopolymers are shown in Figure 1.11. 

As one can be observed, during the 1st heating PLDA homopolymer film showed the Tg at 50 

°C, the small peak of Tcc at 118 °C and the main peak corresponding to the Tm at 150 °C. Under 

the same DSC conditions, PCL homopolymer film had only the Tm at 64 °C. PLDA homopolymer 

and the PLDA/PCL with the weight ratio 70:30 polymer blend showed a Tg around 48-50 °C, 

those values are under the theoretical PLDA Tg values found in bibliography of 55-58 °C, by for 

example Bai el al. [16] and Park et al. [39] but as it was very near to the stabilization effect of 

the equipment during the heating scan it is not clearly showed in the thermogram. 

 

Figure 1.11. DSC thermograms of PLDA/PCL polymer blends during 1st heating scan. 

The thermal transitions corresponding to PLDA/PCL appeared in the temperature range similar 

to the temperature range of neat PLDA and PLC homopolymers. Thus, only small variation of 

the Tm of PLDA or the Tm of PCL rich phases in polymer blends can be detected if compared 
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with corresponding Tm. of polymer blend components. This displacement is caused by the 

weight ratio between polymer blend components, but it is not caused by miscibility.  

A decrease in the peak area of melting transitions of both PCL and PLDA rich phase is clearly 

observed in Figure 1.11. This behaviour corresponds to a decrease of their enthalpies related 

with the weight ratio between PLDA/PCL polymer blend components and, therefore, the lower 

amount of each blend component if compared to the wt% of corresponding homopolymer. 

Regarding the Tg as parameter to identify the miscibility, under DSC conditions, it was not 

possible to observe it, probably since the Tg of PLDA is in the same temperature range as the 

PCL Tm. Table 1.11 summarized main thermal transitions of PLDA and PCL phases calculated 

from the 1st DSC heating scan.  

Table 1.11. PLDA/PCL polymer blends thermal transitions during 1st heating scan. 

Sample name 
Tg PCL 

(°C) 
Tm PCL 
(°C) 

ΔHm PCL 
(J/g) 

Tm PLDA 
(°C) 

ΔHm PLDA 
(J/g) 

PLDA 50 - - 150 6.56 

PCL - 64 57 - - 

PCL/PLDA 70:30 - 65 57 149 3.53 

PCL/PLDA 50:50 - 64 13 150 1.24 

PCL/PLDA 30:70 48 65 22 150 1.27 

 

After the 1st scan, polymer blends were cooling very quick (quenched). This quenching was 

done running from the liquid state (250 °C) down to -60 °C using the possible maximum speed. 

This treatment was done to maintain the polymer structure in the amorphous phase. When 

both polymers do not mix well, the amorphous portion of each polymer phase, as reflected by 

the Tg would maintain their original properties and both Tg will be observed as showed by 

Hofman et al. [40]. The Tg of PCL is -60 °C [41]. For investigated polymer blends and due to the 

equipment used was not possible to identify the Tg of PCL rich phase but it was possible to 

identify the Tg of PLDA rich phase and any displacement of the Tg of PLDA rich phase if 

compared to the Tg of PLDA homopolymer was observed. This means that PLDA/PCL polymer 

blend components was not miscibility as will be also see analysing the thermogram 

corresponding to the 2nd heating scan. 

Figure 1.12. shows PLDA/PCL polymer blends thermal transitions after the quenching. Under 

this condition, PLDA homopolymer showed only the Tg at 59 °C due to all PLDA was in 

amorphous phase after the quenching step. PCL homopolymer showed the Tm at 56 °C. The Tg 
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of PLDA homopolymer was found ~55 °C and it was observed like a shoulder before the melting 

transition of PCL started. The Tm of PCL homopolymer was at ~60 °C. Any displacement of 

melting transition of each PLDA/PCL polymer blend components if compared to the melting 

transitions of PLDA and PCL homopolymers was detected. The Hoffman´s law [42] predicted 

that at least one displacement of one of the melting transitions could indicated a slight 

miscibility. But it is not observed in the studied PLDA/PCL polymer blends. 

 

Figure 1.12. DSC thermograms of PLDA/PCL polymer blends during 2nd heating scan. 

Main thermal transitions values related to each PLDA/PCL blend component phase are 

summarized in Table 1.12. 

 

Table 1.12. PLDA/PCL polymer blends thermal transitions during 2nd heating scan. 

Sample name 
Tg PCL 

(°C) 
Tm PCL 
(°C) 

ΔHm PCL 
(J/g) 

Tm PLDA 
(°C) 

ΔHm PLDA 
(J/g) 

PLDA 59 - - - - 

PCL - 56 41 - - 

PCL/PLDA 70:30 - 56 41 149 6 

PCL/PLDA 50:50 - 56 28 149 1.24 

PCL/PLDA 30:70 - 56 15 150 5 
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1.4. CONCLUSIONS 

In this Chapter, a protocol to obtain PLDA/PCL polymer films by solvent casting was developed 

and PLDA/PCL polymer blends were prepared using such protocol and further characterized.  

From this Chapter the following conclusions can be drawn: 

o The best protocol for preparation of PLDA and PCL homopolymer films was chosen 

taking into account degree of crystallinity (ꭓc), relaxation enthalpy and Tdeg and % of 

residual solvent content.  

o DSC and TGA results allowed to conclude that employment of protocol 2 using 

chloroform led to the lowest enthalpy relaxation of PLDA and the lowest residual 

content amount maintaining almost unaffected the Tdeg and ꭓc. 

o Thermal results showed that although varying the percentages of PCL and PLDA in the 

PLDA/PCL polymer blend, Tg, Tcc and Tm of each homopolymer of the blend didn´t 

present any change compared with PLDA and PCL homopolymers indicating lack of 

miscibility between both homopolymers. 

o Obtained results showed that PLDA/PCL blends were immiscible and is necessary to 

find other solutions how to add PCL to PLDA to reach correct physical blending and to 

improve PLDA brittleness by taking advantage of the PCL flexibility.  

  

  



Miscibility of PLDA/PCL polymer blends 

56 Confidential

1.5. REFERENCES 

1.  K. Jem, J. van der Pol, S. de V. Microbial Lactic Acid, Its Polymer Polypoly (Lactic Acid), 
and Their Industrial Applications. In Plastics from bacteria, natural functions and 
applications; Chen, G.-Q., Ed.; Springer-Verlag Berlin Heidelberg, 2010; p. 450. 

2.  A. Södergård, M.S.. Prog. Polym. Sci. 2002, 27, 1123–1163. 

3.  S. A, S.M. Industrial Production of High Molecular Weight Poly(Lactic Acid. In Poly(lactic 
acid): synthesis, structures, properties, processing, and application; Auras R, Lim LT, 
Selke SEM, Tsuji H, Ed.; New Jersey, 2010; pp. 27–41. 

4.  B. G, Q. Duana, Y.L.  RSC Adv. 2015, 5, 13437–13442. 

5.  J.Lunt No Title. Polym. Degrad. Stab 1998, 59, 145152. 

6.  Auras, R.; Harte, B.; Selke, S. An Overview of Polylactides as Packaging Materials. 
Macromol. Biosci. 2004, 4, 835–864, doi:10.1002/mabi.200400043. 

7.  P.R. Gruber, E.S. Hall, J.H. Kolstad, M.L. Iwen, R.D. Benson, R.L.B. Continuous Process 
for Manufacture of Lactide Polymers with Controlled Optical Purity 1992. 

8.  Park, H.S.; Hong, C.K. Relationship between the Stereocomplex Crystallization 
Behavior and Mechanical Properties of Plla/Pdla Blends. Polymers (Basel). 2021, 13, 
doi:10.3390/polym13111851. 

9.  Aliotta, L.; Cinelli, P.; Coltelli, M.B.; Righetti, M.C.; Gazzano, M.; Lazzeri, A. Effect of 
Nucleating Agents on Crystallinity and Properties of Poly (Lactic Acid) (PLA). Eur. Polym. 
J. 2017, 93, 822–832, doi:10.1016/j.eurpolymj.2017.04.041. 

10.  HITACHI SHIPBUILDING ENG CO; TOHOKU ELEC¬TRIC POWER CO; UNIV NAGOYA NAT 
UNIV CORP; NATUREWORKS LLC No Title 2013. 

11.  R. M. Rasal, A. V. Janorkar, D.E.H. No Title. Prog. Polym. Sci. 2010, 35, 338–356. 

12.  Fortelny, I.; Ujcic, A.; Fambri, L.; Slouf, M. Phase Structure, Compatibility, and 
Toughness of PLA/PCL Blends: A Review. Front. Mater. 2019, 6, 1–13, 
doi:10.3389/fmats.2019.00206. 

13.  Liu, H.; Zhang, J. Research Progress in Toughening Modification of Poly(Lactic Acid). J. 
Polym. Sci. Part B Polym. Phys. 2011, 49, 1051–1083, doi:10.1002/polb.22283. 

14.  J.M. Raquez, K.S.Anderson, K.M.Schreck, M.A.H. No Title. Polym. Rev. 2008, 48, 85–
108. 



CHAPTER 1 

57 Confidential

15.  I. Barakat, P. Dubois, R. Jerome, P.T. No Title. Macromolecules 1991, 24, 6542–6545. 

16.  Bai, H.; Xiu, H.; Gao, J.; Deng, H.; Zhang, Q.; Yang, M.; Fu, Q. Tailoring Impact Toughness 
of Poly(L-Lactide)/Poly(ε-Caprolactone) (PLLA/PCL) Blends by Controlling 
Crystallization of PLLA Matrix. ACS Appl. Mater. Interfaces 2012, 4, 897–905, 
doi:10.1021/am201564f. 

17.  S. Modi, K. Koelling, Y. J Appl Polym Sci 2012, 124, 3074–3081. 

18.  T. Yokohara, M.Y. Eur Polym J 2008, 44, 677–685. 

19.  L. Jiao, C.L. Huang, J.B. Zeng, Y.Z. Wang, X.L.W. No Title. Thermochim Acta 2012, 539, 
16–22. 

20.  Broz, M.E.; VanderHart, D.L.; Washburn, N.R. Structure and Mechanical Properties of 
Poly(D,L-Lactic Acid)/Poly(ε-Caprolactone) Blends. Biomaterials 2003, 24, 4181–4190, 
doi:10.1016/S0142-9612(03)00314-4. 

21.  Koning, C.; Van Duin, M.; Pagnoulle, C.; Jerome, R. Strategies for Compatibilization of 
Polymer Blends. Prog. Polym. Sci. 1998, 23, 707–757, doi:10.1016/S0079-
6700(97)00054-3. 

22.  Delgado-Aguilar, M.; Puig, R.; Sazdovski, I.; Fullana-i-Palmer, P. Polylactic 
Acid/Polycaprolactone Blends: On the Path to Circular Economy, Substituting Single-
Use Commodity Plastic Products. Materials (Basel). 2020, 13, 1–18, 
doi:10.3390/ma13112655. 

23.  Przybysz-Romatowska, M.; Haponiuk, J.; Formela, K. Poly(ε-Caprolactone)/Poly(Lactic 
Acid) Blends Compatibilized by Peroxide Initiators: Comparison of Two Strategies. 
Polymers (Basel). 2020, 12, doi:10.3390/polym12010228. 

24.  M. Gordon, J. S. Taylor, J. Gordon-Taylor Equation. Appl. Chem. 1952, 2, 495. 

25.  Shimadzu Corporation Patent  

26.  Mitsubishi Plastics Patent. 

27.  Park, S.D.; Todo, M.; Arakawa, K.; Koganemaru, M. Effect of Crystallinity and Loading-
Rate on Mode i Fracture Behavior of Poly(Lactic Acid). Polymer (Guildf). 2006, 47, 
1357–1363, doi:10.1016/j.polymer.2005.12.046. 

28.  R-M.Ho, P-Y.Hsieh, W-H.Tseng, C-C. Lin, B-H.Huang, B.L. No Title. Macromolecules 
2003, 36, 9085. 

29.  J.F. Turner, A. Riga, A. O´Connor, J. Zhang, J.J.C. No Title. J. Therm. Anal. Calorim. 2004, 



Miscibility of PLDA/PCL polymer blends 

58 Confidential

75, 257–268. 

30.  J. M. Hutchinson No Title. Prog. Polym. Sci. 1995, 20, 703–760. 

31.  X. Monnier, A. Siter, E.D. No Title. Thermochim Acta 2017, 648, 13–22. 

32.  M. Pluta, M. Murariu, M. Alexandre, A. Galeski, P.D. No Title. Polym. Degrad. Stab. 
2008, 93, 925–931. 

33.  J.W. Rhim, A.K. Mohanty, S.P.S. No Title. J. Appl. Polym. Sci. 2006, 101, 3736–3742. 

34.  Global Production Capacities of Bioplastics 2021. 

35.  Shestakova, M.; Sillanpää, M. Removal of Dichloromethane from Ground and 
Wastewater: A Review. Chemosphere 2013, 93, 1258–1267, 
doi:10.1016/j.chemosphere.2013.07.022. 

36.  L. Yu, K. Dean, L.L. No Title. Prog. Polym. Sci. 2006, 31, 576–602. 

37.  C-C. Chen, J-Y. Chueh, H. Tseng, H-M. Huang, S.-Y.L. No Title. Biomaterials 2003, 24, 
1167–1173. 

38.  D. E. Perrin, J.P.E. Polycaprolactone. In Handbook of Biodegradable Polymers; A. J. 
Domb, J. Kost, D.M.W., Ed.; HAP: Australia, 1997; pp. 63–77. 

39.  Choi, N.S.; Kim, C.H.; Cho, K.Y.; Park, J.K. Morphology and Hydrolysis of PCL/PLLA 
Blends Compatibilized with P(LLA-Co-ΕCL) or P(LLA-b-ΕCL). J. Appl. Polym. Sci. 2002, 86, 
1892–1898, doi:10.1002/app.11134. 

40.  D. Hofman, J. Ulbrich, D. Fritsch, D.P. No Title. Polymer (Guildf). 1996, 37. 

41.  A. Leiva, L. Gargallo, A. González, E. Araneda, D.R. No Title. Eur. Polym. J. 2006, 42, 
316–321. 

42.  J. Urquijo, G.Guerrica-Echevarria, J.E. No Title. J. Appl. Polym. Sci. 2015, 132. 

43.  Todo, M.; Takayam, T. Fracture Mechanisms of Biodegradable PLA and PLA/PCL 
Blends. Biomater. - Phys. Chem. 2011, doi:10.5772/24199. 

44.  T. Takayama, M. Todo, H. Tsuji No Title. J. Mech. Behav. Biomed. Mater. 2011, 4, 255. 

45. Cowie ,J.M.G.; Harris, S.I., Macromolecules. 1998, 31, 2611 

 



 

59 Confidential

 

 

 

CHAPTER 2 

Preparation and characterization of polymer 
blends based on poly (L-D-lactic acid) and poly (L-

lactic acid-b-ɛ-caprolactone) diblock copolymer 
 

In this Chapter the polymer blending technology was used with the aim of study the effect of 
the addition of PCL block of diblock copolymer on the brittleness of PLDA homopolymer. For 
this purpose, polymer blends based on PLDA modified with a semi-crystalline poly (L-lactic acid-
b-ε-caprolactone) (PLLA-b-PCL) diblock copolymer were prepared. Commercial PLLA-b-PCL 
diblock copolymer was chosen taking results obtained in Chapter 1 into account and the fact 
that PLLA block can act as compatibilizer with PLDA matrix and PCL block can improved final 
properties of PLDA. PLLA-b-PCL/PLDA polymer blends with different PLLA-b-PCL content were 
prepared by spin coating for the morphology studied, solvent casting and extrusion cast to 
produce probes for testing transparency, thermal and barrier properties. Moreover, the effect 
of the PCL block content on the crystallinity and the morphology of the PLLA-b-PCL/PLDA 
polymer blends have been deeply studied to check the effectiveness of the incorporation of PCL 
block. Moreover, the effect of the PLLA-b-PCL diblock copolymer addition on the improvement 
of final polymer blends properties such as thermal resistance, oxygen and water vapour 
permeability were also investigated in this Chapter. 
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2.1. INTRODUCTION AND OBJECTIVES 

As was mentioned in Chapter 1, PLA is one of the aliphatic polyesters most intensively studied 

for packaging applications due to its remarkable physical properties as well as its 

biocompatibility [1][2], and its excellent biodegradability properties [3], which strongly depend 

on its stereochemistry and its molecular weight. In addition, this aliphatic polyester is easily 

processed by conventional thermoplastic technologies such as extrusion, injection or injection 

blowing to produce films [4], sheets, cups, or bottles [5]. PLA find brought range of industrial 

applications due to its physical properties. One of these applications of PLA for consumer 

product is application in packaging industry, possible due to its transparency, low toxicity and 

environmentally sustainability [6]. Nevertheless, as it was explained in Chapter 1, there are 

some drawbacks, such as its brittleness which affect its mechanical properties like as 

toughness, crystallization behaviour which provokes problems on its processability and its low 

gas barrier properties that limits its current use in some packaging applications [7].  

Different technologies have been studied to improve these weaknesses of PLA. To reach this 

objective, different authors reported improvements of PLA by the blending with more flexible 

polymers such as monomeric or small molecules, oligomeric, polymeric plasticizers or a mix of 

them as was described by Liu et al. [8], the use of natural additives which improve ductility and 

offer other properties like antioxidant activity as was studied by Lukic et al. [9] or antimicrobial 

activity studied by Muller et al. [10] who increase the plasticizer effect on PLA using natural 

antimicrobial additives. The use of compatibilizers has been also studied to improve PLA blends 

with other biopolymers with optimal miscibility as was studied by Ljungberg et al. [11]. Also, 

several authors have been focusing their research on PLA properties using nanotechnology. 

The use of different types of nano-reinforcements has been extensively studied by several 

authors, Cabedo et al. [12], Raquez et al. [2] and Tenn et al. [13] studied the use of inorganic 

nano-reinforcements like nanoclays to improve mechanical and barrier properties of PLA. Also 

the author of this investigation work participated in several patents for improving PLA barrier 

properties for packaging applications [14], [15] reaching improvements of 30 % in oxygen 

barrier permeability. Other authors used organic nano-reinforcements like nanocellulose to 

improve PLA barrier properties such as Petersson et al. [16] Oksman et al. [17] or Zimmerman 

et al. [18]. 

As is well known, the polymer blending technology consist of melting the PLA with other 

thermoplastics and it is well known as one of the most practical and cost-effectiveness 
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technology to improve its final properties. To improve the toughness of PLA several 

experiments blending PLA with soft or rubbery materials like as PCL have been studied [19]. 

These routes in which polymer blend remains miscible will improve PLA flexibility and then 

processability, but the effectiveness of the blending technology is strongly controlled by the 

final morphology of the blend. The success of the blending technology depends on the 

miscibility between blend components since the lack of miscibility have strong effect on the 

final morphology resulting in poor final properties of polymer blends as it was explained in 

Chapter 1. In the case of partial miscibility between polymer blend components, typical sea 

island morphology is commonly observed, and such lack of miscibility could impact in the final 

mechanical polymer blend properties, which will be worse than those of the homopolymers 

separately. This effect was observed for PLDA/PCL polymer blends extensively studied. 

The use of DBC has been used in conventional polymer matrices to produce nanostructured 

nanocomposites such as Builes et al. [20] described for unsaturated polyesters and other 

polymers. Most of the authors like as Peponi et al. [21] identified the change of the matrices 

morphology caused by the addition of diblock or triblock copolymer on the polymer 

formulation, obtaining unexpected properties in macro properties like as thermal resistance. 

PLDA/PCL polymer blends prepared and characterized in Chapter 1 showed lack of miscibility 

between PLDA and PCL component, consequently blending with block copolymer as blend 

component seems to be interesting and new possibility to explore in present Chapter.  

The use of diblock copolymers open the possibility to design polymer blends with enhanced 

final properties. In particular, the mechanical and barrier properties of semi-crystalline 

polymer materials such as PLA strongly depends on their crystallinity. Therefore, it is possible 

to tailor polymer materials leading to the desired final properties by designing nanostructured 

polymer blends using block copolymers as a component of the formulation of the polymer 

blend. This used was not extended reported in bibliography, in addition, the majority of the 

authors such as Armentano et al.[22] in their work describe other nanostructured PLA 

materials with improved properties but using nano-reinforcements such as nanoclays.  

As describe in more details in Chapter 1, PCL could be an excellent candidate for improving 

PLA brittleness, due its low glass transition temperature (- 65 °C) and its large elongation at 

break (≥ 600 %) if it was compatible with PLA. However as it was demonstrated in Chapter 1, 

high molecular weight PLA is usually immiscible with PCL, even at temperatures higher than 

their melt temperatures [23]. Consequently, as mentioned above, the main objective of this 
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Chapter was to explore the use of a diblock copolymer based on PLA and PCL blocks to prepare 

polymer blends with PLDA homopolymer by polymer blending technology.  

Diblock copolymers (DBC) have been considered novel materials since it is easy to tailor made 

their main properties such as thermal or mechanical by selecting to be used chemically 

different blocks or adjusting the ratio of the constituting blocks. Here, it should be mentioned 

that in this case both blocks of the diblock copolymer (PCL and PLLA) are crystalline, 

consequently the microphase separation will be a competition between self-assembly and 

crystallization processes. 

Self-assembly of diblock copolymers is usually driven by the thermodynamic repulsion 

between covalently bonded polymer chains of the different blocks, which as a result provokes 

the different microphase segregation below the order-disorder transition temperature and 

then the different morphologies at nanoscale are achieved. The self-assembly between 

immiscible constituent blocks of DBC generates nanoscale microstructures producing 

promising nanostructured materials with unexpected properties as it has been demonstrated 

by several authors such as Builes et al. [24] and Cano et al. [25] which used copolymers to 

improve mechanical and thermal properties of different matrices. Most of them such as Peponi 

et al. [21] identified the change of the matrices morphology caused by the addition of diblock 

or triblock copolymer on the polymer formulation.     

Segregation strength dominates final DBC morphology in the melt, while any crystallization 

can be confined within the copolymer microdomain structure for strongly segregated systems, 

in the case of weakly segregated melts or homogenous systems, the crystallization can drive 

the formation of the final structure as has been observed by Navarro-Baena et al. [26]. As it is 

well known the segregation of DBCs depends strongly on both the Flory-Huggins interaction 

parameter (χN) of each block and the degree of polymerization of DBC and it is necessary to 

take into account polymer solubility parameters to predict that any other force could drive 

block segregation.  

Blending polymers with block copolymers allow to obtain nanostructured polymer blends with 

different microphase separated domain sizes, which results in different morphologies which 

could provoke different final properties as was described by Gomez-Hermoso-de-Mendoza et 

al. [27] improving mechanical properties of TiO2/cellulose acetate by the addition of 

poly(ethylene oxide-b-propylene oxide-b-ethylene oxide) (EPE) triblock copolymer and 
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Wasanasuk et al. [28] who identified changes in the PLA crystallinity by changes in the PLA 

morphology. 

In this Chapter, polymer blends based on semi-crystalline biodegradable PLDA modified with 

PLLA-b-PCL diblock copolymer, which was able to self-assembly due to partial miscibility 

between PLLA block and PLDA matrix, were prepared and characterized. In the literature one 

can find information about low χN values for different PLLA-b-PCL diblock copolymers, 

confirming that this diblock copolymer showed weak segregation in the melt [29]. 

The main objective of the investigation work presented in this Chapter was study the influence 

of the addition of PLLA-b-PCL diblock copolymer on the final properties of PLLA-b-PCL/PLDA 

polymer blends if compare with PLDA homopolymer.   

2.2. MATERIALS AND METHODS 

2.2.1. Materials 

2.2.1.1. Poly (L-D-lactic acid)  

Poly (L-D-lactic acid) (PLDA) homopolymer used in the investigation work developed in this 

Chapter was the same as in Chapter 1. The details of this PLDA are describe in Chapter 1, 

Section 1.2.1.  

2.2.1.2. Poly (L-lactic acid-b-ɛ-caprolactone) diblock copolymer  

Poly (L-lactic acid-b-ε-caprolactone) diblock copolymer (PLLA-b-PCL) with the trade name P635 

was provided by Polymer Source Inc. PLLA-b-PCL diblock copolymer is a double semi-crystalline 

diblock copolymer with Mn equal 60.000 and weight ratio between blocks 2:1 and with a 

chemical structure showed in Figure 2.1. 

 

Figure 2.1.Chemical structure of PLLA-b-PCL diblock copolymer. 
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2.2.2. Experimental methods 

As it is shown in Table 2.1., PLLA-b-PCL/PLDA polymer blends with different weight ratio 

between polymer blend components were obtained. 

All investigated PLLA-b-PCL/PLDA polymer blends were prepared at laboratory scale. Different 

polymer processing technologies were used for preparation of these polymer blends 

depending on the properties to analyse. The technology used for preparation of the polymer 

blends for physico-chemical, mechanical properties and thermal was solvent casting and for 

barrier properties extrusion cast method. For morphological analyses investigated polymer 

blends were prepared by spin coating technology. 

As mentioned before, different PLLA-b-PCL/PLDA polymer blends were prepared varying the 

PLLA-b-PCL diblock copolymer content, and as a consequence, the amount of PCL block 

segment, which represents the immiscible block segment in investigated polymer blends, and 

which will be responsible for the final morphology of polymer blends.  

Table 2.1. PLLA-b-PCL/PLDA polymer blend formulations. 

Sample name 
PLDA 
(wt%) 

PLLA-b-PCL 
(wt%) 

PCL block 
(wt%) 

PLDA 100 0  

PLLA-b-PCL/PLDA 10:90 90 10 3.3 

PLLA-b-PCL/PLDA 20:80 80 20 6.6 

PLLA-b-PCL/PLDA 30:70 70 30 9.9 

PLLA-b-PCL/PLDA 40:60 60 40 13.2 

PLLA-b-PCL/PLDA 50:50 50 50 16.5 

PLLA-b-PCL/PLDA 70:30 30 70 23 

PLLA-b-PCL/PLDA 80:20 20 80 26.4 

PLLA-b-PCL 0 100 33 

2.2.2.1. Preparation of PLLA-b-PCL/PLDA polymer blends by solvent casting 

PLLA-b-PCL/PLDA polymer blends were obtained using solvent casting method. All investigated 

polymer blends were prepared by dissolving 10 g of each polymer blend component in 

chloroform under stirring (100 rpm) at room temperature during 30 min. Then, 5 mL of each 

solution was cast onto Petri dishes and dried following protocol 2 described in Chapter 1, 

Section 1.2.2.1. 
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Obtained PLLA-b-PCL/PLDA polymer blend films were homogeneous and all of them presented 

high transparency. PLLA-b-PCL/PLDA polymer blend films were stored in a silica gel desiccator 

during 24 h before being tested.  

2.2.2.2. Preparation of PLLA-b-PCL/PLDA polymer blends by spin coating 

PLLA-b-PCL/PLDA polymer blend films were spin coated using a P6700 spin-coater supplied by 

Cookson Electronics. These polymer blend films were prepared from a solution containing 1 

wt% of each polymer in chloroform. In order to prepare each polymer blend films, a volume of 

20 µL of each polymer blend solution were coated onto a glass support, and the spin-coater 

cycle program was as follows: 1.000 rpm for 60 s and 4.000 rpm for 20 s. Residual chloroform 

was removing by evaporation at room temperature. Films were stored in a silica gel desiccator 

during 24 h before the measurements. 

2.2.2.3. Preparation of PLLA-b-PCL/PLDA by extrusion  

PLLA-b-PCL/PLDA polymer blend films were prepared also by extrusion at laboratory scale. 

Previously to the processing step, PLDA homopolymer and PLLA-b-PCL diblock copolymer were 

dried in different conditions: 

 PLDA homopolymer was dried during 3 h at 90 °C in a vacuum oven. Taken into 

account that PLDA is a high humidity sensitive polymer, this condition ensures that 

PLDA is completely dried before being fed into the extruder to avoid degradation 

caused by an excess of humidity during the extrusion step.  

 PLLA-b-PCL diblock copolymer was dried at 40 °C during 15 min in a conventional 

oven. The difference on the selected conditions was due to PCL block segment of 

PLLA-b-PCL diblock copolymer which Tm is ~60 °C. 

Once the components were mixed in the desired ratio between the different polymer blend 

components, the blend was processed using a twin screw mini-extruder Micro 15 cc Twin 

Screw Compounder (DSM Xplore). The processing conditions in this case were 199 °C, at 100 

rpm for 4 min. Once the processing time is finished, the nozzle was opened, and the film was 

collected by a film winding system. To control the control of the thickness, only the winding 

speed was used. The optimal conditions of the extrusion process were optimized playing with 

rotation speed of the screws (rpm), torque (N) and temperature of the three zones of the 

extruder jacket. 
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The temperature profile, processing speed and residence time are summarized in Table 2.2.  

Table 2.2.PLLA-b-PCL/PLDA polymer blends extrusion conditions. 
Temperature 

zone 1 
(°C) 

Temperature 
zone 2 

(°C) 

Temperature 
zone 3 

(°C) 

Melting 
temperature (°C) 

Screw 
speed 
(rpm) 

Residence 
time 
(min) 

200 205 210 200 100 4 

Extruded PLLA-b-PCL/PLDA polymer blend films were obtained to determine oxygen and water 

vapour transmission rate values in order to compare the difference in gases permeability by 

using different processing technologies and to identify how the solvent volume could affect 

the gas barrier final results.  

2.2.3. Characterization techniques 

2.2.3.1. Gel permeation chromatography (GPC) 

Mn and PDI of PLLA-b-PCL block copolymer was determined by the same GPC equipment as 

one used for PLDA and PCL homopolymers characterization in Chapter 1, Section 1.2.3.2.  

2.2.3.2. Differential scanning calorimetry (DSC) 

DSC was performed using a DSC Q 2000 from TA Instruments Inc. equipped with an 

autosampler. Nitrogen was used as purge gas (20 mL/min). DSC technique was used to 

determine the thermal transitions of PLLA-b-PCL/PLDA polymer blends and their neat 

components. DSC measurement was performed with the heating/cooling scan rate equal to 

10 °C/min in the temperature range from -90 °C to 250 °C. The Tg, Tcc and Tm were calculated 

in the same way as describe in Chapter 1, Section 1.2.3.3. Tcc and Tm were determined from 

heating scans while Tc was determined from the cooling scans. To avoid thermal history, the 

samples were heated above the melting temperature of polymer blend components priori to 

each measurement.  

2.2.3.3. Appearance, transparency, and PLLA-b-PCL/PLDA polymer blend films thickness 

The appearance of solvent casted films was analysing by using printed logo templates to 

identify the transparency. Additionally, the transparency was measured by a UV–Vis–V-630 

spectrophotometer (Jasco). All measurements were done at 600 nm and results were given as 
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a percent transmittance (% T), which is the percentage of the light transmitted by the 

investigated films related to the reference blank which was, in this case, the air. 

The thickness of the PLLA-b-PCL/PLDA polymer blend films obtained by solvent casting and 

extrusion techniques were measured using a micrometer (mod. 644, Mitutoyo Kanagawa) with 

a sensitivity of ± 2 µm. The thickness was calculated as average value from measurements 

taken at five different locations on each polymer blend film and following the standard UNE 

EN ISO 4593:2010 Plastics - Film and sheeting - Determination of thickness by mechanical 

scanning. 

2.2.3.4. Atomic force microscopy (AFM) 

The morphology of the investigated polymer blend films was studied using atomic force 

microscopy (AFM). AFM images were achieved by operating in tapping mode with a scanning 

probe microscope (Nanoscope IIIa, MultimodeTM from Veeco) equipped with an integrated 

silicon tip/cantilever with a resonance frequency of ~ 300kHz from the same manufacturer. 

Height and phase images were obtained under ambient conditions with typical scan speeds of 

0.8 - 1.6 line/s, using a scanner head with a maximum range of 16 µm x 16 µm. For analysis of 

the observed surface structures, Nanoscope image processing software was used. 

2.2.3.5. Wide angle X-ray diffraction (WAXS) 

WAXS analysis of PLLA-b-PCL/PLDA polymer blends films were performed using a Bruker AXS 

D5005 diffractometer equipped with Cu hollow cathode (1 = 0.154 mm) and an oscillation 

detector. The WAXS diffraction pattern was measured from 10° to 25° (2θ) at a scan rate of 

0.02 °/min. 

2.2.3.6. Thermogravimetrical analysis (TGA) 

Thermogravimetrical analyses of PLLA-b-PCL/PLDA polymer blend films were carried out using 

a TGA Q5000 from TA Instruments Inc. described in more details in Chapter1, Section 1.2.2. 

The only difference in samples analysis by TGA was that the heating range was from 25 °C to 

900 °C.  
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2.2.3.7. Oxygen and water vapour permeability measurements (OTR and WVTR) 

The OTR of investigated PLLA-b-PCL/PLDA polymer blend films prepared by different 

processing techniques (solvent casting and extrusion cast) was measured according to ASTM 

standard method D3985 using an OX-TRAN 2/21 ST (Mocon Inc). The OTR measurements were 

performed at 23 °C and at 0 % RH and p equal to 1 atm e. Before testing OTR the polymer blend 

probes were conditioned in pure nitrogen inside the chamber to remove traces of atmospheric 

oxygen. The OTR results were presented in (cm3 /m 2 day1). Oxygen permeability (cm3 µm/m 2 

day1 Pa) was calculated by multiplying the oxygen transmission rate by the film thickness (µm).  

Water vapour transmission rate (WVTR) was measured according to ASTM F-1249 using a 

Permatran W 3/33 SG+ module (Mocon, Inc.). Samples were exposed to 90 % RH and tested 

at 38 ± 1 °C. Polymer blend films were conditioned in the testing cell for 12 h. Water vapour 

permeability (g µm/ m2 day1 Pa) was calculated by multiplying the water vapour transmission 

rate by the films thickness (µm).  

All measurements were done in duplicate; samples were masked to 5 cm x 5 cm exposed area 

and the OTR and WVTR values were collected when the equilibrium was reached. 

2.3. RESULTS AND DISCUSSION 

2.3.1. Characterization of PLLA-b-PCL diblock copolymer  

PLLA-b-PCL diblock copolymer is a semi-crystalline diblock copolymer composed by two blocks, 

PLLA and PCL. As indicated by supplier, Polymer Source Inc, this block copolymer was 

synthesized by the ROP using Sn catalyst and methoxy diethylene glycol as initiator. 

Moreover, Polymer Source Inc. specified molecular weight and main thermal characterization 

of this PLLA-b-PCL diblock copolymer in the technical data sheet for each block of this diblock 

copolymer. However, to confirm the physico-chemical characterization of PLLA-b-PCL diblock 

copolymer, under measurement conditions employed in this work all necessary 

measurements were performed.  
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2.3.1.1. Gel permeation characterization  

The Mn of each block of PLLA-b-PCL diblock copolymer extracted from GPC together with the 

PDI are shown in Table 2.3. As expected, the experimentally determined values are equal to 

these provide by Polymer Source Inc.  

Table 2.3.PLLA-b-PCL diblock copolymer molecular weights obtained by GPC. 
Sample name Mn Mn PDI 

 PLLA-b-PCL PLLA block PCL block PLLA-b-PCL 

PLLA-b-PCL 60.000 20.000 40.000 1.45 

2.3.1.2. Differential scanning calorimetry  

Table 2.4 showed the thermal transitions provided by Polymer Source Inc.  

Table 2.4. PLLA-b-PCL diblock copolymer thermal transitions. 

Sample name 
Tg 

(°C) 
Tm 

(°C) 
Tc 

(°C) 
PCL block -67 55 31 

PLLA block t - 158 - 

As describe in the Chapter 1, Section 1.2.3.3, the χc of polymeric materials was calculated from 

DSC results used Equation 1.2. [30]. In the case of a diblock copolymer, the χc of each block of 

block copolymer should be considered. At it is well known, thermoplastics can be divided in 

crystalline and amorphous polymers. The semi-crystalline thermoplastic possess glass, melting 

and crystallization transition while the amorphous thermoplastic has only glass transition. 

Consequently, depends on the nature of blocks of block copolymer one can expect amorphous 

or semi-crystalline blocks.  

The PLLA-b-PCL diblock copolymer consists of two crystalline blocks. As a consequence, it is 

necessary to quantify the contribution of each block to the final crystallinity. For this purpose, 

the χc of each block of PLLA-b-PCL diblock copolymer was calculated using Equation2.1. 

 
block

m

blockm
c w

H
H

X 



 º

)(
  Equation 2. 1 

In this equation, the term ΔHm block corresponds to experimental enthalpy of the melting 

transition of each crystalline block, and the ΔHm
0 is theoretical melting transition enthalpy of 
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100 % crystalline polymeric material. Follow the literature, the ΔHm
0 of PLA was equal 93.0 J/g 

[31] and the ΔHm
0 of PCL was equal 150 J/g [32]. 

To evaluate the χc of each block of PLLA-b-PCL diblock copolymer a specific DSC procedure was 

used. The 1st step was an isothermal ramp at 190 °C during 5 min followed crystallization scan 

from 190 °C to 0 °C at a heating rate of 10 °C/min as 2nd step. The 3rd step consists of heating 

scan from 0 °C to 200 °C at a heating rate of 10 °C/min. 

Once the PLLA-b-PCL diblock copolymer was melted a controlled crystallization ramp was 

performed in order to ensure complete crystallization of each block. In this scan the onset 

crystallization temperature and the crystallization peak of PCL block were identified together 

with the Tc of PLLA block. After that, a heating ramp was performed to obtain the Tms of both 

blocks and the Tg of PLLA block. Figure 2.2 showed DSC thermogram of PLLA-b-PCL diblock 

copolymer. 

 

Figure 2.2. DSC thermogram of PLLA-b-PCL diblock copolymer. 

In Table 2.5. PLLA-b-PCL copolymer thermal transitions are summarized: 

Table 2.5. Thermal transitions of PLLA-b-PCL diblock copolymer obtained by DSC. 
Sample name Cooling scan Heating scan 

 
Tg 

(°C) 
Tc 

(°C) 
Tm 

(°C) 
ΔHm 

(J/mol) 
Tg 

(°C) 
PLLA block - 80 155 20 80 

PCL block - 35 54 30 - 
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Here it should be pointed out that, 1st heating scan corresponding to thermal history was not 

plotted in DSC thermogram. DSC results allowed to clearly identify the Tc of the PLLA block of 

PLLA-b-PCL diblock copolymer at ~ 80 °C and Tc of PCL block at ~40 °C while the Tm of PCL block 

can be easy observed at ~56 °C. Moreover, the Tg of PLLA block was detected ~80 °C. 

Additionally, at 125 °C a slight shoulder could be observed related to Tcc of PLLA block of PLLA-

b-PCL diblock copolymer before its Tm at ~155 °C. All transitions related with PLLA block are 

higher than those corresponding to neat PLDA homopolymer. This behaviour can be explained 

due to possible co-crystallization process.  

As mentioned before, the Χc of each block was calculated following the equation 1. The mass 

fraction for each block (w) was determined from the relation between the Mn of each block 

extracted from GPC results and the weight of the PLLA-b-PCL diblock copolymer used for DSC 

measurement (0.8 mg).  

The calculated wPCL block value was 0.334 while wPLLA block was 0.666. Taking these values into 

account the Χc PCL was equal 0.06 % and Χc PLLA was 0.15 %.   

These results will be useful to understand the effect of the PLLA-b-PCL diblock copolymer 

addition on the final properties of PLLA-b-PCL/PLDA polymer blends. 

2.3.2. Appearance, transparency and thickness of PLLA-b-PCL/PLDA polymer blends  

As it was described in Section 2.2.3.3. the thickness of the films was measured using a 

micrometer. As the PLLA-b-PCL/PLDA polymer blends were obtained casted onto a round Petri 

dish, the average thickness was calculated from measurements taken at five different points 

on each film as it is shown in Scheme 2.1. The average of the centered point was also 

evaluated. 

 

Scheme 2.1. Scheme of points to measure thickness of solvent casted PLLA-b-PCL/PLDA polymer blend 
films. 

All PLLA-b-PCL/PLDA polymer blend films prepared by solvent casting have a thickness ~ 100 

mm. The thickness of extruded polymer blend films was measure using the same micrometer 
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and controlled by adjusting extruder parameters. The average thickness of each extruded 

PLLA-b-PCL/PLDA polymer blend film was ~ 120 µm. 

Table 2.6.summarized the average thickness of solvent casted PLLA-b-PCL/PLDA polymer blend 

films. 

Table 2.6. Thickness of solvent casted PLLA-b-PCL/PLDA polymer blend films. 

Samples name 
Thickness 

(mm)* 
Centered point 

(mm)* 
Neat PLDA 110 ± 5 112 ± 1 

PLLA-b-PCL/PLDA 10:90 103 ± 4 111 ± 1.5 

PLLA-b-PCL/PLDA 20:80 103 ± 7 112 ± 6 

PLLA-b-PCL/PLDA 30:70 112 ± 6 118 ± 2.6 

PLLA-b-PCL/PLDA 40:60 109 ± 7 117 ± 3 

PLLA-b-PCL/PLDA 50:50 118 ± 6 114 ± 2.8 

PLLA-b-PCL/PLDA 70:30 116 ± 5 114 ± 1.5 

PLLA-b-PCL/PLDA 80:20 107 ± 8 110 ± 3 

Moreover, as shown in Figure 2.3, all solvent casted PLLA-b-PCL/PLDA polymer blend films 

were transparent at room temperature.  

 

Figure 2.3. Digital image of the transparency of solvent casted PLLA-b-PCL/PLDA polymer blend films. 

UV-Vis measurements were carried out to determine the transmittance of investigated films. 

The transmittance values of PLLA-b-PCL/PLDA polymer blends as well as PLDA and PCL 

homopolymers are reported in Table 2.7. Obtained transmittance values of PLLA-b-PCL/PLDA 
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polymer blend films were lower if compared to transmittance value of neat PLDA 

homopolymer. However, even adding 70 wt% of PLLA-b-PCL diblock copolymer into PLLA-b-

PCL/PLDA polymer blend, the transmittance was high reaching almost 90 %. Thus, the addition 

of PLLA-b-PCL block does not affect drastically the transparency of investigated PLLA-b-

PCL/PLDA polymer blends and simultaneously improve final properties of PLLA-b-PCL/PLDA 

polymer blends if compared to neat PLDA homopolymer.  

Table 2.7. Transparency of PLLA-b-PCL/PLDA polymer blend films taken at 600 nm wavelength. 

Sample name 
Transmittance 

(%) 
PLDA 99 

PLLA-b-PCL/PLDA (10:90) 99 

PLLA-b-PCL/PLDA (30:70) 98 

PLLA-b-PCL/PLDA (50:50) 92 

PLLA-b-PCL/PLDA (70:30) 90 

PCL 84 

2.3.3 Morphology of PLLA-b-PCL/PLDA polymer blends by AFM 

The morphology of investigated PLLA-b-PCL/PLDA polymer blends with 20, 30, 50, 70, and 80 

wt% of PLLA-b-PCL diblock copolymer content was analysed by AFM. All polymer blends were 

transparent at room temperature (see Figure 2.3 ) indicating the absence of macroscopic 

phase separation. In the case of PLLA-b-PCL diblock copolymer, even if this DBC consists of two 

polymeric blocks, PLLA and PCL, are unable to separate at macroscopic length scale 

spontaneously. This DBC could be self-assembled at a nanoscale level forming different well-

organized structures within the PLDA as matrix. Thus, the maximum distance for these ordered 

structures can be the maximum size of both chains of the constituent block. The final 

morphology will depend on the number of monomeric units of each block of DBC together 

with the molar ratio of both blocks. The Flory-Huggins interaction parameter (χN), the 

molecular weight and the volume fraction of the immiscible block (φ) [33], as well as the 

preparation conditions among other influence the generated morphologies. As it is shown in 

Figure 2.4., AFM phase images clearly exhibit microphase separation of immiscible PCL block 

rich phase. The AFM phase images allow to distinguish a continuous brighter region attributed 

to PLLA block/PLDA matrix and darker, spherical domains of separated at nanoscale PCL block 

rich phase. 



CHAPTER 2 

77 Confidential

 

Figure 2.4. AFM phase images of PLLA-b-PCL/PLDA polymer blends with different contents of DBC: (a) 
20, (b) 30, (c) 50, (d) 70 and (e) 80 wt%. 

Thus, the nanometer scale spherical domains were ascribed to PCL block rich phase since the 

PLLA block of the DBC is partially miscible with neat PLDA homopolymer, as confirmed 

elsewhere [34], [35], [36].  

In this work, polymer solubility parameters were calculated following Hoftyzer-Van Krevelen 

Method [37]. In this method the solubility parameters of the components can be calculated 

considering three group contributions: molecular dispersive force (δd), dipol-dipol permanent 

interaction (δp), and hydrogen bonding force (δh) using the Equation 2.2. 

ࢾ =  ටࢊࢾ
૛ + ࢖ࢾ 

૛ + ࢎࢾ 
૛    Equation 2. 2 

Table 2.8. summarized the polymer blend components solubility parameters together with the 

solvent parameter solubility to predict not only the miscibility between polymer blend 

components but also the solvent effect.  

Table 2.8. Solubility parameters of PLDA, PCL and chloroform. 

Sample name 
δ 

(MPa1/2) 
PLDA 20 

1 µm

(a)

1 µm

(b)

1 µm

(c)

1 µm

(d)

1 µm

(e)

0º

60º

0º

50º

0º

50º

0º

50º

0º

100º
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PCL 23 

Chloroform 19 

All calculated solubility parameters are similar, which confirmed that chloroform is an 

adequate solvent for PLLA-b-PCL block copolymer as well as neat PLDA homopolymer. As can 

be seen from the AFM phase images shown in Figure 2.4 together with the δ showed in Table 

2.8., the morphology of PLLA-b-PCL/PLDA polymer blends was not due to any immiscibility 

caused by non-solubility between solvent and each polymer blend components, however, the 

changes in the morphology were the effect of the increase of PCL block content in PLLA-b-

PCL/PLDA polymer blends.  

AFM phase images of PLLA-b-PCL/PLDA polymer blends with 20 wt% of DBC, which 

corresponds to 6.6 wt% of PCL block content, allowed to distinguish uniformly dispersed 

spherical PCL block rich phase micelles in the continuous PLLA block/PLDA matrix. The size of 

the spherical micelles separated domains, determined by AFM, was between 19 nm and 36 

nm in diameter. 

For PLLA-b-PCL/PLDA polymer blends with 30 wt% of DBC content, spherical micelles started 

to change, and finally interconnected micelles morphology can be detected, clearly observed 

for the polymer blend with 50 wt% of DBC content. The morphology of PLLA-b-PCL/PLDA 

polymer blends with 70 and 80 wt% of DBC content (PCL block content equal to 23 and 26 wt%, 

respectively) changed to a worm-like morphology, which could be a consequence of partial 

miscibility between the PLLA block of diblock copolymer and PLDA homopolymer matrix.  

Taking into account that all nanostructured PLLA-b-PCL/PLDA polymer blends were prepared 

under the same experimental conditions, it can be concluded that the PCL block acts as a 

nanostructuration or nucleating agent and provokes the change in PLLA-b-PCL/PLDA polymer 

blends morphology [38]. Thus, as mentioned before, the morphology of PLLA-b-PCL/PLDA 

polymer blends changes from spherical micelles to wormlike micelles, passing through 

interconnected micelles.  

To better understand the morphology of the investigated polymer blends surface tension (γ) 

was considered. The evaluation of both surface tension of each block which forms the diblock 

copolymer or the surface tension of neat homopolymers (PLDA and PCL) allow to predict the 

distribution of the PLLA-b-PCL diblock copolymer in the PLDA polymer matrix and on the 

substrate once the PLLA-b-PCL/PLDA polymer blends are spin coated. As it is described 
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elsewhere by Jeon et al. [39], the final morphology of nanostructured polymer blends depends 

on the solvent evaporation direction, time and temperature.  

In this case, it was used glass substrate for the preparation of PLLA-b-PCL/PLDA polymer blend 

films, consequently the contact of investigated films with both, air and glass should be taken 

into account. one need to consider. The solvent used was chloroform and the possible 

mechanism of the film formation is schematically showed in Scheme 2.2.  

 

Scheme 2.2. Morphology formation of PLLA-b-PCL/PLDA polymer blends during the evaporation 
process. 

Different steps can be distinguished during formation of the final morphology of the 

investigated polymer blends. At the beginning, the PLLA-b-PCL/PDLA polymer blend films 

contained chloroform used as solvent whereby the DBC in PLLA-b-PCL/PDLA polymer blend 

films were in a disordered state. Then, the concentration of polymer blend increased gradually 

due to continuous chloroform evaporation up to reach the critical value where the PCL block 

rich phase separation took place and the morphology is formed, therefore the DBC in PLLA-b-

PCL/PDLA polymer blend films undergo a transition from a disordered state to an ordered 

state. Microphase separation occurred first on the surface, while within the interior of 

prepared PLLA-b-PCL/PDLA polymer blend film is still disordered due to a higher concentration 

of chloroform in this region of polymer blend film, generating an ordering front through the 

film which will be propagated from the film/air surface to the glass substrate. The 

nanostructure is reached since the evaporation of the chloroform occurred on the film/air 

surface. In the case of PLDA and PCL homopolymers, the γ extracted from bibliography are 

very similar, 50 and 51, theoretically, the maximum morphology that can be achieved in the 
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PLLA-b-PCL/PLDA polymer blends and which correspond to the most thermodynamic stability 

morphology will be a lamellar morphology, as it was predicted by several authors such as Jeon 

et al. [40] and Hamley et al. [41]. However, in PLLA-b-PCL/PLDA polymer blend films the 

lamellar morphology was not achieved. The γ parameters of investigated polymer blend 

components are listed in Table 2.9. 

Table 2.9. Surface tension of the PLDA and PCL. 

Sample name 
γ 

(dina/cm) 
PLDA homopolymer 50 

PCL homopolymer 51 

 

There are several causes which described why is not possible to achieve the theoretical 

lamellar morphology in this particular case. As is well known, up to 25 wt% of PCL immiscible 

block within the polymer blend, the expected morphology should be hexagonal or cylindrical 

one and from 33 wt% PCL block content should change to lamellar morphology as it is shown 

in Scheme 2.3. 

 
Scheme 2.3. Different morphologies of PLLA-b-PCL diblock copolymer with increase of PCL block 

content. Source: Scheme adapted from Ocando PhD work Nanostructured thermosetting systems from 
SBS block copolymers”. 

PLLA-b-PCL/PLDA polymer blends had up to 33 wt% of PCL segment block content (Table 2.1 ) 

however, the morphology achieved was interconnected micelles. This is due to the fact that in 

solution, block-solvent interactions dominated instead of block-polymer. Thus, PLDA polymer 

chains physically have been bounded within PLLA individual nanostructures of defined 

geometry. Much effort has been invested to identify the parameters which govern the diblock 

copolymer self-assembly in selective solvents into the different morphologies. Müller et al. 

[42] define the block length, NA, the molar volume, VmA, and the density, ρA, of the solvophobic 

block together for giving the core volume, Vcore, via the aggregation number, Z. In this work, 
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only the molar volume of the PCL immiscible block was evaluated. The theoretical density 

parameters ߩ were ρPCL 1.02 g/cm3 and ρPLA 1.24 g/cm3. The vol% of the PCL block of each 

PLLA-b-PCL/PLDA polymer blend was calculated by Equation 2.3. and summarized in Table 

2.10.   

࣋ = (ࢍ) ࢚ࢎࢍ࢏ࢋ࢝
(૜࢓ࢉ) ࢋ࢓࢛࢒࢕ࢂ

            Equation 2.3. 

Table 2.10. PCL volume molar percentage in PLLA-b-PCL/PLDA polymer blends. 

Sample name 
PLLA-b-PCL 

(wt%) 
PCL 

(wt%) 
PCL 

(vol %) 
PLDA 0   

PLLA-b-PCL/PLDA 10:90 10 3.3 3.2 

PLLA-b-PCL/PLDA 20:80 20 6.6 6.5 

PLLA-b-PCL/PLDA 30:70 30 9.9 9.6 

PLLA-b-PCL/PLDA 40:60 40 13.2 13 

PLLA-b-PCL/PLDA 50:50 50 16.5 16 

PLLA-b-PCL/PLDA 70:30 70 23 22.5 

PLLA-b-PCL/PLDA 80:20 80 26.4 26 

PLLA-b-PCL 100 33 32.3 

Obtained results showed that the PCL vol% was only slightly lower than PCL wt%, which 

suggest that for 32.3 vol% the hexagonal/cylindrical morphology can be expected to be 

reached. 

The morphology of a nanostructured polymer blends in which diblock copolymer is using as 

one of polymer blend components depends on three main factors: 

1. Segregation forces of the diblock copolymer blocks. 

2. Diblock copolymer crystallization. 

3. Diblock copolymer molecular weight.  

Several theoretical studies have been carried out to calculate the segregation force between 

PLLA and PCL blocks. The segregation force is usually expressed as combination of the χN, the 

ꭓc, and with the Mn of the diblock copolymer. The study carried out by Ho et al. [32] identified 

χN values of around 2.9-4 in a temperature range between 50 °C to 180 °C for a PLLA-b-PCL 

diblock copolymer with a Mn of 22.600 g/mol and with 73.7 wt% of PCL block content 

corresponding to PLA block. These values are considering too by the Mean field theory (MFT) 

and the Self-consistent field theory (SCFT). Both theories suggest that the diblock copolymer 
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microphase was separated from the melt state. As these values are too low it is easy to predict 

that diblock copolymers microphase separation is too weak, and it would be difficult to 

produce an ordered nanostructuration from the melt state. Ho et al. also confirmed that the 

driven force to define the final morphology in this case was from the PLA segment block 

crystallization. This effect was observed from the melt state. 

Most of the research papers reviewed during this investigation were focus on the evaluation 

of the PLA diblocks copolymer morphology or crystallization behaviour (PLLA-b-PCL, PLLA-b-

PEO, etc.) but not in the effect of the use of PLLA-b-PCL diblock copolymer as a main 

component for PLDA polymer blends. To clarify the influence of the crystallinity of each block 

of DBC on the final PLLA-b-PCL/PDLA polymer blends crystallinity and additional experiment 

was carried out. The PLLA-b-PCL/PLDA polymer blend with 20 wt% of DBC content was kept at 

100 °C during 5 h and during this time the morphology was study. This experiment confirmed 

that at 100 °C only the PLLA block was crystallized. It corroborated that PLLA block drives final 

PLLA-b-PCL/PLDA polymer blend morphology. 

2.3.4. Crystallinity of PLLA-b-PCL/PLDA polymer blends by DSC and WAXS 

As it is well known, the crystallinity of PLLA-b-PCL/PLDA polymer blends has an strong effect 

on their thermal, mechanical and barrier properties. Consequently, the crystallinity of different 

PLLA-b-PCL/PLDA polymer blends was studied by DSC. The thermal transitions of PLLA-b-

PCL/PLDA polymer blends were analysed and the effect of the addition of different DBC 

content on the PLLA-b-PCL/PDLA polymer blends was evaluated. The 2nd heating scan was 

taken into account to extract thermal transition of PLLA-b-PCL/PDLA polymer blends. Figure 

2.5. represents DSC thermograms of neat PLDA and their polymer blends with different DBC 

content, from 10 wt% to 50 wt%. 
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Figure 2.5. DSC thermograms of neat PLDA and PLLA-b-PCL/PLDA polymer blend films. 

 

As can be observed, neat PLDA presented the Tg and a small peak of Tm which is related with a 

low crystallinity. PLLA-b-PCL/PLDA polymer blend films showed the Tg and Tcc shifted towards 

lower temperatures with the increase of DBC content. The Tg of PLLA-b-PCL/PLDA polymer 

blend decreases from 50 °C to 42 °C. It can be observed a peak at the same temperature of 

PLDA homopolymer and the PLLA segment block Tg in all the PLLA-b-PCL/PLDA polymer blends 

which could be confused with an enthalpy relaxation, but such peak corresponds with the Tm 

of PCL segment block. This shift of the Tg of PLDA/PLLA matrix to lower temperature if 

compared with the Tg of neat PLDA homopolymer was described by some authors and was 

identified as certain degree of compatibility between PLDA homopolymer and PLLA block with 

the PCL segment block. Observed changes in all PLLA-b-PCL/PLDA polymer blends Tcc are 

related with an increase of crystallinity in the nanostructured blends, and the double peak or 

bimodal melting temperature observed during PLDA homopolymer and PLLA segment block 

melting correspond to the two different crystalline forms or different crystal structures which 

melt at different temperatures. These crystalline forms melting behaviour was previously 

reported. α- crystals melts at high temperature and β- crystals [43] melts at low temperature. 

All these phenomes affect to crystallinity, and it was demonstrated by further crystallinity 

degree calculations. The degree of crystallinity was calculated using Equation 2.1. explained in 

Section 2.3.1.2 and shown in Table 2.11.  
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Table 2.11. Thermal transitions of PLLA-b-PCL/PLDA polymer blend compositions. 
 PLDA/PLLA block phase PCL block phase 

Sample name 
Tg 

(°C) 
Tcc 
(°C) 

ΔHc 

(J/mol) 

Tm 
(°C) (PLDA+PLLA 

block) 

ΔHm 
(J/mol) 

χc 
(%) 

Tm 
(°C) 

ΔHm 

(J/mol) 

Neat PLDA 51 124 1.45 146 1.47 0.00   
PLLA-b-

PCL/PLDA 10:90 
46 107 19.4 144 / 152 26.5 7.65 53 4.35 

PLLA-b-
PCL/PLDA 20:80 

46 106 23.8 143 / 152 30.4 7.09 55 2.84 

PLLA-b-
PCL/PLDA 30:70 

46 98 23.0 141 / 151 30.7 8.26 54 3.38 

PLLA-b-
PCL/PLDA 40:60 

45 93 20.7 139 / 151 32.8 13.03 54 3.04 

PLLA-b-
PCL/PLDA 50:50 

43 87 18.7 137 / 150 34.6 17.01 53 4.23 

 

The maximum crystallinity reached for investigated PLLA-b-PCL/PLDA polymer blends was 17 

% which correspond to polymer blends containing 50 wt% of DBC. This increase in crystallinity 

can be related to the fact that DBC can act as a nucleating agent changing the crystallinity of 

the PLLA block/PLDA matrix led to narrow Tcc peaks with the increase of DBC content. Similar 

phenomenon was observed also by Hamley et al.[44] for PLLA-b-PCL copolymers with different 

blocks ratio. Crystallinity results extracted from DCS results were corroborated by results 

obtained using WAXS technique. 

Diffractograms represented in Figure 2.6. showed that PLDA neat sample exhibited very low 

diffraction peaks. However, when DBC was added into PLDA homopolymer, the crystallinity of 

the PLLA-b-PCL/PLDA polymer blends was increased. In addition, as DBC content increases in 

the blends main representative diffraction peaks intensity also increased.  
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Figure 2.6. WAXS spectra of PLDA and PLLA-b-PCL/PLDA polymer blends containing different DBC 
contents. 

From the literature, the first peak at 2Ɵ = 14.8 ° was assigned to the 110/110/200 reflections 

of α-PLLA described as 2Ɵ = 15 ° as corroborated Kim et al. [39]. A very intense peak at 2Ɵ= 

16.6 was close to the expected position for the α-form of PLLA crystals sets of 113 and 203 

reflections at 17 °. Moreover, as known from the literature peaks at 19 ° and 22 ° was related 

to the formation of other type of PLLA crystals. However, Hamley et al. [44] identified these 

peaks as the 110 ° reflections of PCL. All WAXS results corroborated that the inclusion of an 

PCL block in the PLLA-b-PCL/PLDA polymer blend controls the final crystallinity of the designed 

nanostructured materials and consequently other inherent final properties like thermal 

resistance that depend on morphology, as also pointed out by Nakayama et al. [45].  

2.3.5. Thermogravimetrical analyses 

TGA curves of PLLA-b-PCL/PLDA polymer blends and neat PDLA homopolymer are shown in 

Figure 2.7. TGA thermograms showed two main steps, the first one corresponding to a weight 

loss between 80 °C to 100 °C related to the residual solvent in investigated polymer films and 

the second step corresponding to the onset of PLLA-b-PCL/PLDA Tdeg. and then followed of the 

maximum of PLLA-b-PCL/PLDA Tdeg. In Table 2.12. neat PLDA homopolymer and PLLA-b-

PCL/PLDA polymer blend films TGA results were plotted.   
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Figure 2.7. TGA curves of PLLA-b-PCL/PLDA polymer blend films. 

Table 2.12.TGA curves of PLLA-b-PCL/PLDA polymer blend films. 

Sample name 
Tonset 
(°C) 

Tdeg 
(°C) 

Neat PLDA 338 397 

PLLA-b-PCL/PLDA 10:90 319 398 

PLLA-b-PCL/PLDA 20:80 302 409 

PLLA-b-PCL/PLDA 30:70 287 420 

PLLA-b-PCL/PLDA 40:60 283 424 

PLLA-b-PCL/PLDA 50:50 267 426 

 

As can be observed in Figure 2.7. and Table 2.12 a clear trend took place, as much as the DBC 

amount increases as much as the thermal resistance to degradation increases. This effect was 

observed by other authors like Navarro et al. [46] confirming that PLLA-b-PCL addition 

decrease the  thermal stability of PLA compared with the neat PLDA, however Tdeg increases as 

DBC content increases. This effect could be explained by the nanostructuration effect which it 

caused by the DBC addition and then by the increase of crystallinity. Polymer blends presented 

an ordered morphological structure drive by a chemical blend which is the diblock copolymer 

plus a full miscibility of the PLDA homopolymer and the PLLA segment block, such composition 

is a thermodynamical stable morphology, and it caused the thermal resistance; also, PCL 

pristine polymer has a degradation temperature higher than PLA pristine polymer, so the 

increase of PCL causes an increase of thermal resistance.  
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2.3.6. Oxygen and water vapour barrier properties of PLLA-b-PCL/PLDA polymer blends  

To evaluate the effect of the addition of PLLA-b-PCL diblock copolymer on the barrier 

properties of PLLA-b-PCL/PLDA polymer blend films, oxygen and water vapour transmission 

rate measurements were performed. Solvent casted PLLA-b-PCL/PLDA polymer blend films 

with dimensions of 5 cm x 5 cm were tested following the procedure described in Section 

2.2.3.7.  

Figure 2.8. showed the OTR results of the different PLLA-b-PCL/PLDA polymer blend films and 

in Table 2.13. calculated the OTR and oxygen permeability were listed. The oxygen 

permeability values were calculated by multiplying the oxygen transmission rate by the film 

thickness.  

 

Figure 2.8. The OTR of solvent casted PLLA-b-PCL/PLDA polymer blend films. 

 

Table 2.13. The OTR and oxygen permeability of solvent casted PLLA-b-PCL/PLDA polymer blend 
films. 

Sample name OTR 
(cm3/m2.day.Pa) 

Oxygen permeability 
(cm3.µm/m2.day.Pa) 

Neat PLDA 385 ± 6.2 38.500 

PLLA-b-PCL/PLDA 10:90 350 ± 10.0 35.000 

PLLA-b-PCL/PLDA 20:80 337 ± 12.1 33.660 

PLLA-b-PCL/PLDA 30:70 300 ± 14.7 29.970 

PLLA-b-PCL/PLDA 40:60 344 ± 7.3 34.440 

PLLA-b-PCL/PLDA 50:50 337 ± 13.7 33.670 
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A slight decrease in the oxygen permeability was observed as visualized in the Figure 2.8. 

Similar results were also observed by Plackett et al. [4] and Auras et al.[3] for nanocomposites 

of PDLA modified with organomodified clays and also for copolymers of PLA modified with PCL. 

Neat PLDA film showed the OTR of 385 cc/m2 day while the OTR of PLLA-b-PCL/PLDA polymer 

blend film with 30 wt% DBC content was equal to 300 cm3/ m2 day Pa, this is a decrease of 

more than 20 % if compared to the OTR of neat PLDA homopolymer. These results once more 

confirmed that the addition of DBC into PLLA-b-PCL/PLDA polymer blends had strong affect 

not only on the final crystallinity but also on the barrier properties of investigated polymer 

blends. As mentioned before this behaviour can be related with the nanostructuration effect 

of DBC in investigated PLLA-b-PCL/PLDA polymer blends. Similar results have been published 

by Drieskens et al. [47]. They observed that crystallization of PLDA causes a decrease of oxygen 

permeability, however not in linear proportion with the decrease of amorphous volume size. 

Moreover, Byun et al. [48] observed a relation between the crystallinity and the correlation 

with the free volume. Authors showed that the increase of the crystallinity of investigated by 

them polymeric materials increased the barrier for the gases diffusion. Thus, higher 

amorphous phase content in polymeric materials higher will be free volume, which can 

facilitate the space for the oxygen diffusion. These previous works could explain the oxygen 

permeability decrease that was observed also in this investigation work for PLLA-b-PCL/PLDA 

polymer blend films prepared by extrusion.  

Extruded samples showed higher increase of the oxygen barrier permeability than those PLLA-

b-PCL/PLDA polymer blend films obtained by solvent casting. Surprisingly, the decrease in 

oxygen permeability reached values of 50 % for PLLA-b-PCL/PLDA polymer blend films with 10 

wt% of DBC content and up to 70% of reduction for PLLA-b-PCL/PLDA polymer blend films with 

50 wt% of DBC content. Achieved oxygen and water vapour barrier results represent an 

opportunity for PLLA-b-PCL/PLDA polymer blends as a future packaging material.  

The OTR results obtained for extruded PLLA-b-PCL/PLDA polymer blend films are represented 

in Figure 2.9 and summarized in Table 2.14. 
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Figure 2.9. The OTR of extruded PLLA-b-PCL/PLDA polymer blend films. 

 

Table 2.14. The OTR and oxygen permeability of extruded PLLA-b-PCL/PLDA polymer blend films. 

Sample name OTR 
(cm3/m2.day.Pa) 

Oxygen permeability 
(cm3.µm/m2.day.Pa) 

Neat PLDA ex 323 ± 11.6 32.301 

PLLA-b-PCL/PLDA 10:90 ex 160 ± 32.8 16.001 

PLLA-b-PCL/PLDA 20:80 ex 109 ± 15 10.880 

PLLA-b-PCL/PLDA 30:70 ex 96 ± 15 9.600 

PLLA-b-PCL/PLDA 40:60 ex 90 ± 15 9.000 

PLLA-b-PCL/PLDA 50:50 ex 85 ± 12 8.500 

The decrease of the oxygen permeability in extruded PLLA-b-PCL/PLDA polymer blend films 

surprisingly, was still better than those films obtained by solvent casting, reaching values of 

the OTR reduction of 74 % compared with the OTR for neat PLDA.   

Water vapour permeability and water vapour transmission rate analyses were carried out 

according to ASTM F-1249 as it was explained in Section 2.2.3.7. The WVTR of solvent casted 

PLLA-b-PCL/PLDA polymer blend films results are represented in Figure 2.10 and the WVTR 

and the calculated water vapour permeability are summarized in Table 2.15.  
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Figure 2.10. The WVTR of solvent casted PLLA-b-PCL/PLDA polymer blend films. 

 

Table 2.15. The WVTR and water permeability results of solvent casted PLLA-b-PCL/PLDA polymer 
blend films. 

Sample name WVTR 
(g/m2.day.Pa) 

Water permeability 
(g.µm/m2.day.Pa) 

Neat PLDA 117 ± 20.8 18.770 

PLLA-b-PCL/PLDA 10:90 123 ± 4.0 19.663 

PLLA-b-PCL/PLDA 20:80 112± 13.4 17.880 

PLLA-b-PCL/PLDA 30:70 106 ± 5.4 16.895 

PLLA-b-PCL/PLDA 40:60 135 ± 5.5 21.528 

PLLA-b-PCL/PLDA 50:50 123 ± 6.9 19.688 

As it can be extracted from results a slight decrease of the WVTR was observed with the 

increase of DBC content in PLLA-b-PCL/PLDA polymer blends. The maximum decrease in the 

WVTR was obtained for PLLA-b-PCL/PLDA polymer blend films with 30 wt% of DBC content. As 

PLDA homopolymer is a hydrophilic polymer, it presents poor water vapour barrier properties. 

Shogren et al. [49] reported the correlation between water solubility, crystallinity, and their 

effect on Tg. Extruded PLLA-b-PCL/PLDA polymer blend films showed a decrease of the WVTR 

with the increase of the crystallinity, as directly related to the PCL block content with the 

increase of the DBC content in investigated polymer blends. However, in solvent casted 

samples this relation is not a linear relation, consequently, there are other factors which could 

drive the water vapour permeability. One of these factors could be the solvent residual 

content. The amount of solvent in a PLDA sample is related directly to higher amorphous phase 
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in polymer blend film which facilitates the space for the gases diffusion, but this effect was not 

observed in DSC thermograms.  

Water vapour permeability of extruded PLLA-b-PCL/PLDA polymer blends was determined 

using the same conditions and equipment as for solvent casted polymer blends. The same 

effect was observed for oxygen permeability results when compared solvent casted polymer 

blends with extruded polymer blends. In Figure 2.11. WVTR of extruded PLLA-b-PCL/PLDA 

polymer blend films are plotted.  

 

Figure 2.11. Water vapour transmission rate of extruded PLLA-b-PCL/PLDA polymer blend films. 

In Table 2.16 WVTR and calculated water vapour permeability are listed. The polymer blends 

thickness was 160 µm. 

Table 2.16. The WVTR and water permeability results of extruded PLLA-b-PCL/PLDA polymer blends 
films. 

Sample name 
 

WVTR 
(g/m2.day.Pa) 

Water permeability 
(g.µm/m2.day.Pa) 

Neat PLDA ex 104 ± 11.8 16.698 

PLLA-b-PCL/PLDA 10:90 ex 64 ± 0.13 10.181 

PLLA-b-PCL/PLDA 20:80 ex 57 ± 3.00 9.061 

PLLA-b-PCL/PLDA 30:70 ex 49 ± 5.00 7.792 

PLLA-b-PCL/PLDA 40:60 ex 40 ± 7.00 6.468 

PLLA-b-PCL/PLDA 50:50 ex 33 ± 7.00 5.303 

In extruded PLLA-b-PCL/PLDA polymer blends, a linear decrease in the WVTR values was 

detected with the increase of the DBC content. As expected, also in the case of WVTR the 
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crystallinity has strong effect on the barrier properties of prepared polymer blend films due to 

crystalline domains can act as fillers that are impermeable to gas penetrants. Therefore, can 

be conclude that the permeability decreases with the increase of the crystallinity. 

In addition, the different techniques used to fabricate the polymer blend films led to changes 

in the final properties. Extruded PLLA-b-PCL/PLDA polymer blends have not any solvent residue 

consequently the polymer chain is just ordered following the nanostructuration due to the 

immiscibility of the PCL block segment and driven by the PLLA block segment chain. For 

extruded PLLA-b-PCL/PLDA polymer blend films, the WVTR decreased linearly with the 

increase of DBC content. Tsuji et al.[50] observed an improvement on water vapour 

permeability up to 30 % compared with neat PLDA and indicated it as the maximum increase 

to be reached for investigated by them polymeric materials. This is due to the higher resistance 

of restricted amorphous regions. In this investigation field, Duan and Thomas [51], have 

reported the effect of the crystallinity on the water vapour permeability of PLDA polymer by 

means of the tortuous path model. Several papers explained the effect of the processing 

conditions, the molecular weight, or the final gas barrier properties differences by adding 

different nanoreinforcements [52], [53] and [54]. 

Nowadays, any paper has been found explaining the use of double crystallinity diblock 

copolymers as materials to reduce gas permeability on PLDA samples for packaging 

applications. 

2.4. CONCLUSIONS 

In this Chapter polymer blending technology was used to introduce PCL blocks into PLDA 

polymer matrix with the objective of improving its inherent weaknesses. A commercial and 

semi-crystalline PLLA-b-PCL diblock copolymer was used for this purpose. 

PLLA-b-PCL/PLDA polymer blend films have been prepared using three different techniques, 

solvent casting, spin coating and extrusion cast. Results of characterization of the appearance, 

morphology, thermal and barrier properties lead to the following conclusions:  

o Obtained PLLA-b-PCL/PLDA polymer blend films were transparent indicating the 

absence of macroscopic phase separation.  

o AFM phase images clearly showed the effect of the addition of the PLLA-b-PCL diblock 

copolymer on the blend, concretely the immiscible PCL block of the DBC caused a 
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nanoscale separation and then different morphologies were reached with the 

increase of PCL block content in PLLA-b-PCL/PLDA polymer blends. 

o The crystallinity of PLLA-b-PCL/PLDA polymer blends increased with the increase of 

PCL block content i in PLLA-b-PCL/PLDA polymer blend reaching values up to 17% 

compared with 1% of the neat PLDA polymer. 

o Thermal results showed a slighted decrease of the Tg of the polymer blends suggesting 

partially miscibility of the DBC with the PLDA and a plasticizer effect.  

o Finally, the most unexpected effect was the improvement of barrier properties, 

oxygen and water vapour barrier properties were increase by the addition of the DBC 

in the blend, reaching values of a decrease of 20 % of the value of oxygen transmission 

rate compared with the PLDA homopolymer. This effect was increase when the 

materials were prepared using an extruder, reaching values of a decrease of more 

than 50 % compared with the PLDA homopolymer values. Water vapour permeability 

results presented also a slighted improved reaching values of 30 % of a decrease of 

the water vapour transmission rate.   
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CHAPTER 3  

Preparation and characterization of polymer 
blends based on poly (L-D-lactic acid), poly(•-

caprolactone) homopolymers and a poly (L-lactic 
acid-b-ɛ-caprolactone) diblock copolymer as 

compatibilizer agent 
 

In this Chapter the use of PLLA-b-PCL diblock copolymer as compatibilizer agent to improve the 
compatibility between PLDA and PCL homopolymer blends has been evaluated. The 
investigation developed in this Chapter has taken advantage of the fact that PLLA block of PLLA-
b-PCL diblock copolymer could be partially miscible with PLDA homopolymer while PCL block of 
this diblock copolymer is partially miscible with PCL homopolymer. For this purpose, PLDA-PCL 
polymer blends with two different ratios between components, 70:20 and 80:20, have been 
chosen taken into account their good final properties showed in Chapter 2. The effect of the 
PLLA-b-PCL diblock copolymer addition has been investigated to check an improvement of final 
properties of prepared PLLA-b-PCL/PLDA-PCL polymer blends if compare with PLDA 
homopolymer.  

. 
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3.1. INTRODUCTION AND OBJECTIVES 

Biodegradable polymers are well known in the actual state of the art due to their 

environmental advantages and versatility. As part of the family of biodegradable polyesters, 

PLA is the most attractive due to its properties and ease production. As it has been described 

in the previous Chapters, PLDA, the most used enantiomer of PLA at industrial level, has many 

useful properties such as biodegradability, biocompatibility, and a non toxicicity, which, as well 

with relatively low processing costs and desirable mechanical properties PLA makes it an 

attractive polymeric material for the polymer industry. 

The use of PLDA is limited due to some shortcomings as its high brittleness, low elongation at 

break, poor processability by conventional thermoplastics processing techniques and 

inadequate mechanical properties for certain applications which require toughness. 

Therefore, there is a need to improve physico-mechanical PLDA properties. In this direction, 

many attempts have been made to develop new polymeric materials based on PLA with 

improved properties. However, the solutions found to date are still unsatisfactory since the 

improvement always requires an addition or mixture with another polymer and/or additive 

making the final product more expensive or in most of the cases is observed a decrease in 

other properties.   

In Chapter 1, the miscibility of polymer blends based on PLDA and PCL homopolymers has been 

studied and the results showed that both homopolymers are immiscible. In Chapter 2 a PLLA-

b-PCL diblock copolymer has been used to introduce PCL block on PLDA polymer matrix by 

polymer blending. Such PCL block of the diblock copolymer has been microphase separated 

from PLDA matrix leading to PLDA based nanostructured materials with enhanced properties. 

Successful results achieved in Chapter 2 provoke the interest in study the effect of the use of 

the PLLA-b-PCL diblock copolymer for improving compatibility between immiscible PLDA-PCL 

polymer blends.  

Several authors have been study blending technology to improve PLA homopolymer 

properties, Nofar et al. [1] presented an exhaustive review about the different polymer blends 

which have been develop by blending PLA with different polymers, including binary blends 

with biopolymers (biodegradable and non-biodegradable), biobased polymers and 

conventional polymers. Moreover, ternary polymer blends and nanocomposites blends have 

been investigated looking for understand the effect of the polymer composition, the 
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processing technologies, and the morphology on the final properties of the developed blends. 

Figure 3.1.showed the different types of research works carried out during the last two 

decades as a function of the blend typologies.  

 

Figure 3.1. Reported studies on PLA based blends. (Source Reference [2]). 

Same authors analyse the rate of the numbers of research which have been done for binary 

blends based on PLA blending with biodegradable and non-biodegradable biobased polymers.  

 

Figure 3.2. Studies carried out with PLA and other biopolymers. (Source Reference [2]). 

Figure 3.2. showed that PCL is one of the most studied biodegradable polymers to be blend 

with PLA in order to improve its final properties, such as high toughness and because of 

ductility that brings to PLA [3]. Other authors have been study such blending technology to 

improve PLA homopolymer properties, such as Berthe et al. [4] and Liang et al. [5] who worked 

on the mixture of extruded blends of PLA and PCL with the aim of improving PLA water vapour 

permeability. However, the use of mixtures generally implies disadvantages or is subject to 

limitations of use. Blends of PLA with other thermoplastics like PCL must be prepared at high 

temperatures to ensure good homogenization of the mixture before blending. On the one 

hand, this limits the type of thermoplastics which can be combined with PLA and, on the other 
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hand, requires temperature control since as showed in the Chapter 1 and Chapter 2, the Tdeg 

of PLDA is started at ~180 °C. Moreover, the results obtained in Chapter 1 proved that PLDA-

PCL polymer blends are immiscible, consequently the used of compatibilizer seems to be 

interesting alternative.  

Several works have been reported on the determination of the compatibilization between PCL 

and PLA polymer blend components. Esmaeilzadeh et al. [6] observed biphasic region for PLA-

PCL polymeric blends from SEM images (see Figure 3.3) indicating the immiscibility between 

PCL phase and PLA matrix. Wu et al. [7] have also reported the immiscibility PLA-PCL polymer 

blends and the utility of the use of compatibilizers agents.  

 

Figure 3.3. SEM micrographs of cryogenically fractured surface of an immiscible PLA-PCL polymer blend 
showing the island effect. (Source Reference [6]) 

Matta et al. [8] studied PLA-PCL blends with different ratio between components prepared by 

melt blending. Obtained different PLA-PCL polymer blends showed an increase of elongation 

at break and impact toughness but a decrease in strength and modulus. Such results 

corroborated that a full miscibility was not achieved in these polymer blends, which was 

confirmed by the fact that PLA-PCL polymer blends showed two Tgs at the same temperature 

as polymer blend components. Cock et al. [9] presented similar behaviour for PLA-PCL polymer 

blends obtained by melt blending. Nevertheless, they also observed the effect of the addition 

of PCL on the final crystallinity, and the results were similar to those observed for PLLA-b-

PCL/PLDA polymer blends described in Chapter 2.  

Another way to improve the PLA properties has been through the development of 

nanocomposites, with the aim of improving both the mechanical properties and the barrier 

properties to the OTR and the WVTR if compare with the neat PLA. However, the objective of 
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this research work was the preparation of polymeric materials based on PLDA with food safety 

and future quick industrialization avoiding the use of nanoparticles to reduce the 

industrialization drawbacks caused by nanoparticles uses.   

As pointed out by many authors, one of effective way to improve final properties of PLA/PCL 

polymer blends is the use of the compatibilizer agents. In this research field, Chien-Chung et 

al. [10] studied the use of two different surfactants: both different copolymers based, one on 

poly (ethylene oxide) (PEO) and the other one on poly (propylene oxide) (PPO) to improve PLA 

toughness without losing the strength of neat PLDA. Authors reported that the elongation at 

break values of the blends of PLA-PCL with surfactants increased after adding both surfactants, 

however simultaneously the mechanical properties of these polymer blends became lower. 

Thus, follow the actual state of art [11], [12], [13] and [14] one can concluded that there is a 

need of looking for compatibilizer agents to improve the miscibility between component of 

PLA-PCL polymer blends to take advantages of both homopolymers properties and to solve the 

main PLA weakness just to obtain polymeric material based on PLDA as a reference polymer 

to be used for packaging applications among others.  

The aim of this Chapter is to analyse the use of a PLLA-b-PCL diblock copolymer as a 

compatibilizer agent for polymer blends consist of PLDA and PCL. The compatibility of the 

PLLA-d-PCL diblock copolymer with the PLDA homopolymer matrix and its benefits on 

mechanical, barrier and thermal properties was demonstrated in Chapter 2. The main goal of 

this Chapter is to obtain polymer blends using PLLA-b-PCL diblock copolymer which is able to 

act as nanostructuration agent but also as compatibilizer agent since PLLA block of DBC is 

partially miscible with PLDA and PCL block of DBC is partially miscible with PCL. The supposed 

effect of compatibilization will be study for two specific PLDA-PCL polymer blends with the 

ratio of 80:20 and 70:30 with different DBC content from 1 wt% to 10 wt%. 

3.2. MATERIALS AND METHODS  

3.2.1. Materials 

In this investigated work, the PLDA and PCL described in more details in Chapter 1, Section 1.2 

were used. Moreover, PLLA-b-PCL diblock copolymer detailed in Chapter 2, Section 2.2 was 

also used as compatibilizer agent.  



CHAPTER 3 

107 Confidential

3.2.2. Experimental methods 

Results obtained in Chapter 2 showed that PLLA-b-PCL/PLDA polymer blend films with 20 wt% 

and 30 wt% of PLLA-b-PCL diblock copolymer presented the best results in terms of 

processability, thermal and barrier properties. Both weight ratios, 70:30 and 80:20 were 

selected to be used as a reference for preparation of PLDA-PCL polymer blends modified with 

PLLA-b-PCL as compatibilizer agent. Different PLLA-b-PCL/PLDA-PCL polymer blends were 

prepared by varying the PLLA-b-PCL diblock copolymer content in the selected PLDA-PCL 

polymer blends. The contents varied from 1 wt% to 10 wt% of DBC as it is shown in Table 3.1. 

Methods for preparing the different PLLA-b-PCL/PLDA-PCL polymer ternary blends were 

solvent casting, spin coating and extrusion. All polymer ternary blends were prepared at 

laboratory scale.  

3.2.2.1. Preparation of PLLA-b-PCL/PLDA-PCL polymer blends by solvent casting 

PLLA-b-PCL/PLDA-PCL polymer blends were prepared by dissolving 4 wt% of each polymer in 

chloroform under stirring (100 rpm) at 40 °C and 3.5 h. First, PLDA homopolymer and PCL 

homopolymer solutions were prepared. Then, a mixture of PLDA and PCL homopolymers with 

the weight ratio of 80:20 and 70:30, respectively, were prepared. After that, a solution of DBC 

of 10 g was prepared by dissolving the PLLA-b-PCL diblock copolymer in chloroform in the same 

conditions and then, the different amounts of DBC were added to the mixture of PLDA-PCL 

obtaining the final ternary polymer blends. Table 3.1. showed the different compositions of 

the PLLA-b-PCL / PLDA-PCL ternary blends.  

Table 3.1. PLLA-b-PCL/PLDA-PCL ternary polymer blend compositions. 

Sample name 
PLDA 
(wt%) 

PCL 
(wt%) 

PLLA-b-PCL 
(wt%) 

Neat PLDA-PCL 70:30 70 30 - 

PLLA-b-PCL/PLDA-PCL 70:30:1 69.3 29.7 1 

PLLA-b-PCL/PLDA-PCL 70:30:3 67.9 29.1 3 

PLLA-b-PCL/PLDA-PCL 70:30:5 66.5 28.5 5 

PLLA-b-PCL/PLDA-PCL 70:30:7 65.1 27.9 7 

PLLA-b-PCL/PLDA-PCL 70:30:10 63 27 10 

Neat PLDA-PCL 80:20 80 20 - 

PLLA-b-PCL/PLDA-PCL 80:20:1 79.2 19.8 1 

PLLA-b-PCL/PLDA-PCL 80:20:3 77.6 19.4 3 
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PLLA-b-PCL/PLDA-PCL 80:20:5 76.0 19.0 5 

PLLA-b-PCL/PLDA-PCL 80:20:7 74.4 18.6 7 

PLLA-b-PCL/PLDA-PCL 80:20:10 72.0 18.0 10 

Each mixture of PLLA-b-PCL/PLDA-PCL polymer blends was stirring at temperature of 25 °C 

until their final homogenization (~30 min). The solution was completely transparent. As in the 

previous Chapters, a non-selective solvent has been chosen to be use for all polymer blend 

components (PLDA, PCL and DBC). Moreover, as describe in more details in Chapter 2, 

chloroform was used, based on the calculation of the polymer-solvent interaction parameter. 

Then, 5 mL of each solution mixture was cast onto Petri dishes and dried following protocol 2 

explained in Chapter 1, Section 1.2.2.1. 

Obtained PLLA-b-PCL/PLDA-PCL polymer blends films were stored in a silica gel desiccator 

during 24 h before being tested.  

3.2.2.2. Preparation of PLLA-b-PCL/PLDA-PCL polymer blends by spin coating 

PLLA-b-PCL/PLDA-PCL polymer blend films were spin coated using a P6700 spin-coater from 

Cookson Electronics. These films were prepared from a solution of chloroform at 

concentration 1 wt%. An amount of 20 µL of each sample were coated onto a glass support, 

and the spin-coater cycle program was as follows: 1.000 rpm for 60 s and 4.000 rpm for 20 s. 

Residual chloroform was removed by evaporation at room temperature. As for polymer blend 

films prepared by solvent casting, films were stored in a silica gel desiccator during 24 h before 

the measurements. 

3.2.2.3. Preparation of PLLA-b-PCL/PLDA-PCL polymer blends by extrusion 

PLLA-b-PCL/PLDA-PCL polymer blend films were fabricated also by extrusion at laboratory 

scale. Previously to the processing step, PLDA and PCL homopolymers and PLLA-b-PCL diblock 

copolymer were dried in different conditions. The PLDA homopolymer and PLLA-b-PCL was 

dried in the same conditions describe in the Chapter 2, Section 2.2.2.3. while the PCL 

homopolymer was dried in the same condition as PLLA-b-PCL diblock copolymer. 

To prepare the extruded mixtures, the different amounts of PLLA-b-PCL, PLDA and PCL were 

weighted and pre-mixed, then the mixtures were processed in a twin screw mini-extruder 

Micro 15 cc Twin Screw Compounder, (DSM Xplore). The processing conditions as well as the 
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variables to control PLLA-b-PCL/PLDA-PCL polymer blend films thickness are described in detail 

in Chapter 2, Section 2.2.2.3.  

3.2.3. Characterization techniques 

3.2.3.1. Appearance, transparency and thickness of PLLA-b-PCL/PLDA-PCL polymer blend 

films  

The thicknesses of PLLA-b-PCL/PLDA-PCL polymer blend films obtained by solvent casting were 

measured using a micrometer (Mitutoyo) with a sensitivity of ± 2 µm. The thickness was 

calculated as average value of measurements taken at five different locations on each film 

sample as it has been explained in Chapter 2, Section 2.2.3.3. 

The appearance of solvent casted polymer blend films was visual analysed observing the 

solutions transparency before blending and in the final polymer blend films.  

Transparency measurements of prepared polymer blend films were carried out on a UV–Vis–

V-630 spectrophotometer described in more details in Chapter 2, Section 2.2.3.3.  

3.2.3.2. Differential scanning calorimetry (DSC) 

DSC was performed using a DSC Q 2000 from TA Instruments Inc. equipped with an 

autosampler. Nitrogen was used as purge gas (20 mL/min). DSC technique was used to 

determine the thermal transitions of PLLA-b-PCL/PLDA-PCL polymer blends. DSC measurement 

was performed with the heating/cooling scan rate equal to 10 °C/min in the temperature range 

was from -90 °C to 250 ° C. The Tg, Tcc, Tc and Tm were calculated in the same way as describe 

in Chapter 2, Section 2.2.3.2. 

Tcc and Tm were determined from heating scans while Tc was determined from the cooling 

scans. To avoid thermal history, the samples were heated above the melting temperature of 

polymer blend components priori to each measurement. 

3.2.3.3. Wide Angle X-ray diffraction (WAXS) 

WAXS analysis of PLLA-b-PCL/PLDA-PCL polymer blend films were performed using a Bruker 

AXS D5005 diffractometer equipped with Cu hollow cathode (1 = 0.154 mm) and an oscillation 

detector. The WAXS spectra were measured from 10° to 25° (2θ) at a scan rate of 0.02 °/min. 
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3.2.3.4. Thermogravimetrical analysis (TGA) 

TGA analyses of PLLA-b-PCL/PLDA-PCL polymer blend films were carried out using a TGA Q5000 

from TA Instruments Inc. described in more details in Chapter 2, Section 2.2.3.6. The TGA data 

were plotted as the weight percentage loss versus temperature. 

3.2.3.5. Atomic force microscopy (AFM)  

The morphology of the investigated PLLA-b-PCL/PLDA-PCL polymer blend films was studied 

using AFM. AFM images were achieved by operating in tapping mode with a scanning probe 

microscope (Nanoscope IIIa, MultimodeTM from Veeco) equipped with an integrated silicon 

tip/cantilever with a resonance frequency of ~ 300kHz from the same manufacturer. Height 

and phase images were obtained under ambient conditions with typical scan speeds of 0.8 - 

1.6 line/s, using a scanner head with a maximum range of 16 µm x 16 µm. For analysis of the 

observed surface structures, Nanoscope image processing software was used. 

3.2.3.6. Oxygen and water vapour permeability measurements (OTR and WVTR) 

Permeability of PLLA-b-PCL/PLDA-PCL polymer blend films obtained by extrusion cast was 

tested. The OTR of investigated PLLA-b-PCL/PLDA-PCL polymer blend films was measured 

according to ASTM standard method D3985 using an OX-TRAN 2/21 ST (Mocon, Inc.).  

The WVTR was measured according to ASTM F-1249 using a Permatran W 3/33 SG+ module 

(Mocon, Inc.). The OTR and the WVTR measurement conditions are described in detail in 

Chapter 2, Section 2.2.3.7. 

3.3. RESULTS AND DISCUSSION 

3.3.1. Appearance, transparency, and thickness of PLLA-b-PCL/ PLDA-PCL polymer blend films  

The appearance of the solutions before cast onto the Petri dishes was transparent and once 

the polymer blend films were formed remained transparent. The transparency of each 

investigated polymer blend films is shown in Figure 3.4.  
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Figure 3.4. Digital images of transparency of solvent casted PLLA-b-PCL/PLDA-PCL 70:30 polymer blend 
films. 

As it was described in Chapter 2, Section 2.2.3.1., the thickness of the polymer blend films was 

measured using a micrometer and calculated as an average value of measurements taken at 

five different points on each film sample as it is shown in Scheme 2.1 of Chapter 2. The average 

of the centered point was determined separately to the other measurements points. 

Table 3.2. summarized the average thickness of solvent casted PLLA-b-PCL/PLDA-PCL 70:30 

polymer blend films and Table 3.3. those corresponding to PLLA-b-PCL/PLDA-PCL 80:20 

polymer blend films. 

Table 3.2. Thickness of solvent casted PLLA-b-PCL/PLDA-PCL 70:30 polymer blend films 
measurements. 

Samples name 
Thickness 

(mm)* 
Centered point 

(mm) 
PLDA-PCL 70:30 145 ± 9 147 ± 14 

PLLA-b-PCL/PLDA-PCL 70:30:1 131 ± 10 148 ± 10 

PLLA-b-PCL/PLDA-PCL 70:30:3 153 ± 10 156 ± 10 

PLLA-b-PCL/PLDA-PCL 70:30:5 149 ± 7 140 ± 13 

PLLA-b-PCL/PLDA-PCL 70:30:7 144 ± 10 145 ± 7 

PLLA-b-PCL/PLDA-PCL 70:30:10 150 ± 6 152 ± 8 

 

Table 3.3. Thickness of solvent casted PLLA-b-PCL/PLDA-PCL 80:20 polymer blend films 
measurements. 
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Samples name 
Thickness 

(mm)* 
Centered point 

(mm) 
PLDA-PCL 80:20 148 ± 13 152 ± 14 

PLLA-b-PCL/PLDA-PCL 80:20:1 133 ± 12 137 ± 17 

PLLA-b-PCL/PLDA-PCL 80:20:3 135 ± 10 137 ± 2 

PLLA-b-PCL/PLDA-PCL 80:20:5 138 ± 17 142 ± 3 

PLLA-b-PCL/PLDA-PCL 80:20:7 137 ± 2 137 ± 7 

PLLA-b-PCL/PLDA-PCL 80:20:10 133 ± 2 140 ± 6 

Obtained thickness results indicated that the solvent casted polymer blend films had a non-

homogeneous thickness. The thickness of the different polymer blend films was quite 

dispersed and there was a difference between the centered point and the measurements in 

the other points of the films. This dispersion can be related to the drying process of the PLLA-

b-PCL/ PLDA-PCL polymer blend films prepared by three different preparation techniques. On 

the one hand, the solvent evaporation process which drive the vitrification of the polymeric 

chains and the films formation can have effect. On the other hand, the phase separation 

between the polymer blend components (PLDA, PCL and PLLA-b-PCL) and finally, the 

compatibility or miscibility between the block of PLLA-b-PCL diblock copolymer with adequate 

homopolymer, PCL or PLDA, respectively. 

Generally, the thickness values of polymer blend films prepared by solvent casting were 

between 130 µm -150 µm. The thickness of extruded PLLA-b-PCL/PLDA-PCL polymer blend 

films was controlled by adjusting extruder parameters and the final average thickness of each 

extruded ternary polymer blend films was around 160 µm. 

As for PLLA-b-PCL/PLDA polymer blend films, UV-Vis measurements were carried out to 

determine the transmittance of PLLA-b-PCL/PLDA-PCL polymer blend films. Important to 

mentioned that the transmittance values of these ternary polymer blend films were compared 

with the transmittance values of binary polymer blends of PLDA-PCL 80:20 and PLDA-PCL 

70:30. In Chapter 2, Section 2.3.2 the transmittance values of neat PLDA and PCL 

homopolymers were determined and as comparison those dates were also incorporated in 

Table 3.4 and Table 3.5. The transmittance values were taken at 600 nm. A slight reduction of 

the light transmission of PLDA-PCL 70:30 polymer blends was detected if compared with the 

light transmission of neat PLDA and also PLDA-PCL 80:20 polymer blends. This can be caused 

by the increases of the PCL content in these polymer blends. In both formulations, the addition 
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of DBC resulted in decrease of the transparency with the increase of DBC content in of PLLA-

b-PCL/PLDA-PCL polymer blend films. 

Table 3.4.Transmittance values of solvent casted PLLA-b-PCL/PLDA-PCL 70:30 polymer blend films. 

Sample name 
Transmittance 

(%) 
Neat PLDA 99 

PLDA -PCL 70:30 90 

PLLA-b-PCL/PLDA-PCL 70:30:1 90 

PLLA-b-PCL/PLDA-PCL 70:30:3 89 

PLLA-b-PCL/PLDA-PCL 70:30:5 89 

PLLA-b-PCL/PLDA-PCL 70:30:7 87 

PLLA-b-PCL/PLDA-PCL 70:30:10 87 

Neat PCL 84 

 

Table 3.5.Transmittance values of solvent casted PLLA-b-PCL/PLDA-PCL 80:20 polymer blend films. 

Sample name 
Transmittance 

(%) 
Neat PLDA 99 

PLDA -PCL 80:20 92 

PLLA-b-PCL/PLDA-PCL 80:20:1 92 

PLLA-b-PCL/PLDA-PCL 80:20:3 92 

PLLA-b-PCL/PLDA-PCL 80:20:5 90 

PLLA-b-PCL/PLDA-PCL 80:20:7 90 

PLLA-b-PCL/PLDA-PCL 80:20:10 90 

Neat PCL 84 

3.3.2. Thermal properties of PLLA-b-PCL/PLDA-PCL polymer blends by DSC 

In this study, ternary polymer blends based on two different PLDA-PCL homopolymer blends 

with weight ratio 70:30 and 80:20 modified with different DBC content (from 1wt% to 7 wt% 

for PLLA-b-PCL/PLDA-PCL 70:30 polymer blends and from 1 wt% to 10 wt for PLLA-b-PCL/PLDA-

PCL 80:20 polymer blends) were deeply analysed.  

2nd heating scan of DSC measurement was taken into account. Figure 3.5. showed DSC 

thermograms for PLLA-b-PCL/PLDA-PCL 70:30 polymer blend films and Table 3.6. summarized 

the thermal transition temperature values as well as thermal transition enthalpies and degree 
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of crystallinity. Figure 3.6. and Table 3.7. showed the same date for PLLA-b-PCL/PLDA-PCL 

80:20 polymer blend films.  

 

Figure 3.5. DSC thermograms of PLLA-b-PCL/PLDA -PCL 70:30 polymer blend films with different DBC 
content. The DSC thermograms of PLDA and PCL homopolymers were added for comparison. 

 

Table 3.6. Thermal transitions of PLLA-b-PCL/PLDA-PCL 70:30 polymer blend films with different DBC 
content. 

 PLLA block/PLDA PCL block/PCL 

Sample names 
Tg 

(°C) 
Tcc 
(°C) 

ΔHc 

(J/mol) 
Tm 

(°C) 
ΔHm 

(J/mol) 
Χc 

(%) 
Tg 

(°C) 
Tm 

(°C) 
ΔHm 

(J/mol) 
Neat PLDA 53 130 0.5 152 0.6 0.15 - - - 

Neat PCL - - - - - - -63 54 76.1 

PLDA-PCL 70:30 - 128 3.9 148 7.3 3.74 - 55 18.0 
PLLA-b-PCL/PLDA-PCL 

70:30:1 
- 125 6.8 148 10.9 4.38 - 55 17.7 

PLLA-b-PCL/PLDA-PCL 
70:30:3 

- 123 10.7 148 13.4 2.96 - 54 18.6 

PLLA-b-PCL/PLDA-PCL 
70:30:5 

- 127 7.6 149 11.2 3.88 - 55 18.5 

PLLA-b-PCL/PLDA-PCL 
70:30:7 

- 126 9.4 148 12.9 3.70 - 54 21 
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Figure 3.6. DSC thermograms of PLLA-b-PCL/PLDA-PCL 80:20 polymer blend films with different DBC 
content. The DSC thermograms of PLDA and PCL homopolymers were added for comparison. 

 

Table 3.7. Thermal transitions of PLLA-b-PCL/PLDA-PCL 80:20 polymer blend films with different DBC 
content. 

 PLDA+ PLLA block  PCL block  

Sample names 
Tg 

(°C) 
Tcc 
(°C) 

ΔHc 

(J/mol) 
Tm 

(°C) 
ΔHm 

(J/mol) 
Χc 

(%) 
Tg 

(°C) 
Tm 

(°C) 
ΔHm 

(J/mol) 
Neat PLDA 53 130 0.5 152 0.65 0.15 - - - 

Neat PCL - - - - - - -63 54 76.1 

PLDA–PCL 80:20 - 122 9.3 147 13.05 4 - 52 10.9 
PLLA-b-PCL/PLDA-

PCL 80:20:1 
- 117 17 147 19.33 2.51 - 53 11.6 

PLLA-b-PCL/PLDA-
PCL 80:20:3 

- 116 15.39 147 18.19 3.12 - 53 10.9 

PLLA-b-PCL/PLDA-
PCL 80:20:5 

- 115 16.6 146/152 18.99 2.57 - 54 12.2 

PLLA-b-PCL/PLDA-
PCL 80:20:7 

- 112 17.7 145/151 22.25 4.86 - 52 13.8 

PLLA-b-PCL/PLDA-
PCL 80:20:10 

- 108 21.1 142/151 21.53 0.44 - 52 13.8 

 

As can be deduced from obtained DSC results, the behaviour of both polymer blends was 

different. In the case of PLLA-b-PCL/PLDA-PCL 70:30 polymer blends, the influence of the 
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diblock copolymer was not significant. The PLDA-PCL 70:30 binary blend showed a slight 

decrease of the Tcc and an increase of the Χc value compared with correspond values for neat 

PLDA indicating that the crystallization of the blend was changed. The addition of different 

DBC content into the PLDA-PCL 70:30 binary blend did not provoke the same effect. In 

addition, the Tms of both PLDA and PCL rich phase of PLDA-PCL 70:30 polymer blends remained 

at the same temperature as for PLDA and PCL homopolymers. The same behaviour possessed 

PLLA-b-PCL/PLDA-PCL 70:30 ternary polymer blends with different DBC content. The 

insignificant effect of the addition of DBC content on the changes in the Tm of each separated 

phase is probably due to the high PCL homopolymer content in the ternary polymer blends. 

On the contrary, for PLLA-b-PCL/PLDA-PCL 80:20 ternary polymer blends several trends can be 

clearly observed. The increase of the DBC content led to a decrease of the Tcc being 122 °C for 

PLDA-PCL 80:20 binary polymer blends and 108 °C for PLLA-b-PCL/PLDA-PCL 80:20 ternary 

polymer blend with 10 wt% of DBC contents. This shift can indicate that the PLLA-b-PCL diblock 

copolymer encourages cold crystallization of the PLLA-b-PCL/PLDA-PCL 80:20 ternary polymer 

blends, forming increasingly crystallinity, given that the cold crystallization peaks were 

increasingly more defined and narrower and shifted towards low temperature as was reported 

by several authors who studied the cold crystallization kinetics adding different nucleating 

agents to PLA polymers such as Battegazzore et al. [15] and Henricks et al. [16]. 

This effect was significantly influenced by the addition of different DBC content and was 

different if compared to PLDA-PCL 80:20 binary polymer blend and PLDA homopolymer. A 

sudden change in the crystallinity of neat PLDA homopolymer was observed, leading to 

conclusion that the homopolymer prepared by the same processes was practically amorphous. 

Thus, any crystallization and melting transition was detected under employed DSC 

measurement conditions. These properties changed considerably after blending with neat PCL 

homopolymer, consequently strong effect of PCL addition was also observed in ternary 

polymer blends affecting properties of prepared blends if compared to neat PLDA 

homopolymer.  

Regarding melting transition of PLLA block/PLDA matrix, two Tms appeared for PLLA-b-

PCL/PLDA-PCL 80:20 polymer blends if compared with one Tm for PLDA-PCL 80:20 polymer 

blend. The first Tm corresponded to the Tm of the PLDA homopolymer and the second one to 

the Tm of PLLA block of the PLLA-b-PCL diblock copolymer. In the case of the Tm of PCL, very 

defined peaks were observed, without the appearance of a second Tm corresponding to PCL 
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block, suggesting possible miscibility between PCL homopolymer and the PCL block of PLLA-b-

PCL diblock copolymer or due to the low amount of PCL block in the final PLLA-b-PCL/PLDA-

PCL polymer blend.  

Χc of each sample was studied based on DSC results and was calculated for each block of the 

PLLA-b-PCL using the Equation 2.1, explained in more details in Chapter 2, Section 2.3.1.2.  

This equation has been used by Cock et al. [9]. Authors reported that Χc depends strongly on 

values corresponding to post-melt crystallization (the crystallinity analysed from the cooling 

process), or cold crystallization ΔHcc (the crystallinity analysed from the heating process). In 

this work the total crystallinity of PLDA was assumed and the total crystallinity corresponding 

to PLLA block of PLLA-b-PCL diblock copolymer was also assumed in Equation 3.1 where is 

explained how it was calculated the total value of enthalpy of melting transition for extracting 

crystallinity of semi-crystalline polymers. 

ࡴ∆ =  .Equation 3. 1 ࢉࢉࡴ∆− ࢓ࡴ∆

Theoretical enthalpy values for ΔHm
0 of PLDA and PCL extracted from the literature were 93 

J/g [17] and 156.8 J/g [18], respectively. 

First, it is necessary the calculation of the weight content of each block in PLLA-b-PCL/PLDA-

PCL polymer blend films according to the composition. The Mn of the PLLA-b-PCL diblock 

copolymer and each block as well as PDI was taken from Table 1.4, Chapter 1, Section 1.3.1.2. 

In Table 3.8 the wt% of each segment block is summarized.  

Table 3.8. Weight content of each block of PLLA-b-PCL diblock copolymer in PLLA-b-PCL/PLDA-PCL 
polymer blend films. 

Sample name 
PLLA 

(wt %) 
PCL 

(wt%) 
PLLA-b-PCL/PLDA-PCL 70:30:1 0.67 0.33 

PLLA-b-PCL/PLDA-PCL 70:30:3 2.00 1.00 

PLLA-b-PCL/PLDA-PCL 70:30:5 3.33 1.67 

PLLA-b-PCL/PLDA-PCL 70:30:7 4.67 2.33 

PLLA-b-PCL/PLDA-PCL 80:20:1 0.67 0.33 

PLLA-b-PCL/PLDA-PCL 80:20:3 2.00 1.00 

PLLA-b-PCL/PLDA-PCL 80:20:5 3.33 1.67 

PLLA-b-PCL/PLDA-PCL 80:20:7 4.67 2.33 

PLLA-b-PCL/PLDA-PCL 80:20:10 6.67 3.33 
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Once the compositions and the weight contribution of each segment block was calculated, it 

was possible to calculate the contribution of the crystallinity of each block in the 

correspondent PLLA-b-PCL/PLDA-PCL 70:30 and 80:20 polymer blends. Table 3.9 shows the 

calculated contribution of correspondent ꭓc of each block of diblock copolymer in PLLA-b-

PCL/PLDA-PCL 80:20 polymer blend films with different DBC content, which addition caused 

an effect on thermal transitions. 

Table 3.9. Degree of crystallinity of each block in PLLA-b-PCL/PLDA-PCL polymer blend films. 

Sample name 
PLLA 

(wt %) 
PCL 

(wt%) 
XPLLA 

(%) 
XPCL 
(%) 

PLLA-b-PCL/PLDA-PCL 80:20:1 0.67 0.33 0.084 0.022 

PLLA-b-PCL/PLDA-PCL 80:20:3 2.00 1.00 0.302 0.073 

PLLA-b-PCL/PLDA-PCL 80:20:5 3.33 1.67 0.541 0.135 

PLLA-b-PCL/PLDA-PCL 80:20:7 4.67 2.33 0.855 0.162 

PLLA-b-PCL/PLDA-PCL 80:20:10 6.67 3.33 1.299 0.247 

From results summarized in Table 3.9. higher contribution came from PLDA block of PLLA-b-

PCL diblock copolymer. But it is observed that as increases DBC in the polymer blend increases 

ꭓc. Both homopolymer are semi-crystalline polymer and thus a high ꭓc was expected. On the 

contrary, authors like as Cock et al. [9] observed that the degree of crystallinity of PCL block of 

used in similar PLLA-b-PCL diblock copolymers was around 44.5 % compared with the degree 

of PLDA that was around 30 %.  

3.3.3. Crystallinity of PLLA-b-PCL/PLDA-PCL polymer blend films by WAXS 

WAXS technique was used to analyse the crystallinity of investigated PLLA-b-PCL/PLDA-PCL 

polymer blend films. Such technique together with DSC allow to study the crystallinity of the 

polymer blend films without any treatment like heating. The WAXS results reflect the real 

behaviour of the polymer blend films during their shelf-life and as was explained in Chapter 2 

have a direct impact on the final barrier properties of investigated polymer blend films. WAXS 

of PLLA-b-PCL/PLDA-PCL 70:30 and 80:20 polymer blend films with different DBC content are 

shown in Figure 3.7 and Figure 3.8, respectively.  
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Figure 3.7. WAXS spectra of PLLA-b-PCL/PLDA-PCL 70:30 polymer blend films with different DBC 
content. 

 

Figure 3.8. WAXS spectra of PLLA-b-PCL/PLDA-PCL 80:20 polymer blend films with different DBC 
content. 

If compare the WAXS spectra of PLDA-PCL 80:20 polymer blend film with WAXS spectra of 

PLDA-PCL 70:30 polymer blend film, one can easily deduced that polymer blends with weight 

ratio 80:20 showed lower crystallinity if compare with polymer blends with weight ratio 70:30. 

As expected taken into account the PCL content in PLDA-PCL polymer blends, the addition of 

DBC into this polymer blends led to increase of the crystallinity of PLLA-b-PCL/PLDA-PCL 

polymer blends. Moreover, a part of strong increased of the intensity of the peaks, the increase 

of the DBC content resulted in the detection of additional peak.  
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Similarly, to values obtained in Chapter 2, the first peak at 2Ɵ equal to 16.6 ° and 16.7 ° for 

PLDA-PCL 80:20 and PLDA-PCL 70:30 polymer blends, respectively, was close to the expected 

position for the α-form of PLLA crystals sets of (113) and (203) reflections at 17 °. Also peaks 

at 19 ° were related to the formation of other type of PLLA crystals. Carmona et al. [19] 

reported that the PCL characteristics peaks at 2Ɵ equal to 21.5 °, 21.8 °, and 23.7 ° 

corresponding to the (110), (111), and (200) plane reflections of the characteristic pattern of 

PCL crystalline structure, respectively.  

PLLA-b-PCL/PLDA-PCL 70:30 showed those peaks at 21.4° and 23.6° and PLLA-b-PCL/PLDA-PCL 

80:20 showed the last peak a slight shifted to lower values 22.1° instead of 23.6° this could be 

because of DBC into PLDA-PCL blends act as compatibilizer agent.  

3.3.4. Thermogravimetrical analysis  

TGA curves of PLLA-b-PCL/PLDA-PCL 70:30 and 80:20 polymer blend films with different DBC 

content are presented in Figure 3.9 and Figure 3.10, respectively.  

 
Figure 3.9. TGA curves of PLLA-b-PCL/PLDA-PCL 70:30 polymer blends films with different DBC content. 

As can be clearly seen from TGA results reported in Figure 3.9 and Figure 3.10, both series of 

PLLA-b-PCL/PLDA-PCL polymer blends possessed three degradation steps. The first one related 

to the residual solvent evaporation, the second corresponding to degradation process of PLLA 

block/PLDA matrix and the third one to degradation of PCL block/PCL rich phase.  
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Figure 3.10. TGA curves of PLLA-b-PCL/PLDA-PCL 80:20 polymer blend films with different DBC content. 

The main difference in the first degradation step was related to the fact that the increase of 

DBC content in ternary polymer blends reduced the residual solvent compared with the PLDA-

PCL 70:30 and PLDA-PCL 80:20 binary polymer blends. This could be caused by the 

crystallization effect of the PCL in these blends. Thus, the crystallization affected the molecular 

chains conformation and avoid the occlusion of the solvent within the polymer chains, and as 

a consequence the amount of the occluded solvent is reduced. This effect was studied by 

Hughes et al.[20] who analysed the effect on other properties among thermal ones for solvent 

casted films of PLA. In this Chapter it can be observed that the effect was stronger for ternary 

polymer blends containing 30 wt% of PCL than in those polymer blends containing 20 wt%.  

Tonset and Tdeg were listed in Table 3.10 for PLLA-b-PCL/PLDA-PCL 70:30 polymer blend films and 

in Table 3.11 for the PLLA-b-PCL/PLDA-PCL 80:20 polymer blend films. The Tonset and Tdeg of 

PLDA and PCL homopolymers were extracted from TGA results presented in Chapter 1.  

Table 3.10. TGA curves of PLLA-b-PCL/PLDA -PCL 70:30 polymer blend films with different DBC 
content. 

Sample name 
Tonset 
(°C) 

Tdeg 
(°C) 

Neat PLDA 342 391 

Neat PCL 382 446 

PLDA-PCL 70:30 339 431 

PLLA-b-PCL/PLDA-PCL 70:30:1 339 432 

PLLA-b-PCL/PLDA-PCL 70:30:3 337 433 



PLDA-PCL polymer blends modified with PLLA-b-PCL diblock copolymer 

122 Confidential

PLLA-b-PCL/PLDA-PCL 70:30:5 334 434 

PLLA-b-PCL/PLDA-PCL 70:30:7 325 434 

 

Table 3.11. TGA curves of PLLA-b-PCL/PLDA -PCL 80:20 polymer blend films with different DBC 
content. 

Sample name 
Tonset 
(°C) 

Tdeg 
(°C) 

Neat PLDA 342 391 

Neat PCL 382 446 

PLDA -PCL 80:20 333 418 

PLLA-b-PCL/PLDA-PCL 80:20:1 320 416 

PLLA-b-PCL/PLDA-PCL 80:20:3 327 425 

PLLA-b-PCL/PLDA-PCL 80:20:5 320 418 

PLLA-b-PCL/PLDA-PCL 80:20:7 317 430 

PLLA-b-PCL/PLDA-PCL 80:20:10 301 414 

 

Generally, the Tonset and Tdeg of PCL homopolymer phase was higher than the Tonset and Tdeg of 

PLDA homopolymer. Thus, consequently the Tonset and Tdeg of PLDA-PCL polymer blends with 

both 20 wt% and 30 wt% of PCL increased if compare with these values correspond to neat 

PLDA homopolymers. Moreover, PLDA-PCL polymer blends with 30 wt% of PCL have higher 

Tonset and Tdeg than PLDA-PCL polymer blends with 20 wt% of PCL. This effect corroborates that 

PLDA-PCL polymer blends containing the DBC slightly reduced the thermal stability as DBC 

increases. The decrease is lower in PLDA-PCL polymer blends containing 30 wt% of DBC 

compared with those containing 20 wt% of DBC. The Tonset of both ternary polymer blends 

70:30 and 80:20 suffer a displaced to lower temperatures with the increase of DBC content. 

This effect is more penanced in PLLA-b-PCL/PLDA-PCL 80:20 ternary polymer blends reaching 

a decrease of 30 °C compared with the Tdeg of PLDA-PCL 80:20 polymer blend when the 

addition of DBC was 10 wt%. However, if the comparison is due to PLDA neat homopolymer, 

the addition of DBC causes an increase on the thermal stability of prepared polymer blends.  

Taking into account the effect of the PLLA-b-PCL diblock copolymer as compatibilizer agent on 

both PLDA-PCL polymer blend films, the forward investigation will be continued only with 

PLLA-b-PCL/PLDA-PCL 80:20 polymer blends with 1 wt% to 10 wt%. of DBC. Thus, morphology 

and barrier properties study will be analysed only for blends based on PLLA-b-PCL/PLDA-PCL 

80:20. 
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3.3.5. Morphology of PLLA-b-PCL/PLDA-PCL polymer blend films by AFM 

The morphology of investigated PLLA-b-PCL/PLDA-PCL 80:20 ternary polymer blend films with 

1 wt% to 7 wt% of DBC content was analysed by AFM. All prepared by spin-coating polymer 

blend films were transparent at room temperature, indicating lack of the microphase 

separation. As shown in Figure 3.11 any significant changes in the morphologies were observed 

with the increases of the DBC content. The AFM phase image of PLDA-PCL 80:20 binary 

polymer blend was the same than AFM phase image a) (see Figure 3.11) allowed to distinguish 

typical phase separation, with the homogeneously distributed separated PCL rich phase with 

the average domains size 30 nm in diameter. As mentioned in Chapter 2, final morphology of 

the PLLA-b-PCL/PLDA polymer blends depends on the number of monomeric units of each 

block of DBC together with molar ratio of both blocks as well as the relation between χ, the 

molecular weight and the volume fraction of the immiscible block, in this case PCL block [21]. 

AFM phase images of PLLA-b-PCL/PLDA-PCL 80:20 ternary polymer blends confirmed 

microphase separation of immiscible PCL block/PCL rich phase from PLLA block/PLDA matrix. 

However, here it should be pointed out that the size of microphase separated domains was 

below 150 nm, as a consequence the final properties of these PLLA-b-PCL/PLDA-PCL 80:20 

ternary polymer blends are not strongly affected if compared to the PDLA homopolymer. The 

AFM phase images allow to distinguish a continuous brighter region attributed to PLLA 

block/PLDA matrix. Simultaneously, the spherical, darker regions corresponded to PCL 

block/PCL rich phase. It can be also easy visualized that the increase of the DBC content 

resulted in decrease of the separated domains. (See Figure 3.11).  
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Figure 3.11. AFM phase images of PLLA-b-PCL/PLDA-PCL polymer blends containing different DBC 
content: a) 1, b) 3, c) 5, and d) 7 wt%. 

The size of the spherical microphase separated domains of PLLA-b-PCL/PLDA-PCL 80:20 ternary 

polymer blend with 1 wt% of DBC varied from 15-52 nm to 130-140 nm. For ternary polymer 

blends with 3 wt% of DBC content the smallest spherical particles were clearly observed, being 

there size between 90 nm and 140 nm in diameter. Moreover, for these blends some 

interconnected spherical micelles can be distinguished. PLLA-b-PCL/PLDA-PCL 80:20 ternary 

polymer blend with 5 wt% and 7 wt% of DBC content showed similar domains size from 90 nm 

to 150 nm diameters. As showed in the Figure 3.12, interesting phenomenon was detected for 

PLLA-b-PCL/PLDA-PCL 80:20 ternary polymer blend with 7 wt% of DBC content. As can be 

showed in inset of Figure 3.12, inside the spherical phase separation of PCL block/PCL rich 

phase crystals of PCL can be identify that could correspond to the PCL segment block. 

Consequently, these results are in good agreement with DSC results, where the increase of 
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crystallinity in PLLA-b-PCL/PLDA-PCL 80:20 ternary polymer blend with the increase of the DBC 

content was reported. 

 

Figure 3.12. AFM phase images of PLLA-b-PCL/PLDA-PCL 80:20 with 7 wt% of PLLA-b-PCL diblock 
copolymer. Inset correspond to high magnification AFM phase image. 

As also happened for PLLA-b-PCL/PLDA polymer blends, theoretical morphology predicted 

from molecular weight and volumetric rate between components was not reached. Thus, 

predicted lamellar morphology was not obtained. To better understand these results, a 

calculation of vol% PCL in each ternary polymer blends has been done using the theoretical 

density parameters extracted from bibliography which were ρ (PCL) equal to 1.02 g/cm3 and ρ 

(PLA) equal to 1.24 g/cm3. The vol% PCL for each PLLA-b-PCL/PLDA-PCL polymer blend was 

summarized in Table 3.12.  

Table 3.12. PCL vol% in PLLA-b-PCL/PLDA-PCL polymer blends. 
Samples names molar volume of blocks of each ternary blend 

PLDA-PCL 80:20 
PLLA 

(vol %) 
PCL 

(vol%) 
PLLA-b-PCL/PLDA-PCL 80:20:1 0.54 0.33 

PLLA-b-PCL/PLDA-PCL 80:20:3 1.61 0.98 

PLLA-b-PCL/PLDA-PCL 80:20:5 2.69 1.63 

PLLA-b-PCL/PLDA-PCL 80:20:7 3.76 2.29 

PLLA-b-PCL/PLDA-PCL 80:20:10 5.38 3.27 

As it has been observed the volume of immiscible segment block related to PCL is very low 

compared with the molar volume expected for changing the morphology as was explained in 

Table 2.10, Chapter 2, Section 2.3.3.  
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3.3.6. Oxygen and water vapour barrier properties of PLLA-b-PCL/PLDA-PCL polymer blend 

films  

Taking into account the OTR and the WVTR results obtained for PLLA-b-PCL/PLDA polymer 

blends described in Chapter 2, Section 2.3.6, only PLLA-b-PCL/PLDA-PCL polymer blend films 

prepared by extrusion were analysed. As was described in Chapter 2, the films were masked, 

and the measure section was of 5 cm x 5 cm. The measurements were carried out according 

to ASTM standards for oxygen (ASTM D 3985) and water vapour permeability (ASTM F-1249). 

Obtained OTR results are plotted in Figure 3.13 and the OTR and oxygen permeability of PLLA-

b-PCL/PLDA-PCL ternary polymer blend films are summarized in Table 3.13. The OTR value of 

PLDA-PCL 80:20 polymer blends are higher than the oxygen barrier value of neat PLDA 

homopolymer films. The addition of DBC into PLDA-PCL 80:20 polymer blends results in 

continuous decrease of the OTR value with the increase of DBC content, reaching the OTR 

values 30% lower for PLLA-b-PCL/PLDA-PCL polymer blend films with 10 wt % of DBC content 

if compared with the OTR value of PLDA-PCL 80:20 polymer blends.  

 

Figure 3.13. The OTR of PLLA-b-PCL/PLDA-PCL polymer blend films with different DBC content. 

 

Table 3.13. The OTR and oxygen permeability of PLLA-b-PCL/PLDA-PCL polymer blend films with 
different DBC content. 

Sample name OTR 
(cm3/m2.day.Pa) 

Oxygen permeability 
(cm3.µm/m2.day.Pa) 

Neat PLDA 385 ± 6.2 38.500 
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PLDA-PCL 80:20 620 ± 36.8 69.120 

PLLA-b-PCL/PLDA-PCL 80:20:1 580 ± 40 58.000 

PLLA-b-PCL/PLDA-PCL 80:20:3 551 ± 56.8 55.100 

PLLA-b-PCL/PLDA-PCL 80:20:5 456 ± 38.5 45.560 

PLLA-b-PCL/PLDA-PCL 80:20:7 440 ± 20 44.000 

PLLA-b-PCL/PLDA-PCL 80:20:10 427 ± 8.4 42.770 

 

In addition, the influence of time on the OTR values of PLLA-b-PCL/PLDA-PCL polymer blend 

films was evaluated and for some formulations the reduction up to 50 % of OTR value was 

observed. The digital images of investigated 1-month aged PLLA-b-PCL/PLDA-PCL polymer 

blend films are showed in Figure 3.14 and the OTR values are graphed in Figure 3.15. The 

reduction of OTR values after 1 mouth aged was probably related to the degree of crystallinity 

of the PLLA-b-PCL/PLDA-PCL polymer blend films. Thus, with time, the degree of crystallinity 

of PLLA-b-PCL/PLDA-PCL polymer blend films increased and as a consequence, the OTR values 

decreased. As it can be seen in Figure 3.14 investigated polymer blend films loss its 

transparency and are crystallized.  

 

 

Figure 3.14. Digital images of 1-month aged PLLA-b-PCL/PLDA-PCL polymer blend films with different 
DBC content. 
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Figure 3.15. The OTR of 1-month aged PLLA-b-PCL/PLDA-PCL polymer blend films. 

Figure 3.16 showed WVTR values of PLLA-b-PCL/PLDA-PCL polymer blends containing different 

DBC percentages.  

 

Figure 3.16. The WVTR of PLLA-b-PCL/PLDA-PCL polymer blend films with different DBC content. 

 

As showed in Figure 3.16 and summarized in Table 3.14, the WVTR values decreased with the 

increase of DBC content in PLLA-b-PCL/PLDA-PCL polymer blend films, reaching the lowest 

WVTR value for PLLA-b-PCL/PLDA-PCL 80:20 polymer blend films with 10 wt% of DBC content. 
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The lower improvement of vapour water permeability if compare with oxygen water 

permeability was probably due to the hydrophilic character of PLDA.   

Table 3.14. The WVTR and water permeability of PLLA-b-PCL/PLDA-PCL polymer blend films with 
different DBC content. 

Sample name 
WVTR 

(g/m2.day.Pa) 
Water permeability 
(g.µm/m2.day.Pa) 

Neat PLDA 117 ± 20.8 18.770.4 
PLDA-PCL 80:20 133 ± 21.6 21.216 

PLLA-b-PCL/PLDA-PCL 80:20:1 130 ± 15 20.800 
PLLA-b-PCL/PLDA-PCL 80:20:3 118 ± 1.4 18.994 
PLLA-b-PCL/PLDA-PCL 80:20:5 112 ± 4 17.920 
PLLA-b-PCL/PLDA-PCL 80:20:7 135 ± 3.2 21.600 

PLLA-b-PCL/PLDA-PCL 80:20:10 100 ± 5 16.000 

The OTR and the WVTR results showed an improvement of the barrier properties of PLLA-b-

PCL/PLDA-PCL polymer blend films with the increase of the DBC content. However, the 

improvement of the barrier properties is lower than those achieved for nanostructured PLLA-

b-PCL/PLDA polymer blend films discussed in Chapter 2, this improvement corroborates that 

DBC can acted as compatibilizer agent in PLLA-b-PCL/PLDA-PCL polymer blends.  

3.4. CONCLUSIONS 

Results obtained in this Chapter indicated that the PLLA-b-PCL diblock copolymer acted as 

compatibilizer agent for PLDA and PCL homopolymer blends.  

The following conclusions of this investigation can be drawn: 

o The weight ratio between components of the PLDA-PCL polymer blend affected the 

final properties of these polymer blends if compare with PLDA and PCL 

homopolymer. 

o The compatibilization effect of PLLA-b-PCL block copolymer was higher for PLDA-PCL 

80:20 polymer blends than for PLDA-PCL 70:30 polymer blends due to higher PCL 

content in DBC.  

o The addition of PLLA-b-PCL diblock copolymer into PLDA-PCL 80:20 polymer blends 

affected their final properties such as appearance, thermal, morphology and barrier 

properties.  
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o All PLLA-b-PCL/PLDA-PCL polymer blends based on PLDA-PCL 80:20 were transparent 

avoiding macrophase separation. 

o DSC results showed an effect on the Tcc of PLDA being shifted to lower temperatures 

compared with the neat PLDA-PCL 80:20 polymer blend, this trend indicated a 

compatibility effect between the polymer blends strongly related with an increase of 

degree of crystallinity of PLLA-b-PCL/PLDA-PCL polymer blends., which corroborated 

by WAXS analyses. 

o AFM results demonstrated lack of macrophase separation. Moreover, the increase 

of DBC content led to increase of the diameter of the PCL spherical particles 

microphase separated from PLLA-b-PCL/PLDA-PCL polymer blends. 

o The oxygen and water vapour barrier properties increased linearly with the addition 

of the DBC into PLDA-PCL 80:20 polymer blends, reaching values of 30 % of 

improvement of oxygen permeability barrier compared with values for neat PLDA-

PCL 80:20 polymer blend. Simultaneously, the water vapour permeability showed 

24% of improvement if compared with the neat PLDA-PCL 80:20 polymer blend.  

o The successful compatibilization effect of PLLA-b-PCL diblock copolymer resulted in 

improvement of barrier and thermal properties. 

o  PLLA-b-PCL diblock copolymer incorporated into PLLA-b-PCL/PLDA-PCL polymer 

blends can act as both compatibilizer agent for both PLDA and PCL homopolymer and 

as nanostructuration agent due to microphase separation of PCL block from PLLA 

block and the PLDA from the PLDA-PCL polymer blend. 
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IV.1. GENERAL CONCLUSIONS

The general conclusions of this investigation thesis were following: 

The results obtained for PLDA/PCL polymer blends confirmed that these blends are 

immiscible. On the contrary, the used of commercial PLLA-b-PCL diblock copolymer allowed 

to prepare PLLA-b-PCL/PLDA polymer blends on laboratory scale with the promising 

properties for possible packaging applications. 

The properties of PLLA-b-PCL/PLDA polymer blends was strongly related with the capability 

of self-assembly of PLLA-b-PCL diblock copolymer in these polymer blends. Thus, different 

morphologies were detected by AFM techniques due to microphase separation of PCL block 

in PLLA block/PLDA matrix.  

The final properties of PLLA-b-PCL/PLDA polymer blends depends strongly on commercial 

PLLA-b-PCL diblock copolymer content. The crystallinity of PLLA-b-PCL/PLDA polymer blends 

increased with increased of DBC content without losing their transparency, corroborating 

self-assembly of diblock copolymer at nanoscale. Moreover, slight decrease of the Tg of PLLA-

b-PCL/ PLDA polymer blends was observed, indicating a low plasticizer effect, which reduces 

the neat PLDA homopolymer brittleness. 

The oxygen permeability barrier of solvent casted PLLA-b-PCL/PLDA polymer blends with 

commercial DBC was improved reaching a decrease of 20 % of the OTR if compared with 

neat PLDA. The same polymer blends obtained by extrusion cast showed a decrease of 50% 

of the OTR if compared with neat PLDA. Moreover, the WVTR values improved for polymer 

blends prepared by both processing techniques.  

Commercial PLLA-b-PCL diblock copolymers acted as compatibilizer for PLDA-PCL polymer 

blends being PLLA block partially miscible with neat PLDA and PCL block partially miscible 

with neat PCL. The compatibilizer effect was higher for PLDA-PCL 80:20 polymer blend. 

Similarly, as for PLLA-b-PCL/PLDA polymer blends, the addition of commercial PLLA-b-PCL 

diblock copolymer into PLDA-PCL 80:20 polymer blend resulted in nanostructured polymeric 

materials.   
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The addition of commercial PLLA-b-PCL diblock copolymer into PLDA-PCL 80:20 improved 30 

% of oxygen barrier permeability and 24 % of water vapour barrier permeability if compared 

with PLLA-b-PCL/PLDA-PCL polymer blend prepared in the same way. 

The addition of commercial PLLA-b-PCL diblock copolymer into PLDA-PCL 80:20 improved 30 

% of oxygen barrier permeability and 24 % of water vapour barrier permeability if compared 

with PLLA-b-PCL/PLDA-PCL polymer blend prepared in the same way. 

The synthesis of PLLA-b-PCL diblock copolymer was successfully done on a laboratory scale 

by ROP of ε-CL and subsequently L-LA monomer incorporation. Synthesized PLLA-b-PCL 

diblock copolymer with weight ratio between blocks 2:1 possessed similar properties to 

commercial PLLA-b-PCL and maintained self-assembly capability in PLLA-b-PCL/PLDA 

polymer blends leading to nanostructured materials. PLLA-b-PCL/PLDA polymer blends with 

synthesized DBC maintained barrier properties if compare with the same polymer blends 

with commercial DBC and showed elongation at break improvement of 40% if compared to 

neat PLDA. 

Obtained results confirmed that it was possible not only to upscale the PLLA-b-PCL diblock 

copolymer synthesis on preindustrial scale without purification step, but also it was possible 

to improve the chemical synthesis yield. Synthesized in the ITENE pilot plant PLLA-b-PCL 

diblock copolymer possessed similar properties if compared to commercial PLLA-b-PCL 

diblock copolymer and the one synthesized on a laboratory scale.  

DBC/PLDA polymer blends prepared using synthetized on preindustrial scale DBC were also 

successfully produced in pilot plant of ITENE facilities. A specific screw configuration for 

extrusion compound allowed to avoid DBC degradations and improving the DBC and PLDA 

mixing index. Results obtained for different DBC/PLDA polymer blends confirmed that 

synthesized DBC, on the one hand, acted as plasticizer for PLDA matrix and, on the other 

hand, acted as a nucleating agent increasing DBC/PLDA polymer blends crystallinity if 

compared with the neat PLDA polymer. Improvements on thermal and permeability barrier 

properties were maintained. 

Food safety analyses (overall and specific migration tests) according to EU Regulation Nº 

10/2011 demonstrated that developed DBC/PLDA polymer blends are safe to be used as a 

packaging material for different foodstuffs and in different conservation conditions, from 

short time to long time. 
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Biodegradability and compostability tests done according to UNE EN 13432:2000 confirmed 

that DBC/PLDA polymer blends with up to 20 % of DBC content are biodegradable and 

compostable.  

DBC/PLDA polymer blends could be used as packaging materials as was confirmed used them 

for two specific applications such as thermoformed trays and vacuum flexible bags. From the 

point of view of converting technologies, the processability of DBC/PLDA polymer blends 

was successful and both types of packages were produced.  

The validation with foodstuffs, concretely, croissants for the thermoformed trays and sliced 

cured ham for the vacuum flexible bags, showed a limited functionality. Both products 

packed in the developed biodegradable and compostable packages fulfilled with the 

commercial shelf-life but with a loss of properties. In both products the most identified 

change was the dryness compared with the products packaged with the commercial 

packages. However, it can be concluded that 70 % of the internal panellist didn´t identified 

changes in the flavour of the sliced cured ham packed with the developed DBC/PLDA 

polymer blends. Finally, developed during this investigation work polymer blends could be a 

new alternative for PLA uses in a short time on industrial scale. 
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IV.2. FUTURE WORKS 

The knowledge developed during this investigation work has been used to continue with the 

research on the synthesis of tailored made block copolymers to improve biodegradable and 

compostable polymers focus on packaging applications.  

In the first place, an identification of the packaging market niches in which biodegradable 

materials present a competitive advantage has been carried out. Then, two specific types of 

packaging and processing technologies have been selected. The selected types were: 

- Flexible packaging processed by extrusion: for applications which require thermal 

resistance to be used for single-use flexible materials to contain sauces such as 

mayonnaise or for individual thermoformed trays for jam. In this case the material 

selected will be PBS. 

- Rigid packaging processed by injection: to be used for applications such as small bottles 

or coffee capsules. For this market the selected polymer family will be poly 

(hydroxialkanoates).  In particular, the poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

(PHBV)due to PHBV grade is still the unique approved for food contact applications.  

Preliminary work for the synthesis of both types of block copolymers have been started. The 

first one is a triblock copolymer of PLLA-b-PBS-b-PLLA with the aim to improve PLDA thermal 

resistance and to reduce the cost of PBS homopolymer. In addition, the effect of the 

developed triblock copolymer will be test as a compatibilizer for PLDA/PBS polymer blends. 

The second one is a diblock copolymer of PLA-b-PHBV with the aim to improve PLDA 

toughness and PHB flexibility and to test its properties as compatibilizer for future PLDA/ 

PHB polymer blends. 

The current state and next steps for each BCP is detailed:  

- Development of PLLA-b-PBS-b-PLLA triblock copolymer 

The synthesis of the PLLA-b-PBS-b-PLLA triblock copolymer by using dimethylsuccinate and 

diethylsuccinate as prepolymers to obtain PBS by transesterification and to synthesize the 

triblock by ROP using L-LA as monomer, is being study at laboratory scale. Preliminary results 

showed a low Mn of the triblock copolymer and very long time for the reaction (20 h). 

Preliminary blends of PBS of the triblock copolymer have been obtained by extrusion cast al 
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laboratory scale and low improvement in mechanical and thermal properties have been 

observed. For the future is proposed: 

o To evaluate different prepolymers such as alkylsuccinate and new catalyst 

materials and its percentages to reduce the time of the polymerization 

step 

o To evaluate different ratios between the blocks of PLLA and PBS (current 

3:1) 

o To select the best PLLA-b-PBS-PLLA triblock copolymer and to blend in 

different weight ratio with both selected matrices, PLDA and PBS following 

the procedure described in Chapter 2 and Chapter 4. 

- Development of PLA-b-PHB diblock copolymer 

The synthesis of PLA-b-PHB diblock copolymer is being study on laboratory scale. This 

synthesis route consists of two steps, the first one is the preparation of PHBV oligomers by 

methanolysis and the second one the polymerization with L-LA monomer by using an 

organometallic catalyst. Preliminary results obtained low Mn prepolymers of PHBH-OH 

leading to low Mn of the PHBv-b-PLLA diblock copolymers. Furthers steps should be: 

o Selection of different catalyst to obtain best results in the PHBV 

methanolysis or to look for other monomers extracted from fermentation 

steps of the PHBV to be used as precursors  

o Once the synthesis of the PHBV-b-PLLA will be set up. Several polymer 

blends of the synthesized PHBV-b-PLLA diblock copolymer with both, 

PHBV and PLDA homopolymers will be studied following the procedures 

described in Chapter 2 and Chapter 4. 
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mm Milimeter 

MPa Mega Pascal 

N Newton 

NA Block length 

nm Nanometer 

Pa Pascal 

ppm Parts per million 

psi Pounds per square inch 

ρ Theoretical density 

ρA Density 

rpm Revolutions per minute 

s Second 

T Transmittance 

Tc Crystallization temperature 
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Tcc Cold crystallization temperature 

Tdeg Degradation temperature 

Tg Glass transition temperature 

Tm Melting temperature 

Tonset Onset temperature 

Vcore Core volume 

Vm,A Molar volume 

W Watts 

w Mass fraction 

wx Weight percent 

wt%   Percentage by weight 

wt/vol Weight/volume 

Xc Degree of crystallinity 

χ Flory-Huggins interaction parameter 

χN Chain length 

Z Aggregation number 
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