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VOORWOORD 

Verpakking. Voedselverpakking. Iedereen kent het. En iedereen komt er dagdagelijks mee in 

aanraking. Maar bijna niemand staat stil bij welke functies het eigenlijk vervult.  Ook ik niet 

4,5 jaar geleden. Ondertussen is de wondere wereld der verpakkingen en specifiek 

biogebaseerde verpakkingen voor mij open gegaan. PLA, PHA, LCA, barrière eigenschappen, 

DSC, Tg, Tm, … het zijn termen die mij ondertussen vertrouwd in de oren klinken. En het mag 

gezegd worden, het was een zeer boeiende ontdekking. Een boeiende ontdekking met een mooi 
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Prof. Dr. ir. Peter Ragaert, Prof. Dr. ir. Frank Devlieghere en Prof. Dr. ir. Bruno De Meulenaer 
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GENERAL AIM OF THE THESIS 

With a steady annual growth rate of 8.7% from 1950 to 2012, finding a class of materials that 

is as successful as plastics will be very hard. Today, petroleum-based plastics, such as 

polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET) and polyamide (PA) 

are used in more and more applications and they have become an essential part of our modern 

lifestyle. Packaging, particularly food packaging, covers a big part of this plastics industry and 

trends like convenience and portioning have led to an increased use of raw materials, which is 

currently mainly crude oil. Environmental (consumer awareness, CO2-emissions) and economic 

reasons (dependence of oil industry) has triggered the interest of the food and packaging 

industry towards packaging materials made from renewable resources. Furthermore, increasing 

research and development in the field of these novel plastics leads to more and more 

applications and emerging new materials (Lagarón & Lopez-Rubio, 2011, OECD, 2013, Philp, 

2014, Plastics Europe, 2013). 

Although the interest in biobased plastics is growing, a lot of stakeholders in the Flemish food 

industry are doubtful regarding the introduction of biobased plastics. This can mainly be 

attributed to the lack of knowledge regarding these new materials and their possibilities. 

Therefore, the aim of this research was to increase the knowledge of the different stakeholders 

within the food industry concerning biobased plastics by trying to close the gap between the 

academic world, where a lot of research in the field of biobased plastics is performed and the 

food/packaging industry to whom this research could be of great value.  

Since most biobased food packaging that is already used today, is applied for short shelf-life 

applications and dry products it is believed that biobased plastics can only be used in case they 

do not require high oxygen and/or water vapor barrier. Furthermore, food companies are not 

eager to invest time and money in (storage) tests with new packaging materials if they have no 

indication about their performance. Since most literature only covers one (single layer) 

packaging material for one type of food product and almost no research regarding modified 

atmosphere packaging (MAP) is performed yet, there is an obvious need for a clear substantial 

research showing the performance of biobased plastics. This research meets this need by the 

performance of extended storage tests with multilayer biobased plastics (and reference 

conventional materials) used as a packaging material for different types/different categories of 

food products, including MAP. Furthermore, the performance of these materials on industrial 
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packaging lines was tested, since this is also an aspect that is of great concern to food companies. 

The aim of this research is to show the Flemish food and packaging industry what the 

possibilities of biobased plastics are (e.g. applicability for MAP) and to provide the companies 

with information that can guide them in their search for a suited biobased packaging material 

for their specific food product. 

Next to the barrier properties, also the thermal properties of packaging materials are very 

important in the food industry, both for companies processing plastic materials as well as for 

food companies using packaging materials requiring a certain heat resistance. But, unlike 

barrier properties, where one single value defines the barrier property of a packaging material 

for a certain permeant, the thermal properties of a packaging materials cannot be captured in 

one single value. Several parameters (Tg, Tm, HDT, VST) can give an indication on how 

materials will perform upon exposure to higher temperatures. Biobased materials that claim to 

have a higher heat resistance and are already commercially available mostly come with only 

scarce information regarding these thermal properties, which makes it very difficult for 

companies to decide whether a new material will meet their requirements. Furthermore, 

although much research has already been conducted in this field, most of this research is limited 

to one or two techniques to increase the thermal properties of a single biobased material. 

Therefore, the aim of this research was to give a comprehensive overview of the thermal 

properties and of the effect of different strategies on the thermal properties of different biobased 

plastics, either by the use of commercially available materials (‘buy strategy’) or by the 

modification (e.g. addition of additives) of virgin biobased materials (‘make strategy’). Since 

mechanical properties are also an important aspect regarding food packaging, the effect of 

higher temperatures on the tensile properties of these materials was investigated as well. 

Furthermore, no information regarding in-pack pasteurization or hot fill applications with 

biobased plastics is already available. Therefore, storage tests with biobased plastics 

undergoing one of these heat treatments were performed. This research increases the knowledge 

of Flemish food and packaging companies by translating the scientific literature into 

commercially available materials and by completing the information regarding the thermal 

properties of biobased plastics. 

A third important aspect regarding food packaging is migration. New materials that are intended 

to be used as a food contact material must comply with legislation before they can enter the 

market. Since almost no information can be found in literature regarding migration from 

biobased materials into food products, overall migration tests on different biobased materials 
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were performed in this research, including migration tests for higher temperature use. 

Furthermore, the printability of biobased plastics, also important for food packaging, was tested.
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STRUCTURE OF THE THESIS 

In Chapter 1, the framework of the research was set out. The background and challenges 

regarding bioplastics are explained in detail and an overview of reported strategies to enhance 

both the barrier and thermal properties is presented. 

An extensive overview of both the barrier and the thermal properties of biobased and 

conventional (oil-based) plastics was made in Chapter 2. Regarding barrier properties, several 

multilayer biobased films were characterized (e.g. barrier properties, seal properties, tensile 

properties). Regarding thermal properties, an overview of heat resistant biobased materials 

which are already commercially available was made (end products and resins). 

In Chapter 3 and 4, extended storage tests with a selection of films characterized in Chapter 

2 were performed. The shelf-life of several short, medium and long shelf-life food products 

packed in biobased materials (including packaging under modified atmosphere) was evaluated 

and compared with their shelf-life in conventional packaging materials. These tests were 

followed by packaging trials on industrial lines.  

The thermal properties of flexible heat resistant cellulose-based films were investigated in 

Chapter 5. To check their performance as a packaging material, storage tests with carrot puree 

(simulant for ready-to-eat meals) undergoing a heat treatment (in package pasteurization or hot 

fill) were carried out. 

In chapter 6, several modifications that could enhance the heat resistance of biobased plastics 

were investigated. The thermal properties of modified rigid materials that were as such available 

on the market (‘buy’ strategy) or of rigid materials that were modified during this research 

(‘make’ strategy) were examined. 

Printability, which is an important aspect of packaging material, and compliance with 

legislation, which is needed to place a food packaging onto the market, were explored in 

Chapter 7. Printability tests and quality control test of the print were performed as well as 

overall migration test in different food simulants and at different conditions. 

The aim of Chapter 8 was to generally discuss the obtained results as well as to give general 

conclusions and future perspectives. 
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SUMMARY 

The present PhD-thesis describes the applicability of biobased plastics as food packaging 

materials, focusing on the barrier and thermal properties. 

In Chapter 1 the main characteristics and limitations of biobased plastics are described. Many 

research with the aim of improving these limitations has already been performed, yet an urgent 

need to translate these lab scale results (of mostly fundamental research) into useful, and easily 

interpretable/applicable parameters exists. 

In Chapter 2, an extensive overview was made of both the barrier and the thermal properties 

of biobased and conventional (oil-based) plastics. Biobased materials with a large range in 

properties (barrier, thermal and mechanical) already exist on the market. Just as for 

conventional materials, the use of multilayers is required to fulfill the strict packaging barrier 

demands of the food industry. Regarding heat resistance, cellulose and PBH(V) possess good 

intrinsic thermal properties and the interest in PLA has resulted into the development of many 

new heat resistant PLA-based materials (e.g. stereocomplex PLA). 

In Chapter 3 and 4, storage tests with a selection of films characterized in Chapter 2 

demonstrated that biobased multilayer structures can guarantee the quality of several short, 

medium and long shelf-life food products including products packed under modified 

atmosphere (MAP). The gas and water-barrier properties of the investigated biobased 

packaging materials are sufficient to achieve the same shelf-life as in the case of conventional 

packaging, even though they did not always possess the same (strict) high gas-barrier. Also a 

smooth transition towards industrial packaging lines was demonstrated by packaging trials at 

companies. But UV-VIS transparency properties, very high moisture barrier demands and 

brittleness could be factors hindering the applicability of biobased plastics for certain food 

products.  

The thermal properties of flexible heat resistant cellulose-based films, investigated in Chapter 

5, demonstrated their potential as a packaging material for food products undergoing a heat 

treatment. But storage tests with carrot puree (simulant for ready-to-eat meals) revealed that the 

weak seal and hydrophilicity of the biobased film(s) can hinder their use for certain applications, 

especially MAP packaging and processes where packaging comes into contact with water. This 

hydrophilicity was probably also the cause of the detected mould grow on the outside of the 
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packaging, which is of course a very unwanted phenomena for food packaging. Other 

applications, like hot fill combined with vacuum packaging and cold storage, seem to be 

possible. 

In Chapter 6, several modifications (as such available on the market or modified during this 

research) that could enhance the heat resistance of biobased plastics were investigated. 

Stereocomplexation of PLA had the greatest effect on the heat resistance of PLA, with a clear 

increase in Tm, a better preservation of the mechanical properties at higher temperature and a 

much higher VST compared to neat PLA. The addition of the chain extender Joncryl® decreased 

the degradation of PLA during processing. The addition of nucleating agent (Hyperform HPN®) 

decreased the brittleness of PHB and seemed to have a positive influence on the tensile 

properties of PHB at higher temperatures. Other modification had very limited influence on the 

thermal properties of PLA and PHB. The thermal properties of neat PHB indicate that this 

material provides opportunities for heat resistant applications. 

Printability tests and quality control tests of the print as well as overall migration tests were 

performed in Chapter 7. Printing of cellulose and PLA-based films went very smooth and the 

print was of high quality, but, the PLA-based film seemed very susceptive towards the uptake 

of solvents. Migration tests showed that not all tested biobased films and rigid materials comply 

with current legislation for different food packaging applications. However, problems with the 

overall migration tests in olive (vegetable) oil, large variations between repeated measurements 

of the same material and decomposition of the film in certain conditions, question the reliability 

of the obtained results and show that 1) some of these tested materials are not very stable and 

their composition needs to be further optimized and 2) the test procedures set in current 

legislation (Commission regulation 10/2011) might not be suited for all new biobased materials 

(e.g. olive oil). 
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SAMENVATTING 

Deze doctoraatsthesis beschrijft de toepasbaarheid van bioplastics als verpakkingsmateriaal 

voor levensmiddelen, met een focus op barrière en thermische eigenschappen. 

In Hoofdstuk 1 worden de belangrijkste karakteristieken en limitaties van biogebaseerde 

plastics beschreven. Er werd reeds veel onderzoek uitgevoerd met als doel het verbeteren van 

deze limitaties, maar er bestaat een dringende nood aan een efficiënte overdracht van deze 

laboschaal resultaten (meestal fundamenteel onderzoek) naar bruikbare en gemakkelijk te 

interpreteren/toe te passen parameters.   

In Hoofdstuk 2 werd een uitgebreid overzicht gemaakt van zowel de barrière- als thermische 

eigenschappen van biogebaseerde en conventionele (oliegebaseerde) plastics. Het is duidelijk 

dat er reeds veel biogebaseerde materialen met een grote variatie in eigenschappen (barrière, 

thermisch en mechanisch) bestaan. Net als bij de conventionele materialen is een 

multilaagsfolie vereist om te voldoen aan de strenge barrière-eisen van de voedingsindustrie. 

Wat de hitte resistentie betreft, beschikken cellulose en PHB(V) over goede intrinsieke 

thermische eigenschappen en heeft de interesse in PLA geleid tot de ontwikkeling van vele 

nieuwe (meer) hitteresistente PLA-gebaseerde materialen (vb. stereocomplex PLA). 

De barrière-eigenschappen werden getest in Hoofdstuk 3 en Hoofdstuk 4. Bewaartesten met 

een selectie van de films gekarakteriseerd in Hoofdstuk 2, toonden aan dat biogebaseerde 

multilaagsstructuren de kwaliteit van verschillende kort, medium en lang houdbare producten 

konden garanderen, zelfs wanneer deze verpakt werden onder gemodificeerde atmosfeer 

(MAP). Zelfs materialen met minder hoge gas- en waterbarrière-eigenschappen konden 

eenzelfde houdbaarheid garanderen als wanneer de producten verpakt waren in de huidige 

conventionele verpakking. 

De thermische eigenschappen van flexibele hitteresistente cellulosegebaseerde films, die 

werden onderzocht in Hoofdstuk 5, toonden hun potentieel als verpakkingsmateriaal voor 

levensmiddelen die een hittebehandeling ondergaan. Maar bewaartesten met wortelpuree 

(simulant voor kant-en-klaar maaltijden) onthulden dat de zwakke seal en de hydrofiliciteit van 

de biogebaseerde film(s) hun gebruik voor bepaalde toepassingen kan hinderen, voornamelijk 

voor MAP verpakking en processen waarbij verpakkingen in aanraking komen met water. De 

hydrofiliciteit van de films is waarschijnlijk ook de oorzaak van de gedetecteerde 
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schimmelgroei aan de buitenkant van de verpakking, wat natuurlijk een zeer ongewenst 

fenomeen is voor verpakkingen van levensmiddelen. Andere toepassingen, zoals warm afvullen 

in combinatie met vacuümverpakking en koude bewaring, lijken wel tot de mogelijkheden te 

behoren.   

In Hoofdstuk 6 werden verschillende modificaties die de hitteresistentie van biogebaseerde 

plastics zouden verbeteren, getest (reeds gemodificeerd beschikbaar op de markt of 

gemodificeerd tijdens het onderzoek). Stereocomplexatie van PLA had het grootste effect op 

de hitteresistentie van PLA, met een duidelijk verhoging van Tm, een beter behoud van de 

mechanische eigenschappen bij hogere temperatuur en een veel hogere VST ten opzichte van 

ongemodificeerde PLA. De toevoeging van de ketenverlenger Joncryl® verminderde de 

degradatie van PLA tijdens verwerking. De toevoeging van kiemvormer Hyperform HPN® had 

een positief effect op de broosheid van PHB en leek ook een positieve invloed te hebben op de 

trekeigenschappen bij hogere temperatuur. Andere modificaties hadden een zeer beperkte 

invloed op de thermische eigenschappen van PLA en/of PHB. De resultaten toonden ook 

duidelijk aan dat de intrinsieke thermische eigenschappen van PHB mogelijkheden biedt voor 

gebruik als hitteresistente verpakking. 

Bedrukbaarheidstesten gevolgd door kwaliteitscontrole van de print en globale migratietesten 

werden uitgevoerd in Hoofdstuk 7. Het bedrukken van cellulose of PLA gebaseerde films ging 

zeer vlot en de print was van goed kwaliteit, maar PLA bleek wel zeer gevoelig voor de opname 

van solventen. Migratietesten toonden aan dat niet alle geteste biogebaseerde materialen 

voldeden aan de normen opgelegd door de wetgeving voor verschillende groepen 

levensmiddelen. Maar, problemen met de globale migratietesten in olijfolie (plantaardige olie), 

grote variatie tussen identieke metingen en decompositie van de film trekken de 

betrouwbaarheid van deze resultaten in twijfel en tonen aan dat 1) sommige van de geteste 

materialen niet stabiel zijn en dat de samenstelling van deze materialen nog verder 

geoptimaliseerd dient te worden en 2) de testmethoden voorgeschreven door de huidige 

wetgeving (Commission regulation 10/2011) misschien niet geschikt zijn voor alle nieuwe 

biogebaseerde materialen (vb. olijfolie).
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1. Bioplastics 

1.1 Definition 

According to the European Bioplastics Organization, “the term bioplastics encompasses a 

whole family of materials which differ from conventional plastics insofar as that they are 

biodegradable, biobased, or both”. Three groups of bioplastics can be distinguished (figure 1.1): 

 Biobased or partially biobased non-biodegradable plastics such as biobased 

polyethylene (bio-PE), polypropylene (bio-PP), or polyethylene terephthalate (bio-

PET), so-called drop-ins, and biobased technical performance polymers such as 

polytrimethylene terephthalate (PTT) or thermoplastic copolyester elastomer (TPC-ET). 

 Plastics that are both biobased and biodegradable, such as polylactic acid (PLA), 

polyhydroxyalkanoates (PHA) or polybutylene succinate (PBS). 

 Plastics that are based on fossil resources and are biodegradable, such as polybutyrate 

adipate terephthalate (PBAT) and polycaprolactone (PCL). 

 

Figure 1.1: Division of bioplastics according to their origin or end-of-life (European Bioplastics, 

2015) 

Biodegradable plastics are plastics that are capable of undergoing decomposition into CO2, CH4, 

H2O, inorganic compounds or biomass through predominantly the enzymatic action of 

microorganisms present in the environment. The biodegradation process depends on several 

environmental parameters, like temperature and local microfauna. Some of these plastics can 
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also be compostable, which means decomposition takes place in a compost site at a rate 

consistent with known compostable materials. Plastics are compostable if they meet the 

requirements of one or more standards (ISO 17088, EN 13432/14995, ASTM 6400 or 6868) 

and compostability can be indicated with a label (figure 1.2). Biobased plastics are plastics that 

are (partly) derived from biomass. The amount of biobased content can be determined based on 

the “biobased carbon content” or on the “biobased mass content”. For the first, the amount of 

‘recent’ carbon is compared to the amount of ‘old’ (petroleum-based) carbon by the 14C method 

(CEN/TS 16137 and ASTM 6866). For the latter the percentage biobased mass proportional to 

the total mass is determined by taking into account chemical elements other than carbon (e.g. 

H, N and O). Biobased content can also be indicated with a label (figure 1.2) (European 

Bioplastics, 2012, 2015, Siracusa et al., 2008; Song et al., 2009). In this PhD-thesis the focus 

will be on the biobased plastics. 

 
Figure 1.2: Examples of certified labels indicating biobased content (left) or compostability (right) of 

materials (Mediane, 2014) 

1.2 Setting/background 

 

The exact production capacity of bioplastics is unclear. According to the European Bioplastics 

Organization the global production capacity of bioplastics (biobased + biodegradable) was 1,4 

million tons in 2012 and 1,6 million tons in 2013, while according to Nova-Institute the 

production capacity of biobased plastics was 3,5 million tons in 2011. This is between 0,5 and 

1,5% of the total plastics production. The current production capacity is predicted to grow to 

just over 2 million tons in 2016 and 6,7 million tons in 2018, according to the European 

Bioplastics Organization. They expect the production capacity of new bioplastics to almost 

double between 2013 and 2018. Nova-Institute forecasted an increase of the production 

capacity of biobased plastics to 12 million tons by 2020, meaning that the biobased share should 

rise from 1,5% to 3% of the total plastic production. Drop-in biobased plastics, which are 

chemically identical to their petrochemical counterparts but derived from biomass, will 

contribute most to this growth. Especially (partly) biobased PET (bio-PET) will make up the 
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largest part of the total bioplastics production capacity, as a result of the demand from large 

manufacturers of carbonated drinks. But the production capacity of “new in the market” 

biobased plastics PLA and PHA are also expected to at least quadruple between 2011 and 2020 

(European Bioplastics, 2015; Philp, 2014; Wolfgang et al., 2013). Despite the lack of clarity 

regarding exact capacity numbers, a clear growth of biobased plastics is expected. 

Several reasons explain the growing interest in and the use of biobased plastics. The most 

important one is probably environmental concern/awareness. Since biobased plastics are 

produced from biomass they provide the unique potential of CO2-neutrality (greenhouse gas). 

In theory, only the CO2 which was fixed by the plant during its lifetime, will be released again 

in the atmosphere after disposal of the plastic (closed loop system), in contrast with 

conventional plastics which are derived from fossil raw materials. Together with current 

established measures like reuse and recycling, this aspect can put a closed loop economy in 

place (figure 1.3). However, most currently used biobased plastics are not yet CO2-neutral, 

because the energy used during the production chain (cultivation of the biomass, transport, 

processing,…) is petroleum-based (European Bioplastics, 2015).  

 
Figure 1.3: Life cycle model in a closed loop economy (European Bioplastics, 2015) 

A key tool to quantify the environmental impact of biobased plastics is Life Cycle Assessment 

(LCA). LCA evaluates the potential environmental impact of all stages in a product’s life from 

the extraction of resources to ultimate disposal. Several studies have shown that biobased 
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plastics have a lower environmental impact compared to conventional plastics, mainly because 

of the greenhouse gas (GHG) emissions savings and reduced use of fossil resources. But, the 

eutrophication potential of biobased plastics is greater than that of conventional plastics 

(Álvarez-Chávez et al., 2012; European Bioplastics, 2015; Narajan, 2004; Philp, 2014; Pilz et 

al., 2005; Weber, 2000; Weiss et al., 2012). Although LCA can  be a useful tool, the amount of 

different parameters, differences in background assumptions, system boundaries and 

differences in methodology make it difficult to compare different LCA studies (Philp, 2014; 

Reap et al., 2008). A transparent and universal LCA methodology is needed to make a good 

and fair comparison possible.    

A second reason in favor of biobased plastics is the independence of crude oil. The production 

of conventional plastics currently needs around 5% of the global crude oil production and this 

will increase to around 20-25% by the end of the century. Since the growing demand for crude 

oil will not only come from the plastic industry and the exploitation of crude oil is limited and 

controlled by a few countries, leading to fluctuating oil prices, it is feasible to search for 

alternative resources (Philp, 2014). 

The perception of the consumer towards green products is a third reason for the growing interest 

in biobased plastics. According to a study conducted by Flash Eurobarometer (TNS Political & 

Social, 2013) 84% of the European consumers finds the environmental impact of a product 

important and 77% is willing to pay more for products with a reduced environmental impact. 

Other initiatives, like for example zero waste supermarkets, underline the growing involvement 

of consumers towards a more sustainable society. But, since a lot of consumers have no clear 

or correct idea what biobased (and biodegradable) plastics are and because the green aspect of 

bioplastics can be used as a marketing tool, this new attitude can potentially lead to 

greenwashing. Greenwashing is when a product or company is presented ‘greener’ than it 

actually is to address the growing segment of the population that is concerned about the 

environment (Fletcher & Lyndhurst, 2007; González et al., 2009). Greenwashing can take 

various forms: the use of logos or text in shapes and colors reminiscent of nature, the provision 

of only a part of the product or material characteristics or the presentation of favorable LCA 

data (Molenveld & Van Den Oever, 2014). According to Delmas & Burbano (2011), it is 

therefore important to provide the consumer with information regarding bioplastics and 

greenwashing. Therefore, a clear communication via recognizable and uniform logos is very 

important. 
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Furthermore, other factors, like compostability as an alternative end-of-life option, legislative 

drivers (e.g. ban on non-compostable bags) and specific functionality of certain bioplastics (e.g. 

biocompatibility) contribute to the increasing interest in bioplastics (Barker & Safford, 2009, 

NanoMarkets Blog, 2013). Furthermore, the transition from a fossil-based economy to a bio-

based economy is an important EU 2020 Strategy target (European Bioplastics, 2014b).
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2. Materials 

The main biobased plastics are discussed below and an overview of their advantages, limitations 

and possible applications is given in table 1.1. 

2.1 Poly(lactic acid) 

PLA (polylactic acid) is a family of biodegradable/compostable thermoplastic polyesters made 

from renewable resources which is nowadays seen as one of the most promising polymers for 

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

polyethylene (HDPE), polystyrene (PS) and PET. It is produced from sugar rich agricultural 

products or side-streams (carbohydrate sources, e.g. corn) either chemically or by fermentation. 

Lactic acid monomers are obtained by conversion of the agricultural product into dextrose, 

followed by a fermentation into lactic acid. Through direct polycondensation of lactic acid 

monomers (chemically) or through ring-opening polymerization of lactide (cyclic dimer of 

lactic acids), in the presence of a catalyst, PLA pellets are obtained (figure 1.4). Ring-opening 

polymerization results in a higher molecular weight. Furthermore, the fermentation process is 

preferred over the chemical production, because of the lower environmental impact and the 

possibility to obtain stereochemically pure lactic acid. 

 

Figure 1.4: Production routes of PLA (Bogaert & Coszach, 2000)  

Since lactic acid exist as two optical isomers, L- and D-lactic acid, three different 

stereochemical compositions of lactide can be found, i.e. L,L-lactide, D,D-lactide and L,D-

lactide (figure 1.5). This stereochemical composition determines the final properties of the 

polymer. Poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) are (semi)crystalline polymers 

which are hard, while poly(DL-lactide) (PDLLA) is an amorphous polymer which is brittle.  
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Figure 1.5: Stereoforms of lactides (Nampoothiri et al., 2010) 

Only when the D- and L-unit sequence is completely alternating with each other, PDLLA can 

be crystalline. The processing possibilities of this transparent material are very wide, ranging 

from injection molding and extrusion over cast film extrusion to blow molding and 

thermoforming (Bogaert & Coszach, 2000; Drumright et al., 2000; Jamshidian et al., 2010; 

John et al., 2007; Joshi, 2008; Liu, 2006; Nampoothiri, 2010; Ragaert et al., 2011; Rasal et al., 

2010; Siracusa et al., 2008; Södergard & Stolt, 2002; Urayama et al., 2003; Yu et al., 2006). 

2.2 Polyhydroxyalkanoates 

The  PHA family (figure 1.6) are biodegradable thermoplastic polymers produced by 

microorganisms. The polymer is produced in the microbial cells as an energy reserve through 

a fermentation process and then harvested by using chlorinated solvents such as chloroform, 

methylene chloride or propylene chloride. A ‘greener’ alternative is to use differential digestion 

methods to solubilize all cell materials apart from PHA. The amount of PHA can be up to 30 – 

60% of the total cell weight and up to 90% of the dry weight. PHA’s can be synthesized by 

various micro-organisms and the productions can be based on various monomers and substrates, 

resulting in a large diversity within the PHA family. More than 100 PHA types are known, of 

which polyhydroxybutyrate (PHB) is the most common and best characterized one . The PHA’s 

have potential as a substitute for many conventional polymers, since they possess similar 

chemical and physical properties (Berger et al., 1989; Cyras et al., 2009; De Koning & Witholt, 

1997; Farinha, 2009; Lunt, 2009; Madison & Huisman, 1999; Ramsay et al., 1990; Reddy et 

al., 2003; Sanchez-Garcia et al., 2008; Singh, 2011). 
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Figure 1.6: Chemical structure of PHB (left) and PHA (right). PHA’s are generally composed of (R)-

β-hydroxy fatty acids, where the pendant group (R) varies from methyl (C1) to tridecyl (C13) 

(reproduced from Madison & Huisman, 1999) 

2.3 Polysaccharides 
 

2.3.1 Starch 

Starch is a widely available and easy biodegradable natural resource (energy reserve in plants), 

which exists out of amylose and amylopectine. Amylose is a linear chain of α(1-4) bounded 

glucose units. Amylopectine consists of the same chain, but with α(1-6) linkages at the branch 

point. The most common starch types are corn and potato starch, which have a different ratio 

of amylose and amylopectine. To produce a plastic-like starch-based film, high water content 

or plasticizers (glycerol, sorbitol) are necessary. These plasticized materials are called 

thermoplastic starch (TPS) and constitute an alternative for polystyrene (PS). Pure starch films 

are biodegradable, but water soluble, difficult to process, brittle and the mechanical properties 

are dependent on the moisture content. Therefore, TPS is mostly blended with 

synthetic/biodegradable polymer components, like PCL, ethylene-vinyl alcohol (EVOH) or 

polyvinyl alcohol (PVOH). These starch-based thermoplastic materials have been successfully 

applied on industrial level for foaming, film blowing, injection molding, blow molding and 

extrusion applications (Anglès & Dufresne, 2000; Avella et al., 2005; Bastioli, 1998; Chivrac 

et al., 2009; Joshi, 2008; Mensitieri et al., 2011; Weber, 2000). 

2.3.2 Cellulose 

Cellulose is the most widely spread natural polymer and is derived by a delignification from 

wood pulp or cotton linters. It is a biodegradable polysaccharide which can be dissolved in a 

mixture of sodium hydroxide and carbon disulphide to obtain cellulose xanthate and then recast 

into an acid solution (sulfuric acid) to make a cellophane film. Alternatively, cellulose 

derivatives can be produced by derivatization of cellulose from the solvated state, via 
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esterification or etherification of hydroxyl groups. Especially these cellulose derivatives were 

the subject of recent research. Cellulose esters like cellulose (di)acetate and cellulose(tri) 

acetate need addition of additives to produce thermoplastic materials. Most of them can be 

processed by injection molding or extrusion. Cellulose ethers like hydroxypropyl cellulose and 

methyl cellulose are water soluble, except for ethyl cellulose and benzyl cellulose. Ethyl 

cellulose can be used for extrusion, lamination or molding after addition of plasticizers or other 

polymers. Most of these derivatives show excellent film-forming properties, but are too 

expensive for bulk use. Especially cellophane can be used for packaging applications, but since 

this material is not thermoplastic, it is often used with a separate seal layer (e.g. starch) (Cyras 

et al., 2009; Liu, 2006; Molenveld & Van Den Oever, 2014; Petersen et al., 1999; Shen et al., 

2009; Weber, 2000; Zepnik et al., 2010). 

2.3.3 Other polysaccharides 

Other polysaccharides, like chitin, chitosan, xylans and mannans (both hemicelluloses) can also 

be used for the production of biobased plastics. They are extracted from marine and agricultural 

products and are currently mostly used as edible films or as coatings (Mikkonen & Tenkanen, 

2012; Weber et al., 2002). These group of materials will not be discussed in detail further in 

this PhD-thesis. 

2.4 Proteins 

Proteins are another raw material that can be used to produce biobased plastics. There are plant-

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

and whey proteins. Despite the many research conducted on these proteins, their use as 

packaging materials is very limited. Because of this, this group of materials will not be 

discussed in detail further in this PhD-thesis.     

2.5 Drop-in bioplastics 

Recently, drop-in solutions represent the largest market share of the global biobased plastics 

production. These drop-in materials are (partly) biobased, non-biodegradable polymers which 

are chemically identical to the corresponding conventional polymer. Therefore, they can be 

easily used in the existing infrastructure and they can be recycled along their conventional 

counterparts. The most important drop-ins are bio-PET (e.g. PlantBottle™, used by Coca-Cola 
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and Heinz) and bio-PE (e.g. Actimel bottles from Danone). The monomer ethylene is produced 

from ethanol, which is fermented from biomass such as sugarcane and sugar beet (European 

Bioplastics, 2012, 2014a; Tullo, 2008). The terephtalic acid (PTA) that is polymerized with the 

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

biobased alternative is the use of biobased furandicarboxylic acid (FDCA) instead of PTA to 

produce polyethylenefuranoate (PEF) (figure 1.7). PEF, produced by Avantium (Netherlands), 

has a better gas and water barrier than PET, but is not yet commercially available (Gotro, 2013; 

Molenveld & Van Den Oever, 2014).  

 

Figure 1.7: Chemical structures of PTA and FDCA for the production of respectively PET and PEF 

(Gotro, 2013) 

As drop-in biobased plastics have a chemically identical structure as their corresponding 

conventional counterpart, their barrier and thermo-mechanical properties as well as strategies 

to improve their barrier properties and heat resistance are known (e.g. heat-set PET bottles). 

Therefore, this group of materials will not be discussed in detail further in this PhD-thesis.   
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3. Limitations/Challenges 

The use of biobased plastics as food packaging material is subjected to different limitations, 

restricting at this moment their use. The most important reason for these current limitations of 

biobased plastics compared to conventional plastics is that the latter are a very mature industry, 

while the biobased plastics industry is still in its infancy. Therefore, many opportunities for 

improvement of these limitations exist. The main problems associated with biobased plastics 

are: cost, availability, processing and performance (Petersen et al., 1999; Philp, 2013). 

A first big obstacle hindering the widespread use of biobased plastics is their higher price in 

comparison to fossil-based plastics. This is logical, as the petroleum based industry has an 

optimized production technology and the economy of scale advantage, whereas the biobased 

plastics industry (biotechnology) is in its earliest technological developments and difficulties 

are encountered when scaling up to industrial capacities (Barker & Safford, 2009; Iles & Martin, 

2013; Philp, 2013).  

The use of biomass as a raw material also causes concerns regarding availability (possible poor 

harvest, periods of no crop growth) and consistent quality of the finished products (crop quality 

can fluctuate). The concerns regarding the use of land for growing crops for the production of 

plastics instead of food or feed are being refuted by the European Bioplastics Organization and 

the Organization for Economic Co-operation and Development (OECD), who state that 

biobased plastics rely on less than 0,01% of the global agricultural area of 5 billion ha, meaning 

that the area used to grow crops for bioplastics is nowhere near being in competition to food 

and feed (European Bioplastics, 2014a; OECD, 2013). Furthermore, many alternative raw 

materials (e.g. food waste, inedible plant parts, methane) are currently being investigated. 

Besides a higher price level compared to conventional plastics and the concerns on availability 

as well as on the use of land to produce biobased plastics, there are major limitations on the 

functionality (processing and performance). Chemical companies are not familiar with the new 

biobased plastics materials (e.g. PLA, PHB,…), which can create the need for an increase in 

the R&D department or the implementation of a new production process, since biobased plastics 

can provide difficulties during processing on the current equipment. Furthermore, a lack of 

knowledge on barrier properties, moisture sensitivity and heat resistance of new biobased 

plastics materials are still drawbacks hindering the successful market introduction of biobased 

plastics (Barker & Safford, 2009; Iles & Martin, 2013). An overview of the limitations of some 

biobased plastics can be found in table 1.1.   



  CHAPTER 1 

14 
 

 

a Price of coated cellulose films

Raw Material Advantages Limitations References 

PLA - Relative low price (1,3-2,7 $/kg) 

- High availability 

- Good mechanical properties 

- Good printability 

- Transparent/high gloss/clarity 

- Broad processing window 

- Hydrophobic 

- Brittleness 

- Thermal instability/low HDT 

- Low melt strength 

- Slow crystallization 

- Poor heat sealability (sealable at lower T) 

- Moderate water vapor barrier 

- Moderate O2 barrier 

Auras et al., 2004; Bolck, 2006; 

Cabedo et al., 2006; Jamshidian et al., 

2010; Markarian, 2008; Mensitieri et 

al., 2011; Rhim et al., 2009 ; Shen et 

al., 2009  

PHA - Moderate mechanical properties 

- Good printability 

- Transparent 

- Variation in properties (>100 PHAs) 

- Good thermal stability (end product) 

- Heat sealable 

- Good water vapor barrier 

- Good O2 and CO2 barrier 

- High price (4,5-6 $/kg) 

- Low availability 

- Brittleness 

- Stiffness 

- Poor impact resistance 

- Narrow T-range for processing 

- Odor (during processing) 

Arrieta et al., 2014a; Bolck, 2006; 

Bordes et al., 2009; Cyras et al., 2009; 

Koller et al., 2010; Liu et al., 2006; 

Modi, 2010; Reddy et al., 2003; Shen 

et al., 2009, Sorrentino et al., 2007; Yu 

et al., 2006 

Starch - Relative low price (2,7-6 $/kg) 

- High availability 

- Good melt strength 

- Heat sealable 

- Good printability 

- Good O2 and CO2 barrier 

- Softer and more flexible than PE and PP 

- Hydrophilic 

- Poor water vapor barrier 

- Translucent (not transparent) 

- Mechanical properties dependent on %RH 

- Vulnerability to degradation 

- Difficult processability (low processing T) 

Bastioli, 2001 ; Bolck, 2006; Cyras et 

al., 2009; Gennadios et al., 1997 ; 

Joshi, 2008; Liu et al., 2006 ; 

Markarian, 2008; Müller et al., 2011 ; 

Shen et al., 2009 ; Siracusa et al., 2008; 

Sorrentino et al., 2007; Yu et al., 2006 

Cellulose - High availability 

- Good printability 

- Good mechanical properties 

- Transparent  

- Good O2 and CO2 barrier 

- High price (9,3- 9,6 $/kg)a 

- Hydrophilic 

- Poor water vapor barrier 

- Not heat sealable 

- Not thermoplastic 

Bolck, 2006 ; Cyras et al., 2009; Shen 

et al., 2009 ; Weber, 2000 

Table 1.1: Advantages and limitations of biobased plastics 
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Chitin/Chitosan - Widely abundant 

- Good film forming properties 

- Good mechanical properties 

- Good O2 and CO2 barrier 

- Hydrophilic 

- Poor water vapor barrier 

- Not heat sealable 

Darmadji & Izumimoto, 1994; Jo et 

al., 2001; Massouda et al., 2011; 

Suyatma et al., 2004 

Xylans/mannans -Good film forming properties 

-Good oxygen barrier 

-Good grease barrier 

- Hydrophilic 

- Brittleness  

- Moderate mechanical properties 

Mikkonen & Tenkanen, 2012 

Zein -Good film forming properties 

-Good tensile properties 

-Good moisture barrier  

- Heat sealable 

- Brittleness 

 

Cho et al., 2010; Ghanbarzadeh et 

al., 2006; Sozer & Kokini, 2009 

Soy protein isolate -Good biodegradability - Poor mechanical properties 

- Poor flexibility 

- Poor heat sealability 

- High sensitivity to moisture 

Chen & Zhang, 2006 ;  Cho et al., 

2010; Rhim et al., 2007 

(Wheat) gluten - Low cost 

- Good O2 barrier 

- Good film forming properties 

- Heat Sealable 

- High sensitivity to moisture 

- Brittleness 

Tanada-Palmu & Grosso, 2005; 

Türe et al., 2012; Zhong & Yuan ; 

2013 

Whey protein 

isolate 

- Good O2 barrier 

- Good aroma barrier 

- Heat sealable 

- Moderate moisture barrier 

 

Galietta et al., 1998; Hernando-

Izquierdo & Krochta, 2009; 

Kokoszka et al., 2010; Maté & 

Krochta, 1996; McHugh et al., 

1994 

Casein - Transparent 

- Good mechanical properties 

- Good O2 barrier 

- Poor moisture barrier 

- Poor heat sealability 

Chick & Hernandez, 2002; Chick & 

Ustunol, 2006 



  CHAPTER 1 

16 
 

4. Barrier properties 

 

4.1 Importance in the food industry 

According to Germain (1997) the food product characteristics and the intended end-use 

application define the specific barrier requirements of a packaging system. Since permeants 

may transfer from both the internal and the external environment through the polymer, they can 

cause a continuous change in product quality and shelf-life. The three most important permeants 

of a food packaging material are water vapor, oxygen and carbon dioxide. The water vapor 

barrier is especially important to prevent physical or chemical deterioration. A well-selected 

water vapor barrier is needed to avoid dehydration (fresh food products) or water permeation 

(dry products) (Germain, 1997). The oxygen barrier is important for oxygen sensitive food 

products and both oxygen and carbon dioxide barriers are important for modified atmosphere 

packaging (MAP). MAP is a frequently applied packaging technique in the food industry in 

order to delay deterioration of foods by retarding or inhibiting microbiological and chemical 

degradation processes (Arvanitoyannis, 2012). It is of utmost importance that the applied gas 

atmosphere, which is often a mixture of CO2 and N2, is maintained in the headspace of the 

package during storage. Hence, gas-barrier properties of the used packaging materials should 

be sufficient to maintain the desired gas composition. Both low oxygen barrier films (fruits & 

vegetables) and high oxygen barrier films are used for MAP.  

4.2 Polymer structure and barrier properties 

The structure and characteristics (degree of crystallinity, polarity, chain mobility, cross-linking, 

additives, …) of a polymeric material and the type of permeant are important factors regarding 

barrier properties. For example, nonpolar hydrocarbon polymers (e.g. PE) have a good water 

vapor (polar) barrier, but a poor gas barrier, while highly polar polymers (e.g. EVOH, 

cellophane) have a good gas barrier but a poor water vapor barrier. This is because the 

permeation of gases and vapors through a material depends on their solubility in the polymer 

and on their rate of diffusion through the polymer matrix. The first is dependent on the chemical 

relationship between the permeant molecule and the polymer, the second is dependent on the 

size of the permeant molecule and the amorphous configuration of the polymer.  

Furthermore, also environmental factors have an effect on the permeability of a polymer. In the 

case of permanent gases (such as O2 and CO2) the permeation rates are generally independent 



  CHAPTER 1 

17 
 

of the pressure (P). But the permeation rates of other gases or vapors (such as water vapor) is 

found to be pressure dependent. In general, the permeability increases as the pressure increases 

due to an increase in solubility and diffusion coefficient. Also temperature (T) affects the 

permeation rates, following the Arrhenius relationship. The solubility coefficients of permanent 

gases and soluble gases and vapors increase with increasing temperature, but the solubility 

coefficients of condensable gases and vapors decrease with increasing temperature. The 

diffusion coefficient generally increases with increasing temperature. Finally, also humidity 

(H) is an important factor influencing the barrier properties. Some polymers can absorb water 

from the environment. This water has a plasticizing effect and can lead to increased 

permeability. The diffusion of water can be concentration dependent, meaning that the water 

vapor transmission rate is affected by the relative humidity (RH) of the environment, but as 

well by the aw of the packed food product, since this will affect the RH in the headspace. 

Because of these environmental influences, it is very important that the parameters of the test 

environment are included in test results, otherwise a correct interpretation of the barrier 

properties is very difficult (Massey, 2003; Robertson, 2012). 

4.3 Improving barrier properties  

A large amount of studies have investigated different strategies to improve the properties of 

biobased plastics. Specifically in terms of increasing barrier capacities toward gasses and water, 

several techniques/approaches, described in the following paragraphs, could be used. Some of 

the described techniques/approaches (also) improve the mechanical properties, which is as well 

an important parameter regarding food packaging materials.  

4.3.1 Coating 

In general, it can be stated that coating biobased films is a suitable tool to improve the barrier 

properties of these films. Coating consists of applying an additional thin layer of another 

material on top of the biobased films. As illustrated by the examples below, not only oxygen 

and water vapor permeability can be enhanced but also oil and grease resistance and to a lesser 

extent mechanical properties, like tensile strength and elasticity. Different types of coating, 

biobased and non biobased, can be used.   

The coating of PLA with PLA-Silicium/Siliciumoxide (Si/SiOx), PCL-Si/SiOx or PEO 

(polyethylene oxide)-Si/SiOx enhanced the barrier (oxygen and water vapor) properties, which 
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made the PLA films applicable as a packaging material for medium shelf life products in 

combination with modified atmosphere packaging (MAP) (sliced processed meat, fresh meat, 

cheeses, vegetables) (Iotti et al., 2009). Similarly, Hirvikorpi et al. (2011) reported that a thin 

(25 nm) aluminumoxide (AlOx)-coating can significantly improve the water vapor and oxygen 

barrier of several polymers (PLA-coated board, PLA film, nano-fibrillated cellulose film, PHB). 

PLA-coated paperboard (PLA: 35g/m2) coated with AlOx showed decreasing oxygen 

transmission rate (OTR) values from 420 to 12 and 400 to 2 cm3/(m2.105Pa.day) for respectively 

310 g/m2 board and  210 g/m2 board. The water vapor transmission rate (WVTR) values 

decreased from 65 to 1 and 75 to 1 g/(m2.day) for respectively 310 g/m2 board and  210 g/m2 

board.  

Coating of soy protein isolate (SPI) films with PLA raised the tensile strength from 2,8 MPa up 

to 17,4 MPa and the elongation from 165,7% up to 203,4%. Water vapor permeability decreased 

20- to 60-fold, depending on the PLA concentration in the coating solution (Rhim et al., 2007).  

Coating of an acetylated cellulose film with PHB resulted in lower water vapor permeability 

(WVP) values, higher elastic modulus and tensile strength for films containing 10% or more 

PHB and better strain at break for films containing 15% or more PHB (Cyras et al., 2009). A 

nitrocellulose or polyvinylidene chloride (PVdC) coating on cellophane improved both O2 and 

H2O barrier properties (Shen et al., 2009). In general, Popa and Belc (2007) stated that chitosan 

may be used as a biobased coating on polymers with poor gas barrier properties.  

4.3.2 Blends and copolymers 

Blends of two biobased materials seem to have great potential. When blending materials, 

compatibility is a major challenge. Essentially, polymers are immiscible in the melt. This will 

induce a phase segregation, which in turn will lead to reduced mechanical properties. The larger 

the difference in chemical nature of the polymer chains, the higher the surface tension between 

the two will be and the more immiscible they will turn out to be (Wu, 1987). Enhancing this 

compatibility for immiscible polymers can be done by the introduction of a reactive functional 

group, chemical modification, cross-linking of both components, addition of block-copolymers, 

addition of compatibilizers, esterification or addition of nanoparticles (Avella et al., 2000; 

Bordes et al., 2009; Thiebaud et al., 1997).  

Although most of the blended polymers seemed immiscible and/or incompatible (see next 

paragraph), positive effects of blending were observed. The incorporation of hydrophobic 
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biobased materials (like PLA) is a successful method to increase the water vapor barrier of 

hydrophilic biobased materials (like starch).  

Although PLA and PCL were clearly immiscible, Cabedo et al. (2006) observed no extensive 

voiding and debonding at the interphase, suggesting some sort of compatibility. Suyatma et al. 

(2004) found that chitosan and PLA were immiscible and incompatible, due to the absence of 

specific interaction between both polymers. This incompatibility leads to decreased mechanical 

properties when blending those two polymers. A blend of PHB/PLA prepared by casting after 

dissolution in chloroform (3% w/v), evaporation at room temperature and vacuum drying for 

24h, suggested immiscibility of both polymers in the amorphous state. Melt blending, 

evaporation under reduced pressure and maintaining the blend at 190°C for 30 min implied 

greater miscibility. A possible explanation is that transesterification between PHB and PLA 

chains at 190°C leads to the production of block copolymers. These polymers will act to 

compatibilize both polymers and improve their miscibility (Zhang et al., 1996). Furthermore, 

also PHB and HV and PHBV and PLA seemed to be mostly immiscible, although some 

interactions between the polymers were observed. Higher PLA concentrations lead to more 

compatibility, but render the material more difficult to process (Modi, 2010). In contrast with 

the above, starch and PHB have been reported to be significantly compatible (Koller & Owen, 

1996). 

Blending PLA with PCL reduced the brittleness and slightly increased the thermal stability of 

the PLA film, but decreased the barrier properties proportional to the amount of PCL added. 

Loss of barrier properties can be reversed by adding kaolinite nanoclays (Cabedo et al., 2006, 

see 4.3.3). Addition of PLA to a chitosan film improved the water barrier properties and 

sensitivity to moisture, but decreased the tensile strength and elasticity modulus (Suyatma et 

al., 2004). According to Martin and Avérous (2001) the coextruded multilayer PLA/TPS/PLA 

decreased the water sensitivity of starch and improved the mechanical properties of the film. 

Incorporation of 3-hydroxyvalerate (HV) in PHB, resulting in PHBV, increased the impact 

strength, elongation at break, tensile strength and decreased the Young’s modulus, making the 

film tougher and more flexible, with increasing HV content (Modi, 2010, Shen et al., 2009). 

Blending PHBV with PLA had a positive effect on the elasticity modulus, elongation at break, 

and on the flexural strength for many different blends, but the tensile strength did not improve 

in any of them. Similarly, Zhang et al. (1996) reported improved mechanical properties for 

PHB/PLA blends compared with ordinary PHB. Further, PVA (polyvinylacetate) grafted on 

PIP (poly-cis-1,4-isoprene) and blended with PHB showed better tensile properties and impact 
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strength than PHB/PIP blends, which were immiscible (Modi, 2010, Yoon et al., 1999). Cyras 

et al. (2007) investigated the influence of PHB on cellulose paper and found that addition of 

PHB with more than 10 wt% had a positive influence on water vapor permeability (WVP) and 

on the mechanical strength of the cellulose paper. 

Thermoplastic starch (TPS) blended with PHA had a positive effect on the barrier properties 

and hydrolytic and UV stability of the starch-based film and diminished processing temperature 

resulting in less starch degradation (Shen et al., 2009). Blends of TPS with natural rubber 

appeared to be less brittle than TPS alone (Yu et al., 2006). Addition of locust bean gum (LBG) 

improved the tensile strength, but lowered the elongation of starch-based films. However, 

elongation significantly improved after gamma irradiation. Also the water vapor permeability 

decreased with increasing irradiation dose (Kim et al., 2008). Blending agar with starch had a 

positive effect on the microstructure of the starch film. The water vapor permeability decreased 

and mechanical properties were enhanced (Wu et al., 2009). Famá et al. (2009) stated that 

blending starch with wheat bran reduced the water vapor permeability of the film and improved 

the mechanical properties with increasing wheat bran fiber content.  

4.3.3 Nanocomposites 

 

4.3.3.1 General information 

Nanotechnology is generally defined as the creation and utilization of structures with at least 

one dimension in the nanometer length scale (10-9 m). These structures are called 

nanocomposites and could exhibit modifications in the properties of materials or create novel 

properties and phenomena to materials. To achieve these modifications, a good interaction 

between the polymer matrix (continuous phase) and the nanofiller (discontinuous phase) is 

desired (Lagarón & Lopez-Rubio, 2011). 

Incorporation of the filler into the polymer matrix can be achieved using in situ polymerization 

(dissolution of the nanoparticles in the monomer solution before polymerization), solvent 

intercalation (use of a solvent to enhance the affinity between the nanoparticles and the matrix) 

and melt intercalation (addition of the nanoparticles during extrusion) (Chivrac et al., 2009, 

Shen et al., 2002). 

Among the different nanoparticles which could be used to reinforce a biobased plastic, 

nanoclays have attracted most attention. These nanoclays, like montmorillonite, belong to the 
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family of phyllosilicates and have a structure based on the pyrophyllite structure 

Si4Al2O10(OH)2. They are aggregates of stacked, ultrafine layered particles (tactoids). The 

thickness of one layer (or platelet) is in the order of 1 nm. Depending on the interaction between 

the continuous and the discontinuous phase, different polymer-clay interactions occur: tactoid, 

intercalated and exfoliated (figure 1.8). When the affinity between the clay and the polymer is 

rather low, the clay interlayer does not expand and the clay tactoid structures remain as such in 

the polymer matrix. In this way, no true nanocomposite is formed. When the affinity between 

the clay and the polymer is moderate, medium expansion of the clay interlayer occurs. The 

polymer can partly penetrate the clay interlayer, leading to an intercalated structure, which is 

still a layered structure. When the affinity between the clay and the polymer is high, the layered 

structure of the clay is lost and an exfoliated structure is formed by dispersion of the clay into 

the polymer matrix (Arora & Padua, 2010, Chivrac et al., 2009).  

 

Figure 1.8: Polymer clay morphologies (Arora & Padua, 2010) 

Since a high surface-to-volume ratio has the greatest effect on the properties of the polymer, 

the exfoliated structure is the ultimate goal. A good dispersion is affected by the 

hydrophobic/hydrophilic character of the polymer and the clay. Different chemical 

modification to make the surface of the nanoclay more hydrophobic, such as cationic exchange, 

use of ionomers, block copolymers adsorption and organosilane grafting, are sometimes 

necessary to improve intercalation/exfoliation into the polymer matrix. Also modification of 

the polymer and/or addition of compatibilizing agents can lead to a more homogeneous 

dispersion (Arora & Padua, 2010, Chivrac et al., 2009, Silvestre, 2011). 
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4.3.3.2 Effect of the use of nanoparticles on material properties 

Incorporation of nanoparticles is an excellent way to improve the performance of biobased films. 

From the examples discussed below it can be concluded that almost all the shortcomings, which 

limit the use of biobased plastics as food packaging, can be overcome by making use of this 

technique. However, an important possible drawback is, at least partly, the reported decrease of 

the elongation at break, especially in PLA films, due to stress concentrations caused by the 

reinforcements. The effect of the incorporation of nanoparticles, especially on the barrier 

properties, can be explained by the ‘confinement effect’. Polymer molecules can be ‘confined’ 

between the dispersed nanoparticles, providing a tortuous path, forcing the water and gas 

molecules to travel a longer path for diffusion through the film, thereby improving the barrier 

properties (Damme, 2008; Kumar et al., 2011; Nielsen, 1967; Silvestre et al., 2011).    

Properties of PLA/clay composite films can be improved by choosing the proper type of 

nanoclay and its optimum concentration (Rhim et al., 2009). Oxygen barrier properties of 

amorphous PLA increased by 50% by using chemically modified kaolinite. Addition of 

kaolinite nanofillers to PLA films is also a feasible strategy to improve the mechanical 

properties (Bentz, 2011, Cabedo et al., 2006). Combination of PLA with montmorillonite 

layered silicate ameliorated the barrier properties and made it applicable for food packaging 

(Arora & Padua, 2010).  Strength and modulus of a PLA matrix increased by applying bentonite, 

but it decreased the elongation at break (Petersson & Oksman, 2006). Sanchez-Garcia et al. 

(2010a) observed that addition of mica-based nanoclays to PLA caused a diminished UV 

transmittance. Adding zeolite type 4 particles enhanced the tensile strength and modulus of 

elasticity, but lowered the elongation at break. The changes occurred proportional to the zeolite 

loading (Yuzay et al., 2009).  

Incorporation of organically modified montmorillonite (OMMT, Cloisite) into thermoplastic 

starch raised the tensile strength with 28%, the elongation at break with 21% and reduced the 

water vapor permeability with 50% (Park et al., 2002). Avella et al. (2005) reported similar 

results. Addition of montmorillonite to TPS increased tensile strength, elongation at break and 

Young’s Modulus at 15% RH, but only increased tensile strength and Young’s modulus at 60% 

RH. Mixing of this bionanocomposite with Ecoflex had a negative impact on the reinforcing 

effect of the clay, but increased the elongation at break even more. 
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Sanchez-Garcia and Lagarón (2010a) reported a lower water and oxygen permeability and a 

good UV-barrier of a poly(3-hydroxybutyrate-hydroxyvalerate) (PHBV) film after 

incorporation of a mica-based clay. Reductions in water permeability of 61%, 76% and 47% 

were found for respectively 1 wt%, 5 wt% and 10 wt% of clay. A reduction in oxygen 

permeability of 32% was found for 5 wt% of clay. Raising the clay content did not result in 

further decrease of the oxygen permeability (similar as for the water permeability), possibly 

due to the clay content surpassing the solubility limit and hence resulting in detrimental 

agglomeration. PHBV films with 1, 3, 5 and 10 wt% of carbon nanofibers resulted in 

respectively 14, 5, 21 and 58% lower oxygen permeability, while 1, 5 and 10 wt% of nanotubes 

decreased the oxygen permeability with respectively 62, 10 and 33%. This evolution might be 

explained by carbon nanotubes agglomeration (Sanchez-Garcia et al., 2010b).  

Incorporation of chitosan nanoparticles in hydroxypropyl methylcellulose (HPMC) resulted in  

better tensile strength (from 30,7 to 66,9 MPa) and barrier properties (De Moura et al., 2008). 

Similarly, mixing of MMT with thermoplastic zein (TPZ) resulted in improved mechanical 

properties (Mensitieri et al., 2011).  

Some recent innovations could be a way to develop fully renewable biobased multilayers 

structures with increased barriers without the need for non-biobased tie layers or adhesives. 

Layer-by-layer nanoassembly, described by Fabra et al. (2013a), could create biobased 

multilayers with enhanced oxygen and water vapor barrier properties. Nanostructured layers 

made by high voltage spinning is another technique. Electrospun zein nanofibers as an 

interlayer between PHBV outer layers decreased the oxygen permeability by up to 58 and 76% 

compared to pure PHBV films. The water vapour permeability could also be decreased by up 

to 39 or 93%, dependend on the zein deposition time and the film-processing method. 

Electrospun pullulan nanofibers and zein-pullulan blend nanofibers had a positive effect on the 

barrier properties of PHBV as well, but WPI nanofibers did not contribute to improved barrier 

properties (Fabra et al., 2013b; Fabra et al., 2014).  

4.3.3.3 Migration and legal issues 

Incorporation of nanoclays in biobased food packaging has a high potential, but before these 

new materials can be commercially used, the extent of migration of the nanoclays from the 

packaging material into the food has to be investigated. Up to now, only few studies on the 

migration of nanoclays from biobased packaging to food are present in literature. Avella et al. 

(2005) found very low migration of MMT from films of potato starch and potato starch 
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polyester blends into food simulants. Also Mauricio-Iglesias et al. (2010) reported low 

migration of MMT from wheat gluten/MMT films into food simulants. Although these results 

are reassuring, the current knowledge on migration of nanoclays and their effect on the human 

health and environment is too limited. According to Smita et al. (2012) nanoparticles could 

have detrimental effects on both the environment and human health. Nanoparticles can 

accumulate in various environmental matrices causing e.g. dust cloud formation leading to 

reduced sunlight and extreme weather conditions. Further research is necessary before these 

products can be put on the market for use as a food packaging material (Silvestre et al., 2011; 

Sorrentino, et al., 2007). At present, no specific regulation for nanoparticles is established, 

meaning that Regulation 10/2011 (European Commission, 2011) is applicable for 

nanomaterials. In 2009, EFSA (European Food Safety Authority) concluded its assessment of 

the potential risks of nanotechnologies for food and feed, stating that a cautious, case-by-case 

approach is needed as many uncertainties remain over its safe use (Silvestre et al., 2011; 

Sorrentino et al., 2007). Currently, only titanium nitride nanoparticles, silicondioxide 

nanoparticles and carbon black nanoparticles are already allowed in food packaging materials 

(Schupp, 2013). 

4.3.4 Cellulose bio(nano)composites 

Another way to improve the properties of biobased films is the addition of cellulose fillers 

/reinforcements like microfibrillated cellulose (MFC), nanofibrillated cellulose (NFC), 

cellulose nanowhiskers and cellulose nanocrystals (CNCs). The most pronounced effect of this 

addition was the reduced water vapor permeability, but also several mechanical properties, like 

tensile strength and Young’s Modulus were influenced. Also here, the crucial point seems to be 

the elongation at break. 

Dias et al. (2011) and Müller et al. (2009) observed that the incorporated cellulose fibers were 

well cemented in the plasticized starch polymer matrix. This is because the chemical similarity 

between starch and cellulose fibers provides a strong interaction (Avérous et al., 2001; Lu et 

al., 2006). As for the nanoclays, addition of cellulose fibers decreases the water vapor 

transmission by increasing the diffusion path length through the film (tortuous path). However, 

this effect can be reversed by adding too much fibers, causing congregation (Kristo & Biliaderis, 

2007; Müller et al., 2009). Addition of cellulose fibers to starch-based films (made of rice flour) 

diminished the water vapor permeability with 35% (plasticized with glycerol) or 14% 

(plasticized with sorbitol) and increased the tensile strength and Young’s Modulus, without 



  CHAPTER 1 

25 
 

altering the elongation at break (Dias et al., 2011). Müller et al. (2009) also found reinforcement 

of starch films and lower water vapor permeability after incorporation of cellulose fibers. Also, 

application of carboxymethyl cellulose (CMC) in starch-based films showed a decrease of the 

water vapor permeability with increasing CMC content (Ghanbarzadeh et al., 2011). Addition 

of 5 wt% ZnO-CMC to plasticized pea starch improved tensile strength (from 3.9 to 9.8 MPa) 

and water vapor permeability, but reduced the elongation at break (from 42.2 to 25.8%) (Yu et 

al., 2009). Gáspár et al. (2005) tested the effect of different natural additives (cellulose, 

hemicellulose, zein and poly- ε-caprolactone) on the water resistance of a starch-based film (70% 

corn starch & 30% glycerol). Hemicellulose and zein filled starch-based film showed better 

tensile strength and modulus than the pure film, but elongation of all four filled films was lower 

than the pure TPS (thermoplastic starch). Water resistance of cellulose, hemicellulose, zein and 

polycaprolactone filled films was better compared to pure TPS, but the zein filled film showed 

the lowest water uptake after 14 days. Sanchez-Garcia et al. (2008) investigated the effect of 

cellulose fibers in PHBV films. Water permeability decreased with 52% for 10 wt% fiber 

content and with 71% for 1 wt% fiber content. Sanchez-Garcia and Lagarón (2010b) found up 

to 90% oxygen permeability reduction for PLA after addition of 1, 2, 3, or 5 wt% cellulose 

nanowhiskers (CNW). An increasing O2 barrier of pullulan films with increasing MFC content 

was found by Cozzolino et al. (2014). Lu et al. (2005) added cellulose nanocrystallites to 

plasticized starch and found a decrease in water sensitivity compared to the pure plasticized 

starch. Young’s Modulus and tensile strength were increased. Ma et al. (2008) found similar 

results for starch/microcrystalline cellulose composites. The water vapor permeability 

decreased from 5.01 g/(m.s.Pa) to 2.55 g/(m.s.Pa) with the addition of 9wt% microcrystalline 

cellulose compared to the pure starch.  

4.3.5 Chemical/Physical modification 

Another way to improve the performance of biobased plastics is by chemical and/or physical 

modification. Modifications can have a positive effect on mechanical properties and water 

vapor permeability of materials as such, but modifications can also be a tool to enhance 

compatibility between two polymers. For the latter, mostly starch has been modified to improve 

their hydrophobicity, making them more compatible with hydrophobic materials.   

The water vapor permeability of starch films decreased after addition of citric acid. A 10% 

(w/w) citric acid content showed the greatest reduction. This can be explained by the multi 

carboxyl structure of citric acid. These groups can interact with the hydroxyl groups of the 
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starch, which results in a reduction of available OH groups. Furthermore, strong hydrogen 

bounds can be formed, preventing retrogradation and recrystallization. Mechanical properties 

can also be improved, because citric acid can serve as a cross-linking agent (Thiebaud et al., 

1997, Ghanbarzadeh et al., 2011, Shi et al., 2008). Oxygen permeability of microfibrillar 

cellulose (MFC) films can be improved by acetylation with acetic anhydride. MFC films with 

thicknesses between 42 and 47 µm lead to oxygen permeability values required for modified 

atmosphere packaging application (Rodionova et al., 2011).  

Flexible and water resistant starch films can be made by heating gelatinized starch in an 

anhydrous suspension with lithium chloride in the presence of an organic solvent (Fang et al., 

2005).  

Chemical modification by crosslinking cellulose acetate with tri-sodium tri-meta phosphate led 

to materials with improved mechanical properties (higher tensile strength), lower water up take 

and slower degradation kinetics. This can be explained by the crosslinking of some of the 

hydroxyl groups that were present in the cellulose acetate blend (Demirgöz et al., 2000). 

Incorporation of starch modified by epichlorohydrin in comparison with native starch in a 

LLDPE film resulted in higher tensile strength and elongation. Crosslinked starch is more 

hydrophobic because it has more carbon chains than native starch. This causes better 

compatibility of the starch with the LLDPE film (Kim & Lee, 2002). Yin et al. (2005) found 

that boric acid serves as an excellent crosslinking agent for starch with poly (vinyl acohol) 

(PVA). A film with good water resistance and mechanical properties could be made. 

According to Gennadios et al. (1993) the water vapor and oxygen barrier properties of a wheat 

gluten derived film can be improved by partial substitution of the wheat gluten with hydrolyzed 

keratin, probably due to linkages between the two proteins. A better water vapor barrier was 

also obtained by soaking a wheat gluten film in CaCl2 and then in distilled water or by soaking 

it in a solution at a pH of 7,5. These processes also provided higher tensile strength and are 

probably caused by respectively cross-linking of Ca2+ in the film structure and by protein 

insolubility at a pH equal to the isoelectric point of wheat gluten. According to Rhim et al. 

(1999) UV irradiation of a wheat gluten based film increased the tensile strength by 20%, 

suggesting cross-linking within the film structure. However, the cross-linking seemed 

insufficient for an effect on the water vapor permeability. 
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5. Heat resistance 

 

5.1 Importance in the food industry 

In the food industry, there are multiple applications where heat resistant packaging is required. 

Heat treatments (sterilization or pasteurization) are implemented during production to guaranty 

the microbial safety of a food product and to extend their shelf-life. These heat treatments can 

be applied directly on the packed food product (in-pack pasteurization) or the treated (hot) food 

product can be transferred to the packaging (hot-fill). Also, ‘convenience‘ applications like 

heating food in a microwave or an oven (ready-to-eat meals), transport of hot food (take away, 

delivery of food) and the use of cups for hot liquids (soup or coffee) need heat resistant 

packaging materials. Furthermore, the heat resistance of a material during processing is also 

important. A poor thermal stability can lead to thermal degradation, negatively affecting the 

mechanical properties. Therefore, the heat resistance of food packaging materials can be 

divided into two categories: the heat resistance during processing (temperatures above melt 

temperature) and the heat resistance during the use as a food packaging (depending on the 

application). 

5.2 Polymer structure and heat resistance 

The unique semi-crystalline nature of most thermoplastic polymers lies at the basis of their 

(lack of) heat resistance and the variations which can be observed in thermal properties for 

chemically identical polymer formulations. In brief, most polymer structures consist of 

crystalline regions, in which the polymer chains are organized into orderly crystalline platelets 

and amorphous regions, spread out in between the crystalline parts, in which no specific degree 

of order is observed except for that of a polymer chain to its nearest neighbour. Some polymers 

are completely amorphous. The potential for crystallinity is largely depending on the 

complexity of the polymer chain: the easier the chain can be ‘folded’ into crystalline platelets, 

the higher the amount of crystals will be. As such, polymers with large side groups, irregular 

tacticity or dominant branching will be more inclined towards an amorphous structure. 

Based on this semi-crystalline structure, there are several transformation temperatures which 

play a significant role in the polymer’s structure and therefore its heat resistance. Firstly, the 

glass transition temperature (Tg) is the temperature above which the amorphous section of 

the polymer structure will have increased mobility, resulting in a slight sliding and rotating of 
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side groups. In terms of mechanical properties, Tg signals the transition from a hard and 

relatively brittle state into a rubber-like state (ISO 11357-2). At temperatures greater than Tg 

only the crystalline phase warrants the mechanical properties of the material. For some 

polymers, Tg is below room temperature or even below zero, meaning they are always in the 

rubberlike state at their temperatures of usage.  

Secondly, the melt temperature (Tm) of a polymer is the temperature at which the ordered 

crystal structure passes to a viscous liquid. The Tm of a (semi-crystalline) material should be 

higher than the maximum temperature at which the final packaging will be used, but it should 

also be well below the degradation temperature in order to facilitate the processing. 

Thirdly, when considering the cooling of the polymer from the melt, the crystallization 

temperature Tcc is the temperature at which the crystalline regions will begin to form upon 

cooling. Tcc signals the solidification of a semi-crystaline polymer and should theoretically be 

the same as Tm in value. In practice, however, Tcc will always be lower, as a certain amount of 

supercooling is needed to initiate the crystalline nucleation.  

Finally, crystallization is rarely complete upon cooling of the polymer after processing. 

Therefore, another transformation temperature is relevant, that of the (post-)crystallization 

upon (re)heating of the polymer solid. At this temperature Tc, further crystallization can occur, 

until the full potential for crystallinity is reached.  

The heat resistance of a material is strongly linked to its crystallinity. A higher degree of 

crystallinity implies a higher temperature resistance, since the crystalline regions should 

maintain material stiffness past the glass transition temperature (of the amorphous phase) (Li 

& Huneault, 2007). Apart from the polymer chain structure, which defines the polymer’s 

potential for crystallinity, the processing of the polymer will affect the degree to which this 

potential can be realized. This is discussed in more detail further on. The influence of molecular 

mass (Mw) on heat resistance is a dual one. In general, longer polymer chains will lead to a 

structurally more sound polymer material, which will have better mechanical and thermal 

properties. Short polymer chains are too small to form crystalline platelets and will barely 

contribute to the semi-crystalline nature of the polymer. However, very long polymer chains 

are known to have more difficulty organizing into the crystalline structure, as they are bulkier. 

As such, an initial degradation of the polymer chains (due to thermal or thermo-mechanical 

loading), can in fact be benificial for the rate of crystallinity in high Mw polymers. 
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5.3 Improving the heat resistance of biobased plastics 

A large amount of studies have investigated different strategies to improve the heat resistance 

of biobased plastics. Several techniques/approaches, described in detail in following paragraphs, 

could be strategies to increase the heat resistance of biobased packaging. 

5.3.1 Additives 

Additives are substances that are added in small quantities to polymers in order to improve their 

properties (Work et al., 2004). Different additives, like plasticizers, chain extenders, nucleating 

agents and nanoparticles can have an effect on the heat resistance of biobased materials, mainly 

by decreasing the Tg and Tm and increasing the degree of crystallinity. There is a positive list 

of additives that can be used for food packaging materials (European Commission, 2011).  

A widely used additive for polymers are plasticizers. The primary role of these additives is to 

improve the flexibility, ductility and processability of the polymer by decreasing the Tg of the 

polymer through reducing the intermolecular forces along polymer chains. Regarding heat 

resistance, this increases the polymer chain mobility which can enhance the crystallization rate 

by reducing the energy required during crystallization. Plasticizers mainly have an effect in the 

lower temperature range, where crystallization is limited by the chain mobility with an effect 

on Tc, extending the crystallization temperature window (Jerez et al., 2005; Li & Huneault, 

2007; Vieira et al., 2011). Several studies have investigated the effect of the addition of 

plasticizers. Wang et al. (2014) found that the addition N-octyl lactate (NOL) lowered the Tg 

with maximum 17,8°C, depending on the NOL content. Furthermore, the Tc and Tm also 

decreased with increasing plasticizer content. The percentage crystallinity increased with 

increasing NOL content. Boonfaung et al. (2011) found that the addition of polypropylene 

glycol, polyethylene glycol-ran-propylene glycol, dioctyl phthalate, tributyl citrate and adipic 

acid lowered the Tg by maximum 15,4°C. Furthermore, these plasticizers also decreased the Tm 

of PLA. Martin & Avérous (2001) reported similar results after the addition of PEG 

(polyethylene glycol) to PLA. Tg was decreased from 58°C to 41 and 30°C for respectively 10 

and 20% PEG (molecular weight = 1500 g/mole) and even further decreased to respectively 30 

and 12°C for PEG with a molecular weight of 400 g/mole.  They also found an increase in the 

degree of crystallinity. A lower Tm ensures that the polymer can be processed at a temperature 

well below the degradation temperature (better preservation of the properties), but it was 

noticed by Arrieta et al. (2014b) that plasticizers can also lower the degradation temperature, 

neutralizing the positive effect. Branciforti et al. (2013) also found that the Tg of PHBV 
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decreased with increasing amount of plasticizer. But, addition of plasticizer can also have a 

negative effect, like a decreased tensile strength and tensile modulus and increased water vapor 

permeability (Boonfaung et al., 2011; Li & Huneault, 2007; Wang et al., 2014). 

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

polyesters (PLA, PHA) is merely caused by hydrolysis, intermolecular transesterification and 

back-biting or intramolecular transesterification. Chain extenders are used to prevent this 

thermal degradation of polymers during production by extending the polymer chain and 

increasing the molecular weight (by re-coupling of degraded chains) and by decreasing the 

polymer ends, resulting in a lower chance of back-biting (Kopinke & Mackenzie, 1997; Najafi 

et al., 2012). The principle of a chain extender is illustrated in figure 1.9. 

 

Figure 1.9: Schematic mechanism of chain extension (BASF, 2013) 

Najafi et al. (2012) added the chain extender Joncryl®, a functionalized (epoxide, anhydride, -

COOH, -OH) low molecular-weight styrene-acrylate copolymer (BASF, 2013) to PLA and 

tested the thermal stability by means of a thermogravimetrical analysis. The structure of 

Joncryl® is illustrated in Chapter 6. The temperature at which thermal degradation started 

increased with 20°C (1% Joncryl m/m). The viscosity of PLA and PLA/PBAT with Joncryl® 

remained constant in time, indicating a lower thermal degradation (Al-Itry et al., 2012). 

Addition of Joncryl® (epoxy-functionalized) to PHBV induced a lower crystallization 

temperature and crystallinity. This is caused by a lower mobility and rate of crystallization 

because of the longer chains (Duangphet et al., 2013). Di et al. (2005) found that the addition 

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

higher molecular weight and the cross-linking of the chains. Furthermore, a lower Tm was 
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observed (more than 10 °C), caused by defects in the lamellar crystals by cross-linking of the 

chains. 

A third type of additives are nucleating agents. Because of the long chain character and the 

high viscosity, nucleation is often a critical step during the crystallization of a polymer. Most 

of the times, this primary crystallization takes place at temperatures much lower than the Tm of 

the polymer, meaning a high degree of undercooling is necessary to initiate nucleation. 

Nucleating agents can increase the degree of crystallinity by lowering the surface free energy 

barrier towards nucleation and thus initiating heterogeneous crystallization at higher 

temperature upon cooling. So, as for plasticizers, addition of nucleating agents broadens the 

crystallization temperature window (during cooling), causing a more complete crystallization 

and reducing re-crystallization during heating. This will result in more consistent mechanical 

properties upon heating (Battegazzore, 2011; Bernland, 2010; Kai et al., 2005; Li & Huneault, 

2007). Nucleating agents have to be compatible and dispersible in the polymer and they have 

to be present in a solid state at the temperature at which nucleation takes place (Bernland, 2010). 

Kolstad (1996) found that the addition of 1% talc to PLA reduced the crystallization half time 

(t1/2) from around 40 min to 90 s. Addition of 5% plasticizer could even further reduce t1/2 to 70 

s (acetyl triethyl citrate) and 60 s (polyethylene glycol). Harris & Lee (2007) found that the 

addition of 2% talc to PLA induced a higher crystallinity compared to pure PLA (figure 1.9). 

Furthermore, organic compounds like N,N-ethylenebis(12-hydroxystearamide), 

benzoylhydrazide compounds or calcium lactate have been reported as effective nucleating 

agents for PLA (Bigg, 2005; Kawamoto et al., 2007; Nam et al., 2006). The brittleness of PHB, 

which is caused by big crystal structures that can re-crystallize during storage and induce 

microcracks, can be reduced by nucleating agents. They ensure the formation of smaller and 

more consistent spherulites, avoiding re-crystallization (El-Hadi et al., 2002). Furthermore, 

PHB can also act as a nucleating agent in PLA/PHB blends (Arrieta et al., 2014b) and the 

addition of  PDLA to PLA can increase Tm and HDT (Shen et al., 2009; Yamane & Sasai, 2003). 

Furthermore, Li & Huneault (2007) found that the simultaneous use of a nucleating agent and 

a plasticizer had a synergistic effect on the crystallinity of PLA. DSC curves showed a much 

sharper crystallization peak upon cooling (20°C/min) for PLA with 1% talc and 10% PEG 

compared to PLA with only 1% talc or 10% PEG. Furthermore, the crystallization peak was 

shifted to a higher temperature, expanding the crystallization window. This can be explained 

by the increasing chain mobility in the lower temperature range (caused by the plasticizer) and 
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the increasing nucleation rate in the upper temperature window (caused by the nucleating agent).  

Addition of 1% talc and 10% PEG allowed the PLA to reach its maximal crystallization (40%). 

 

Figure 1.9: Percentage crystallinity of PLA and PLA + 2% talc dependent on the mold temperature 

(Harris & Lee, 2007) 

5.3.2 Blends and copolymers 

Blending with another (bio) polymer is also a technique to improve the thermal and mechanical 

properties of a biobased plastic material (Rasal et al., 2010: Shen et al., 2009).  

PLA/PHB blends are a typical biopolymer blend combining the best properties of both 

polymers. The crystallinity of PLA can be increased because of the much more crystalline PHB, 

increasing the HDT of pure PLA (Furukawa et al., 2005; Zhang & Thomas, 2010).  Furthermore, 

a blend of 75/25 PLA/PHB improved the mechanical properties of both pure polymers (Zhang 

& Thomas, 2010). Blending of PBAT and PLA had a positive effect on the elongation and 

strength of PLA and resulted in a more constant viscosity, inducing a broader processing 

temperature window (Gu et al., 2008; Jiang et al., 2006). 

The creation of copolymers can also ameliorate the heat resistance of a polymer. The copolymer 

PHBV (11 mol % HV into PHB) decreases Tm from 175 to 157 °C and Tg from 9 to 2 °C (Avella 

et al., 2000). The lower Tm means that the processing can be performed at temperatures further 

away from the degradation temperature than for pure PHB, but Tm is still high enough to not 

compromise its use as a packaging material (temperatures up to 120 °C). 
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Because of the chirality of lactic acid (L and D-lactic acid), several copolymers of PLA can be 

formed. The (thermal) properties of PLA depend on the ratio of L- and D-lactic acid present in 

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

crystalline, decreases the crystallization rate and lowers the Tm of PLA (Barker & Safford, 2009; 

Bolck et al., 2011: Drumright et al., 2000). It was shown that the Tm of PLA changed from 180 

to 125°C with decreasing amount of L-isomer (Baratian et al., 2001: Bigg, 2005; Lim et al., 

2007). Furthermore, Dorgan et al. (2005) found that the Tg of PLA with 100 % L-lactic acid 

was 60,2 °C, while the Tg of PLA with 50 % L-lactic acid was 54,6 °C.  

The melt temperature, crystallinity and heat deflection temperature of PLA can be improved by 

the creation of stereocomplex PLA (sc-PLA) and stereoblock PLA (sb-PLA). Sc-PLA is formed 

by melt-blending of PLLA and PDLA (1:1) when PDLA segments interact inter- and 

intramolecular with PLLA segments. Sb-PLA is formed similarly between block copolymers 

of PLLA and PDLA (figure 1.10). The melt temperature for both polymers is around 200-

240 °C and 180-230 °C for respectively sc-PLA and sb-PLA. The HDT of amorphous PLA and 

stereocomplex PLA is respectively 55-60 °C and 160-200 °C. An increased crystallinity can 

only be accomplished if the cooling rate is slow. Because of the high production rates (e.g. 

injection molding) this is sometimes difficult. This can be overcome by the use of nucleating 

agents (Fukushima & Kimura, 2006; Ikada & Tsuji, 2000: Shen et al., 2009; Tsuji, 2005). 

Furthermore, also the mechanical properties of sc-PLA are better than those of PLLA and 

PDLA (Tsuji & Ikada, 1999). 

 

Figure 1.10: Structure and Tm of different (co) polymers of  PLA, build up from L- and D-lactic acid 

units (Purac, 2008) 
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5.3.3 Biocomposites 

A composite is a multiphase system in which a filler (discontinuous phase) is embedded in a 

matrix (continuous phase). The efficiency depends on the adhesion between the components 

(Avella et al., 2000). Although the filler is not added to improve the heat resistance, it can have 

a positive effect. Especially the introduction of natural fibers (e.g. flax) is a technique to 

improve the heat resistance of (bio)polymers (Singh et al., 2008; Yu et al., 2009). The HDT of 

PHBV with bamboo fiber increased with 9% (40 wt% fiber) and the HDT of PHBV with wood 

fiber also increased. The main reason of HDT improvement is the fiber reinforcement which 

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

nucleating properties of the fiber surface. Furthermore, the degradation temperature of the 

PHBV/bamboo fiber composite was higher than the one of pure PHBV (Singh et al., 2008: 

Singh & Mohanty, 2007). A PLA/bamboo fiber composite increased the degree of crystallinity 

with 6% compared to pure PLA, probably because the surface roughness of the bamboo fiber 

initiated the growth of crystals (Tokoro et al., 2008). 

5.3.4 Nanocomposites 

As described before, the development of (bio)nanocomposites is a new strategy to improve the 

physical properties of bioased plastics. Although the effect of the use of nanoparticles on barrier 

properties of biobased plastics is clear and consistent, their influence on the heat resistance of 

biobased plastics is not always clear. 

The addition of organo-modified montmorillonite clay (MMT) to PLA decreased the 

degradation temperature of PLA. This is believed to be associated with the organo-modifier 

bonded on the silicate layer surface (clay). Strongly exfoliated structures resulted in an 

accelerated thermal degradation (Meng et al., 2012; Najafi et al., 2012; Wu et al., 2006). Arrieta 

et al. (2014a) also found a lower degradation temperature for PLA with synthesized cellulose 

nanocrystals or surfactant modified cellulose nanocrystals. On the other hand, Martino et al. 

(2011) found that the addition of 3 wt% of MMT (Cloisite-30B) increased the initial 

decomposition temperature with 10 °C and Arrieta et al. (2014a) showed that the degradation 

temperature of a PLA/PHB blend with synthesized cellulose nanocrystals and surfactant 

modified cellulose nanocrystals improved. This can be explained by the fact that the clay may 

act as a heat barrier at the beginning of the thermal decomposition giving rise to the slight 
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improvement in degradation temperature. But at higher temperatures the silicate layers could 

accumulate heat and then promote the degradation process (Martino et al., 2011). 

Also changes in Tg and Tm are not always clear and depend on the type of nanoparticle used, 

the nanoparticle loading and dispersion. A small increase in Tg was noticed by Azeredo et al. 

(2009) when cellulose nanofibers were added to a mango puree film. Anglès & Dufresne (2000; 

2001) also found an increase in Tg and Tm after addition of cellulose nanofibers to TPS, as well 

as Alemdar & Sain (2008) who found an increase of  30 – 40°C of Tg for TPS films with addition 

of cellulose nanofibers, starting from 2 wt% of fiber. Krishnamachari et al. (2009) noticed that 

the Tg of PLA raised with 6°C after addition of 1% organically modified montmorillonite 

(OMMT) (Cloisite 30B, m/m) and with 8°C after addition of 2% OMMT. Higher percentages 

did not increase the Tg more, indicating an optimum. The Tg of PLA/nanofiber, PHB/clay and 

PLA/clay nanocomposites did not significantly improve (Arrieta et al., 2014a; Abdulkhani et 

al., 2014; Araújo et al., 2014; Bordes et al., 2008). 

The addition of 4% OMMT (m/m) to PLA resulted in an increase in HDT from 76 to 93°C 

(Joshi, 2008). A gradual increase in HDT from 75 to 111°C depending on the amount of OMMT 

added was shown by Sinha Ray et al. (2003) (figure 1.11). 

Furthermore, the addition of nanoclay to PHB and PHBV increased the crystallization 

temperature (Tcc) and the crystallization rate. Also cellulose nanoparticles had a positive effect 

on the crystallinity of PLA and PLA/PHB. In these cases the nanoparticles had a nucleating 

effect and the better the particles were diffused into the polymer matrix, the greater the effect. 

But, regarding clay particles, big clay platelets can hinder a thorough crystal growth (Arrieta et 

al., 2014a; Bordes et al., 2008; Zhao et al., 2013). 

 

 

 

 

 

 

Figure 1.11: Gradual increase in HDT by addition of organomodified clay to PLA (Shina Ray et al., 

2003) 
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5.3.5 Processing parameters 

Polymers can be processed making use of different techniques, like extrusion, injection molding 

and thermoforming. Dependent on the used technique and the applied heat profiles, the exerted 

thermomechanical loading on the polymer can vary, resulting in different material properties. 

Heat resistance can be influenced by the processing parameters, e.g. by thermal degradation 

during processing, by the crystallinity which is affected by the cooling rate and by the maximum 

processable molecular weight. 

High processing temperatures can cause thermal degradation of a (bio) polymer, resulting in 

lower glass transition, melt and degradation temperatures of the finished product (after 

processing) compared to the pellets (before processing). Al-Itry et al. (2012) found that the 

degradation of processed PLA started 30°C earlier than the (non-processed) pellets. It is 

therefore important to perform the processing at temperatures below the degradation 

temperature to preserve the heat resistance of the original material (pellets). 

An enhanced crystallinity of PLA and other biobased plastics had a positive effect on certain 

mechanical and thermal properties (higher HDT) (Harris & Lee, 2007; Lim et al., 2007). 

Crystallinity of the final polymer product can be affected by adapting the cooling rate (during 

injection molding). Fast cooling will increase crystalline nucleation, but effectively disrupt 

crystalline growth, which can cause the formation of less perfect crystals and lower overall 

crystalline fraction, resulting in a lower Tm. Effectively quenching the polymer will even lead 

to a fully amorphous structure. A slower cooling rate, induced by a higher mold temperature, 

will allow the crystals to form more completely, increasing the crystallinity and the size and 

stability of the crystals. Harris & Lee (2007) found that the crystallinity of PLA (with or without 

talc) that was injected into a heated mold during 3 minutes increased as the mold temperature 

increased. Li & Hunault (2007) found similar results. The percentage crystallinity of PLA 

increased exponentially when the mold temperature rose from 20 to 80°C. At 80°C the maximal 

crystallization of PLA (with 5% ATC and 1% talc) was reached. Also the orientation of the 

polymer chain, the remaining of unreacted monomer or a heat setting treatment can influence 

the crystallinity and thermal stability (Bigg, 2005).  

Furthermore, annealing of the polymer (keeping the polymer at a temperature between the glass 

transition and the melt temperature during a certain period of time) can lead to a better formation 

of crystals and an increase in crystallinity. The optimum crystallization temperature for PLA 
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was between 105 and 115 °C (Kolstad, 1996). According to Harris & Lee (2007) the degree of 

crystallization and the HDT increased with increasing annealing time (figure 1.12). 

 

Figure 1.12: Crystallinity (left) and HDT (right) of pure PLA, PLA + EBS (Ethylene bis-stearamide) 

and PLA + talc in fuction of the annealing time at 80°C (Harris & Lee, 2007) 

Tokoro et al. (2008) also found that a temperature of 110°C during 5 hours increased the degree 

of crystallinity from 25 to 42 % for pure PLA and from 31 to 50 % for PLA/bamboo fibers. 

 

A higher mold temperature can increase the crystallization, but it can also affect the mechanical 

properties. Vadori et al. (2013) showed that the elongation at break decreased from 243 to 22 % 

with increasing mold temperatures from 30 to 90 °C. Furthermore, the crystallization influences 

the optical properties. Crystalline PLA is opaque, while amorphous PLA is transparent 

(Jamshidian et al., 2010). 

 

In general it can be stated that the processing parameters, especially a higher mold temperature, 

have an influence on the heat resistance of biopolymers. Mainly the prevention of degradation 

and the control of crystallinity can be adjusted. Furthermore, the eventual application of the 

material is important to select the optimal process parameters.  
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6. Applications 

 

6.1 Possible applications 

Several studies have investigated the possible use of biobased material for food packaging, 

especially in comparison with traditional packaging materials. At present it appears that mainly 

for fresh (respiring) produce, like fruits and vegetables, fresh meat and fresh juices various 

biobased options are available, but also fat rich products could be packed in biobased packaging. 

For these products, biobased packaging can even have a positive effect (prolonged shelf-life) 

on the food product in comparison to the conventional packaging. It can be concluded that at 

present the main focus for biobased packaging are short shelf life applications and dry products 

that do not require high oxygen and/or water vapor barrier. 

6.1.1 PLA 

Several studies on PLA based packaging have shown that they could replace some of the 

conventional packaging for a number of food products. Koide & Shi (2007) evaluated the 

microbiological and physicochemical quality of whole green peppers packed in a PLA based 

film (Tohcello, 25 mm, Japan) compared to LDPE and perforated LDPE. Results showed no 

significant difference in hardness, ascorbic acid concentration and color after 1 week of storage 

at 10°C, but for the PLA film coliform bacteria counts were lower. Fresh cut romaine lettuce 

can be packed in thermoformed oriented PLA (OPLA) during storage at 10°C (Benyathiar et 

al., 2009). Almenar et al. (2008, 2010) stated that PLA containers (Versapack®, 8 oz., 

Wilkinson Industries Inc., USA) are possibly applicable for commercial post harvest packaging 

of blueberries. In contrast to the conventional PET container, an equilibrium modified 

atmosphere (EMAP) could be developed inside the PLA containers. This increased the shelf 

life of the blueberries. Sensory evaluations showed that consumers preferred blueberries packed 

in PLA containers for one or two weeks over the blueberries packed in conventional containers. 

Haugaard et al. (2002) reported that PLA packaging (thermoformed cups, Autobar, France) is 

suitable for storage of fresh, unpasteurized orange juice at 4 °C for 14 days. Color changes, 

ascorbic acid (AA) degradation and limonene scalping were most effectively prevented by PLA 

when compared to PS and HDPE. 
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6.1.2 Starch 

Research on starch-based films has shown that they could be suitable alternatives for 

conventional plastics for different food products. Cannarsi et al. (2005) demonstrated that two 

biodegradable films based on starch (1 blend of starch and polyester and 1 blend of 3 

biodegradable/biobased polyesters, Novamont, Italy) could be used to replace PVC films to 

pack fresh cut beef steaks. Furthermore, Ifezue (2009) found Mater-Bi® (blend of starch with 

biodegradable synthetic polymers like PCL or PVOH) to be superior to perforated LDPE, PLA 

and Ecoflex to pack whole fresh celery, especially regarding mechanical performance. Also 

Kantola & Helen (2001) stated that the quality of tomatoes packed in PLA-coated cardboard 

covered with a perforated Mater-Bi® bag remained as good as when packed in LDPE (low-

density polyethylene) bags during 3 weeks. 

6.1.3 PHA/PHB  

Replacement of conventional films by PHA/PHB based films could be possible according to 

several studies. Levkane et al. (2008) investigated the effect of pasteurization on a meat salad 

packed in conventional (PE, PP) and biobased packaging (PLA, PHB) and found that PHB films 

could be successfully used to pack this type of food. Haugaard et al. (2003) found that orange 

juice simulant and dressing packed in PHB resulted in the same quality changes compared to 

HDPE, which means commercial juices and other acidic beverages and dressings or other fatty 

foods could possibly be packed in PHB. Furthermore, Bucci et al. (2005) stated that PP can be 

replaced by PHB for the packing of fat rich products (mayonnaise, margarine and cream cheese) 

according to physical, mechanical (dynamic compression and impact resistance), sensorial and 

dimensional (dimensions, volumetric capacity, weight and thickness) tests. Similarly, 

Muizniece-Brasava & Dukalska (2006) stated that PHB materials are suitable materials for 

storage of sour cream. 

6.1.4 Cellulose 

Different studies on cellulose-based films showed that they could be an alternative for packing 

several food products. A lot of cellulose derivatives are produced commercially, of which 

cellulose acetate (CA) is the most commonly used for food packaging (fresh produce, baked 

goods). Makino & Hirata (1997) showed that a laminate of chitosan-cellulose and PCL had a 

similar film permeability as LDPE, which makes this laminate a possible EMAP packaging for 
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fresh produce (shredded lettuce, cabbage, tomatoes, sweet corn and broccoli). Usability was 

confirmed by computer simulation. Popa & Belc (2007) stated that coating of cellophane with 

nitrocellulose or PVdC (polyvinylidine chloride) improved barrier properties and this film 

could be used for packaging of candies, processed meat, cheese and baked goods. Furthermore, 

Rhim & Kim (2009) stated that paperboard coated with PLA could be used as a substitute for 

PE-coated paperboard in manufacturing 1-way paper cups or containers for high moisture foods 

(beverage cartons, ice cream containers). 

6.2 Current applications 

An overview of current applications is listed in table 1.2. From this table it can be concluded 

that of the different biobased materials on the market, PLA is the most commercially used one. 

Furthermore, it can be stated that the main market for bioplastics nowadays are short shelf life 

products, like fresh fruits and vegetables and long shelf life products, like potato chips and pasta. 
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Table 1.2: Current applications of bioplastics  

Packaging application Biopolymer Company Reference 

PLA 

Coffee and tea 
Cardboard cups coated 

with PLA 
KLM Jager (2010) 

Compostable coffee 

capsules 
PLA (Ecovio) Beanarella European Bioplastics (2013) 

Beverages PLA Cups Mosburger (Japan) Sudesh & Iwata (2008) 

Butter PLA Container Cyclus (Brasil) Bunge (2011) 

Fresh salads PLA Bowls McDonald’s Haugaard et al. (2003) 

Carbonated water/soda, 

fresh juices, dairy drinks,… 
PLA Bottles 

Biota, Noble, Coca Cola, 

Vittel, Volvic 

European Bioplastics 

(2014b); Sudesh & Iwata 

(2008) 

Sauces (ketchup, …) PLA Bottles Heinz 
European Bioplastics 

(2014b) 

Freshly cut fruits, whole 

fruits, vegetables, bakery 

goods, salads 

Rigid PLA trays and 

packs 
Asda (retailer) 

Koide & Shi (2007) 

Jager (2010) 

Organic pretzels, 

potatochips 
PLA bags 

Snyder’s of Hanover, 

PepsiCo’s Frito-lay 
Weston, 2010 

Yoghurt PLA jars Stonyfield (Danone) 
Haugaard et al. (2001), 

Jager (2010) 

Frozen fries PLA films (Bio-Flex) McCain Nieburg (2010) 

Organic fruit and 

vegetables 
PLA packaging Mont Blanc Primeurs 

Highlights in bioplastics 

(2006) Pasta PLA packaging Biorigin 

Herbs PLA packaging Asda (retailer) 

Prepared sandwiches, pasta 

salads 
PLA bowls, packaging 

Delhaize (retailer) 
Delhaize- press release 

(2007) Bread 
Paper bags with PLA 

window 

Organic poultry PLA bowls, absorb pads 

Starch based 

Milk chocolates Cornstarch trays 
Cadbury Schweppes food 

Group, Marks& Spencer 
Highlights in Bioplastics 

(2006), European bioplastics 

(2014b) Organic tomatoes Corn-based packaging 
Iper supermarkets (Italy), 

Coop Italia 

Meat 
Cornstarch trays and 

topfilm 

Coles supermarkets 

(Australia), Woorworths, 

Excelline 

Black (2014) 

Cellulose 

Kiwi 
Biobased trays wrapped 

with cellulose film 
Wal-Mart Blakistone & Sand (2007) 

Potato chips Metalized cellulose film Boulder Canyon 

European bioplastics (2013) Organic pasta, Bio-nuts 
Cellulose based 

packaging 
Birkel, Mister Nut 

Sweets Metalized cellulose film Qualitystreet, Thornton 

Others 

Soda Bio-PET (Plantbottle™) 
The Coca Cola Company, 

Heinz 
Molenveld & Van Den Oever 

(2014) 
Yoghurt Bio-PE Danone 
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Chapter 2: Inventory of biobased 

materials with improved barrier 

properties and improved thermal 

properties 

This chapter was partly published as: 

 

Peelman, N., Ragaert, P., De Meulenaer, B., Adons, D., Peeters, R., Cardon, L., Van Impe, F., 

& Devlieghere, F. (2013). Application of bioplastics for food packaging. Trends in Food 

Science & Technology, 32, 128-141.  

 

and accepted for publication as 

 

Peelman, N., Ragaert, P., Ragaert, K., Devlieghere, F., De Meulenaer, B., & Cardon, L., Heat 

resistance of new biobased polymeric materials, focusing on starch, cellulose, PLA and PHA 

in Journal of Applied Polymer Science. 

 

 

 

 

Paper/Alox/PLA Xylophane A Cellophane/PLA 
Cellophane/M/PLA Ecoflex/Ecovio 
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Summary 

In a first part, an inventory was made of the main characteristics of various (multilayer) 

commercially available biobased materials, focusing on the barrier properties. Several physical 

and mechanical properties (e.g. gas and water vapor permeability) and some other 

characteristics (e.g. biobased content) were examined or provided by research institutes or by 

the supplier/producers of the materials. These characteristics were then compared to 

conventional (multilayer) food packaging materials. In a second part, an inventory was made 

of commercially available potentially heat resistant biobased plastic materials, as well as an 

inventory of additives that could enhance this heat resistance. This information (heat resistant 

parameters) was compared to conventional plastic materials and non heat resistant biobased 

plastic material.  

The range in barrier, mechanical and seal properties suggest that an appropriate biobased plastic 

can be found for a wide range of food products. Biobased plastics with high and low barrier 

properties already exist on the market, indicating options for (E)MAP packaging. Furthermore, 

many companies already have biobased plastics, mostly resins, with improved heat resistance 

in their portfolio. The inventories can be used as a guideline for companies when looking for 

biobased packaging materials.
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1. Introduction 

The material characteristics are a very important part in the decision making process of a food 

company towards new (biobased) packaging. But, having a clear overview of these 

characteristics is not always simple, due to different test conditions and/or lack of information. 

Therefore, in a first part of this PhD, an extended overview of the material characteristics of the 

biobased materials, collected for the storage tests (Chapters 3 & 4) was made. Care was taken 

that all values were obtained under the same test conditions, making a proper comparison 

possible. Since the focus of this part was on the barrier properties, multilayer biobased plastics 

were compared with multilayer conventional plastics. Furthermore, the tendency towards more 

convenient food products (e.g. ready-to-eat meals, take away,…) drive the demand for more 

heat resistant food packaging. Moreover, materials need to be thermally stable during 

processing to insure the required mechanical properties. Therefore, an inventory of 

commercially available biobased plastics with potential heat resistance was made, including a 

brief inventory of additives which could enhance the heat resistance. The thermal properties of 

biobased plastics were compared to the thermal properties of conventional plastics.  A selection 

of these materials was investigated towards different heat treatments (Chapter 5) and for 

different thermal properties (Chapter 5 & 6).
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2. Material and methods 

 

2.1 Barrier properties 

The selection of materials was based on collecting as many multilayer films of PLA, PHB, 

starch and cellulose that could be supplied by the participating companies. No further 

information on the composition can be given, since this is confidential information which is not 

provided by the suppliers/producers. The packaging materials (both biobased and conventional) 

were supplied by different companies (table 2.1). Permeability tests and thickness 

measurements were performed at the Packaging Centre, Hasselt University, Hasselt, Belgium. 

The oxygen transmission rates (OTR) of samples of 50 cm² were measured from the outside 

(23°C – 75% RH – 100% O2) to the inside (23°C – 75% RH – 0% O2) with an Oxtran model 

2/21 ML (Mocon, Minneapolis, USA). The OTR of the PLA tray (185×135×35) was measured 

using the entire tray and with an outside atmosphere of 23°C – 50%RH – 21% O2. The water 

vapor transmission rates (WVTR) of samples of 50 cm² were measured from the outside (38°C 

– 90%RH – 20cc flow H2O/N2) to the inside (38°C – 0% RH) with a Permatran W model 3/33 

MG (Mocon). Measurements were performed in duplicate and a standard deviation was 

calculated in Microsoft Excel. Tensile tests were performed at the Centre for Polymer and 

Material Technologies (CPMT), Ghent University, Ghent, Belgium (except Natureflex™N913 

and N931). The thickness of the films was measured with a MTS Adamel Lhomargy MI20 

(Draveil, France).The thickness of the films was included, since the OTR and WVTR are valid 

for these thicknesses. The same film with a different thickness wil have different OTR and 

WVTR values. Tensile tests were performed with a dynamometer (Instron 4464, Instron, High 

Wycombe, UK), a heated chamber (Instron environmental test chamber 3119-005) and load 

cells of 2 kN and 5 kN (Instron static load cell 2525-818 and 2518-805). Results were calculated 

with the Bluehill® Software (Bluehill® 2 v.2.6.440, Instron). Samples were pre-conditioned in 

an atmosphere of 20°C and 60% RH. Five samples were tested for each condition. Results were 

averaged and a standard deviations was calculated. Films were cut into strips (9*30 mm) and 

measured according to ISO 527-3. The samples were measured in machine direction and 

transverse direction at 20°C. The tensile rate was 50 mm/min. Seal conditions were measured 

at the Belgian Packaging Institute (BVI), Zellik, Belgium. Hot tack tests were performed with 

a SL-10 Laboratory Hot Tack/Seal Tester (Lako Tool, Perrysburg, Ohio, USA). 

Samples(25.4×12.7 mm) were preconditioned at 23°C and 50%RH and sealed at different 

temperatures, a pressure of 0.4 N/mm² and a dwell time of 1.6s. The peel rate was 10mm/s. 
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Other information was found on the technical data sheets or was provided by the producer or 

supplier of the material. 

2.2 Thermal properties 

An overview of heat resistant biobased plastics or biobased plastics that claim to have a “higher 

heat resistance” and are already commercially available was made. The information was 

gathered from producers, suppliers or company websites. Furthermore, an overview of 

additives which could affect the heat resistance and which were described in Chapter 1 was 

made as well. 
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3. Results and discussion 

 

3.1 Barrier properties 

Table 2.1 shows that the investigated materials cover a broad range regarding the different 

physical and mechanical characteristics that were examined. Regarding barrier properties, no 

values for single layered materials were included in the table, since large variations on gas and 

water vapor permeabilities within one and the same material were found in literature, due to 

differences in polymer structure, variability in material composition (use of different 

additives,…) and different measurement conditions. In general literature states that cellulose, 

starch and PHA/PHB have good gas barrier, but poor water vapor barrier, while PLA has a 

moderate to poor water vapor barrier and gas barrier (see table 1.1, Chapter 1). From the oxygen 

and water vapor transmission rates (OTR and WVTR), which are very important parameters 

regarding food packaging (Chapter 1), it can be seen that the materials are ranging from low 

barrier to high barrier films, for both gas and water vapor. Some of the techniques to enhance 

the barrier properties that were described in Chapter 1 are recognized. The good oxygen and 

water vapor barrier of the Natureflex™N913 film and the paper/AlOx/PLA film can be 

attributed to respectively a PVdC and an AlOx coating (Chapter 1, section 4.2.1). Furthermore, 

the use of a metallized layer also had a clear effect (e.g. Natureflex™N931, Metallised PLA 

and Cellophane/metal layer/PLA). Comparison of these results with some conventional plastic 

packaging materials (table 2.2), shows that also among the conventional packaging materials, 

variation in barrier properties occur, especially oxygen barrier properties. Regarding seal 

conditions, different seal profiles are detected. The cellulose-based films and the films where 

paper is included in the multilayer need a higher seal temperature compared to films where PLA 

is the seal layer. The seal temperature of these first is comparable to the conventional packaging 

materials, but the seal temperature of the latter is clearly much lower. Furthermore, the seal 

time for PLA is rather high, which might cause problems on current packaging lines (high 

speed). Since PLA is not heat resistance, the use of a higher sealing temperature to reduce the 

sealing time is not an option. Furthermore, the use of higher pressure also did not improve the 

seal strength (Lahtinen et al., 2009). The use of a multilayer might be a solution (seal time of 1 

s instead of 1,6 s for Cellophane/Metal layer/PLA), since then a higher seal temperature can be 

applied. Considering the tensile properties, elastic and less elastic films and films with high and 

low strength can be found in the table. It can be concluded that the tested biobased films could 

be used for a wide range of packaging applications. Furthermore, just as for conventional 
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plastics, multilayer structures of (biobased) plastics are necessary to get all the required features 

needed for a certain application (e.g. MAP packaging).  

Concerning the other characteristics, not all of them were tested for every film. All of the films 

that were already tested are printable and can be used for refrigerated storage, except for 

Xylophane A and B and for frozen storage, except for Natureflex™N913 and Xylophane A and 

B. For applications where pasteurization is needed, none of the tested films can be used. Most 

of the films are already food approved (according to regulation 1935/2004). All the films are at 

least 40% biobased and derived from non-food raw materials or corn. 
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Table 2.1: Main characteristics multilayer biobased films 

a Measured at Packaging Centre, Xios Hogeschool, Hasselt, Belgium/From technical sheet     b Measured at BVI, Zellik, Belgium c from technical data sheet/company 

information 
d Meaured at CPMT, Ghent University, Ghent, Belgium (except Natureflex™ N913 and N931) * Ecoflex = oil-based polyester, Ecovio = Ecoflex + PLA 
** Practical tests at Ghent University *** / = no information or not yet tested ****= influenced by cracks, no st. dev. 

 

Film 

 

 

Shape 

(tr=transparant) 

n-tr=non 

transparant) 

Permeability 

Thicknessa 

(µm) 

Seal conditionsb 

Young’s Modulusd 

(Mpa) 

Tensile 

strain at breakd 

(%) O2
a 

(cc/m2.d) 

23°C - 

75% RH 

H2Oa 

(g/m2.d) 

38°C – 90% 

RH 

T P t 

(°C) kN/m2 (s) MD TD MD TD 

Natureflex™N913 

(cellulose-based) 
flex. film (tr) 9.9 ± 0.6 <10.1c  55f 100-170 69 0,5 >3000 >1500 22 70 

Natureflex™N931 

(cellulose-based + metal layer) 
flex. film (n-tr) 3.4**** <5c 44.2 ± 0.8 120-170 69 0,5 >3000 >1500 20 44 

Ecoflex+Ecovio/Ecovio/ 

Ecoflex+Ecovio* 
flex. film (n-tr) 815c 216.4 ± 5.2  55f 70-85 400 1,6 597 ± 54 8.1 ±2 ,0 294 ± 27 317 ± 43 

Metallised PLA flex. film (n-tr) 25.4**** 2.3c 20f 70-80 411 1,6 2290 ± 254 3271 ± 307 5.1 ± 0.7 5.9 ± 0.3 

Cellophane™/Metal 

layer/PLA 
flex. film (n-tr) 9.1**** 9.7**** 45.9 ± 0.3 105 420 1,6 2886 ± 75 2257 ± 65 30.4 ± 1.1 45.5 ± 9.5 

Paper/AlOx/PLA flex. film (n-tr) 45.7 ± 2.7  6.0c 90.7 ± 1.3   120 600 1 2359 ± 164 1277 ± 113 6.1 ± 0,4 9.4 ± 0.5 

Bioska 504 (multilayer PLA) flex. film (tr) 618 ± 5 275.1 ± 8.7  33.9 ± 1.4 60 414 1,6 921 ± 39 925 ± 95 185 ± 9 170 ± 60 

Natureflex™/PLA flex. film (tr) 11.0 ± 0.2 11.3 ± 0.5 60f 60-75 415 1,6 942 ± 25 719 ± 13 30.8 ± 3.8 99.7 ± 10.0 

Cellophane™/PLA flex. film (tr) 10.6 ± 0.5 13.8 ± 0.2 100f 60-80 420 1,6 534 ± 25 572 ± 36 43.6 ± 4.7 99.5 ± 5.5 

PHB/Ecoflex flex. film (tr) 142 ± 1 80.6 ± 3.6 86.6 ± 5.5 70-80 410 1,6 147 ± 27 109 ± 7 701 ± 60 722 ± 30 

Xylophane A 

(coated on paper) 
flex. film (n-tr) 3.7c 24.3 ± 0.6 

100c 

(coating = 9) 
170** /*** / 594 ± 15 / 8.3 ± 0.4 / 

Xylophane B 

(coated on paper) 
flex. film (n-tr) 6.0c 23.9 ± 0.4 

100c 

(coating = 9) 
170** / / 619 ± 12 / 8.0 ± 0.1 / 

PLA tray tray (tr) 46.8 ± 1.1  3.8 ± 0.1 200-300d / / / / / / / 
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Film 

Tensile stress at breakd 

(N/mm2) 
Print- 

ability 

 

Usee 

 Food 

approved 

(1935/2004) 

Biobased 

(Vincotte)f 

 

Origin 

 

Provider Price 

MD TD 
Cooling Freezer 

Pasteuri

sation 

Natureflex™N913 (cellulose-

based) 
125g 70g YES OK NO NO YES ** Non-food 

Bastin-Pack nv, 

Be_Natural 

€10.5/kg 
 

Natureflex™N931 (cellulose-

based + metal layer) 
80g 45g YES OK OK NT YES **** Non-food Be_Natural €12.5/kg 

Ecoflex+Ecovio/Ecovio/ 

Ecoflex+Ecovio 
23.1 ± 0.2 19.9 ± 0.9 YES OK OK NT YES ** 

Non-food + 

corn 
BPI Formipac 

€4.5/kg 
(blendcost) 

Metallised PLA 66.4 ± 7.8 86.7 ± 6.2 YES OK OK NO YES **** corn Vitra 
€6.4/kg (per 

500 kg) 

Cellophane™/M/PLA 98.8 ± 1.7 71.1 ± 4.9 / NT NT NT / 
**** Non-food + 

corn 

Be_Natural 
>€15/kg 

Paper/AlOx/PLA 79.0 ±1.7 54.7 ± 3.0 YES NT NT NO YES **** corn Be_Natural 

€/1000m2: 

938(5000), 

757(10000), 

664(25000), 

529(50000) 

Bioska 504 (multilayer PLA) 23.9 ± 0.6 20.5 ± 2.4 YES OK OK NO YES **** / Be_Natural €7-8/kg 

Natureflex™/PLA 56.2 ± 1.2 34.0 ± 1.1 / NT NT NT / *** 
Non-food + 

corn 
Segers&Balcaen / 

Cellophane™/PLA 54.5 ± 1.4 35.2 ± 0.7 / NT NT NT / 
*** Non-food + 

corn 

Segers&Balcaen 
/ 

PHB/Ecoflex  25.5 ± 1.8 21.0 ± 1.1 / NT NT NT 
Food contact 

safe 
**** 

corn + 

cereals 

Roychem 

BVBA 
€4kg 

Xylophane A (coated on paper) 32.4 ± 1.0 / / NO NO NO NT **** Non-food Xylophane €8-10/kg 

Xylophane B (coated on paper) 34.3 ± 0.5 / / NO NO NO NT **** Non-food Xylophane €10-12/kg 

PLA tray / / / / / / / / / HoGent / 

e NT = not tested 
f 20-40% biobased = *, 40-60% biobased = **, 60-80% biobased = ***, >80% biobased = **** 
g from technical data sheet 
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Table 2.2: Main characteristics of conventional plastic packaging materials 

Film 

Shape 

(tr=transparant) 

n-tr=non 

transparant) 

Permeability 
Thicknes

s 

(µm) 

Seal conditions 
Young’s Modulus 

(Mpa) 

Tensile 

strain at break 

(%) 
O2

 

(cc/m2.d) 

23°C - 75% RH 

H2O 

(g/m2.d) 

38°C – 90% RH 

T P t 

(°C) kN/m2 (s) MD TD MD TD 

PET/CPP   flex. film (tr) 3* 3 12+50 / / / / / 90 100 

PET/PE + barrier flex. film (tr) <8* <3.5 <3.5 150 / 1 1271 1275.3 106.6 154 

PET/EVOH/PE flex. film (tr) <8 <3.5 <3.5 155 / 1.4 1271 1275.3 106.6 154 

APET/LDPE  tray (tr) 20.6 4 4 / / / / / / / 

PA/PE flex. film (tr) 69** 8.1 8.1 180 300 0.6 / / ±200 ±200 

PET/PE flex. film (tr) 125* 7 7 155 400-500 0.5-0.6 / / / / 

OPP+acrylic coating flex. film (tr) 750 4.5 4.5 130 250 0.2 / / 200 65 

PP + PP flex. film (tr) / 6 6 / / / / / 60-180 / 

PETmet/glue/PE flex. film (tr) <1* <1 <1 150 300 6 / / 190 130 

PVdC+OPP+acrylic 

coating 
flex. film (tr) 20 4.2 4.2 30-50 250 0.2 2200 3500 200 65 

*23°C-50%RH, **26°C-0%RH 

Film 

Tensile 

stress at break 

(N/mm2) 
Printability 

Use Food 

approved 
Biobased Origin Price 

MD TD Cooling Freezer Pasteurization 

PET/CPP 80 75 / OK / / YES Not Oil-based €61/500m (285mm) 

PET/PE + barrier 64.3 60.5 YES / / / YES Not Oil-based / 

PET/PE/EVOH 64.3 60.5 YES OK / / YES Not Oil-based / 

APET/LDPE / / / OK / / YES Not Oil-based / 

PA/PE 74 58 YES / / / YES Not Oil-based €5.4/kg 

PET/PE / / YES OK / / YES Not Oil-based 
€95.4/1000m 

(463mm) 

OPP+acrylic 

coating 
135 275 YES OK / / YES Not Oil-based / 

PP + PP 130-310 / YES / / / YES Not Oil-based / 

PETmet/glue/PE 65 75 YES / / / YES Not Oil-based €4.49/kg 

PVdC+OPP+acrylic 

coating 
135 275 YES / / / YES Not Oil-based €2.15/kg 
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3.2 Thermal properties 

To situate the thermal properties of biobased plastics, a comparison with the properties of 

conventional plastics was made (table 2.3). Several parameters can give an indication of the 

heat resistance. Tg and Tm were explained in Chapter 1. The heat deflection temperature (HDT), 

the temperature at which a polymer deforms under a constant load, and the Vicat softening 

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

polymer 1 mm, also give an indication of the heat resistance. As explained in Chapter 1, large 

variations on these parameters (Tg, Tm, VST and HDT) can occur within one and the same 

material, due to differences in polymer chain morphology, processing temperatures, variability 

in material composition (use of different additives,…) and different measurement conditions. 

This makes it difficult to present single values per material type or indeed, to draw 

straightforward conclusions. But it is clear that, just as for the conventional polymers, the 

material properties of biobased plastics depends strongly on the type of material and polymers 

with lower and higher heat resistance exist. Especially PLA (amorphous) and starch (crystalline 

regions) have a poor heat resistance, with respectively a Tg (PLA) and a Tm (starch) within the 

temperature range of heat treatments used in industry, which is of course not wanted, because 

it means they could deform during usage (Chapter 1). Both materials also show a low HDT and 

VST. Comparison with the conventional plastics show that PS and PET also have a Tg that can 

fall into the application window of heat resistant packaging and that the VST of HDPE, LDPE 

and PVdC are also rather low. PHB(V) and cellulose have respectively a low or a very high Tg 

and PHB(V) also has a high Tm. Furthermore PHB(V) has a high VST and/or HDT. This 

indicates  that both cellulose and PHB(V)-based materials can have a good heat resistance and 

can possibly be used for high heat food packaging applications. Especially PHB(V) seems 

comparable to PP, which is a conventional material with a good heat resistance.  

 



  CHAPTER 2 

53 
 

Table 2.3: Chemical structure and characteristic parameters of different (biobased) plastics (Auras et al., 2005; Avella et al., 2000; Ayranci & Tunc, 2001; 

Bastarrachea et al., 2011; Belgacem & Gandini, 2008; Bengtsson et al., 2010; Bio-plastics, 2013; Chemmarket, 2015; Clarinval & Halleux, 2005; Corre et al., 

2012; D’Agnillo et al., 1998; Drumright et al., 2000; Efunda, 2014; Garlotta, 2001; Goodfellow, 2014; Grayline Inc., 2015; Hyon et al., 1997; Jamshidian et 

al., 2010; Madison & Huisman, 1999; Madras et al., 1997; Mark, 1999; Matbase, 2003; Matsuyama, 2002; MatWeb, 2014; Middleton & Tipton, 2000; Mo et 

al., 2014; Nampoothiri, 2010; Orient HDPE, 2012; Petersen et al., 2001; Plastics News, 2014; Platt, 2014; Rossa et al., 2013; Sanches et al., 2005; 

Shogren,1997; Soetaert, 2014; Sudesh et al., 2000; Shen et al., 2009; Tharanathan, 2003; Tsuge et al., 2007; Wang et al., 1998) 

Material Chemical Structure 
Mw (105 

g/mol) 
Tg (°C) 

Tm 

(°C) 

HDT 

(°C) 

VST 

(°C) 

Young’s 

Modulus 

(GPa) 

Elongation 

(%) 

Tensile 

strength 

(N/mm2) 

(O)PLA  

0.2-8 55-80 
125-

178a 
40-135 56 0.3-3.8 1.5-380 10-60 

PHB 

  
X=1, R (PHB) = methyl, 

R (PHBV) = methyl/ethyl 

3.5-10.7 

-10 - 15 153-175 -b 53-148 0.4-3.8 6-27 15-45 

PHBV -10 - 25 145-180 105 143 1.2-4.6 2.5-50 18-40 

Cellulose (+ 

cellulose 

derivatives) 

 

0.1-3.7 493-518 - - - 33-108 1-74 15-90 

Starch 

(TPS) 
(C6H10O5)n - 35-85 64-115 60 53 0.1-2.9 1-1200 2.1-46.8 
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(O)PS  

0.1-9.3 70-115 100-240 85-95 - 2.3-4.1 1-4 30-100 

(O)PP 

  

0.1-5.8 -17. 6 160-186 60-105 - 0.8-2.0 100-1000 25-98 

HDPE 

 

1.0-9.7 

-110. -

30 
108-134 46-85 127 0.5-1.4 20-1000 15-40 

LDPE -125.-30 112-136 35-50 93 0.1-0.4 100-900 5-25 

PET 

 

0.3-0.6 69-115 245-265 80-115 - 1.7-3.5 70-180 70-177 

PVdC 

 

- -17.5 170-175 54-66 - 0.2-0.6 10-40 25-110 

a Crystalline PLA 
b No reliable values found in literature 
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Table 2.4: Overview of commercially available biobased heat resistant materials (sources: company websites, suppliers) 

Company Product Application/Resistance MFI (g/10 min - 

190°C - 2,16 kg) 

VST (°C) Tg 

(°C) 

Tm (°C) HDT 

(°C) 

Base 

Films/trays 

Innovia Natureflex™NVS/NVR Oven (200°C/30min) + NA - - - - Cellulose 

 Natureflex™NE/DNE Microwave (1000W/5min) NA - - - - Cellulose 

 CelloTherm™ (T & P) Ovenable/microwaveable NA - - - - Cellulose 

 Cellophane™P32 For higher temperature use NA - - - - Cellulose 

Innovia/corbion Cellophane/PLA laminate       Cellulose/PLA 

Moonen 

Packaging 

Roots BioPack Microwave/oven NA - - - - Sugar cane 

Plantic eco Plastic™/eco Plastic™ 

R 

- NA 130 - - - Starch 

Safta/Novamont Naturene For higher temperature use NA - - - - Starch 

Materials 

Beologic - - - - - - - PLA + Wood Plastic 

Composite 

FKuR BioFlex®F6611 135°C 2-3.5 >130 - 150-170 - PLA blend 

NaturePlast NaturePlast PLI 013 High temperature 6 - - - 123 PLA 

NatureWorks Ingeo 3801X 120°C 8 - 45 155-170 65 PLA 

Purac/Corbion Synterra® IM can withstand boiling water 6 100-160 - - 123 (0,9) sc-PLA 

 Synterra® PLLA & PDLA - 8 to 12 - 55-60 175-180 - PLA 

 PLA compoundend blends ≈ PS, PP, ABS 3 to 30 - - 190-220 95-120 PLA blend 

SK Chemicals Ecoplan Dura - - - - - 100-120 PLA 

Supla Co. Ltd. SUPLA™ (diff. grades) 100-150°C - - - - > 100 PLA blend 

Sukano Sukano®bio-loy improved thermal resistance - - - - - PLA 

Teijin Biofront™ highly heat resistant - - - 210 - sc-PLA 

Toray 

Industries 

Ecodear®V751 X52 heat resistant - - - - 81 PLA + 30% glass fiber 



  CHAPTER 2 

56 
 

 

 

Unitika Terramac® heat resisting grades - - - 170 110-140 PLA 

FKuR Biograde®C9550 - 11 to 15 (230°C- 

5kg) 

118 - >180 - Cellulose 

 Biograde®C7500 heat resistant 17 to 21 (230°C-5kg) 110 - >180 - Cellulose 

 Biograde®C6509CL - 38-42 (230°C-5kg) 104 - 180-190 - Cellulose 

Biomer UP4924 - - - - - - PHB 

Kaneka Aonilex® strongly resistant to heat - 103-129 0-2 126-145 92-121 PHA 

Metabolix Mirel® F1006 microwave/boiling water - - - - - PHB 

DSM Arnitel Eco from freezer to oven - - - 200 - Rapeseed oil 

Braskem/FKuR Bio-PE - - - - - - Sugar cane 

 Bio-PP - - - - - - Sugars 
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An overview of heat resistant biobased plastics or biobased plastics that claim to have a “higher 

heat resistance” and are already commercially available are listed in table 2.4. As can be seen 

in this table, the information provided by the suppliers regarding the heat resistance of their 

material is very different, ranging from application information, over maximum temperature 

resistance to comparison with conventional materials. The melt flow index (MFI) is a measure 

of the ease of flow of the melt. It is an important parameter, since it should be high enough to 

make sure that the molten polymer can be easily formed into the intented article. The table 

shows that there is some variation between different materials (PLA mostly lower than cellulose) 

and sometimes grades of the same material with different MFI exists. Regarding the thermal 

properties, lack of information provided by the companies make a clear comparison difficult. 

Nevertheless, the known VST’s of PLA show an improvement compared to the value in table 

2.3. Furthermore, Tm and HDT were near to or higher than the highest values in table 2.3, 

indicating indeed a higher heat resistance than plain PLA. Some of these materials applied one 

of the above described techniques (Chapter 1), such as blending (BioFlex®/SUPLA™) or 

stereocomplexation (Synterra®IM), to increase the heat resistance of the biobased plastic. The 

cellulose materials seem to have a good heat resistance, but the given parameters (VST and Tm) 

cannot be compared to values found in literature. The values of the PHA material (Kaneka) 

indicate a good heat resistance, comparable to the values found for PHB(V) (table 2.3), except 

for a slightly lower Tm. In general, it can be concluded that several biobased materials could be 

applicable for packing food products undergoing a heat treatment (e.g. microwave, oven) (first 

part table 2.4). Furthermore, various other materials that can be processed into heat resistant 

packaging material can be found on the market, especially PLA-based. Since PLA has a very 

poor heat resistant, it is not surprising that much research regarding the improvement of heat 

resistance has focused on this biobased plastic.  

 

Finally also an inventory of additives that could enhance the thermal properties of (biobased) 

plastics (described in chapter 1) was made (table 2.5). It is clear that many different strategies 

exist to enhance the thermal properties of biobased plastics and that especially additives for 

PLA can be found.  
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Table 2.5: Additives that could enhance the thermal properties of biobased plastics 

Company Name Performance Other 

Arkema Biostrength 700 Additive For PLA 

Dupont Biomax Additive For PLA 

Lapol Lapol Additive For PLA 

BASF Cesa®-extend  Chain extender  

Clariant Joncryl® Chain extender  

Rhein Chemie BioAdimide 500 XT Chain extender  

Milliken Hyperform HPN Nucleating agent  

Nissan Chemical 

Industries, LTD 
Ecopromote® Nucleating agent For PLA 

Sukano Sukano®Nucleating agent Nucleating agent For PLA 

Dow/Rhom & 

Haas 

Paraloid™ BPMS 250 Melt strenght enhancer For PLA 

Paraloid™ BPM 500 and 515 Impact modifier For PLA 

 

4. Conclusion 

It can be concluded that, just as for conventional packaging material, biobased materials with a 

large range in properties (barrier, thermal and mechanical) already exist on the market. 

Regarding barrier properties, it is clear that the use of multilayers is required to fulfill the strict 

packaging demands of the food industry. This is not different from the current situation in the 

food industry, where also multilayers (of conventional materials) are used to ensure the food 

quality throughout the shelf-life. Regarding thermal properties, cellulose and PBH(V) possess 

good intrinsic thermal properties, indicating that they could be used as a food packaging 

material for food products undergoing a heat treatment. Furthermore, the interest in PLA has 

resulted into the development of many new heat resistant PLA-based materials (e.g. 

stereocomplex PLA) and the development of additives that could positively affect the thermal 

properties of PLA and other biobased materials. But, up to now, very scarce information is 

available on the practical applicability of these materials as a food packaging materials for e.g. 

modified atmosphere packaging or pasteurization applications. 
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Chapter 3: Use of biobased materials 

for modified atmosphere packaging of 

short and medium shelf-life food 

products 

This chapter was published as: 

 

Peelman, N., Ragaert, P., Vandemoortele, A., Verguldt, E., De Meulenaer, B., & Devlieghere, 

F. (2014). Use of biobased materials for modified atmosphere packaging of short and medium 

shelf-life food products. Innovative Food Science & Emerging Technologies, 26, 319-329.  
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Summary 

The objective in this chapter was to evaluate the performance of biobased plastics for 

equilibrium modified atmosphere packaging (EMAP) or modified atmosphere packaging (MAP) 

both on laboratory and industrial scale. Therefore the shelf-life (4°C) of tomatoes, rumpsteak, 

ham sausage, filet de saxe, grated cheese and pre-fried fries that were MAP-packed in 

poly(lactic acid) (PLA) and cellulose-based multilayer packages was evaluated and compared 

with their shelf-life when packed in conventional materials. Furthermore, tests were performed 

on industrial packaging lines.  

The biobased packages showed sufficient gas-barrier to maintain the selected headspace 

composition and guarantee the shelf-life of MAP-packed food products, even when materials 

with lower barrier properties were used. But for rumpsteak and ham sausage, different light 

permeabilities (UV-VIS) of the packaging materials led to more discoloration in the biobased 

packaging. For other food products, e.g. filet de saxe, the biobased package even seemed to 

have a positive effect on the sensorial appreciation of the food product. For EMAP packaging, 

the permeability of the tested (non-perforated) biobased packaging was too low. Perforated 

PLA-based packages could maintain the shelf-life of tomatoes. Furthermore, the biobased 

materials performed well on the industrial packaging machines, but seemed too brittle to hold 

larger contents. This study shows promising results towards the industrial application of 

biobased packaging materials for different short and medium shelf-life food products. 
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1. Introduction 

As described before in Chapter 1, nowadays several biobased packaging can be or are already 

used for short shelf-life applications (fruits and vegetables) and dry products in case they do 

not require high oxygen and/or water vapor barrier. However, there is an increased need for 

knowledge on how these biobased packaging materials perform when used for MAP 

applications for different types of food products. MAP is a frequently applied packaging 

technique in the food industry in order to delay deterioration of foods by retarding or inhibiting 

microbiological and chemical degradation processes (Arvanitoyannis, 2012). It is of utmost 

importance that the gas barrier properties of the used packaging materials are sufficient to 

maintain the desired gas composition (Chapter 1). Moreover, water vapor barrier properties are 

also relevant for MAP conditions, especially for medium shelf-life food products. Due to the 

need for certain barrier properties, monolayer biobased materials cannot be used for MAP, and 

therefore, a shift is needed towards multilayer biobased materials, combining biobased 

materials and coatings to attain both good gas and water vapor barrier properties. 

In this chapter the results of testing two cellulose-based films (Natureflex™N913 and N931) 

for their applicability as a packaging material (under the form of pouches) for different food 

products (pre-fried fries, ham sausage, filet de saxe and grated cheese) are described as well as 

the results of PLA trays in combination with a multilayer PLA film (tomatoes), a 

Natureflex™N913/PLA film and/or a Paper/AlOx/PLA film as a topfilm (rumpsteak, ham 

sausage and filet de saxe). The goal of this research was to evaluate the influence of the use of 

a biobased packaging material on the quality and shelf-life of different (E)MAP-packed food 

products compared to their current conventional packaging materials (at laboratory scale) as 

well as to evaluate their industrial-scale applicability by testing on packaging machines in 

production environment.
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2. Materials and methods 

2.1. Chemicals and materials 

Neutralized bacteriological peptone, Plate Count Agar (PCA) and MRS (de man, Rogosa, 

Sharpe) agar were purchased from Oxoid (Hampshire, England). Yeast Glucose 

Chloramphenicol (YGC) was purchased from BioRad (Marnes-La-Coquette, France). NaCl, 

thiobarbituric acid (TBA), propyl gallate, and 1,1,3,3-tetraethoxypropane (TEP) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Dichloromethane, HCl (25%), 

chloroform, potassium iodide, soluble starch, diethylether, KH2PO4, ethylenediaminetetraacetic 

acid (EDTA), Na-acetate.3H2O and glacial acetic acid of analytical grade were purchased from 

Chem-Lab (Zedelgem, Belgium). Trichloroacetic acid (TCA) was purchased from Acros 

Organics (Geel, Belgium). Acetonitrile HPLC grade, methanol HPLC grade and methanol 

analytic grade were provided by Fisher Scientific (Leicestershire, U.K.). Ethanol was purchased 

from Tailor Made Chemicals (Rekkem-Menen, Belgium). Phenolpthalein indicator was 

provided by 3F Chimica (Sandrigo, Italy). NaOH (titrisol) and Na2S2O3 (titrisol) was purchased 

from Merck KGaA (Darmstadt, Germany). 

2.2. Food Products 

The tested food products were supplied by different food producers and are shown in table 3.1, 

together with their conventional packaging, the tested biobased packaging, the gas/product ratio, 

the dimensions of the packages, the amount of food product in the packages, the shelf-life of 

the food product at 4°C, the MAP conditions and the analysis that were performed during the 

storage tests. The shelf-life of the tested food products indicated in table 3.1 is the shelf-life 

currently used by the industrial partners. The nutritional value, aw and pH of the food products 

is shown in table 3.2. 

To make sure that the obtained results were also valid for the conventional dimensions, the G/P 

ratio was taken into account to calculate the amount of product needed in the (different 

dimensioned) test pouches (biobased and conventional). The volume of the product was 

calculated by Vproduct = Vtotal/(1+G/P), the mass of the product, m = Vproduct*ρproduct. Vtotal could 

be calculated by means of the dimension of the packaging. If necessary, part of the package 

was filled with sterile marbles to obtain the correct gas/product ratio.
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Table 3.1: The conventional packaging, tested biobased packaging, gas/product ratio (G/P), dimensions of the packages, shelf life, amount of food product, 

MAP conditions and performed analysis of the tested food products 

a no color measurements were performed on fries, b no MDA was performed on grated cheese,       c information from respective food company 

 

Table 3.2: Nutritional values, aw and pH of the tested food products  

 

 

  

Food Product Conventiona

l Packaging 

Biobased packaging G/Pc Dimensions 

(mm) 

Amount food 

product 

Shelf life 

(at 4°C) 

MAP 

conditions 

Analysis 

Tomatoes 
PE tray + PE 

clamp shell 
PLA tray + multilayer PLA topfilm - 185×135×35 350g 17 days air 

Visually, 

odor, gas 

Rumpsteak 

PP tray + 

PET/CPP 

topfilm 

PLA tray + Natureflex™N913/PLA 

topfilm 
0.3-0.4 185×135×35 ±400g 8 days 

60-65 % O2 

20-25 % CO2 

 N2 

Gas, 

microbial, 

color, pH, aw 

Pre-fried fries PA/PE film Natureflex™N913 

Natureflex™N931 

> 1.5 170×180 192.5g 26 days 40 % N2 

60 % CO2 

Gas, 

microbial, 

colora, pH, 

aw, lipid 

oxidationb 

Grated cheese PET/PE film 0.3-0.4 170×180 145g 2 months 

Filet de saxe 

(a raw cured pork 

meat product) 

PET/EVOH/

PE film 

Natureflex™N913 

Natureflex™N931 

PLA tray + Natureflex™N913/PLA 

topfilm 

0.9 

140×240 (P) 

185×135×35 

(T) 

80g 37 days 
40-70 % CO2 

N2 

Ham sausage 

APET/LDPE 

tray + 

PET/EVOH/

PE topfilm 

Natureflex™N913 

Natureflex™N931 

PLA tray + Natureflex™N913/PLA 

topfilm 

PLA tray + Paper/AlOx/PLA topfilm 

0.5-0.6 

170×180 (P) 

185×135×35 

(T) 

150g 29 days 
20-40 % CO2 

N2 

Food Product Carbohydrates 

(g/100g) 

Fat (g/100g) Protein 

(g/100g) 

aw pH 

Tomatoes 3.1 0.4 0.7 - - 

Rumpsteak 0.0 3.5 (0.7 saturated) 23.8 0.99 5.46 

Pre-fried fries 24 4 (2 saturated) 2.6 0.99 5.62 

Grated cheese 0.0 30.6 (22 saturated) 29.0 0.96 5.61 

Filet de saxe 

(a raw cured pork meat product) 
2.5 1.9 (0.6 saturated) 28.8 0.96 5.82 

Ham sausage 3.0 14.3 (5.7 saturated) 12.6 0.98 6.21 
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2.3 Packaging  

2.3.1 Packaging materials 

The tested biobased materials were selected from table 2.1 (Chapter 2), aiming for a range of 

barrier properties as shown in table 3.3. The conventional packaging materials were provided 

by the respective food company. As stated in Chapter 2, no further information on the 

composition can be given, since this is confidential information which is not provided by the 

suppliers/producers. 

Table 3.3: Tested materials, their commercial name, O2 and H2O permeability and supplier 

a No information was provided, b measured at Packaging Centre, Belgium (O2: 23 °C-75 %RH and H2O: 38°C-

90 %RH), c 23 °C-50 %RH, d 26 °C-0 %RH, e unknown T and RH, f 38 °C -90% RH, g influenced by folding, 

cracks, no standard deviation (only 1 reliable measurement), h from technical data sheet/company 

2.3.2 Pouch packaging 

Pouches of the Natureflex™N913 and Natureflex™N931 films and the reference films of 

grated cheese (all by Bastin-pack nv.) and pre-fried fries (by Segers & Balcaen, Liedekerke, 

Belgium) were industrially made. The biobased pouches were packed in the laboratory at Ghent 

University under modified atmosphere using a gas-packaging unit consisting of a gas mixer 

(WITT MG18-3MSO, Gasetechnik, Germany) and a gas packaging chamber machine 

(Multivac A300/42, Sepp. Hagenmüller KG, Wolfertschwenden, Germany). The oxygen, 

nitrogen and carbon dioxide gasses were delivered by Air Products (Brussels, Belgium). The 

reference samples for fries and grated cheese were also packed at Ghent University. The 

Material Name 

O2-

permeability 

(cc/m².d) 

H2O-

permeability 

(g/m².d)f 

Supplier 

Cellulose/starch Natureflex™N913 9.9 ± 0.6b <10h Bastin/Be_Natural 

Metalized 

cellulose/starch 
Natureflex™N931 3.4b,g <5h Be_Natural 

Multilayer PLA Bioska 504 618 ± 5b 275.1 ± 8.7b Be_Natural 

Paper/AlOx/PLA /a 45.7 ± 2.7b 6h Be_Natural 

Cellulose/PLA Natureflex™N913/PLA 11.0 ± 0.2b 11.3 ± 0.5b Segers&Balcaen 

PLA tray Ingeo 2002D 46.8 ± 1.1b 3.8 ± 0.1b CPMT 

PE tray/lid / / /  

PET/CPP / 3.0c,h 3.0h / 

PA/PE / 69.0d,h 8.1h / 

PET/PE / 125.0c,h <3.5h / 

PET/EVOH/PE / <8.0c,h <3.5h / 

APET/LDPE tray / 20.6e,h 4h / 
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reference samples for rumpsteak, ham sausage and filet de saxe were packed at the respective 

company. 

2.3.3 Tray packaging 

A multilayer PLA film, a Paper/AlOx/PLA film and a Natureflex™N913/PLA film were used 

as a topfilm on the PLA trays. The packages were filled with the gas mixture (rumpsteak, filet 

de saxe and ham sausage) and sealed using a tray sealer (MECA 900, Decatechnic, Herentals, 

Belgium). The reference samples for tomatoes, ham sausage, filet de saxe and rumpsteak were 

packed at the respective company. 

2.3.4 Storage and sampling 

All packages were stored in chilled conditions (4°C) and at 80 centimeter from the light source 

(T8 Luxline Plus, fluorescent light, 3350 lumen, 36 Watt, 103 Volt, 840 Cool White, Havells-

Sylvania, Antwerp, Belgium) using a 12-h dark/12-h light cycle. Packages were placed upright 

resulting in equal illumination on both sides of the package. At analysis date, three packages 

per package material were sampled and analyzed. If a clear deviation in measured gas headspace 

composition compared to the other measured pouches was observed (mostly ≥ 3% O2), these 

packages were considered as leak packages and they were not analysed further. Leak packages 

were probably caused by product that ended up in the sealing zone after hand filling in the 

laboratory. Data processing was performed using Microsoft Excel 2007. After packaging, a 

certain amount of samples was returned and stored at the respective companies for sensorial 

evaluation or they were stored at Ghent University and picked up by the company a day before 

the sensorial evaluation was performed. 

2.4 Analysis 

 

2.4.1 Gas measurements 

The gas in the headspace of the package (O2 and CO2) was measured in three different packages 

of the same material by taking a gas sample from the headspace (Checkmate 9900, PBI 

Dansensor, Ringsted, Denmark). An average of the results and a standard deviation was 

determined using Microsoft Excel 2007. 
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2.4.2 Microbiological parameters 

Approximately 10 g of sample was diluted ten times with peptone physiological solution (PPS, 

1 g/l peptone  + 8.5 g/l NaCl) in a stomacher bag (Novolab, Geraardsbergen, Belgium) and 

blended with a stomacher (Colworth Stomacher 400, Steward Laboratory, London, UK). After 

further dilution in PPS, samples were inoculated on PCA (total aerobic plate count), MRS 

(lactic acid bacteria) and YGC (yeasts and molds). The plates were incubated for 5 days at 22°C, 

after which the number of colony-forming units was counted. 

2.4.3 Chemical parameters 

pH and water activity 

After homogenization, the pH and water activity (aw) of three different samples packed in the 

same material were measured (pH meter, SevenEasy Mettler Toledo, Zaventem, Belgium/ aw-

Kryometer, Nagy, Gaeufelden, Germany), then averaged and a standard deviation was 

determined using Microsoft Excel 2007.  

Fat Extraction  

The fat was extracted out of 30-50 g of sample according to the method described by 

Papastergiadis et al. (2012), which was a modified Blight and Dyer method. The fat was used 

to determine the peroxide value and the free fatty acid content of three different samples packed 

in the same material. 

Lipid rancidity parameters 

The peroxide value (measure of the primary oxidation products) was determined according to 

the iodometric method of Lea and Wheeler (Gray, 1978, Robards et al., 1988). The free fatty 

acid content (measure of hydrolytic rancidity) was determined by adding 50 ml solvent mixture 

(1:1 diethylether:ethanol) and some drops of phenolphthalein (10 g/l in 95% alcohol solution) 

to the extracted fat and titrate this mixture with NaOH (0.1 N). Malondialdehyde (MDA, 

degradation product of polyunsaturated fatty acids) extraction out of 10 g of sample and HPLC 

determination of the extract was carried out according to the methods described by 

Papastergiadis et al. (2012). 
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2.4.4 Color measurements 

The color of three different samples packed in the same material was measured (Konica minolta 

CM-2500d, Konica minolta sensing Europe B.V., Bremen, Germany). Each measurement was 

the average of ten measurements (each one on a different location on the sample). For 

rumpsteak, a whole steak was put in a transparent plastic bag and each side of the steak was 

measured five times. Several slices of filet de saxe and ham sausage were placed in a petri dish 

and measured on both sides. For grated cheese, a petri dish was filled and measured on both 

sides.  

2.4.5 Light transparency 

The light transparency of the Natureflex™N913/PLA, the Paper/AlOx/PLA film, the PLA tray 

and of the conventional topfilms and trays of the rumpsteak and ham sausage were measured. 

The percentage light transmission through a sample (2×2 cm) of each material was measured 

(Spectrophotometer Cary 500, Varian, Palo Alto, California, USA) for each wavelength 

between 300 and 800 nm (UV-VIS range). Measurements were performed in triplicate, then 

averaged and a standard deviation was determined in Microsoft Excel. 

2.4.6 Sensory evaluation 

A sensory evaluation was performed for each food product, except the tomatoes, at the 

respective food company to determine the influence of the different packaging materials on 

some organoleptic parameters. Even though in this way, not all the evaluations were performed 

using the same method, it was chosen to let the respective companies carry out the sensorial 

tests themselves, because it is believed that they know the sensorial properties of their own 

product best and they can make a reliable judgment. Tomatoes were followed up visually and 

by means of odor (by personnel at Ghent University).   

For rumpsteak and grated cheese the analysis was performed by a taste panel of six persons. 

These persons were untrained company staff (e.g., quality managers). It was examined to what 

extent a difference could be observed between a sample packed in the reference and (a) 

sample(s) packed in the biobased packaging for seven parameters: look, color, odor, texture, 

mouthfeel, flavor and tastiness. Each panelist was given two samples (one from each different 

packaging material) for rumpsteak or three samples (one from each different packaging 
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material) for grated cheese at the same time. Panelists scored (1 to 10) each sample separately 

for every parameter and an average and standard deviation of these scores was calculated. The 

sensory evaluation for ham sausage and filet de saxe was performed by a taste panel of ± 30 

persons (untrained company staff) by means of a triangle test. It was examined if panelist could 

detect a difference between the samples (packed in the different materials) and which sample 

was preferred, for three parameters: odor, color and flavor. Each panelist tasted these samples 

from left to right. The results of this analysis were statistically processed (Roessler, one tailed). 

For fries the analysis was performed by a taste panel of three or four company experts. Look, 

color, odor and feeling before baking were evaluated at and on the first day of analysis (day 16) 

also look, color, feeling and flavor after baking were evaluated. A general opinion (+ or -) was 

given for each tested parameter. 

2.4.7 Performance in industrial environment 

The introduction of good functional biobased plastics as a packaging material on industrial scale 

can only be successful if these materials can be handled on industrial packaging machines. 

Therefore, several films were selected to be tested on industrial packaging lines (vertical and 

horizontal flow pack machines) at different food companies. The seal properties and the speed 

of the machine were altered to make good sealed packages. As stated previously, it is of utmost 

importance that the applied gas atmosphere is maintained in the headspace of the packaging 

during storage. Therefore, the ability to make good sealed packages is very important when 

food products are MAP-packed, since leaks in the package can counteract the carefully selected 

barrier properties of the film. These tests were performed for fries, ham sausage and Strasbourg 

(sliced meat product). For Strasbourg, two new films were selected. As it was already known 

by then that Natureflex™N913 would be replaced by Natureflex™N948, this latter was selected. 

The Natureflex NK/PLA film was selected by the supplier of the film in consultation with the 

food company. No permeability tests could be performed at that time, but the Natureflex™N948 

has similar barrier properties as Natureflex™N913 and Natureflex™NK/PLA has similar 

barrier properties as Natureflex™NK. In case good sealed packages could be made, gas analysis 

on these packages were performed during the shelf-life.



  CHAPTER 3 

69 
 

3. Results and discussion 

3.1 Sealability 

Next to the barrier properties of the materials, the sealability is of course an important parameter 

as well. Even if the barrier properties are sufficient to maintain the quality of the food product 

during the shelf-life, a weak seal or microleaks in the seal could cause deterioration of  the food 

product before the end of shelf-life is reached. Therefore, trial and error tests were performed 

with the hand sealer, the gas packaging chamber machine and the tray sealer to find the optimum 

seal conditions for the materials that were packed at Ghent University. These tests were based 

on the technical data sheets or on hot tack tests (performed at BVI, Zellik, Belgium). The 

industrially made pouches were also made based on this information. Furthermore, at 

laboratory-scale, problems were encountered with food product that ended up in the sealing 

zone during MAP packaging. This polluted the seal, resulting in microleaks. The path towards 

a good sealed package can be very time consuming, but it is an unavoidable step during the 

implementation of a new packaging material. 

3.2 Short shelf-life products (laboratory scale) 

Tomatoes were initially packed under air in a PLA tray with non-perforated multilayer PLA as 

a topfilm. Since tomatoes are a respiring product, they use the O2 present in the package. In 

order to avoid anaerobic conditions (resulting in off-flavours), a permeable film is needed, 

which is a characteristic of PLA (Chapter 1). It seemed however that the permeability of the 

multilayer PLA in combination with the PLA tray was still too low (<1% O2 and unpleasant 

odor after three days), so perforations in the PLA film were needed. The O2- and CO2- 

concentration during the shelf life of tomatoes packed in the biobased package (with 

perforations in the topfilm) is shown in figure 3.1. Given the fact that there was a big hole 

between the tray and the clamshell on both sides of the reference package of the tomatoes, the 

gas composition in the headspace of the reference package was not measured as air conditions 

were assumed. The results in figure 3.1 show that perforation of the multilayer PLA film 

ensured the atmospheric air composition in the headspace of the packaging. Furthermore, no 

visual differences or differences in odor were observed between the two packages and no 

growth of moulds was (visually) detected. 
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Figure 3.1: O2 and CO2 concentration during the shelf life (4°C) of tomatoes (17 days) packed in a 

PLA tray + perforated multilayer PLA (O2:♦ and CO2: ∎) 

For rumpsteak, the minimum O2 concentration in the packaging necessary for color retention 

was stipulated at 60% and the minimum CO2 concentration for a maximum of antimicrobial 

activity at 20% (limits of the industrial partner). In figure 3.2 it can be seen that a combination 

of the PLA tray with Natureflex™N913/PLA as a topfilm had sufficient barrier to keep the 

oxygen level in the package above 60% and the CO2 concentration above 20% during the entire 

shelf-life. This also explains the similar microbiological growth detected in the biobased and 

the conventional packaging materials (fig. 3.3) as well as the similar pH. The latter remained 

constant at values 5.5-5.6 (data not shown). Also the aw- values remained constant for both 

packages at values around 0.99 (data not shown).  

Figure 3.2: O2 and CO2 - concentration during the shelf life (4°C) of rumpsteak (8 days) packed in a 

PLA tray + Natureflex N913™/PLA (O2:♦ and CO2:▲) and the reference packaging (O2:◊ and CO2:∆) 
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As mentioned above, figure 3.3 shows a similar trend for both packages for respectively the 

total psychrotrophic aerobic plate count and the amount of psychrotrophic lactic acid bacteria. 

For both parameters the maximum value of 107 CFU/g is not exceeded during the shelf-life of 

rumpsteak. It can also be stated that microbial spoilage will almost be completely caused by 

psychrotrophic lactic acid bacteria, which means that rejection of the product should be based 

on sensorial evaluation (Uyttendaele et al., 2010). Assuming that in a tray/lidding film 

combination for cold storage, the tray achieves appropriate gas-barrier properties through its 

thickness independent of the material, the material of the much thinner lidding film will 

determine the barrier properties of the total packaging concept. Nevertheless the fact that the 

gas-barrier properties of the conventional packaging were better (PET/CPP; see table 3.2) 

compared to the biobased packaging (cellulose/PLA; see table 3.2), the barrier properties of the 

latter were still sufficient to provide the desired shelf-life. It must be mentioned that 

straightforward comparison of both materials is difficult because of the different test conditions 

(table 3.2). The amount of yeast and moulds remained under the detection limit (< 2 log CFU/g) 

during the entire storage period (data not shown). 

Figure 3.3: Total aerobic plate count (PCA, left) and amount of psychrotrophic lactic acid bacteria 

(MRS, right) during the shelf life of rumpsteak (4°C) packed in a PLA tray + Natureflex™N913/PLA 

(∎) and the reference package (♦) 

From figure 3.4 it can be deducted that loss of red color (parameter a*) occurs when rumpsteak 

is packed in the PLA tray + Natureflex™N913/PLA package in comparison with the reference 

package. Especially on day 6 and day 8 this difference was clearly observed. It should be noted 

that big variations in color were observed between different samples in the same packaging 

material. According to Young & West (2001) uneven color of meat cuts is normal and due to 

marbling and uneven discoloration. Uneven discoloration is probably caused by surface 
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variation in myoglobine redox state (Mancini & Hunt, 2005). This is why instrumental data 

should be correlated to visual judgement (sensorial evaluation). 

Figure 3.4: Results of the color measurements during the shelf life of rumpsteak (4°C) packed in a 

PLA tray + Natureflex™N913/PLA (grey) and the reference packaging (black) 

The results of the sensorial evaluation (data not shown) showed that the biobased packaging 

scored better on mouthfeel (7.1 vs 6.2), but scored less well on color (6 vs 7.1). The other tested 

parameters had the same score for both packages. Despite the big variation in color within the 

same packaging material, the sensory evaluation confirms the results of the color measurements. 

So, from both the color measurements and the sensory evaluation it was clear that the biobased 

packaging had a negative effect on the red color, leading to a less attractive product. Since only 

a small difference in headspace oxygen concentration was observed between the biobased and 

the reference packaging, the residual oxygen was always above 60% and a similar microbial 

growth was observed, the negative effect on color can most likely be attributed to different 

light-transparency properties of the packaging materials. Therefore, the transparency of the 

different materials was further investigated (see 3.4).
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3.3 Medium shelf-life food products (laboratory scale) 

 

3.3.1 Pouches 

The results of the measurements of the O2 concentration in the headspace (figure 3.5) show that 

the O2 concentration followed the same trend in the three packages, which means both the 

Natureflex™N913 and N931 have sufficient barrier to keep the oxygen level beneath the 

maximal limits of 1.5 - 1.5 - 2 and 4% during the shelf-life of ham sausage, filet de saxe, grated 

cheese and pre-fried fries, respectively. These limits are used by the industrial partners. These 

results were expected, since the O2-permeability of both biobased films is similar or lower than 

the permeability of the conventional packages (see table 3.2). Moreover, the permeabilities of 

the conventional packaging were measured at a lower relative humidity, which could even 

increase their permeability at 75% RH (conditions used for biobased materials). 

Figure 3.5: O2 concentration during the shelf life of pre-fried fries, filet de saxe, ham sausage and 

grated cheese (4°C) packed in pouches made of the reference film (♦), Natureflex™N913 (∎) and 

N931 (▲) 

The results in figure 3.6 show that the CO2 concentration followed the same trend in the 

different packages for pre-fried fries, filet de saxe and ham sausage, but for grated cheese the 

CO2 concentration remained clearly higher in the Natureflex™N913 packages. The pH of pre-
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fried fries and grated cheese remained stable during the entire shelf-life in all different packages 

at values around 5.6-5.7 and 5.5-5.6, respectively (data not shown), which can be explained by 

the low amount of microorganisms present on the pre-fried fries (fig. 3.7 & 3.8) and the stable 

amount of microorganisms for grated cheese during storage. The pH of filet de saxe and ham 

sausage showed a declining trend, from 5.8 to 5.3 and 6.2 to 5.9, respectively, in all different 

packages (data not shown), due to the growth of microorganisms (fig. 3.7 & 3.8). The aw of all 

food products remained stable in all three packaging materials during the shelf-life at values 

around 1, 0.96, 0.98 and 0.95-0.96 for respectively pre-fried fries, filet de saxe, ham sausage 

and grated cheese (data not shown). 

Figure 3.6: CO2 concentration during the shelf life of pre-fried fries, filet de saxe, ham sausage and 

grated cheese (4°C) packed in pouches made of the reference film (♦), Natureflex™N913 (∎) and 

N931 (▲) 

In figure 3.7 & 3.8, it can be seen that for all 4 different food products, the results of the total 

psychrotrophic aerobic plate count and the growth of psychrotrophic lactic acid bacteria 

followed a same trend for the different films and that microbial spoilage can be attributed to the 

growth of psychrotrophic lactic acid bacteria. This indicates that there is no effect of the 

biobased films on the growth of the psychrotrophic aerobic microorganisms during the shelf-

life in comparison with the reference film and can be explained by the similar headspace 

concentrations during the shelf lives. For filet de saxe and grated cheese a high initial 
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concentration was observed (106 CFU/g and 107 CFU/g, respectively), which is a result of the 

use of a starter culture during the production of these food products. 

Figure 3.7. Overview of the total psychrotrophic aerobic plate count (PCA) during the shelf life of 

pre-fried fries, filet de saxe, ham sausage and grated cheese stored at 4°C and packed in the reference 

film (♦), Natureflex™N913 (∎) and N931 (▲) 

For ham sausage and filet de saxe, the maximum values of respectively 106 CFU/g and 107 

CFU/g were reached during the shelf-life. Since microbiological spoilage will be almost solely 

caused by psychrotrophic lactic acid bacteria, rejection of the food product depends on the 

results of the sensorial tests. Furthermore, lactic acid bacteria cause acidification of the product, 

explaining the observed pH drop (Uyttendaele et al., 2010, Devlieghere et al., 2010, 

Devlieghere & Debevere, 2011, Stegeman et al., 2005). 

For pre-fried fries, filet de saxe and ham sausage, the amount of yeasts and moulds remained 

under the detection limit (< 2 log CFU/g) during the shelf-life (data not shown). For grated 

cheese, the amount of yeast and moulds remained stable around 104 CFU/g during the entire 

shelf-life (data not shown). 
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Figure 3.8. Overview of the amount of psychrotrophic lactic acid bacteria (MRS) during the shelf life 

of pre-fried fries, filet de saxe, ham sausage and grated cheese stored at 4°C and packed in the 

reference film (♦), Natureflex™N913 (∎) and N931 (▲) 

From a microbiological point of view, it can be concluded that the tested biobased packages did 

not result in a faster microbial spoilage of the tested food products, primarily because of the 

similar O2 and CO2 concentrations present in the headspace of both the biobased and 

conventional packaging materials. This shows that the barrier properties of the tested biobased 

materials are sufficient for MAP-applications in cold storage (4°C). 

From a chemical point of view, the peroxide values followed the same trend during the shelf-

life of all four food products packed in the different packages. For ham sausage and grated 

cheese, PO remained stable during the shelf-life at values around 1-2 and 1-4 meq O2/kg fat, 

respectively (data not shown). For pre-fried fries a small increasing trend from 4 to 7 meq O2/kg 

fat was observed, while for filet de saxe the highest value was found at the beginning (14 meq 

O2/kg fat ) after which the PO dropped and remained stable at around 4-6 meq O2/kg fat during 

the rest of the shelf-life (fig. 3.9). The high PO value in the beginning can be explained by the 

ripening phase used during the production of the product. During this process fat oxidation, 

including auto oxidation and enzymic oxidation, of fatty acids occurs, leading to increased 

levels of hydroperoxides, which are later converted to secundary oxidation products 

(Devlieghere & Debevere, 2011, Jin et al., 2010, Zanardi et al., 2003). The MDA-content 
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during the shelf-life of pre-fried fries, filet de saxe and ham sausage followed a similar trend 

for the different films and remained very low (<1 µg/g product) for all three food products (data 

not shown). 

Figure 3.9. Peroxide values during the shelf life of French fries (4°C, left) and filet de saxe (4°C, 

right) packed in the reference film (♦), Natureflex™N913 (∎) and N931 (▲) 

The FFA-content during the shelf-life of pre-fried fries, filet de saxe, ham sausage and grated 

cheese packed in the biobased packaging did not differ from the food products packed in the 

reference packaging and remained stable for pre-fried fries, ham sausage and grated cheese at 

values around 1, 2 and 3 g FFA/100 g fat, respectively (data not shown).  Similar to the PO 

values, for filet de saxe a higher FFA-content was observed at the beginning of the shelf-life (9 

g FFA/100 g fat) after which the FFA-content decreased and remained quite stable at values 

slightly higher than for the other food products (4-7 g FFA/100 g fat) (data not shown). This is 

also due to the ripening process of the filet de saxe. During this process free fatty acids are 

formed, which contribute to the specific aroma and flavor.   

It can be concluded that in the food products packed in multilayer biobased films no faster 

hydrolytic or oxidative lipid rancidity occurs compared to the conventional packaging. Both 

gas and water-barrier properties of the tested biobased packaging materials seem sufficient to 

provide the desired shelf-life, as was also mentioned above with regard to microbiological 

processes. 

In line with the previous results, the color measurements showed no difference in L*, a* and 

b* values between the different films for the three different food products (data not shown). For 

ham sausage, this is in contrast with the results of the sensorial evaluation (table 3.4), where a 

significant preference in color was found for the reference and Natureflex™N913 films 

(transparent) compared to the Natureflex™N931 film (non transparent). 
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Table 3.4: Overview results sensory analysis of pre-fried fries, filet de saxe, ham sausage and grated 

cheese 

Food product Day of analysis Observation 

Pre-fried fries 

Day 16 
Slightly different odor for one of the Natureflex™ N913 

packages 

Day 22 
Slightly different odor for one of the Natureflex™ N913 and 

one of the Natureflex™ N913 packages 

Day 26 
Slightly different odor for one of the Natureflex™ N913 and 

one of the Natureflex™ N913 packages 

Day 29 No differences 

Filet de saxe 

Day 18 
Slight preference for odor for Natureflex™ N931 over N913, 

but not over reference 

Day 39 
Significant preference for both bio-films for odor and flavor 

+ significant preference for Natureflex™ N913 for color 

Ham sausage 

Day 12 No differences 

Day 26 Significant preference for Natureflex™ N913 and the 

reference 

Grated cheese 

Day 28 Slightly higher scores for reference 

Day 40 Higher scores for Natureflex™ N913 

Day 61 Slightly higher scores for bio-films (except for look) 

 

It can be concluded that, except for ham sausage packed in Natureflex™N931, the multilayer 

biobased films had no clear influence (pre-fried fries, ham sausage packed in Natureflex™N913 

and grated cheese packed in Natureflex™N931) or even a positive influence (filet de saxe and 

grated cheese packed in Natureflex™N913) on the sensorial perception of the food products 

(table 3.3). 

3.3.2 Trays 

For filet de saxe and ham sausage, the O2 and CO2 concentration in the PLA tray with 

Natureflex™N913/PLA as a topfilm followed the same trend as in the reference packages (fig. 

3.10 & 3.11). Both packages appear to have the same barrier, which was expected because of 

the similar permeability of the conventional and the biobased packaging materials (table 3.2). 

For ham sausage packed in the PLA tray with Paper/AlOx/PLA as topfilm, the O2 

concentrations were slightly higher than in the reference package (fig. 3.10). But, despite the 

higher permeability of the Paper/AlOx/PLA film (table 3.2), the barrier is still good enough to 

keep the O2 concentration beneath the maximum limit of 1.5% during the entire shelf-life. The 

CO2 concentration followed the same trend as the reference. Both this result from the ham 

sausage and the previous result of the rumpsteak indicate that the use of a packaging material 

with a lower barrier as the currently used packaging material does not necessarily implicate a 

large difference in headspace gas composition throughout the shelf-life. This might suggest that 



  CHAPTER 3 

79 
 

both food products are overpacked and the current strict barrier might not be necessary to 

maintain the quality of the food product during the shelf-life.  

Figure 3.10: O2 during the shelf life of filet de saxe (n=2) and ham sausage (n=3) (4°C) packed in a 

PLA tray with Natureflex™N913/PLA (∎) as a topfilm, and/or with Paper/AlOx/PLA as a topfilm 

(▲) and in the reference packaging (♦) 

Figure 3.11: CO2 during the shelf life of filet de saxe (n=2) and ham sausage (n=3) (4°C) packed in a 

PLA tray with Natureflex™N913/PLA (∎) as a topfilm, and/or with Paper/AlOx/PLA as a 

topfilm (▲) and in the reference packaging (♦) 

The aw followed a similar trend for the different packages and remained stable during the shelf-

life of both filet de saxe and ham sausage at values around 0.96 and 0.98, respectively (data not 

shown). These results correspond to the similar H2O-permeabilities of the biobased vs the 

reference materials (table 3.2). The pH remained stable during the shelf-life of ham sausage at 

values around 6.2 and decreased slightly for filet de saxe from around 5.6 to around 5.3 (data 

not shown). The decrease in pH can be explained by the production of lactic acid, since 

microbial growth can be almost completely attributed to the growth of psychrotrophic lactic 

acid bacteria (figure 3.12). The maximum value of 107 CFU/g is reached during the shelf-life 

of filet de saxe packed in the biobased package as well as in the conventional package for both 

the total amount of psychrotrophic aerobic microorganisms as psychrotrophic lactic acid 

bacteria. So, no negative effect of the biobased package on the growth of microorganisms was 
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observed during the shelf-life. These results were expected, since the gas concentrations in both 

packaging materials were similar. 

 
Figure 3.12: Overview of the total psychrotrophic aerobic plate count (PCA) and lactic acid bacteria 

during the shelf life filet de saxe stored at 4°C and packed in a PLA tray with Natureflex™N913/PLA 

(∎) as a topfilm and in the reference packaging (♦) 

Table 3.5: Overview of the total psychrotrophic aerobic plate count and the growth of psychrotrophic 

lactic acid bacteria during the shelf life of ham sausage (4°C) packed in PLA trays with 

Natureflex™N913/PLA and Paper/AlOx/PLA as a topfilm and in the reference packaging 

 

In contrast to the results of ham sausage packed in pouches, a big variation in microbial growth 

was observed for ham sausage packed in trays, both between different samples packed in the 

same material as between samples packed in different materials (table 3.5). This can be 

attributed to the start product, which came from different batches. No clear trend could be 

derived, but the total psychrotrophic aerobic plate count and the amount of psychrotrophic lactic 

acid bacteria never exceeded the maximum value of 107 CFU/g (Uyttendaele et al., 2010). This 

also explains the stability of the pH (around 6.2) during the shelf-life of ham sausage. The 

amount of yeast and moulds was also analyzed during the shelf-life of both food products, but 

the numbers remained below the detection limit (< 2 log CFU/g) for all packages of both ham 

sausage and filet de saxe (data not shown). 

Day 
Total aerobic plate count (log CFU/g) Amount of lactic acid bacteria (log CFU/g) 

Reference Natureflex/PLA Paper/AlOx/PLA Reference Natureflex/PLA Paper/AlOx/PLA 

0 1.4 ± 0.1 1.4 ± 0.1 1.4 ± 0.1 <1 <1 <1 

12 <3 4.6 ± 0.3 4.3 ± 0.0 <3 4.5 ± 0.3 4.3 ± 0.1 

20 5.90 <4 6.1 ± 0.1 6.0 <4 6.3 ± 0.0 

29 4.8 ± 1.9 4.4 6.0 ± 1.1 6.0 ± 1.0 4.1 6.9 ± 0.1 

35 4.8 ± 1.3 6.2 ± 0.0 7.0 ± 0.1 5.2 ± 0.1 6.1 ± 0.1 6.9 ± 0.2 
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Figure 3.13: Peroxide values (left) and free fatty acid content (right) during the shelf life of filet de 

saxe (4°C) packed in a PLA tray with Natureflex™N913/PLA (∎) as a topfilm and in the reference 

packaging (♦) 

In figure 3.13 the peroxide values and free fatty acid content during the shelf-life of filet de 

saxe are shown. The peroxide values and free fatty acid content during the shelf-life of ham 

sausage remained stable at values around respectively 1-2 meq O2/kg fat and 2 g FFA/100 g fat 

(data not shown). For both food products the peroxide value and FFA-content followed the 

same trend for the different packages during the shelf-life. Comparison with the pouch 

packaging shows that the values for ham sausage packed in trays did not differ from the values 

obtained for ham sausage packed in pouches, but the values for filet de saxe differed between 

both tests. This difference is probably due to a difference in start product (different batch). The 

MDA values during the shelf-life of filet de saxe and ham sausage displayed a similar trend for 

the different films. MDA remained stable at very low values around 1µg/g product for both 

food products (data not shown). It can be concluded that the food products packed in biobased 

packages do not deterior faster from a chemical point of view than when packed in the 

conventional packaging.  

As for the pouches, the tested biobased packaging materials seem to provide sufficient barrier 

properties to maintain the desired shelf-life, both regarding microbiological as chemical 

degradation processes. 

For filet de saxe no differences in L*, a* and b* values were noticed between the different 

packages (data not shown). No effect of the biobased packaging on the color stability of filet 

de saxe could be observed. For ham sausage the L* en b* values of the different packages did 

not differ, but the a* value of both biobased packages were lower than the a* value of the 

reference film and this on every day of analysis (data not shown). The ham sausage packed in 

the biobased packaging had a less pink and more green color than the ham sausage packed in 
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the reference package. So, there was an effect of the biobased packages on the color stability of 

the ham sausage. As for rumpsteak, this effect is probably due to different light properties of 

the packaging materials. This was further investigated (see 3.4). 

The sensorial evaluation at the food company showed a significant preference for filet de saxe 

packed in the reference package for odor on day 14. On day 28 there was a significant 

preference for the PLA tray with Natureflex™N913/PLA as topfilm for color and flavor. This 

is in contrast with the color measurements, where no differences were observed. For ham 

sausage there was a significant preference for the reference package for odor and flavor on day 

14. On day 28 there was a significant preference for the reference film for color. More 

discoloration was observed (from pink to green) for the ham sausage packed in the biobased 

packages, corresponding to the results of the performed color measurements.
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3.4 Light measurements 

To confirm the hypothesis that discoloration of rumpsteak and ham sausage was caused by 

different light transparency of the used packaging materials, the transparency (250-800nm) of 

the materials was measured. The light emitted by the lamp (figure 3.14) in the cooling chamber 

was mostly in the visible range (400-800 nm, 4 intensity peaks) and partly in the UV range (10-

400 nm, 1 intensity peak).  

 

 

 

 

 

 

 

 

 

Figure 3.14: Wavelength emission of the lamp used during the storage tests (from technical datasheet) 

Figure 3.15 shows that the transparency of the biobased tray used to pack rumpsteak is higher 

than the transparency of the conventional tray (10-15%), both in the UV and VIS spectrum, but 

that the transparency of the biobased topfilm was much lower than the transparency of the 

conventional topfilm (20-50%). 

Figure 3.15: % transparency of the biobased PLA (2) and the reference tray (1) of rumpsteak (left) 

and of the biobased Natureflex/PLA film (2) and the reference film of rumpsteak (1) (right). 
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Although several studies on the effect of light on the discoloration of fresh meat have been 

reported, the role of visible light remains unclear, because of conflicting results. A number of 

researches state that visible light, especially low wavelength visible light, is at least partly 

responsible for the discoloration of meat, caused by the oxidation of red MbO2 to brown MetMb 

(MetMb accumulation) (Zachariah & Satterlee,1973; Solberg & Frank, 1971; Satterlee & 

Hansmeyer, 1974). But according to Djenane et al. (2001 & 2003) UV radiation, emitted by a 

standard supermarket fluorescent lamp with a similar spectrum to the lamp used in this test, 

exerted a harmful effect on the fresh red color of beef steaks, while visible light allowed 

maintenance of the color of the fresh meat. Furthermore, Bertelsen & Boegh-Soerensen (1986), 

Bertelsen & Skibsted (1987) and Renerre (1990) stated that UV light is much more effective in 

inducing discoloration (MetMb accumulation) than visible light, even at very low amounts of 

radiation. Since the trays were stored vertically, meaning that most light fell on one small side 

of the tray and almost no light fell on the topfilm and the emitted spectrum can cause 

discoloration, the results of the transparency measurements could explain the more pronounced 

discoloration of  the rumpsteak packed in the biobased packaging.  

Figure 3.16: % transparency of the biobased PLA tray (1) and the reference tray (2) (left) for ham 

sausage and the transparency of the Paper/AlOx/PLA (1), the Natureflex/PLA (2) and the 

conventional film, transparent part (3) and printed part (4) for ham sausage. 

Also the transparency of the biobased tray used to pack ham sausage is higher (10%) than the 

transparency of the conventional tray (figure 3.16). For the topfilm, it is more difficult to draw 

a conclusion, since the conventional topfilm of the ham sausage has both a non printed (± 25%) 

and a printed (±75%) part. The non printed part was more transparent than both biobased films 

(20-40%), while the transparency of the printed part was, depending on the wavelength, lower 

than or equal to the Natureflex™N913/PLA film and lower or higher than the Paper/AlOx/PLA 

film.  Böhner & Danzi (2006) found a greater drop in a*-value when cured boiled sausage was 
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illuminated with a daylight fluorescent lamp, with a similar spectrum as the one used in this 

research, compared to LEDs, metal halide lamps and fluorescent tubes for fresh meat. Together 

with the fact that the color (red/pink) of cured cooked meat products is more intense when a 

higher amount of nitrite is present in the meat and this residual nitrite is affected by light 

(nitrosylmyoglobin is photosensitive), different light-transparencies of packaging materials 

could explain the more pronounced discoloration of ham sausage packed in the biobased 

packaging (Carballo et al., 1991; MØller et al., 2003). Furthermore, discoloration was mostly 

observed at the sides of the meat slices and on the top slice in the package. This could be 

explained by the fact that higher (residual) oxygen levels lead to more discoloration (MØller et 

al., 2003).  

3.5 Performance in industrial environment (industrial scale) 

Since the laboratory scale storage tests demonstrated the potential of biobased materials to 

guarantee the quality of several short and medium shelf-life food products, tests were also 

performed at industrial scale. Therefore, several films were selected to pack food products on 

industrial packaging lines.  

For pre-fried fries, the Natureflex™N913 and N931 films were selected. The 

Natureflex™N913 film ran smoothly on the machine (vertical flow pack) and a good sealed 

pouch could be made (longitudinal seal at 180°C, vertical seal at 130-160°C). The 

Natureflex™N931 film did not run very smoothly on the machine and the longitudinal seal 

could not be made. Both films also appeared too brittle to fill with 5 kg of pre-fried fries. 

For ham sausage, the Natureflex™N913 and N931 films were selected. The films ran smoothly 

over the machine (horizontal flow pack), but sticked to the sealing bar when the vertical seal 

was made. This problem could be overcome by the use of Teflon on the sealing bar. Good 

sealed pouches could be made (longitudinal seal: 180°C – vertical seal: 140°C). Ham sausage 

was MAP-packed and the gas composition in the headspace was followed up. A lot of variation 

in gas concentration in the headspace was found, but the limit of 1.5% O2 was not exceeded for 

Natureflex™N913 pouches with a good initial O2 concentration.  

For Strasbourg (sliced cooked meat product), two new films, the Natureflex™N948 and the 

cellulose™NK/PLA films were selected. This selection was made in consultation with both the 

food company and the packaging supplier and was explained in 2.4.7. Both films ran smoothly 

on the machine (horizontal flow pack), but sticked slightly to the seal bar. Good sealed packages 
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could be made (longitudinal seal: 115°C – vertical seal: 130°C). Strasbourg was MAP-packed 

(30% CO2/70% N2) and the gas composition in the head space was followed up during 12 days 

of storage at 4°C. As can be seen in table 3.6, the O2 concentration in the headspace remained 

low and stable in al packages during the shelf-life. Since the permeability of the reference film 

was not known, no real comparison could be made. It  can be concluded that the biobased films 

have a similar performance as the reference film regarding O2 permeability. 

Table 3.6: Results gas measurements during shelf-life (12 days) of Strasbourg (4°C) (case study) 

Day Reference Natureflex™ NK/PLA Natureflex™ N948 

 % O2 % CO2 % O2 % CO2 % O2 % CO2 

2 0.4 20.2 0.4 23.5 0.5 20.7 

 0.6 19.5 0.4 20.6 0.5 19.4 

 0.5 19.5 0.5 20.7 0.4 20.3 

8 0.4 19.4 0.7 19.3 0.4 20.6 

 0.2 21.1 0.5 20.1 0.4 20.7 

 0.3 20.3 0.3 20.6 0.4 20.7 

10 0.3 20.1 0.6 20.4 0.4 20.8 

 1.6 20.2 0.3 20.5 0.1 21.5 

 0.3 20.9 0.2 22 0.2 20.8 

 

4. Conclusions 

Biobased plastics have potential for packaging applications in the food industry. It is 

demonstrated that biobased multilayer structures can guarantee the quality of several short and 

medium shelf-life food products including products packed under modified atmosphere. The 

gas and water barrier properties of the investigated biobased packaging materials are sufficient 

to achieve the same shelf-life as in the case of conventional packaging, even though they did 

not always possess the same (strict) high gas-barrier. This also gives new research opportunities 

for investigating combinations of different newly developed biobased materials in order to 

obtain biobased packaging materials with appropriate gas and water barrier properties. It was 

also demonstrated that different UV-VIS transparency properties of the biobased material can 

cause more discoloration of sensitive food products. Furthermore, packaging trials at companies 

showed a good compatibility with industrial filling machines. When testing biobased packaging 

materials, sufficient testing time should be foreseen in order to find the optimal combination of 

seal time, seal temperature and seal pressure. Brittleness of some biobased films could also 

negatively influence vertical filling processes.  
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Chapter 4:  Applicability of biobased 

packaging materials for long shelf-life 

food products 

This chapter was submitted as: 

Peelman, N., Ragaert, P., Verguldt, E., Devlieghere, F., & De Meulenaer, B. Applicability of 

biobased packaging materials for long shelf-life food products to Packaging Technology & 

Science 
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Summary 

The research aim of this chapter was to evaluate the applicability of multilayer biobased plastics 

for packing long shelf-life food products, both on laboratory and industrial scale. Therefore, the 

shelf-life (room temperature) of tortilla chips, dry biscuits and potato flakes packed under air 

or modified atmosphere (MAP) in xylan and cellulose-based packages was evaluated and 

compared with their shelf-life in conventional packaging materials. These gas measurements, 

pH, aw, lipid oxidation measurements and sensorial evaluations were followed by packaging 

trials on industrial lines.  

Most of the biobased packages showed sufficient barrier towards moisture and gasses to serve 

as a food packaging material. Similar to the results in Chapter 3 for short and medium shelf-life 

food products, MAP packaging of long shelf-life food products is possible. But for very 

moisture-sensitive food products (e.g dry biscuits), no suited packaging material was found. 

The quality of the tortilla chips and potato flakes could be guaranteed during their shelf-life, 

even if packaging materials with lower barrier properties were used. Tortilla chips packed in 

biobased plastics was even preferred over tortilla chips packed in the conventional packaging. 

Still, brittleness and seal properties are critical for use on industrial scale (important for use on 

horizontal flow packaging machines). This study shows promising results towards the industrial 

application of biobased packaging materials for long shelf-life food products.



  CHAPTER 4 

89 
 

1. Introduction 

As described previously in Chapter 1, a small number of biobased materials can be or are 

already used nowadays to pack long shelf-life food products, mostly if they do not require high 

gas and/or water vapor barrier. In Chapter 3 of this PhD-thesis, it was shown that biobased 

(multilayer) materials can guarantee the quality of both short and medium shelf-life food 

products including products packed under modified atmosphere (MAP). However, since long 

shelf-life food products are packed and stored mostly at room temperature and in some cases 

under modified atmosphere, the gas barrier requirements are even higher compared to short and 

medium shelf-life food products. Furthermore, water barrier is also a very important parameter 

as crisp food products need to maintain their texture during several months. Therefore, 

increased knowledge is needed on how biobased (multilayer) materials perform when used for 

long shelf-life food products requiring high gas and/or moisture barrier.  

In this chapter five cellulose-based films (Natureflex™N913, N931, N948 and NK and 

Cellophane™/M/PLA) and one xylan-based film (Skalax/Xylpohane, coated on paper) were 

tested for their applicability as a packaging material (under the form of pouches) for different 

food products (potato flakes, tortilla chips and dry biscuits). 
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2. Materials and methods 

2.1 Chemicals and materials 

Thiobarbituric acid (TBA), propyl gallate and 1,1,3,3-tetraethoxypropane (TEP) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Dichloromethane, NaCl, HCl (25 %), 

pentane (97 %), KOH, chloroform, potassium iodide, soluble starch, diethylether, KH2PO4, 

ethylenediaminetetraacetic acid (EDTA), Na-acetate.3H2O and glacial acetic acid of analytical 

grade were purchased from Chem-Lab (Zedelgem, Belgium). Trichloroacetic acid (TCA), 4-

methyl-2-pentanone spectrophotometric grade (99,5 %), hexanal (96 %) and n-heptane (>99 %) 

were purchased from Acros Organics (Geel, Belgium). H2SO4 (>95 %, d = 1,83 g/ml), 

acetonitrile HPLC grade, methanol HPLC grade and methanol analytic grade were provided by 

Fisher Scientific (Leicestershire, U.K.). Ethanol was purchased from Tailor Made Chemicals 

(Rekkem-Menen, Belgium). Phenolpthalein indicator was provided by 3F Chimica (Sandrigo, 

Italy). NaOH (titrisol), Boron-trifluoride-methanol complex and Na2S2O3 (titrisol) was 

purchased from Merck KGaA (Darmstadt, Germany). Triheptadecanoin (>99 %) was 

purchased from Nu-check-prep INC. (Elysian, USA). 

2.2 Food Products 

The tested food products were supplied by different food producers and are shown in table 4.1, 

together with their conventional packaging material, the tested biobased packaging material(s), 

the shelf-life of the food product, the atmosphere conditions (air or MAP) and the analyses that 

were performed during the storage tests. The nutritional values, pH and aw of the food products 

are shown in table 4.2. The aw-values of these food products indicate that these products are 

more moisture-sensitive compared to the food products tested in Chapter 3. They are more 

susceptible towards moisture uptake and this moisture uptake can quickly lead to deterioration 

of the product (e.g. loss of crispness).  

As a reference, the shelf-life of each food product packed in their current conventional 

packaging material was also monitored. The amount of food product that was packed in the 

biobased package was calculated depending on the dimensions of the conventional pouches and 

on the gas/product ratio in the conventional package.
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Table 4.1: Overview of the conventional packaging materials, tested biobased packaging materials, shelf-life, atmosphere conditions and performed analyses 

on the tested food products 

 

 aIndividual packages of dry biscuits packed in the reference and in the biobased materials were packed in a conventional bundle pack 
bPETmet:metallized Polyethylene terephthalate, PE: polyethylene, (O)PP: (Oriented) polypropylene, PVdC: polyvinylidene chloride, PLA: poly lactic acid, M: 

metallized 

 caw: water activity, MDA: malondialdehyde content, PO: peroxide value, FFA: free fatty acid content 

 

 

Table 4.2: Nutritional value, pH and aw of the tested food products

Food Product Conventional Packagingb Biobased packagingb Shelf-life 
Packaging 

conditions Analysesc 

Potato flakes PETmet/glue/PE  
Skalax (paper/xylan/PE) 

Natureflex™N931 18 months 100% N2 
Gas, pH, aw, MDA, 

hexanal, organoleptic 

Tortilla chips PP CX/PP CX 

Cellophane™/M/PLA 
Natureflex™N913 
Natureflex™N931 

6 months Air 
pH, aw, MDA, PO, FFA, 

organoleptic 

Dry biscuitsa 
Individual: acrylic coating/OPP/PVdC 

Bundle: heat sealable skin/OPP/heat 

sealable skin   

Cellophane™M/PLA 

Natureflex™N948 

Natureflex™NK 
30 weeks Air aw, organoleptic 

Food Product Carbohydrates 

(g/100g) 

Fat (g/100g) Protein 

(g/100g) 

aw pH 

Potato flakes 73.0 1.0 (0.8  saturated) 8.0 0.32 5.9 

Tortilla chips 53.3  30.2 (3.7 saturated) 6.7 0.14 6.0 

Dry biscuits 73.3 18.7 (9.3 saturated) 5.3 0.15 7.4 
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2.3 Packaging  

2.3.1 Packaging materials 

The biobased packaging materials for the storage tests were supplied by different companies. 

The conventional packaging materials were provided by the respective food companies. An 

overview of the materials, their O2 (OTR) and H2O (WVTR) transfer rates, their thickness and 

the supplier is shown in table 4.3. No further information on the composition can be given, 

since this is confidential information which is not provided by the suppliers/producers 

2.3.2 Pouch packaging  

Pouches of the Natureflex™N913,  Natureflex™N931 and Cellophane™/M/PLA films (all by 

Bastin) and the reference films of potato flakes (by Segers & Balcaen) were industrially made. 

Pouches of the Skalax film were made at Ghent University (Hand Sealer HZ 300, Willi Kopp 

e.K. Verpackungssysteme, Reichenbach/Fils, Germany). The pouches were packed under air 

(tortilla chips and dry biscuits) or under modified atmosphere (potato flakes) using a gas 

packaging unit consisting of a gas mixer and a gas packaging chamber machine. Reference 

samples for potato flakes were packed at Ghent University. Reference samples for tortilla chips 

were packed at the respective company. For tortilla chips, after a first test (test 1) with two 

biobased films (Natureflex™N913 and N931) and the reference film, a second test (test 2) was 

performed with another biobased film (Cellophane™/M/PLA) and the reference film.  

For the dry biscuits, all packaging was performed at the company (biobased and conventional), 

at which two packaging concepts were considered 1) individual packed biscuits and 2) 

individual packed biscuits packed in a conventional bundle pack (extra barrier). At Ghent 

University, no storage tests were performed with the individual packed biscuits (without a 

bundle pack). 

2.3.3 Storage and sampling 

All packaged food products were stored at room temperature in cardboard boxes. Sampling was 

performed as previously described (Chapter 3, section 2.3.4). 
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Table 4.3: Oxygen transmission rate (OTR), water vapour transmission rate (WVTR), thickness and supplier of different (biobased) materials (chapter 2) 

a PETmet: metallized polyethylene terephthalate, PE: polyethylene, (O)PP: (Oriented) polypropylene, PVdC: polyvinylidene chloride, PLA: poly lactic acid, M: 

metallized 
b 23°C-75%RH  c 38°C-90%RH  d 23°C-50%RH 
e No technical data sheet, but similar to Natureflex™N913 (home compostable version) 
f Wetteren, Belgium g Schoten, Belgium h Bohus, Sweden 
i technical sheet/company information  j influenced by folding, cracks, no st. dev. 

 

 

Materiala Namea OTR WVTR Thickness Supplier 

  (cc/m2.d)b (g/m2.d)c µm  

Biobased packaging material 

Cellulose/starch Natureflex™N913 9.9 ± 0.6 <10.1i 55i Bastinf/Be_Naturalg 

Metalized cellulose/starch Natureflex™N931 3.4j <5i 44.2 ± 0.8 Be_Natural 

Cellulose/starch Natureflex™N948 /e /e 55i Be_Natural 

Cellulose Natureflex™NK 5d,i 14i 30i Be_Natural 

Cellulose/metal/PLA Cellophane™/M/PLA 9.1j 9.7j 45.9 ± 0.3 Be_Natural 

Xylan based coating on paper Skalax (Xylophane) 3.7i 24.3 ± 0.6 9 (xylan) + 91i Xylophaneh 

Conventional packaging material 

PETmet/glue/PE (potato flakes) / <1d,i <1i / / 

PP CX/PP CX (tortilla chips) / / 6i / / 

acrylic coating/OPP/PVdC (dry biscuits) / 20i 4.2i / / 



  CHAPTER 4 

94 
 

2.4 Analysis 

 

2.4.1 Gas measurements 

The gas in the headspace of 3 different packages of the same material (O2 and CO2) was 

measured as previously described (Chapter 3, section 2.4.1). 

2.4.2 Chemical parameters 

pH and water activity 

After homogenization (3 g of sample + 12 g of water), the pH and water activity (aw) of three 

samples packed in the same packaging material were measured as previously described, then 

averaged and a standard deviation was determined using Microsoft Excel 2007.  

Fat Extraction  

The fat extraction was performed as previously described (Chapter 3, section 2.4.3). Fat was 

extracted out of 3 different packages of the same material. 

Lipid rancidity parameters 

The peroxide value, free fatty acid content and MDA of 3 different packages of the same 

material were measured as previously described (Chapter 3, section 2.4.3). To determine the 

hexanal content (secondary oxidation product), 5-ml of water was added to 0.5 g of sample (in 

triplicate). Standard addition with hexanal and 4-methyl-2-pentanone, as an internal standard, 

was performed before the vials were analysed. Chromatographic analysis was performed in an 

Agilent 7890A GC equipped with a 5975C Mass Spectrometer (Agilent Technologies, Palo 

Alto, California, USA). The sample (18 µl) was introduced into the injector operating in the 

splitless mode at 40°C and the separation was carried out in an Agilent DB-624 60 m; 0,25 mm; 

1,4 µm capillary column. The carrier gas was helium at a constant flow of 1,3 ml/min and the 

oven temperature was  programmed from 38°C (held for 2 min) to 115°C at a rate of 4°C/min 

and from 115°C to 240°C at a rate of 15°C/min.  

2.4.3 Sensory evaluation 

A sensory evaluation was performed for each food product at the respective food company to 

determine the influence of the different packaging materials on some organoleptic parameters.  
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For potato flakes, the sensory evaluation consisted of the reconstitution (by the addition of 

water) of the mashed potatoes (only after month one), indicated by OK or not OK, possibly 

supplemented by other observations. This test was performed by a company expert. The sensory 

evaluation for tortilla chips was also performed by a company expert. The moisture content was 

determined (by a halogen moisture meter, 125°C, 4.5 g sample) and the flavor was judged. For 

dry biscuits, the moisture uptake of the individual packed dry biscuits with and without a 

conventional bundle pack was measured and the crispness was evaluated by a company expert. 

Measurements of the moisture content for tortilla chips or moisture uptake for dry biscuits were 

decisions made by the respective companies and were also performed by and at the respective 

companies. 

2.4.4 Performance in industrial environment 

Tests on industrial packaging lines (vertical and horizontal flow pack machines) at different 

food companies were performed as previously described (Chapter 3, section 2.4.7) and this for 

potato flakes and dry biscuits.
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3. Results and discussion 

3.1 Tortillachips 

The results of the aw measurements during the shelf-life of tortilla chips are shown in figure 4.1. 

The aw followed an increasing trend in all the different packages during the shelf-life. Although 

the WVTR of both the Natureflex™N913 and the Cellophane™/M/PLA film were twice as 

high as the WVTR of the Natureflex™N931 and the reference film (table 4.2), no difference in 

aw was detected up to 6 months of storage in both storage tests. Similar results were found in 

Chapter 3 for OTR values. The oxygen concentration in biobased packages with a clearly lower 

O2 barrier than the reference package also remained sufficiently low during weeks of storage.  

Figure 4.1: aw during the shelf life of tortilla chips packed in pouches made of Natureflex™N913 (∎), 

Natureflex™N931(▲), Cellophane™/M/PLA (x) and the reference film (♦) 

The pH values of the tortilla chips remained quite stable at values around 5.9 - 6.1 in the first 

storage test (reference – Natureflex™N913 – Natureflex™N931) and around 5.8 – 6.0 in the 

second storage test (reference – Cellophane™/M/PLA) in all the different packages during the 

shelf-life (data not shown). This was expected, since a pH decrease is mostly caused by growth 

of microorganisms. 

The peroxide values followed the same increasing trend during the shelf-life of the tortilla chips 

packed in the different packaging materials during both storage tests (figure 4.2). MDA and 

FFA content remained stable at values of respectively less than 1 µg/g product and around 1-2 

g FFA/100 g fat during both storage tests (data not shown). Increasing peroxide values indicate 

that lipid oxidation took place in the package during storage of tortilla chips, but the oxidation 

was insufficient to result in a rancid taste or flavor, as was confirmed in the sensorial evaluation. 

The low and stable MDA and FFA values could be explained by the fact no secondary oxidation 
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products were yet formed during shelf-life and that hydrolysis remained restricted. This result 

resembles the findings of Petukhov et al. (1999), who showed that the FFA content of potato 

chips fried in different canola oils, did not increase above 1% (= g/100 g) before the peroxide 

value exceeded 10-15 meq O2/kg fat. 

Figure 4.2: Peroxide value during the shelf life of tortilla chips packed in pouches made of 

Natureflex™N913 (∎), Natureflex™N931(▲), Cellophane™/M/PLA (x) and the reference film (♦) 

The results of the sensory evaluation of tortilla chips are shown in table 4.4. For the first storage 

test, it can be concluded that there is a preference for tortilla chips packed in the 

Natureflex™N913 and N931 films. The moisture content of the tortilla chips packed in the 

Natureflex™N913 and N931 films was higher, compared to the tortilla chips packed in the 

reference film. This had however no influence on the sensorial appreciation of the product. 

Table 4.4: Results of the sensory analysis & moisture content of tortilla chips (1=preferred sample, 

2=medium preferred sample, 3=least preferred sample) 

Month Parameter Reference 
Natureflex™ 

N913 

Natureflex™ 

N931 

Cellophane™/

M/PLA 

Tortillachips test 1 

4,5 
Moisture content (%) 4.51 4.70 5.15 / 

Preference 3 1 2 / 

Tortillachips test 2 

0,5 
Moisture content (%) 2.74 / / 2.35 

Preference 2 / / 1 

3 
Moisture content (%) 4.60 / / 3.81 

Preference 2 / / 1 

6 

Moisture content (%) 5.40 / / 4.82 

Preference 
Not 

crispy 
/ / Not crispy 
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For the second storage test, it can be concluded that there is a preference for tortilla chips packed 

in Cellophane™/M/PLA film up to month 3. The moisture content of the tortilla chips packed 

in the Cellophane™/M/PLA film was lower than that of tortilla chips packed in the reference 

film. At the end of shelf-life, the tortilla chips packed in both the reference packages and the 

biobased packages had lost their crispness.  

It can be concluded that the biobased packaging materials shared similar performance compared 

to the conventional materials, despite the lower moisture barrier of the Natureflex™N913 and 

the Cellophane™/M/PLA film compared to the reference film (table 4.3). All biobased films 

even had a positive influence on the sensorial appreciation.  

3.2 Dry biscuits 

Packing the dry biscuits in Cellophane™/M/PLA on industrial machines failed (no good seal 

could be made), so no results were obtained for this test. This failure was probably caused by 

the high (not adjusted) speed of the packaging machine, resulting in too short seal times. 

3.2.1 Individual packed biscuits 

Following up of the individual packed biscuits was only performed at the company (25°C – 60% 

RH) and they decided to stop the test after 1 month, since the results were insufficient. The 

moisture uptake of biscuits which were individually packed in the Natureflex™N948 was 

already at a maximum after 14 days  (+ 6% moisture uptake) and an off-flavor was detected. 

The moisture uptake of biscuits which were individually packed in the Natureflex™NK was 

too high after 1 month  (+4 % moisture uptake), compared to biscuits individually packed in 

the reference films (+ 2% moisture uptake). The higher moisture uptake of biscuits packed in 

the biobased films can be explained by their higher WVTR compared to the reference film 

(table 4.2). This is a clear difference with the results of the tortilla chips, where the higher 

WVTR had no negative influence on the quality of the food product. As for the short and 

medium shelf-life food products, described in Chapter 3, the performance of biobased 

packaging materials is very food product dependent. It might also be stated that the tortilla chips 

are slightly overpacked, so the use of a lower barrier material does not affect the quality, while 

this is not the case for dry biscuits, where a slightly lower barrier immediately has a clear 

influence on the quality of the food product. 
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3.2.2 Bundle packed biscuits 
 

3.2.2.1 Follow up at company 

When individually packed biscuits (Natureflex™N948 - Natureflex™NK – reference) were 

packed in a conventional bundle pack, no difference was noticed between biscuits packed in 

the Natureflex™NK film or biscuits packed in the reference film after 1 month, but a big 

difference was noticed between biscuits packed in the Natureflex™N948 film and biscuits 

packed in the reference film. This difference was noticed by company experts based on 

sensorial evaluation and moisture uptake (>3%). Therefore, the company decided to stop the 

test after 1 month. 

3.2.2.2 Follow up at Ghent University 

At Ghent University, aw was followed up until the end of shelf-life. The results of the aw during 

the shelf-life of dry biscuits are shown in figure 4.3. The aw of the dry biscuits followed an 

increasing trend in all the different packages during the shelf-life, but higher values were 

observed in the Natureflex™N948 film compared to the Natureflex™NK and reference film. 

Since the WVTR of both the Natureflex™NK and the Natureflex™N948 film is similar 

according to the technical datasheet and the information of the supplier (table 4.2), the 

difference can probably be explained by the thickness of the Natureflex™N948 film (55 µm), 

which was greater than the thickness of the Natureflex™NK (30 µm) and the reference film (26 

µm). Because the film was thicker, the pressure on the sealing zone was too high, possibly 

causing the formation of micro leaks (visually observed).  

 

Figure 4.3: aw during the shelf-life of dry biscuits packed in individual pouches made of 

Natureflex™N948 (∎), Natureflex™NK (▲) and the reference film (♦) packed in the 

conventional bundle pack. 
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It can be concluded that the effect of the higher WVTR values of both biobased films compared 

to the reference film (table 4.2), was not observed during the aw monitoring at Ghent University 

or during the test in the bundle pack at the company, but the effect was observed in the test with 

the individual packages at the company. This means the crispness of individual packed dry 

biscuits could only be guaranteed throughout the shelf-life as long as the individually packed 

biscuits remained packed in the bundle pack. But once this bundle pack was opened, the 

moisture uptake of dry biscuits packed in the biobased packages was too high to guarantee the 

quality during the rest of the shelf-life. 

3.3 Potato flakes 

 

3.3.1 Gas Measurements 

The evolution of the O2 concentration during the shelf-life (12 month) is shown in figure 4.4. 

Up to month 4, the O2 concentration followed the same slightly increasing trend for both 

packages, but at month 12, the upper limit of 1% O2 (set by the company) was exceeded for 

both the biobased and the reference film. Despite the higher OTR of the biobased film compared 

to the reference film (table 4.2), these results indicate that the Natureflex™N931 film provides 

a sufficient gas barrier. No measurements could be performed between month 4 and month 12 

as it was noticed after 4 months that, due to plenty of leak pouches, only enough pouches were 

left for one more day of analysis. This last test was thus performed after 12 months. The leaks 

were possibly due to particles of potato flakes ending up in the seal zone right before sealing. 

No results were obtained for the potato flakes packed in Skalax pouches, since the O2 

concentration was already too high in all pouches at the first day of analysis. Since the oxygen 

permeability of the Skalax film (table 4.2) is very similar to the one of the Natureflex™N931 

film, these results were probably caused by leak pouches, due to product ending up in the seal 

zone. These results again stress the importance of a good seal. 
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Figure 4.4: O2 concentration during the shelf life of potato flakes packed in Natureflex™ N931(▲) 

and the reference film (♦) up to month 12 

3.3.2 Chemical parameters 

The results of aw measurements during the shelf-life of potato flakes are shown in figure 4.5. 

The aw of the potato flakes was slightly increased at month 12 and was a little higher for potato 

flakes packed in the biobased package compared to the conventional package, corresponding 

to the higher WVTR of the Natureflex™N931 film compared to the reference film (table 4.2). 

Still, the higher aw-value in the biobased package (0.46 vs. 0.38) was too low to allow 

microbiological deterioration so therefore only the chemical changes in the lipolysis of the 

potato flakes were monitored throughout shelf-life.  

 

 

 

 

Figure 4.5: aw during the shelf-life of potato flakes packed in pouches made of Natureflex™  

 N931(▲) and the reference film (♦) 

The pH values of the potato flakes remained quite stable at values around 5.9-6.0 in all the 

different packages during the shelf-life (data not shown). This was expected, since a pH 

decrease is mostly caused by growth of microorganisms. 
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For potato flakes, MDA values remained stable at values less than 1 µg/g product (data not 

shown). Low MDA in dry products can be caused by MDA being in the ‘volatile chelated’ form 

due to the low water content (Kwon & Watts, 1964, Ventanas et al., 2006). Up to month 12, 

the hexanal content in both the biobased film and the reference film followed a similar 

increasing trend (fig. 4.6). This means oxidation of the packed product took place during storage. 

Boggs et al. (1964) found only clear flavor deterioration of potato granules when values of 2500 

ppb were reached. So although no sensorial evaluation was performed at month 12, it seems 

reasonable to assume that the level of hexanal as a marker for secondary oxidation products 

was too low to result in a rancid taste or off-flavor.  

Figure 4.6. Hexanal content during the shelf-life (up to month 12) of potato flakes packed in 

Natureflex™N931(▲) and the reference film (♦) 

The sensorial analysis showed no difference in reconstitution between the potato flakes packed 

in the Natureflex™N931 film and in the reference film after 1 month.  

It could be concluded that, despite the higher OTR and WVTR values, the Natureflex™N931 

film performs similarly as the conventional material. This corresponds to the findings in the 

previous chapter, stating that slightly higher OTR values and/or slightly higher oxygen 

concentrations in the headspace of the biobased packages did not cause a faster deterioration of 

the food product. This is also in line with the findings of Romani et al. (2014), who concluded 

that dry biscuits packed in PLA based films underwent a maximum hydration without adversely 

affecting other quality parameters. 
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3.4 Performance in industrial environment 

Since the laboratory scale storage tests demonstrated the potential of biobased materials to 

guarantee the quality of long shelf-life food products, tests were also performed at industrial 

scale. Therefore, several films were selected to pack food products on industrial packaging 

lines.  

For dry biscuits, the Natureflex™N948 (home compostable and new version of N913), the 

Natureflex™NK (cellulose-based film without starch coating and good moisture barrier) and 

the Cellophane™/M/PLA films were selected, because these films had the highest water barrier 

of the investigated films; a very important parameter for dry biscuits. Furthermore, these types 

of packaging materials were compatible with flow pack applications. The Natureflex™N948 

film ran smoothly over the machine (horizontal flow pack) and a good sealed package could be 

made (longitudinal seal: 150°C – vertical seal: 180°C), but the film was too thick, causing the 

formation of little holes at the intersect of the longitudinal and vertical seal. The 

Natureflex™NK film also ran smoothly over the machine and good sealed packages could be 

made (longitudinal seal: 175°C – vertical seal: 165°C). From the Cellophane™/M/PLA film no 

good sealed pouches could be made on the machine. The results of the follow up test were 

described before (see 3.2). 

For potato flakes, Skalax (Xylophane), Natureflex™N913 and N931 and Cellophane™/M/PLA 

were selected. The tested Skalax film had a new formulation with a lower barrier compared to 

the Skalax film that was used in the previously demonstrated storage tests. All four films ran 

smoothly over the machine (vertical flow pack) and resulted in good sealed pouches. The 

longitudinal seals were made at 160°C, 140°C, 135°C and 135°C for respectively the Skalax, 

Natureflex™N913, Natureflex™N931 and Cellophane™/M/PLA film. The horizontal seals 

were made at 130°C, 130°C, 125°C and 120°C for respectively the Skalax, Natureflex™N913, 

Natureflex™N931 and Cellophane™/M/PLA film. For all films, pouches were filled with 5 kg 

of potato flakes and MAP packed (100% N2). The pouches were packed per two in a box (one 

pouch on the bottom, one pouch on top). The O2-concentration in these pouches was measured 

after six weeks (table 4.5). The results show  that only the Cellophane™/M/PLA pouches that 

were on top in the box, still had an acceptable oxygen concentration (<1%), but this 

concentration was higher than the concentration in the reference package (<0.25% during 7 

months). Furthermore, since the biobased films have a good oxygen barrier (table 4.2) and 
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mostly a clear difference between top and bottom storage of the pouches was observed, these 

results probably mean the barrier properties of the film are sufficient (as was also shown by the 

storage test with Natureflex™N931, see 3.3), but the films are too brittle to contain larger 

contents and microleaks are formed because of the handling and storage conditions (sensitive 

to pressure (e.g. effect overlying bag)).  

Table 4.5: O2-concentration in the biobased pouches containing potato flakes after 6 weeks of storage 

(case study at the company) 

Film % O2
a,c % O2

b,c 

Skalax >20 - >20 >20 - / 

Natureflex™N913 1.5 – 8.9 11.8 – 20.8 

Natureflex™N931 20.7 - / 7.3 – 19.0 

Cellophane™/M/PLA 1.0 – 1.0 19.2 – 20.9 
      a Pouch on top, bPouch at bottom of box 

        c Results of 2 measurements (2 different bags) 

4. Conclusions 

Biobased materials have potential for long shelf-life food applications, including MAP 

packaging. It was demonstrated that the quality and crispness of several long shelf-life food 

products could be guaranteed when packed in biobased multilayer materials, even when 

materials with lower moisture barrier were used. Still, the need for a film with a very high 

moisture barrier for specific food products, the brittleness of some films and the seal properties 

(time, temperature, pressure) which may require different machine settings currently hinder a 

general shift towards the use of these biobased packaging materials. However, from a technical 

point of view, these materials show promising results for long shelf-life food products. 
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Chapter 5: Evaluation of the heat 

resistance of cellulose-based food 

packaging films 

 

 

 

Natureflex™ NK     Reference 
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Summary 

The aim of this chapter was to evaluate the applicability of cellulose-based heat resistant films 

as a food packaging material undergoing a heat treatment (hot fill, pasteurization,…). Therefore, 

the heat resistance of the films was measured by means of differential scanning calorimetry 

(DSC), thermogravimetrical analysis (TGA) and tensile properties at different temperatures. 

These results were compared to a conventional PA/EVOH/PA/PP film. Furthermore, storage 

tests including a heat treatment (in-pack-pasteurization or hot fill + vacuum packaging) were 

conducted. Microbial growth and oxidation in a cellulose-based film and the reference film 

were followed up during the shelf-life. Furthermore, some packages were MAP packed (100% 

CO2) to investigate the gas barrier properties of the materials. 

DSC, TGA and tensile tests results showed that these films possess a good heat resistance. The 

cellulose-based films were found to be non-thermoplastic and hydrophilic in contrast with the 

reference film, which was thermoplastic and not hydrophilic. Results of the storage tests 

showed no difference in performance between the cellulose-based and the reference film 

indicating that the tested films are applicable as a packaging material for food products 

undergoing a heat treatment. However, mould growth on the cellulose-based film occurred 

during one of the storage tests (in-pack-pasteurisation). Furthermore, the MAP packages 

indicated a weak seal of the cellulose-based film(s). This weak seal and the hydrophilicity of 

the biobased film(s) can hinder their use for certain applications, especially MAP packaging 

and applications where the packaging film comes into contact with water. 
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1. Introduction 

Next to the barrier properties, which were discussed in Chapter 2, 3 and 4, the heat resistance 

is also an important aspect in the current food packaging sector. Heat resistant packaging 

materials are becoming more and more important for in-package sterilization or pasteurization 

and hot fill, which are implemented during production to guaranty the microbial safety of a 

food product and to extend their shelf-life. Furthermore ‘convenience applications’ like 

microwave and oven applications (ready-to-eat-meals) or transport of hot food (take away) will 

also increase the demand for heat resistant food contact materials. Since in many cases, these 

food products will be stored after the heat treatment, the microbial safety and extended shelf-

life (reason for the heat treatment) can only be guaranteed if the packaging material also 

possesses good barrier properties (e.g. the conventional PA/EVOH/PA/PP reference film). So, 

next to the thermal properties, the barrier properties remain important as well, especially for 

flexible packaging material. 

From literature (table 1.1, Chapter 1) and from the characterization (table 2.3, Chapter 2), it is 

clear that the heat resistance of neat PLA and starch (respectively a Tg and a Tm within the 

temperature range of heat treatments used in industry) is still insufficient for use as a packaging 

material for foods undergoing a heat treatment just before or after packaging. Both materials 

also have a low HDT and VST. Cellulose and PHA/PHB, with a Tg outside of the temperature 

range of heat treatments used in industry and, for PHB, a high Tm, HDT and VST, seem to be 

applicable for use as high heat packaging.  

In this chapter, with a focus on flexible packaging materials, the applicability of five 

commercially available heat resistant cellulose-based films as a food packaging material for 

food products requiring a heat treatment was tested. Cellulose-based films were chosen based 

on the results of the storage tests conducted in Chapters 3 and 4, showing the good barrier 

properties of cellulose-based films and on table 2.3, indicating that cellulose-based films might 

be quite heat resistant. Furthermore, five films were tested, since different types of cellulose-

based films with different coatings exist. PHA/PHB films were not tested, since no heat resistant 

film of this materials is already commercially available. 



  CHAPTER 5 

108 
 

2. Materials and methods 

2.1 Materials 

Four types of Natureflex™ films (NK, NVS, NVR, and NE) and one type of CelloTherm™ 

film (all cellulose-based) were provided by Innovia Films (Wigton, Cumbria, UK). All films 

consist out of a transparent cellulose film with a (conventional) coating on both sides (technical 

data sheets, Innovia, 2015). No further information on the composition can be given, since this 

is confidential information which is not provided by the suppliers/producers. Pouches of the 

Natureflex™NK film for the storage tests were industrially made by Bastin-pack (Wetteren, 

Belgium). The PA/EVOH/PA/PE pouches (Ö-Colamin XX 80Ah4 Colamin Multilayer) were 

provided by Euralpack (Schoten, Belgium). All pouches had the same dimensions (160 mm × 

200 mm). 

2.2   Parameters indicating heat resistance 

No clear protocol nor parameter exists to define the heat resistance of a polymer, but several 

parameters can give an indication of the heat resistance of a material. For an amorphous or low 

crystalline polymer, the glass transition temperature (Tg) can give an indication of the heat 

resistance, because, to avoid deformation, the Tg should not fall into the temperature range in 

which the packaging material is to be used (Li & Huneault, 2007). Furthermore, the 

crystallization temperatures upon heating (Tc) and upon cooling (Tcc) are important. A low 

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

broadening the temperature window for crystallization, resulting in a more complete 

crystallization. Determination of these parameters, as well as the melt temperature Tm,  can 

be performed by Differential Scanning Calorimetry (DSC) or by Differential thermal analysis 

(DTA). The degradation temperature (Td) is another parameter which is important regarding 

the heat resistance. It is the temperature at which the polymer chains start to break down into 

oligomers, monomers and other small degradation products that can evaporate, resulting in 

weight loss. The degradation temperature can be determined by thermogravimetrical analysis 

(TGA) and is an important parameter during processing of a material. Furthermore, the heat 

deflection temperature (HDT), the temperature at which a polymer deforms under a constant 

load, and the vicat softening temperature (VST), the temperature at which a needle under 

constant load can penetrate the polymer 1 mm, also give an indication of the heat resistance. 
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The HDT refers to the maximum temperature at which a polymer can be used as a rigid material 

(Tummala et al., 2006). Finally, tensile tests at different temperatures will show to which degree 

the polymer maintains its mechanical strength at higher temperatures. In this chapter, DSC 

measurements, TGA measurements and tensile tests at different temperatures (described in 

following sections) were performed to gain more knowledge concerning the thermal properties 

of the cellulose-based films. No HDT measurements were performed, since this measurement 

is a bend test and can not be applied for a film. No VST measurements were performed, since 

films mostly have no adequate thickness (1mm penetration depth of the needle) to perform this 

test. 

2.2.1 Differential scanning calorimetry (DSC) 

To gain more inside in the thermal properties of the films, differential scanning calorimetry 

(DSC) (DSC 204 F1 Phoenix®, Netzsch, Selb, Germany) was performed. 15-30 g of sample 

was heated from room temperature up to a chosen temperature (max. 200°C, depending on the 

heat stability of the material) and cooled down at a constant rate of 10°C/min under a N2 

atmosphere. Results were processed via Proteus® thermal analysis program (v.4.8.5, Netsch-

Geraetebau GmbH).  

2.2.2 Tensile tests 

Tensile tests were performed with a dynamometer (Instron 4464, Instron, High Wycombe, UK), 

a heated chamber (Instron environmental test chamber 3119-005) and load cells of 2 kN and 5 

kN (Instron static load cell 2525-818 and 2518-805). Results were calculated with the Bluehill® 

Software (Bluehill® 2 v.2.6.440, Instron). Samples were pre-conditioned in an atmosphere of 

20°C and 60% RH and pre-heated to test temperature before testing (10 minutes). Five samples 

were tested for each condition. Results were averaged and a standard deviation was calculated. 

Films were cut into strips (9*30 mm) and measured according to ISO 527-3. The samples were 

measured in machine direction and transverse direction at 20, 50, 80, 110 and 140°C. The 

tensile rate was 50 mm/min.  

2.2.3 Thermogravimetrical analysis (TGA) 

TGA tests were performed with a Netschz STA 449 F3 Jupiter (Netschz-Geraetebau GmbH, 

Selb, Germany). 15-25 mg of sample was heated at a constant rate of 10°C/min from room 
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temperature till maximum 750°C (dependent on the material) under nitrogen atmosphere 

(International gas & services, Willebroek, Belgium). Results were processed with the Proteus® 

Thermal analysis program (v.5.0.1, Netschz-Geraetebau). The degradation temperature (Td) 

was assumed at 5% weight loss. 

2.3   Storage tests  

Because of the growing market for convenient food products (e.g. ready-to-eat meals), and the 

fact that this kind of food products are hot filled or pasteurized in the package before cold 

storage, heat resistant biobased packaging have a great potential for this market. Storage tests 

were therefore performed with a food product representing this market, namely carrot puree 

(mixture of carrots and potatoes). Because of the (long term) storage after the heat treatment, 

the barrier properties of the packaging materials also need to be sufficient. Therefore, the 

Natureflex™NK film was selected out of the five cellulose-based films (O2: 1 cc/(m2.d) 

(23°C/0%RH) and water vapour: 14 g/(m2.d) (38°C/90%RH)). As a reference, carrot puree was 

also packed and heat treated in a conventional PA/EVOH/PA/PP film (O2: <2.7 cc/(m2.d) 

(23°C/0%RH) and water vapour: <1.8 g/(m2.d) (23°C/85%RH)) with a heat resistance of 

around 90°C.   

For each test, five kg of potatoes, two kg of carrots, 170 g of cream, 500 g of milk, 250 g of 

butter, 10 g of salt, 5 g of pepper and 15,1 g of nutmeg (Delhaize, Belgium and Colruyt, Belgium) 

were used to make carrot puree. 60 stomacherbags (Novolab, Geraardsbergen, Belgium) were 

filled with 100 g of puree and heat treated in a hot water bath (Memmert, GmbH & co. KG, 

Schwabach, Germany) at 95°C during 23 min to reach a P90=10. After this, for the first storage 

test, the puree was cooled down on ice (in the pouch) and transferred to the Natureflex™NK 

and reference pouches, vacuum sealed (Multivac SAE 10, Sepp Haggenmüller GmbH & Co. 

KG, Wolfertschwenden, Germany), heat treated in a hot water bath at 75°C during 10 min to 

reach P70=2, cooled down on ice and stored at 7°C. For the second storage test, the puree was 

transferred to the Natureflex™NK or reference pouches immediately after P90=10, which 

corresponds to a hot fill process, vacuum sealed and stored at 7°C.  

During the first storage test, pouches of Natureflex™NK and reference pouches with sterile 

marbles were packed under modified atmosphere (100% CO2) using a gas-packaging unit 

consisting of a gas mixer (WITT MG18-3MSO, Gasetechnik, Germany) and a gas packaging 

chamber machine (Multivac A300/42, Sepp. Hagenmüller KG, Wolfertschwenden, Germany). 
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The gasses were delivered by Air Products (Brussels, Belgium). The pouches were heat treated 

in a hot water bath at 75°C during 10 min to reach P70=2, cooled down on ice and stored at 7°C. 

This test was performed to check the performance of the tested materials regarding barrier 

properties, since no gas measurements could be performed on vacuum packages. Furthermore, 

during the first storage test, the biobased and reference pouches were heat treated at 75°C while 

packed in an extra heat resistant pouch (PA/PE, Euralpack, Schoten, Belgium), because the 

seals of the biobased pouches broke otherwise. In the second storage test, the extra pouch was 

not necessary, since the in pack pasteurization was not performed and the seal did not break 

during hot filling. 

2.3.1 Gas measurements  

At each day of analysis, the gas concentration in the headspace of three different packages of 

the same material was tested. The gas measurements were performed as previously described 

(Chapter 3). Gas measurements were performed on the extra MAP packed pouches. 

2.3.2 Microbiological parameters 

2.3.2.1 Follow up of growth of micro-organisms during storage tests 

At each day of analysis, three different packages of the same material were tested. The growth 

of micro-organisms was followed up as previously described (Chapter 3).  

2.3.2.2 Mould growth tests 

During the first storage tests, mould growth was detected on the outside of the biobased 

packages. Since this was an unexpected an unwanted phenomenon, the causes of this mould 

growth were further investigated. The mould was identified as Penicillium aurantiogriseum. 

Mycelium and/or spores were prepared at Ghent University (Faculty of Applied Bioscience 

Engineering (Institution), Gent, Belgium). Mycelium was cultivated on malt extract agar 

(MEA) in an incubator at 22°C. Inoculation was performed by aseptically transferring some of 

this mycelium onto the media/film. Spores were harvested by adding 5 ml of Tween 80 onto 

the petri-dish with mycelium and scraping of the mycelium. The liquid (with scraped of 

mycelium) was then transferred to a falcon tube with a sterile cotton wad. This procedure was 

repeated before centrifugation (15 minutes, 8500 rpm). After centrifugation, the liquid was 
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drained, 5 ml of Tween 80 + phosphate buffered saline (PBS) was added and this was 

centrifuged again (same conditions). This step was repeated with 5 ml of PBS (no mixture with 

Tween 80). For every test, spores were inoculated (3 times 20 µl) onto the film or media.  

A first test was performed to see if there was an effect of nutrients from the food product 

present inside the package on the growth of Penicillium aurantiogriseum. Therefore, P. 

aurantiogriseum was inoculated directly onto MEA (Malt Extract Agar, Oxoid), MEA + 15% 

sucrose (Sigma-Aldrich, Steinheim, Germany), MEA + 2% propionate (Ca-propionate, Sigma-

Aldrich) and pasteurized carrot puree (same recipe as for the storage tests, per 100 g during 10 

min in hot water bad at 75°C) or onto a Natureflex™ film (NE or NK) placed on top of this 

media. Sucrose was added to stimulate growth, while propionate was added to inhibit growth 

of the mould.  Plates were stored at 7 and at 22°C and growth/no growth was visually followed 

up.  

A second test, with only MEA as a media was performed to see if other moulds could also 

grow on the cellulose-based films. Next to spores of P. aurantiogriseum, also spores of P. 

paneum, Aspergillus niger, A. flavus, Geotrichium candidum and Monilia acetobutylicum were 

inoculated directly onto MEA or onto a Natureflex™NK film placed on top of the media. Plates 

were stored at 7 and at 22°C and growth/no growth was visually followed up (see table 5.1).  

During a third test, mould growth on the Natureflex™ film itself, without nutrients at the non-

inoculated side (water or air), was tested as well as the influence of different %RH. Therefore, 

films in small petri-dishes (Novolab) with or without water underneath the film were inoculated 

and stored at 22°C. Furthermore, films in small petri-dishes were inoculated with spores and 

stored at different relative humidities in plastic jars with lid (eBottles by SEPAC, Wilrijk, 

Belgium). Environments of 20, 40, 60 and 80% RH were created making use of glycerol (99.5%, 

bidistilled glycerol, VWR International, Leuven, Belgium) according to Forney & Brandl 

(1992). Growth/no growth was visually followed up. An overview of the performed tests can 

be found in table 5.1.
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Table 5.1: Overview tests mould growth 

Mould Films & 

Inoculation media 

Incubation 

temperature (°C) 

Test 1 

Penicillium aurantiogriseum 

(spores & mycelium) 

MEA 

MEA + 15% sucrose 

MEA + 2% propionate 

Carrot puree 

Natureflex™NK and NE film (on top of 

media) 

7 & 22 

Test 2 

Penicillium aurantiogriseum 

(spores) 

MEA 

Natureflex™NK film (on top of MEA) 
7 & 22 

Penicillium paneum (spores) 

Aspergillus niger (spores) 

Aspergillus flavus (spores) 

Geotrichium candidum (spores) 

Monilia acetobutylicum (spores) 

Test 3 

Penicillium aurantiogriseum 

(spores) 

Naturefle™NK film in environment of 

20, 40, 60 & 80 % RH 
22 

Penicillium aurantiogriseum 

(spores) 

Natureflex™NK film on water 

Natureflex™NK film without water 
22 

 

2.3.3 Chemical parameters 

2.3.3.1 pH  

At each day of analysis, the pH of carrot puree in three different packages of the same material 

was tested. The pH was followed up as previously described (Chapter 3).  

2.3.3.2 β-carotene 

Since the degradation of β-carotene in food products is mainly caused by oxidation (enzymatic 

and non-enzymatic), it can be used as a marker for the amount of oxygen entering the packaging 

during storage (Simpson et al., 2012, Rodriguez-Amaya, 1999). Since the storage tests were 

performed on vacuum packages, meaning no gas measurements could be performed, this 

parameter could help gain some insight regarding the oxygen ingress in the packaging.  

The β-carotene content of three different samples packed in the same material was measured at 

the start and the end of every storage test. For the extraction of β-carotene, 50 mg MgCO3 

(Acros Organics, Geel, Belgium), 25 mg BHT (Tertiary-butylhydroxytoluene, Acros Organics), 

100 µl internal standard (17,5 mg trans-β-apo-8’-carotenal (≥ 96%, Sigma-Aldrich) and 0,1 g 
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BHT in 100 ml dichloromethane (analytical grade, Chem-Lab, Zedelgem, Belgium)) and 35 ml 

ethanol:hexane (4:3 v/v ethanol (Tailor Made Chemicals, Rekkem-Menen, Belgium), hexane 

(analytical grade, Fischer Scientific, Leicestershire, UK)) were added to 1 g of puree. The 

sample was mixed with an Ultra-turrax (IKA T25D digital, Germany) for 30 s, shaken (150 

tpm) for 15 min and mixed again for 30 s. The mixture was filtered in a separatory funnel of 

250 ml and the filter (185 mm, Shleicher & Schuell Microscience GmbH, Dassel, Germany) 

was washed (2*12,5 ml EtOH and 1*12,5 ml hexane) until white. After addition of 10 ml KOH 

(10% KOH, Chem-Lab), the mixture was shaken every 20 minutes during 2 hours. After 

washing with 2*50 ml NaCl (10 wt%, Sigma-Aldrich) and 5*50 ml distilled water, the organic 

layer was filtered over Na2SO4 (Chem-Lab) in a rotary evaporator flask. The filter was washed 

with hexane until white. The sample was evaporated at 40°C (rotavapor, Laborota 4000/Hei-

VAP, Heidolph, Schwabach, Germany) and transferred to a brown vial. Then, the sample was 

evaporated till dryness under N2, after which the sample was redissolved in 3 ml acetonitrile 

(HPLC grade, Fischer Scientific). After filtration through an HPLC-filter (0,45 µm, Alltech 

Associates, Lokeren, Belgium), 100 µl of sample was placed in an HPLC vial (1,2 ml, Alltech 

Associates) to which 1000 µl of mobile phase A (9:1 v/v MeOH (HPLC grade, Fisher 

Scientific)/ acetonitrile) was added. Furthermore, a mixed standard (100 µl internal standard + 

600 µl β-carotene (12,5 mg β-carotene (HPLC grade, ≥ 95%, Sigma-Aldrich) + 0,1 g BHT in 

100 ml dichloromethane) was made and processed in the same way as the samples (from the 

transfer to the brown vial on). Samples were analyzed with a HPLC (Finnigan Surveyor, 

Thermo Scientific, San Jose, CA, USA) using a reversed phase column (YMC-pack C30, 

250*4,6 mm, S-5 µm, YMC, Schermbeck, Germany), mobile phase A, mobile phase B 

(ethylacetate (HPLC grade, Chem-Lab) with 0,25% (v/v) triethylamine (Biosolve BV, 

Valkenswaarde, The Netherlands)), a pump rate of 1 ml/min, an injection volume of 25 µl and 

a column temperature of 30°C. The concentrations of the stock solutions were determined by 

absorbance measurements. 400 µl of stock solution was evaporated and redissolved in 25 ml of 

hexane (β-carotene) or petroleum ether (trans-β-apo-8’-carotenal), measured (Cary 50 Bio UV-

Visible spectrophotometer, Varian, Diegem, Belgium) and compared to the results of blanc 

hexane or petroleum ether. 

2.3.4 Seal strenght 

The seal strength of the cellulose-based films was tested to see whether the leak MAP packages 

were caused by microleaks due to a weak seal (Packaging Centre, Hasselt University, 

Diepenbeek, Belgium). The films were sealed with a heat seal tester HST-H3 (Labthink 
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Instruments, Jinan, China) at 7 different time (s)/pressure (n/mm²) conditions: 1,0/3,55 - 

0,5/2,46 - 1,5/2,46 - 0,5/3,55 - 1,0/1,37 - 0,5/1,37 - 1,0/2,46 and at different temperatures. After 

cooling, a peel test (Universal Testing Machine, MTS, MN, USA) according to ASTM F88-05 

was performed. Samples with a width of 15mm were pulled apart at a speed of 300 mm/min. 

The clamp distance was 10mm and tests were performed with a load cell of 100N. For each 

condition, the sealstrenght was plotted against the different sealtemperatures, resulting in an S-

curve. Since the plateau values of these S-curves were very similar for all 7 conditions, an 

average of these values was made.
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3. Results and discussion 

3.1  DSC 

The DSC curves of all the cellulose-based films are very similar (so only the one from 

Natureflex™NK is shown) and show a very broad endothermic peak (50-110°C) during the 

first heating cycle (figure 5.1). Since this peak is no longer present during the second heating 

cycle, it was probably caused by the evaporation of water (Gabbot, 2008). The DSC curve of 

the conventional reference film is shown in figure 5.2. Two endothermic peaks (melt peaks) 

and two exothermic peaks (crystallization peaks) can be seen. The first endothermic peak is 

probably due to the melting of PP and EVOH and the second one due to the melting of PA. The 

exothermic peaks can be attributed to crystallization of PA (highest T) and PP and EVOH 

(lowest T).  The absence of clear melt and crystallization peaks in the DSC curve of the 

cellulose-based films mean that the cellulose-based films are not thermoplastic, which 

corresponds to literature (Shen et al., 2009). They do not melt during heating, but immediately 

degrade at higher temperature. Furthermore the absence of peaks also indicate that the amount 

of (conventional) polymers used for the coatings was too low to generate a signal in the DSC 

equipment.     

3.2 Tensile tests 

The results of the tensile tests (table 5.2 & 5.3) on the films showed that the cellulose-based 

films are much stiffer (higher modulus) and brittle (lower tensile strain) than the reference film, 

both in machine and transverse direction. The results of the tensile tests at 20°C correspond to 

the values on the technical data sheets. The results of the tensile strength and the Young’s 

Modulus are not always in accordance with the values found in literature (Chapter 2). Especially 

the Young’s Modulus is clearly lower than the values in table 2.3. This is probably because the 

Natureflex™ films do not consist only out of a cellulose layer. Regarding heat resistance, the 

results indicate that the mechanical properties of the cellulose-based films followed a similar 

trend as the reference film as temperature increased. The tensile strain at break decreased at 

first, but then increased again at higher temperatures. The Young’s Modulus showed a clear 

decrease, although, in machine direction, the modulus was mostly higher at 80 and 110°C 

compared to 50°C. This might be explained by the evaporation of water between 50 and 110°C, 

as was observed in the DSC curve. The loss of water, which acts as a plasticizer, has a 
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decreasing effect on the elasticity of the film. In transverse direction, the modulus was clearly 

higher at 80°C for Natureflex™NVS and NVR. The tensile stress at break remained quite stable 

at first and then showed a slightly decreasing trend (110-140°C), except for the Natureflex™NK 

film, which did not show the decreasing trend. Furthermore, the machine direction of the films 

was stronger than the transverse direction (higher tensile strength). It can be concluded that the 

cellulose-based films maintain their mechanical properties well at higher temperatures. 

Figure 5.1.  DSC curve of the NatureFlex™NK film 

 

 

 

 

 

 

Figure 5.2: DSC curve of  PA/EVOH/PA/PP reference film 
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Table 5.2: Results tensile tests of cellulose-based films at different temperatures (transverse 

direction)(n = 5) 

Material 
Young’s Modulus 

(MPa) 

Tensile strength 

(N/mm2) 

Tensile strain at Break 

(%) 

Refa (20°C) 

Ref  (50°C) 

Ref  (80°C) 

Ref  (110°C) 

Ref  (140°C)c 

492 ± 75 

535 ± 51 

269 ± 25 

125 ± 43 

54 ± 19 

88.7 ± 9.3b 

75.9 ± 6.7 

59.6 ± 5.4 

48.1 ± 2.5 

41.9 ± 0.0 

564 ± 80 

565 ± 42 

483 ± 39 

548 ± 26 

627 ± 0 

CelloTherm (20°C) 

CelloTherm (50°C) 

CelloTherm (80°C) 

CelloTherm (110°C) 

CelloTherm (140°C) 

1250 ± 70 

1143 ± 252 

1019 ± 229 

1119 ± 96 

976 ± 222 

59.1 ± 0.3 

56.1 ± 3.7 

49.6 ± 0.9 

46.2 ± 2.4 

39.2 ± 3.4 

97.1 ± 3.9 

59.0 ± 3.4 

43.1 ± 5.2 

47.7 ± 3.2 

49.1 ± 7.3 

Natureflex NE (20°C) 

Natureflex NE (50°C) 

Natureflex NE (80°C) 

Natureflex NE (110°C) 

Natureflex NE (140°C) 

1616 ± 312 

1767 ± 224 

1721 ± 208 

1277 ± 110 

1189 ± 200 

65.5 ± 7.7 

87.8 ± 4.9 

79.6 ± 2.7 

72.3 ± 2.1 

62.4 ± 1.5 

72.0 ± 21.2b 

59.4 ± 4.0 

32.0 ± 1.5b 

57.7 ± 4.4 

67.9 ± 3.1 

Natureflex NK (20°C) 

Natureflex NK (50°C) 

Natureflex NK (80°C) 

Natureflex NK (110°C) 

Natureflex NK (140°C) 

1223 ± 102 

1045 ± 132 

907 ± 286 

970 ± 319 

697 ± 297b 

51.9 ± 4.0 

49.2 ± 3.6 

57.6 ± 4.3 

61.3 ± 1.6 

55.9 ± 3.3 

92.2 ± 14.1b 

71.8 ± 7.9 

53.1 ± 5.1 

60.6 ± 1.7 

72.8 ± 7.7b 

Natureflex NVS (20°C) 

Natureflex NVS (50°C) 

Natureflex NVS (80°C) 

Natureflex NVS (110°C) 

Natureflex NVS (140°C) 

1391 ± 126 

1329 ± 120 

1662 ± 81 

1111 ± 127 

1039 ± 102 

74.7 ± 2.8 

70.2 ± 3.3 

73.3 ± 1.1 

61.0 ± 4.1 

47.8 ± 2.8 

93.3 ± 2.6b 

64.7 ± 5.9 

52.2 ± 1.5 

63.4 ± 7.6 

74.7 ± 8.6 

Natureflex NVR (20°C) 

Natureflex NVR (50°C) 

Natureflex NVR (80°C) 

Natureflex NVR (110°C) 

Natureflex NVR (140°C) 

1591 ± 100 

1309 ± 98b 

1648 ± 110b 

1364 ± 134b 

1123 ± 124 

66.8 ± 2.4 

74.3 ± 2.8 

72.8 ± 2.8 

62.0 ± 1.9 

56.0 ± 4.7 

80.0 ± 5.7 

68.2 ± 2.0 

55.8 ± 2.1 

58.3 ± 4.8b 

72.6 ± 3.8 
a Ref = PA/EVOH/PA/PP 
b Average of 4 instead of 5 samples 
c Only 1 sample gave a result
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Table 5.3: Results tensile tests of cellulose-based films at different temperatures (machine direction) 

(n = 5) 

Material 
Young’s 

Modulus (MPa) 

Tensile strength 

(N/mm2) 

Tensile strain at Break 

(%) 

Refa (20°C) 

Ref  (50°C) 

Ref  (80°C) 

Ref  (110°C) 

Ref  (140°C) 

373 ± 47 

495 ± 153 

284 ± 51 

137 ± 48 

63 ± 18 

74.2 ± 4.6 

66.4 ± 2.4 

58.7 ± 1.6 

43.5 ± 3.0 

41.0 ± 2.3b 

605 ± 29 

598 ± 25 

530 ± 14 

563 ± 21 

582 ± 50 

CelloTherm (20°C) 

CelloTherm (50°C) 

CelloTherm (80°C) 

CelloTherm (110°C) 

CelloTherm (140°C) 

2370 ± 175 

1575 ± 378 

2124 ± 414 

2126 ± 41b 

1590 ± 661 

112 ± 3 

109 ± 6 

104 ± 8 

91.8 ± 3.3 

80.1 ± 2.9 

28.3 ± 3.0 

27.6 ± 3.1 

22.8 ± 5.9 

24.8 ± 3.7 

30.0 ± 10.2 

Natureflex NE (20°C) 

Natureflex NE (50°C) 

Natureflex NE (80°C) 

Natureflex NE (110°C) 

Natureflex NE (140°C) 

2927 ± 400 

2229 ± 739 

2583 ± 165b 

2725 ± 210 

2352 ± 438 

131 ± 8 

142 ± 9 

149 ± 5 

131 ± 2 

113 ± 6 

36.7 ± 6.6 

31.6 ± 5.3 

24.0 ± 1.8 

31.6 ± 1.7 

33.3 ± 5.4 

Natureflex NK (20°C) 

Natureflex NK (50°C) 

Natureflex NK (80°C) 

Natureflex NK (110°C) 

Natureflex NK (140°C) 

2022 ± 670 

1495 ± 529 

2439 ± 290 

1838 ± 536 

1416 ± 524 

97.5 ± 5.9 

101 ± 9 

126 ± 7 

116 ± 7 

106 ± 7 

41.4 ± 6.9 

36.3 ± 4.6 

27.8 ± 3.6 

31.5 ± 3.1 

39.0 ± 8.6 

Natureflex NVS (20°C) 

Natureflex NVS (50°C) 

Natureflex NVS (80°C) 

Natureflex NVS (110°C) 

Natureflex NVS (140°C) 

3010 ± 239b 

2223 ± 334 

2390 ± 461 

1868 ± 531 

1374 ± 342 

139 ± 1b 

131 ± 4 

131 ± 7 

117 ± 7 

103 ± 9 

31.2 ± 1.1b 

28.1 ± 1.6 

27.7 ± 3.7 

27.6 ± 0.5 

33.2 ± 5.3 

Natureflex NVR (20°C) 

Natureflex NVR (50°C) 

Natureflex NVR (80°C) 

Natureflex NVR (110°C) 

Natureflex NVR (140°C)c 

2770 ± 233 

1815 ± 158b 

2436 ± 216b 

2309 ± 668 

1696 ± 281 

133 ± 2 

143 ± 3b 

129 ± 3 

115 ± 4 

101 ± 6 

32.8 ± 1.9 

28.5 ± 3.2 

28.6 ± 2.7 

28.5 ± 4.5 

30.8 ± 2.8 
a Ref = PA/EVOH/PA/PP 
bAverage of 4 instead of 5 samples 
c Average of 6 instead of 5 samples
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3.3  TGA 

TGA analyses were performed on two cellulose-based films with a different coating 

(NatureFlex™NVR and NK). Since the degradation is gradually instead of in one step (figure 

5.3) and the first weight loss is probably caused by the evaporation of water, the onset of 

degradation was determined by the point of intersection of the tangents of the two branches of 

the thermogravimetric curve (Askadskii, 2003). Both biobased films start to degrade at a lower 

temperature than the reference film, at 302,5 (NK) and 307,9 °C (NVR) compared to 380,5 °C 

(ref). Together with the results of the DSC, these results indicates that the cellulose-based films 

are hydrophilic, while the reference film is hydrophobic. Hydrophilicity is a well know property 

of cellulose-based films (Cyras et al., 2009).  

 

Figure 5.3: Results TGA analyses of Natureflex™NVR (green), Natureflex™NK (red) and the 

reference film (blue) 

3.4 Storage tests  

 

3.4.1 First storage test (post-pasteurization in package) 

 

3.4.1.1 Microbial growth 

Table 5.4 and 5.5 show that almost no microbial growth occurred during the first 21 days of 

storage in carrot puree packed in both packaging materials. Also no growth of psychrotrophic 

lactic acid bacteria or yeasts and moulds was detected (data not shown). If growth occurred, the 
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target values of < 6 log CFU/g for aerobic and anaerobic psychrotrophic plate count and < 1 

log CFU/g for psychrotrophic lactic acid bacteria were never exceeded (category 7D in 

Uyttendaele et al., 2010). This means that the heat treatment was sufficient as a method of 

conservation for carrot puree with a shelf-life of at least 21 days. Furthermore, no difference in 

performance was noticed between both packaging materials. 

Table 5.4: Growth of aerobic psychrotrophic micro-organisms (log CFU/g) in carrot puree packed in 

the Natureflex™ NK film or in the reference film (7°C) 

  

 

 

 
 

A,B and C indicate repetitions 

 

 

Table 5.5: Growth of anaerobic psychrotrophic micro-organisms (log CFU/g) in carrot puree packed 

in the Natureflex™ NK film or in the reference film (7°C) 

 

 

 

 

 

 

 

3.4.1.2 pH     

The pH followed a similar trend for carrot puree packed in both materials and remained stable 

during the storage period at values around 6-6.1 (data not shown). The stable pH can be 

explained, because of the low microbial counts. 

3.4.1.3 β-carotene 

The amount of β-carotene in the carrot puree decreased between day 0 and day 21, but this 

decrease was not significant (t-test, p<0,05) (figure 5.4). Furthermore, the small difference in 

β-carotene amount in carrot puree packed in biobased pouches and carrot puree packed in the 

reference pouches at day 21 was also not significant (t-test, p<0,05). Since the oxygen 

Material Day 

 0 4 7 14 21 

Natureflex™ NK (A) <1 <1 <1 <1 <1 

Natureflex™ NK (B) <1 <1 <1 <1 3 

Natureflex™ NK (C) <1 <1 <1 <1 <1 

Reference (A) <1 <1 <1 <1 3 

Reference (B) <1 <1 <1 5.5 <1 

Reference (C) <1 <1 <1 <1 <1 

Material Day 

 0 4 7 14 21 

Natureflex™ NK (A) <1 <1 <1 <1 <1 

Natureflex™ NK (B) <1 <1 <1 <1 <1 

Natureflex™ NK (C) <1 <1 <1 <1 2.3 

Reference (A) <1 <1 <1 <1 <1 

Reference (B) <1 <1 <1 <1 <1 

Reference (C) <1 <1 <1 <1 <1 
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permeabilities of both films are similar (1 cm3/(m2.d) and < 2,7 cm3/(m2.d)), these results 

indicate that the heat treatment does not have a negative effect on the oxygen barrier of the 

biobased film compared to the reference film.  

Figure 5.4: Amount of β-carotene at day 0 and at day 21 (end of test) in carrot puree packed in 

Natureflex™ NK or reference pouches (7°C) 

Although the investigated parameters showed no differences between carrot puree packed in 

both packaging materials up to day 21, the storage test was stopped because of mould growth 

on the outside of the biobased pouches. This mould growth was further investigated (see 3.4.3). 

3.4.1.4 Gas Measurements 

The results of the gas measurements (figure 5.5) clearly show that the modified atmosphere was 

not contained by the biobased pouches, while it was contained by the reference pouches. Since 

the biobased vacuum pouches remained vacuum (visual control) and because of the similar 

microbial and chemical results, this can probably be explained by the formation of microleaks 

in the seal caused by the force applied during the gas introduction. The weak seal of the film 

was confirmed by tests on the seal strength. In figure 5.6 it can be seen that the peel force is 

very low for all cellulose-based films and especially for the Natureflex™NK and CelloTherm™ 

film.  

 

 

 

 



  CHAPTER 5 

123 
 

Figure 5.5: Results follow up O2 and CO2 concentration in the biobased bags (∎) and in the reference 

bags (♦) 

 

 

 

 

 

 

 

 

 

Figure 5.6: Results peel force (PF) averages of the cellulose-based films 

3.4.2 Second storage test (hot fill process) 

3.4.2.1 Microbial growth  

Almost no growth of psychrotrophic microorganisms could be observed up to day 28 (table 5.6, 

5.7 and 5.8). From day 35 on growth was detected in carrot puree packed in both materials. The 

target values for aerobic and anaerobic psychrotrophic growth (< 6 log CFU/g) were exceeded 

in some packages of both materials at day 49. The target values of <7 log CFU/g for 

psychrotrophic lactic acid bacteria and of <5 log CFU/g for yeast and moulds were never 

exceeded (category 7E in Uyttendaele et al., 2010). This means that the heat treatment was 

sufficient as a method of conservation for carrot puree with a shelf life of 42 days. No 

differences in performance between both packaging materials were observed.  
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Table 5.6: Growth of aerobic psychrotrophic micro-organisms (log CFU/g) in carrot puree packed in 

the Natureflex™ NK film or in the reference film (7°C) 

a uncountable 

Table 5.7: Growth of anaerobic psychrotrophic micro-organisms (log CFU/g) in carrot puree packed 

in the Natureflex™ NK film or in the reference film (7°C) 

 

 Table 5.8: Total amount of psychrotrophic lactic acid bacteria (log CFU/g)  in carrot puree packed in 

the Natureflex™ NK film or in the reference film (7°C) 

 

3.4.2.2 pH 

The pH followed a similar trend for carrot puree packed in both materials and remained stable 

during the storage period at values around 6.0, expect at day 49, where the pH increased to 6,2 

(data not shown). The stable pH can be explained, because of the low microbial counts. 

3.4.2.3 β-carotene 

The amount of β-carotene in the carrot puree decreased between day 0 and day 49, but this 

decrease was not significant (t-test, p<0,05) (figure 5.6). Furthermore, the small difference in 

β-carotene amount in carrot puree packed in biobased pouches and carrot puree packed in the 

Material Day 

 0 3 7 14 21 28 35 42 49 

Natureflex™ NK (A) <1 <1 <1 <1 <1 <1 2.5 <1 <1 

Natureflex™ NK (B) <1 <1 <1 1 <1 1.6 <1 2.7 <1 

Natureflex™ NK (C) <1 <1 <1 <1 <1 1 <1 3.2 <1 

Reference (A) <1 <1 <1 <1 <1 <1 2.6 <1 <1 

Reference (B) <1 <1 3.2 <1 <1 <1 <1 <1 <1 

Reference (C) <1 <1 <1 <1 <1 <1 2.6 <1 <1 

Material Day 

 0 3 7 14 21 28 35 42 49 

Natureflex™ NK (A) <1 <1 <1 <1 <1 <1 2.4 <1 6.2 

Natureflex™ NK (B) <1 <1 <1 <1 <1 2 2.7 3.1 <1 

Natureflex™ NK (C) <1 <1 <1 1.5 <1 2 2.3 2.8 1.5 

Reference (A) <1 <1 <1 <1 <1 <1 2.7 2.8 5.5 

Reference (B) <1 <1 3.1 <1 <1 <1 4.8 3.0 <1 

Reference (C) <1 <1 <1 <1 <1 <1 4.8 2.9 2.3 

Material Day 

 0 3 7 14 21 28 35 42 49 

Natureflex™ NK (A) <1 <1 <1 <1 <1 <1 <1 2.6 6.5 

Natureflex™ NK (B) <1 <1 <1 <1 <1 <1 2.1 2.7 <1 

Natureflex™ NK (C ) <1 <1 <1 <1 <1 <1 2.7 3.1 <1 

Reference (A) <1 <1 <1 <1 <1 <1 <1 2.8 6.2 

Reference (B) <1 <1 <1 <1 <1 <1 -a 2.8 <1 

Reference (C) <1 <1 <1 <1 <1 <1 5.1 2.4 2.6 
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reference pouches at day 49 was also not significant (t-test, p<0,05). These results indicate that 

the heat treatment does not have a negative effect on the oxygen barrier of the biobased film 

compared to the reference film.  

 

 

 

 

 

Figure 5.6: Amount of β-carotene at day 0 and at day 49 (end of shelf-life) in carrot puree packed in 

Natureflex™ NK or reference pouches (7°C) 

During storage, it was noticed that on specific locations in the vacuum pouches where only a 

small amount of puree was present, this puree seemed more dehydrated in the biobased pouches 

compared to the reference pouches (visual observation). This might be caused by the higher 

moisture permeability of the biobased film (14 g/(m2.d) compared to <1,8 g/(m2.d)). But since 

these values were not measured under the same conditions (38°C & 90% RH compared to 23°C 

& 85% RH), it is difficult to draw a clear conclusion. 

During the second storage 9 pouches were treated in the same way as during the first storage 

test to see if the used treatment had an effect on the observed mould growth. Only on a single 

biobased pouch from the second storage test mould growth was detected, but on all 9 pouches 

which had been treated as in the first storage tests moulds had grown. This indicates that there 

is an effect of the processing on the possible outgrowth of moulds. Since, during the first test, 

the biobased pouches came into contact with water/ice, which was not the case during the 

second storage test, water might be an influencing factor. Since cellulose is hydrophilic, it can 

take up the water, which could result in changes in polymer structure and loss of certain 

properties. The moisture barrier coating seems insufficient to protect the film, which might be 

caused by the heat treatment. 
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3.4.3 Mould growth 

As mentioned in previous paragraphs, mould growth on the cellulose-based film was detected 

during the storage tests. Because mould growth on the outside of a food packaging is not 

acceptable, the cause of this mould growth was further investigated.  

The mould on the biobased packages was identified as Penicillium aurantiogriseum (ISP-WIV, 

Brussels, Belgium). Penicillium sp. can produce a range of enzymes, like cellulases, 

hemicellulases, glucanases, lipases and pectinases (Hamlyn et al., 1987), which could explain 

why they can grow on a cellulose-based film. Furthermore, a clear effect of contact with 

moisture was observed during the storage tests. Mould growth almost exclusively occurred 

during the first storage tests where the packages came into contact with moisture during in-

pack-pasteurization and cooling on ice; two steps that were not performed during the second 

storage test. DSC and TGA analyses also showed that, despite a moisture barrier coating, the 

film(s) were very hydrophilic. This hydrophilicity might also have an effect on the mould 

growth. Finally, since no mould growth was detected on the biobased pouches filled with 

marbles, it is possible that the mould gets nutrients out of the food product. Therefore different 

growth/no growth test with P. aurantiogriseum (and other moulds) were performed, of which 

the set up has been described in materials & methods (2.3.2.2).  

The first test (table 5.9) showed clear growth of  P. aurantiogriseum spores and mycelium on 

all the media without film after just 5 days at 22°C, but growth was also observed on both films 

on top of the different media after 5 days at 22°C, except for mycelium on both biobased films 

on MEA + propionate. At 7°C, growth of both spores and mycelium was slower and only clearly 

observed for all samples, except for both biobased films on MEA + propionate, after 12 days. 

This test showed that both mycelium and spores of Penicillium aurantiogriseum are able to 

grow on the Natureflex™ NK and NE film, even at 7°C, when nutrients are present at the non-

inoculated side of the film. The second test showed that also other moulds are able to grow on 

the Natureflex™NK film (table 5.10 and 5.11), except for Aspergillus niger at 7°C. Similar to 

the first test, faster mould growth was observed at 22°C (after 3 days) compared to 7 °C (after 

10 days).
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 Table 5.9: Growth(+)/no growth (-) of mycelium and spores of Penicillium aurantiogriseum on 

Natureflex™NK and NE film on MEA, MEA + sucrose, MEA + propionate at 7 or 22°C  (n = 3) 

a ± = slight growth on inoculation spots 

 Table 5.10: Growth of different moulds on Natureflex™NK film on MEA at 7°C  (n = 3 or 4) 

a 1 out of 3 samples showed growth 

Table 5.11: Growth of different moulds on Natureflex™NK film on MEA at 22°C (n = 3 or 4) 

 

 

 

 

 

 
MEA MEA + sucrose 

MEA + 

propionate 
Carrot puree 

Day Day Day Day 

5 8 12 5 8 12 5 8 12 5 8 12 

Mycelium 

22°C 

Natureflex NK + + + + + + ± a + + ± + + 

Natureflex NE + + + + + + - + + ± + + 

Without film ++ ++ ++ ++ ++ ++ + ++ ++ ++ ++ ++ 

Mycelium 

7°C 

Natureflex NK - ± + - ± ± - - - - ± + 

Natureflex NE - ± + - - ± - - - - ± + 

Without film + + ++ + + ++ ± + ++ + + ++ 

Spores 

22°C 

Natureflex NK +  + + +  +  + ± +  + ± + + 

Natureflex NE + + + + + + ± + + + + + 

Without film ++ ++ ++ ++ ++ ++ + ++ ++ ++ ++ ++ 

Spores 

7°C 

Natureflex NK ± ± + - ± + - - ± - ± + 

Natureflex NE - - + - ± ± - - ± - - + 

Without film - + ++ - + ++ - ± + - + ++ 

7°C Day 

Mould 2 3 4 6 7 10 11 14 15 20 21 27 28 50 51 

P.aurantiogriseum - - - - -  4/4  4/4  4/4  4/4  4/4 

A. flavus - - - - -  -  -  -  3/4  3/4 

G. candidum - - - - - 1/3a  -  3/3  3/3  3/3  

P. paneum - - - - - 1/4  3/4  4/4  4/4  4/4  

A. niger - - - - - -  -  - - -  -  

M. acetobutylicum - - - - - -  1/3  3/3  3/3  3/3  

22°C Day 

Mould 2 3 4 6 7 10 11 14 15 

P.aurantiogriseum -   4/4   4/4   4/4  4/4 

A. flavus -   -   4/4   4/4  4/4 

G. candidum - -   1/3   1/3   3/3  

P. paneum - 2/4   4/4   4/4   4/4  

A. niger - 2/4   4/4   4/4   4/4  

M. acetobutylicum - 1/3   1/3   3/3   3/3  
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To investigate if Penicillium aurantiogriseum could only grow because it gets nutrients out of 

the food product and to see the effect of the environmental relative humidity, a third test was 

performed. No difference in growth was observed onto the film on water or onto the film 

directly on the petri-dish. Growth was observed for both conditions after 24 days. Regarding 

the effect of relative humidity, the results in table 5.12 show that at 20 and 40% RH growth 

only picked up very slightly after 24 days, but at 60 and 80% RH growth was already observed 

after 5 days. In both tests, growth was slower and less pronounced compared to the tests with 

nutrients, indicating that moulds only get a limited part of nutrients out of the film and need 

nutrients out of the packed food product before they can substantially grow. 

Table 5.12: Growth of Penicillium aurantiogriseum on Natureflex™NK film in environments with 

different relative humidities at 22°C (n = 3 or 4) 

  Day 

%RH 3 5 7 11 24 35 46 

20 0/4 0/4 0/4 0/4  1/4  3/4  3/4 

40 0/4 0/4 0/4  1/4  1/4 2/4 2/4 

60 0/4 2/4 2/4 2/4 2/4 4/4 4/4 

80 0/4 4/4 4/4 4/4 4/4 4/4 4/4 

 

From these tests it can be concluded that, if the cellulose-based material (during storage or as a 

food package) is contaminated with (a) mould(s), this mould can grow out under the right 

conditions. Storage in an environment below 60% RH and use as a packaging material for dry 

food products or for a process without contact with water is necessary to keep the packaging 

mould free.    

It can be concluded that, despite its similar performance compared to the reference film, the 

applicability of the Natureflex™ NK film as a food packaging material for food products 

requiring a heat treatment is hindered by its low seal strength (problem for MAP packaging, not 

vacuum packaging), and the chance of mould growth on the outside of the packaging. It is also 

clear that contact with water has an effect on the mould growth. This might be because the 

hydrophilic cellulose film loses some of its properties/structure by water uptake, creating a 

better environment for the moulds to grow.
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4. Conclusion 

Although the thermal properties of the cellulose-based films point out their potential to serve 

as a packaging material for food products undergoing a heat treatment (hot fill and 

pasteurization), the weak seal, hydrophilicity of the biobased film(s) and the possible mould 

growth onto the film can hinder their use for certain applications, especially MAP packaging 

and processes where packaging comes into contact with water. Other applications, like hot fill 

combined with vacuum packaging, seem to be possible.  

. 
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Chapter 6: Heat resistance of rigid 

biobased materials, evaluation and 

effect of processing techniques and 

additives 

 

 

    PLA          Sc-PLA    PHB 
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Summary 

The aim of this chapter was to evaluate the effect of different manipulations or modifications 

(addition of fiber, nanoclay, chain extender and nucleating agent, blending and 

stereocomplexation) on the heat resistance (both during and after processing) of poly(lactic acid) 

(PLA) and/or poly(hydroxybutyrate) (PHB). Resins of PLA with added fiber, a PLA/PHB blend 

and stereocomplex PLA were commercially available. Addition of chain extender Joncryl®, 

nucleating agent Hyperform® and nanoclay Cloisite 15A to PLA and/or PHB was performed 

on lab scale. To get an indication of the heat resistance, the differential scanning calorimetry 

(DSC) profiles, the vicat softening temperatures (VST), the thermogravimetrical analysis (TGA) 

and tensile properties at different temperatures were measured and compared to unmodified 

PLA, unmodified PHB and polypropylene (PP) as reference materials. Stereocomplexation of 

PLA seemed the best technique to obtain a PLA-based material with a good heat resistance, 

while the other manipulations had little to no effect on the processed biopolymer. Compatability 

of the additive seems to be very important to get an increased heat resistance. The addition of 

chain extender to PLA and PHB had no effect on thermal properties of the processed polymers, 

but it did improve the thermal degradation during processing. The addition of nucleating agent 

to PHB also had no effect on the thermal properties of the processed polymer, but it did improve 

the brittleness of the material. Furthermore, unmodified PHB showed a better overall heat 

resistance than unmodified PLA.  
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1. Introduction 

As described in Chapter 5, the heat resistance of plastic packaging materials is becoming more 

and more important. Currently, the thermal properties of most biobased plastics hinder their 

processing (by thermal degradation) or they are insufficient for most food packaging 

applications undergoing a heat treatment step. Increasing the heat resistance of biobased plastics 

(both during and after processing) can be achieved in several ways which were described in 

Chapter 1.   

In this chapter, several commercially available materials with one of the previous described 

modifications (addition of fiber, blending and stereocomplexation) were tested and the effect 

on the heat resistance was measured. Furthermore, the effect of the addition of the chain 

extender Joncryl® to PLA and PHB was investigated as well as the effect of the addition of 

nanoclay (Cloisite 15A) to PLA and the effect of the addition of nucleating agent (Hyperform 

HPN®) to PHB. In contrast to Chapter 5, this chapter focused on rigid materials. The selection 

of tested materials and additives was made based on what was found in literature (Chapter 1) 

and based on what was available within the networks of companies participating in this research.  

Since Flemish companies only possess scarce (practical) information regarding this subject, a  

wide range of different manipulations or modifications were tested.
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2. Materials and methods 

2.1 Materials 

The tested polymer materials and additives (commercially available) were supplied by different 

producers (table 6.1) and processed at the Centre for Polymer and Material Technologies 

(CPMT, Ghent University, Ghent, Belgium) based on the technical specifications provided by 

the producers (grade + MFI). As reference materials, two unmodified biobased polymers (PLA 

and PHB) and a heat resistant conventional polymer (PP) were selected. By means of both 

injection molding and extrusion, beakers (Engel 80T injection molding machine, Schwertberg, 

Austria) and/or drawbars (Boy 22S injection molding machine, Neustadt-Fernthal, Germany) 

or extrusion plates (Brabender® single screw extruder, Duisburg, Germany) were made. The 

processing parameters are shown in table 6.2 (injection-molding) and table 6.3 (extrusion) and 

were set based on the information in the technical datasheet of the base polymer. No further 

information on the composition can be given, since this is confidential information which is not 

provided by the suppliers/producers. 

Table 6.1: Overview tested materials, their use and their suppliers 

Material Processing type Producer/Supplier 

Reference Materials 

Natureworks Ingeo® 3052D (PLA) Injection Natureworks LLCa 

Natureworks Ingeo® 6400D (PLA) Extrusion Natureworks LLC 

Sabic PP 575P (PP) Injection Sabic Europeb 

Biomer® P304 (PHB) Injection Biomerc 

Modified Materials 

SogreenTM 2001-A (PLA/PHB) Extrusion GreenGrand 

GreenGran PO21J (PLA + 25% fiber) Extrusion/Injection GreenGran 

Synterra® IM (sc-PLA) Injection Synbra/Purace 

Additives 

Joncryl® FA1009 masterbatchf  Chain extender for PLA BASFh 

Joncryl® FA11005 masterbatchg Chain extender for PLA BASF 

Cloisite 15A (montmorillonite) Polymers 
Rockwood 

additives/BYK-Gardneri 

Hyperform HPN-20E®  Nucleating agent Millikenj 

Hyperform HPN-68L® Nucleating agent Milliken 
a Blair, Nebraska, USA   f 25% (w/w) Joncryl® ADR 4368 in PLA carrier 
b Sittard, The Netherlands   g 25% (w/w) Joncryl® ADR 4300 in PLA carrier 
c Krailling, Germany   h Arnhem, The Netherlands 
d Ede, The Netherlands   i Geretsried, Germany 
e Etten-Leur, The Netherlands  j Ghent, Belgium 
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Table 6.2: Processing parameters injection moulding of different biobased materials (Boy 22S) 

a rotations per minute 
b mm/s 

Table 6.3: Processing parameters for extrusion of different biobased materials 

 

 

 

Material 

Temperature profile (°C) Screw

- 

speed 

(rpm)a 

Injection 1 Injection 2 Pressure Cooling 

time  

(s) Mould Nozzle Screw (zones U,A,B,C) 
Speed 

(mm/s) 

Pressur

e (bar) 

Speed 

(mm/s) 

Pressure 

(bar) 

Pressur

e (bar) 

Time  

(s) 

Sabic PP 575P 15-40 230 230 220 210 190 288 57 580 40 507.5 507.5 3 25 

Ingeo™ 3052D 25 210 210 200 190 180 288 57 580 17.1 290 217.5 3 20 

GreenGran PO21J 30-70 60 140 150 160 170 200b 57 580 17.1 290 217.5 3 20 

Ingeo™3052D + 2% 

Joncryl® FA 1009 
25 210 210 200 190 180 288 57 580 40 507.5 507.5 4 20 

Ingeo™3052D + 2% 

Joncryl® FA 11005 
25 210 210 200 190 180 288 57 580 34.2 435 362.5 4 20 

Biomer® P304 40 170 170 175 175 185 288 91,2 1160 11.4 145 362 4 20 

Biomer® P304 + 2% 

Joncryl® FA 1009 
40 170 170 175 175 185 288 91,2 1160 11.4 145 362 4 20 

Biomer® P304 + 0.1% 

Hyperform HPN-20E® 
35 170 170 175 175 185 288 91,2 1160 11.4 145 362 4 20 

Biomer® P304 + 0.1% 

Hyperform HPN-68L® 
35 170 170 175 175 185 288 91,2 1160 11.4 145 362 4 20 

Synterra® IM 90-100 45 160 190 200 195 175 57 580 17.1 290 217.5 3 35 

Material Temperature profile screw 

(°C) 

Screw speed 

(mm/s) 

Top roll 

(°C) 

Middle 

roll (°C) 

Bottom 

roll (°C) 

GreenGran PO21J 35 160 170 170 170 200 25 38 50 

SogreenTM 2001-A 35 160 170 170 165 200 25 38 50 

Ingeo™ 6400D 35 160 170 180 190 300 25 38 50 

Ingeo™ 6400D + 5% 

(w/w) Cloisite 15A 
35 160 170 180 190 300 25 38 50 
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2.2 Parameters indicating heat resistance 

2.2.1 Tensile tests 

Tensile tests were performed with a dynamometer (Instron 4464 or 5565, Instron, High 

Wycombe, UK), a heated chamber (Instron environmental test chamber 3119-005) and load 

cells of 2 kN and 5 kN (Instron static load cell 2525-818 and 2518-805). Results were calculated 

with the Bluehill® Software (Bluehill® 2 v.2.6.440, Instron). Samples were pre-conditioned 

(stored) in an atmosphere of 20°C and 60% RH and pre-heated to test temperature before testing. 

Five samples were tested for each condition. Results were averaged and a standard deviation 

was calculated. Draw bars with a length of 50 mm, a width of 9,9 mm and a thickness of 4 mm 

were measured according to ISO 527-2. The tensile rate was 20 or 50 mm/s, depending on the 

material. Tensile tests were performed at room temperature and at different elevated 

temperatures.  

2.2.2 Differential scanning calorimetry (DSC) 

The percentage crystallinity, the glass transition temperature (Tg), the melt temperature (Tm) 

and the crystallization temperature during heating (Tc) or during cooling (Tcc) of the materials 

were determined by differential scanning calorimetry (DSC) (DSC 204 F1 Phoenix®, Netzsch, 

Selb, Germany). 15-30 g of sample was heated from room temperature up to a chosen 

temperature (max. 250°C, depending on the heat stability of the material) and cooled down at 

a constant rate of 10°C/min under a N2 atmosphere. For each material, 2 runs were performed. 

Results were processed via Proteus® thermal analysis program (v.4.8.5, Netsch-Geraetebau 

GmbH). The theoretical melting enthalpies used for a 100% crystalline material ∆𝐻𝑚
𝑐  were 135 

J/g for PLA (Kale et al., 2006), 209 J/g for PP (Choudhardy et al., 1991) and 146 J/g for PHB 

(Ghaffar, 2002). 

2.2.3 Vicat Softening Temperature (VST) 

To determine the VST, bars with a thickness between 3 and 6,5 mm were heated in an oil bath 

at a constant rate of 50°C/h or 120°C/h. A needle with a surface area of 1 mm2 and with a 

downward force of 6,1 N or 12,2 N was set to penetrate the bar until the needle effectively 

penetrated the bar 1 mm (CEAST 6510-517, Turin, Italy). Samples were tested in duplicate. An 

average and standard deviation was calculated in Microsoft Excel. 
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2.2.4 Thermogravimetrical analysis (TGA) 

TGA tests were performed with a Netschz STA 449 F3 Jupiter (Netschz-Geraetebau GmbH, 

Selb, Germany). 15-25 mg of sample was heated at a constant rate of 10°C/min from room 

temperature till maximum 750°C (dependent on the material) under nitrogen atmosphere. 

Results were processed with the Proteus® Thermal analysis program (v.5.0.1, Netschz-

Geraetebau). The degradation temperature (Td) was assumed at 5% weight loss.  No TGA 

analyzes were performed at the beginning of the research (commercialy available materials).
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3. Results and discussion 

3.1 Blends, copolymers and composites (commercially available) 

 

3.1.1 DSC 

The DSC profile (second run) of Natureworks Ingeo® 3052D (reference PLA) is shown in 

figure 6.1. A clear Tg (around 60°C) and Tm (around 155°C), both corresponding to the values 

mentioned on the technical datasheet, were observed, as well as a crystallization peak during 

heating (Tc, around 122°C). These values also fall within the temperature range found in 

literature (Chapter 2). This peak is very small, however, as is the enthalpic value of the melt 

peak. Together with the observed lack of a crystallization peak during cooling, this indicates a 

very limited crystallization, resulting in a mostly amorphous material. This was confirmed by 

the calculated percentage crystallinity, which was around 0.5% (second run). This can be 

explained by the intrinsic slow crystallization rate of PLA (Harris & Lee, 2007). Indeed, the 

crystallization which did occur, happened during the reheating of the material and not during 

cooling, indicating that injection moulded products might be fully amorphous after processing. 

A Tg within the temperature range of heat resistant packaging use and a very low crystallization 

indicate that PLA is not suitable for applications where heat treatments are applied. Finally, the 

double loop (data not shown) showed a shift of the melt peak to a slightly lower value, 

indicating some thermal degradation of the material during the DSC heating cycle itself.  

Figure 6.1: DSC profile of Natureworks Ingeo® 3052D (reference PLA)(second run) 
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The DSC profile (figure 6.2) of Sabic PP 575P showed some big differences with the one of 

PLA. No Tg (Tg below zero, so outside the tested temperature range, Chapter 2) or 

crystallization peak during heating (Tc) were observed. The Tm was around 165-170°C, 

corresponding to literature (Chapter 2), and during cooling a crystallization peak was detected 

(Tcc), indicating good crystallization of the material. This was confirmed by the percentage 

crystallinity which was 41% (second run). These results indicate that PP has a good heat 

resistance and can be used for high heat packaging applications. 

 

Figure 6.2: DSC profile of Sabic PP 575P (reference conventional material)(second run) 

For sc-PLA, a similar DSC profile (figure 6.3) as the one of PP, with no glass transition within 

the tested temperature range, no crystallization peak during heating and a crystallization peak 

during cooling, was obtained, indicating better crystallization compared to pure PLA. The 

absence of a Tg is remarkable, since literature states a Tg between 60-70°C (Shen et al., 2009). 

Furthermore, two separate melt peaks (around 175°C and 220°C) were observed. The first melt 

peak originates from PLLA, while the second one originates from sc-PLA.  The Tm of sc-PLA 

is higher than the Tm of the reference PLA. Because of the two melt peaks and the lack of 

information regarding the exact composition of the material, the percentage crystallinity could 

not be calculated. But the absence of a Tg within the tested temperature range, the higher Tm 

and the presence of a crystallization peak during cooling, pointing out good crystallinity, 

indicating that sc-PLA can probably be used for packaging applications undergoing a heat 

treatment step. This corresponds with what was found in literature, where a higher crystallinity, 
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due to a different polymer structure, was appointed as the reason for the higher temperature 

resistance (Chapter 1). 

 
 

 

Figure 6.3: DSC profile of Synterra® IM (stereocomplex-PLA) (second run) 

The DSC profiles of both the PLA + fibers and the PLA/PHB blend (figure 6.4) were very 

similar and showed no Tc and a higher Tm (respectively 168 and 164°C) than the reference PLA 

(153°C) during the second heating cycle. Furthermore, both DSC profiles showed a 

crystallization peak during cooling, indicating a better crystallization potential of the material. 

The calculated percentages crystallinity were indeed improved (to 21 and 23% for respectively 

PLA/PHB and PLA + fibers) compared to the reference PLA (second run). These results 

indicate a higher heat resistance of PLA + fibers and PLA/PHB compared to the pure PLA. For 

the PLA/PHB blend, it was noted that the properties of both PLA and PHB were found in the 

profile, which suggests incompatibility between the two polymers. Furthermore, the Tm of the 

blend decreased with more than 10°C during the second heating cycle, indicating thermal 

degradation during processing. 
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Figure 6.4: DSC profile of SoGreen™ 2001-A (PLA/PHB blend)(second run) 

 

3.1.2 Tensile properties  

The results of the tensile tests at 20 and 70°C are shown in table 6.4. The results showed that 

all materials lose some of their mechanical properties at higher temperature compared to room 

temperature, but sc-PLA and PP maintain their mechanical properties better than pure PLA, 

PLA + fibers and PLA/PHB. For example, the Young’s Modulus, an important parameter for 

packaging materials, decreased 100%, 99% and 92% for respectively pure PLA, PLA + fibers 

and PLA/PHB, while for sc-PLA and PP the decrease was respectively 83% and 64%.  

Table 6.4: Results tensile tests at 20 and 70°C of PLA and PP references and modified PLA materials 

(n= minimal 3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Results = tensile stress at break, no tensile stress at max. load was measured 
b No reliable value could be measured within the measuring range of the device (dimensional 

limitations of the oven) 

Material Young’s 

Modulus (MPa) 

Tensile strengtha 

(N/mm2) 

Tensile strain 

at break (%) 

PLA reference (20°C) 

PLA reference (70°C) 

1208 ± 42 

2.0 ± 0.0 

63.4 ± 1.2 

-b 

9.1 ± 0.5 

- 

PP reference (20°C) 

PP reference (70°C) 

590 ± 36 

213 ± 14 

24.6 ± 2.3 

12.0 ± 0.5 

34.4 ± 5.0 

86.4 ± 18.4 

PLA + fiber (20°C) 

PLA + fiber 70°C) 

1693 ± 37 

18.6 ± 2.9 

47.9 ± 3.3 

2.7 ± 0.2 

3.4 ± 0.2 

88.2 ± 11.1 

PLA/PHB (20°C) 

PLA/PHB (70°C) 

655 ± 92.0 

69.0 ± 23.0 

10.0 ± 6.3 

5.5 ± 1.3 

29.6 ± 18.6 

49.7 ± 33.1 

Sc-PLA (20°C) 

Sc-PLA (70°C) 

1296 ± 79 

220 ± 25 

43.0 ± 0.6 

18.5 ± 1.0 

4.0 ± 0.4 

10.9 ± 1.1 
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3.1.3 VST 

The Vicat Softening Temperatures of sc-PLA and of PP were very similar. The VST of PLA + 

fibers was similar to the VST of the reference PLA, while the PLA/PHB blend has an improved 

VST compared to neat PLA (table 6.5). These results also indicate that stereocomplex PLA has 

a good heat resistance, while the heat resistance of PLA + fiber and of the PLA/PHB blend has 

not (PLA + fiber) or only slightly (PLA/PHB blend) been improved compared to neat PLA. 

 Table 6.5: Overview vicat softening temperatures of different biobased materials (n=2) 

a 1 instead of 2 samples 

From all heat resistance tests, it can be concluded that, despite the higher melt temperature and 

percentage crystallinity, the addition of fibers did not result in a better maintenance of the 

mechanical properties of PLA at higher temperature nor in a better VST. The blending with 

PHB resulted in only a slight enhancement of the heat resistance with an increased Tm, increased 

percentage crystallinity, a slightly better maintenance of the mechanical properties at higher 

temperature and a higher VST. A reason for the poor improvement in heat resistance, which is 

in contrast with what was found in literature (Rasal et al., 2010; Shen et al., 2009; Singh et al., 

2008; Tokoro et al., 2008; Yu et al., 2009), could be a poor compatibility of the additives (fibers 

and PHB) with PLA. Stereocomplexation of PLA had the greatest effect on the heat resistance 

of PLA, with a clear increase in Tm, a better preservation of the mechanical properties at higher 

temperature and a much higher VST compared to neat PLA. The positive effect of 

stereocomplexation of PLA was also found in literature (Fukushima & Kimura, 2006; Tsuji, 

2005).

Material VST (°C) 

Reference PLA 66.2 ± 1.4 (12,2 N) 

Reference PP 148.8 ± 0.6 (12,2 N) 

PLA + fiber 67.5 ± 0.4 (12,2 N) 

PLA/PHB blend 87.6 (12.2 N)a 

Sc-PLA 152.7 ± 0.1 (12,2 N) 
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3.2 Tests with additives (Joncryl®, Cloisite and Hyperform HPN®) 

The amount of Joncryl®, Cloisite and Hyperform HPN® added was the amount adviced by the 

supplier of the additive (based on their experience). The structure of Joncryl® is shown in figure 

6.5. 

Figure 6.5: Structure of Joncryl (BASF, 2013) 

3.2.1 DSC 

The results of the DSC measurements show that the addition of Joncryl®FA 1009 (figure 6.6) 

and FA 11005 (figure 6.7) (2%) did not have a clear effect on the thermal parameters. The Tg 

(61,1 – 61,0 – 60,6°C), Tm (155,3 – 152,4 – 153,4°C) and Tc (122,8 – 127,3 – 122,2°C) remained 

more or less stable for respectively PLA, PLA + 2% Joncryl®FA1009 and PLA + 2% 

Joncryl®F11005. Furthermore, the crystallinity (after the second run) of PLA + Joncryl®FA 

1009 (0,2%) and of PLA + Joncryl®FA 11005 (0%) was also very low and comparable to neat 

PLA (0%). This is probably because Joncryl® causes increased branching of the chains, leading 

to a more difficult accumulation of the polymer chains. According to Najafi et al. (2012) the 

decreased chain mobility results in a higher crystallization temperature during heating (Tc), 

which was seen for Joncryl® FA1009, but not for Joncryl® FA11005. 
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Figure 6.6: DSC profile of Natureworks Ingeo® 3052D (PLA) + Joncryl®FA1009(second run) 

 

Figure 6.7: DSC profile of Natureworks Ingeo® 3052D (PLA) + Joncryl®FA11005 (second run) 
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The addition of Cloisite 15A (5%) to PLA had no effect on the Tg (60,9 and 59,8°C) and Tm 

(170,2 and 169,3°C) of respectively PLA (figure 6.8) and PLA + Cloisite (figure 6.9), but it 

decreased the Tc of PLA from 111,4 to 106,9°C, indicating a better crystallization potential 

(broader window).  Despite the decreased Tc, the percentage crystallinity of both PLA and PLA 

+ Cloisite 15A was around 0%. This might be caused by a poor compatibility of the nanoclay 

and the PLA.  

Figure 6.8: DSC profile of Natureworks Ingeo® 6400D (PLA) (second run) 

Figure 6.9: DSC profile of Natureworks Ingeo® 6400D + Cloisite 15A (PLA + nanoclay) (second 

run) 
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No DSC measurements of the PLA + Hyperform HPN-20E® and Hyperform HPN-68L® were 

performed (yet). 

Based on the previous results of PLA + Joncryl®, only 1 type of Joncryl® was added to PHB. 

The results of the DSC measurements of PHB (figure 6.10) and PHB + Joncryl®FA 1009 

(figure 6.11) showed no Tg (Chapter 2, outside of the tested temperature range), no 

crystallization peak during heating, a melt peak and a clear crystallization peak during cooling. 

Both profiles were very similar and indicate that the addition of Joncryl® had no effect on the 

Tm (respectively 175,0 and 173,4°C, in accordance with literature, Chapter 2) or on the Tcc 

(respectively 112,6 and 112,3°C) of PHB. Also the percentage crystallinity was very similar 

(46% and 44% for respectively PHB and PHB + Joncryl®). This is more or less in accordance 

with Duangphet et al. (2013), who observed no influence of the addition of Joncryl to PHBV 

on the Tm and only a very small influence on Tcc (3-4°C). The calculated crystallinity of PHB 

is lower than the percentage crystallinity described in literature (El-Hadi et al., 2002). 

Comparison of the DSC results of pure PLA and PHB leads to the conclusion that PHB is more 

heat resistant than PLA. The DSC profile of PHB is similar to the one of PP with only a melt 

peak and a crystallization peak during cooling.  

Figure 6.10: DSC profile of Biomer® P304 (second run) 
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Figure 6.11: DSC profile of Biomer® P304 + Joncryl®FA1009 (second run) 

3.2.2 Tensile properties  

The results of the tensile tests are shown in table 6.6. The values of the reference PLA and PHB 

are in accordance with the values in table 2.3 (Chapter 2). The Young’s Modulus and tensile 

strength of both the reference PLA and the PLA + nanoclay (Cloisite 15A) first decreased and 

then increased again at 80 or 100°C. This is probably caused by a recrystallization of the 

material. For some of the samples of PLA and PLA + nanoclay a discoloration was seen after 

acclimatization at 80°C, also indicating recrystallization. The values of the tensile parameters 

of PLA and PLA + nanoclay are very similar, with a clear decreasing trend for the Young’s 

Modules and the tensile strength, so no effect of the nanoclay was observed. Furthermore, the 

results in table 6.6 showed no clear differences between the tensile properties of PLA and PLA 

+ Joncryl®. Also a decreasing trend for the Young’s Modulus and the tensile strength were 

observed. In general, it can be concluded that both the addition of Joncryl® and the addition of 

nanoclay (Cloisite 15A) to PLA did not cause a better preservation of the mechanical properties 

at higher temperatures.  

For PHB, similar results were observed for the pure PHB and the PHB with Joncryl®. The 

Young’s Modulus and the tensile strength decreased with increasing temperature, while the 

tensile strain remained more or less stable. This indicates that the addition of the chain extender 

has no effect on the mechanical properties of PHB. The addition of nucleating agent had a clear 

effect on the brittleness of the material, which was also described in literature (El-Hadi et al., 
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2002). The Young’s Modulus and tensile strength at 20°C were clearly lower compared to the 

neat PHB. At 80°C the values of neat PHB and PHB + Hyperform HPN® were very similar, 

indicating that the nucleating agent had a positive effect on the preservation of the mechanical 

properties at higher temperatures. But at 40 and 60°C this positive effect was not observed, 

since at these temperature the decrease in Young’s Modulus and tensile strength  of PHB + 

nucleating agent was proportional to the decrease in Young’s Modulus and tensile strength of 

PHB. Furthermore, no difference between Hyperform HPN-20E® and Hyperform HPN-68L® 

was observed. 

Interestingly, table 6.6 shows that the mechanical properties of pure PHB are better retained at 

higher temperatures compared to pure PLA. The mechanical properties of both polymers are 

similar at 20°C, but from 60°C, the decrease in the Young’s Modulus and the increase in tensile 

strain is much more pronounced for PLA than for PHB. 
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Table 6.6: Results tensile tests at 20, 40, 60, 80 and/or 100°C of the PLA and PHB references and 

PLA or PHB modified with nanoclay (Cloisite 15A) and/or Joncryl® chain extender and/or 

Hyperform® nucleating agent (n=5) 

a Average of 4 instead of 5 samples 
b Only 1 sample gave a result 
c No reliable value could be measured within the measuring range of the device 
d Average of 3 instead of 5 samples 

 

 

 Young’s 

Modulus (MPa) 

Tensile strenght 

(N/mm2) 

Tensile strain at 

break (%) 

PLA Ingeo 6400D (20°C) 

PLA Ingeo 6400D (40°C) 

PLA Ingeo 6400D (60°C) 

PLA Ingeo 6400D (80°C) 

PLA Ingeo 6400D (100°C) 

1631 ± 256a 

1559 ± 233 

251 ± 74a  

54 ± 30a  

134 ± 35 

56.1 ± 4.1 

41.7 ± 2.8 

13.6 ± 3.2 

5.1 ± 1.1a 

9.1 ± 1.0 

70.6 ± 54.8a 

197.1 ± 86.1a 

-c 

- 

111.7 ± 26.2 

PLA + nanoclay (20°C) 

PLA + nanoclay (40°C) 

PLA + nanoclay (60°C) 

PLA + nanoclay (80°C) 

PLA + nanoclay (100°C) 

1770 ± 174 

992 ± 176 

262 ± 45 

68 ± 75 

169 ± 37 

52.9 ± 3.6 

38.2 ± 3.3  

8.7 ± 2.6 

5.3 ± 1.9a 

8.6 ± 1.4 

20.3 ± 5.1 

332.5 ± 49.0a 

- 

7.5b 

4.6 ± 0.2 

PLA  Ingeo 3052D (20°C) 

PLA  Ingeo 3052D (40°C) 

PLA  Ingeo 3052D (60°C) 

PLA  Ingeo 3052D (80°C)  

1442 ± 249 

1582 ± 104 

59.3 ± 27.4a 

6.1 ± 2.8ª 

63.5 ± 0.5 

42.4 ± 2.2 

2.6 ± 1.4 

3.5 ± 1.4 

6.5 ± 0.7 

172.3 ±  124.1 

- 

- 

PLA + 2% Joncryl FA 1009 (20°C) 

PLA + 2% Joncryl FA 1009 (40°C) 

PLA + 2% Joncryl FA 1009 (60°C) 

PLA + 2% Joncryl FA 1009 (80°C) 

1703 ± 121ª 

1426 ±131 

89.6 ± 43.8d 

6.2 ± 2.3 

62.1 ± 6.5 

38.5 ± 2.5 

7.7 ± 2.3 

2.4 ± 0.4 

5.3 ± 0.2 

168.4 ± 114.4 

803.4 ± 0.0b 
- 

PLA + 2% Joncryl FA 11005 (20°C) 

PLA + 2% Joncryl FA 11005 (40°C) 

PLA + 2% Joncryl FA 11005 (60°C) 

PLA + 2% Joncryl FA 11005 (80°C) 

1731 ± 84 

1568 ± 81ª 

18.0 ± 11.8 

4.0 ± 0.6 

63.8 ± 4.8 

39.0 ± 2.5 

6.0 ± 1.1 

2.3 ± 0.7 

5.4 ± 0.3 

173.1 ± 119.7 

- 

- 

PHB (20°C) 

PHB (40°C) 

PHB (60°C) 

PHB (80°C) 

PHB (100°C) 

1845 ± 314 

1312 ± 165 

1023 ± 58 

379 ± 143 

272 ± 14 

61.5 ± 2.2 

48.8 ± 3.1 

40.0 ± 1.2 

23.9 ± 8.6 

11.9 ± 1.0 

8.5 ± 0.5 

7.4 ± 0.6 

7.2 ± 0.4 

7.2 ± 0.2 

7.3 ± 1.2 

PHB + 2% Joncryl FA 1009 (20°C) 

PHB + 2% Joncryl FA 1009 (40°C) 

PHB + 2% Joncryl FA 1009 (60°C) 

PHB + 2% Joncryl FA 1009 (80°C) 

PHB + 2% Joncryl FA 1009 (100°C) 

1798 ± 333 

1345 ± 99 

950 ± 57 

383 ± 27 

264 ± 17 

62.0 ± 3.4 

50.1 ± 2.6 

39.6 ± 2.2 

15.9 ± 0.3 

11.0 ± 0.9 

9.1 ± 1.1 

8.4 ± 0.7 

7.6 ± 0.7 

6.9 ± 0.3 

6.7 ± 0.9 

PHB +  Hyperform® HPN 20E (20°C) 

PHB +  Hyperform® HPN 20E (40°C) 

PHB +  Hyperform® HPN 20E (60°C) 

PHB +  Hyperform® HPN 20E (80°C) 

770 ± 27 

610 ± 39 

476 ± 47 

376 ± 16 

25.9 ± 0.7 

22.1 ± 0.3 

18.2 ± 0.8 

15.5 ± 0.3 

15.0 ± 1.8 

9.9 ± 0.3 

9.0 ± 0.7 

8.9 ± 0.4 

PHB +  Hyperform® HPN 68L (20°C) 

PHB +  Hyperform® HPN 68L (40°C) 

PHB +  Hyperform® HPN 68L (60°C) 

PHB +  Hyperform® HPN 68L (80°C) 

791 ± 41 

593 ± 33 

472 ± 41 

373 ± 39 

26.9 ± 0.5 

22.2 ± 0.9 

19.1 ± 0.3 

15.3 ± 0.3 

15.3 ± 0.9 

11.4 ± 0.6 

10.3 ± 0.6 

9.3 ± 0.6 
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3.2.3 TGA 

The results of the TGA measurements of PLA with and without Joncryl® (figure 6.12) showed 

that the addition of Joncryl® masterbatch resulted in a slightly higher degradation temperature 

(341,1°C for FA 1009 and 340,4°C for FA 11005) compared to the reference PLA (336,7°C). 

Also for PHB, a slightly higher (+2,8°C) degradation temperature was observed compared to 

the reference PHB (figure 6.13). The improvements in degradation temperature by addition of 

the chain extender Joncryl® are limited. This is in accordance with Najafi et al. (2012), who 

found that out of several chain extenders, Joncryl® enhanced the degradation temperature the 

least. This can be explained by the fact that Joncryl® induces more branching in the polymer 

chain, increasing the molecular weight (positive effect on the degradation temperature), but also 

causing a high number of polymer ends (negative effect on the degradation temperature). The 

thermal degradation temperature of PLA decreased from 345,7 to 334,9°C after addition of 

Cloisite 15A. This is in accordance to Meng et al. (2012), Najafi et al. (2012) and Wu et al. 

(2006), who also found a decrease in degradation temperature after the addition of OMMT to 

PLA. No TGA measurements of PHB + nucleating agents were performed (yet). 

Figure 6.12: Results TGA analysis of PLA (Ingeo™3052D)(green), PLA + 2% Joncryl® FA 1009 

(red) and PLA + 2% Joncryl® FA 11005 (blue) 
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Figure 6.13: Results TGA analysis of Biomer® P304 (PHB, 1) and PHB + Joncryl® FA1009 (2) 

3.2.4 VST 

Table 6.7 shows that the addition of 2% Joncryl® masterbatch to PLA or PHB, the addition of 

5% Cloisite to PLA or the addition of 0.1% Hyperform® nucleating agent did not have a big 

influence on the vicat softening temperatures of the materials. The VST of reference PLA is in 

accordance with the values in table 2.3 (Chapter 2). The VST of reference PHB is slightly higher 

than what was found in literature. 

Table 6.7: Vicat Softening Temperature of the reference PLA, PHB, PLA and PHB with 2% Joncryl® 

masterbatch, PLA with 5% Cloisite 15A and PHB with Hyperform® nucleating agent 

 

 

 

 

 

 

Material VST (°C – 6,1 N)  

PLA (Ingeo 3052D) 57.9 ± 0.2 

PLA + 2% Joncryl FA 1009 58.1 ± 0.7  

PLA + 2% Joncryl FA 11005 57.7 ± 0.1 

PLA (Ingeo 6400D) 56.1 ± 0.4 

PLA + 5% Cloisite 15A 52.9 ± 3.7 

PHB 154.8 ± 0.2 

PHB + 2% Joncryl FA 1009 154.1 ± 0.1 

PHB + 0.1% Hyperform® HPN 20E 155.4 ± 0.3 

PHB + 0.1% Hyperform® HPN 68L 156.7 ± 0.3 
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In general it  can be stated that the addition of the chain extender Joncryl® and the addition of 

Cloisite 15A did not improve Tg, Tm, Tc, Tcc, crystallinity and VST of PLA and PHB. 

Furthermore, the Young’s Modulus, tensile strength and tensile strain were not maintained 

better at higher temperature(s). But Joncryl® did have an effect during processing. PLA with 

Joncryl® had a higher and more stable viscosity compared to virgin PLA, which was noticed 

because a higher pressure had to be applied at the second phase of injection (cooling and 

shrinkage in the mould). This higher viscosity can be explained by an increase in molecular 

weight by cross-linking and extension of the chains caused by the chain extender. The more 

stable viscosity is an indicator of the degradation. The more degradation products, the lower 

the viscosity. So, the higher and stable viscosity indicates that degradation during processing is 

reduced because of the chain extender (Al-Itry et al., 2012; Najafi et al., 2012). The addition 

of nucleating agent (Hyperform® HPN) affected the brittleness of PHB and seemed to have a 

good influence on the tensile properties of PHB at higher temperatures. The VST was slightly 

higher after addition of the nucleating agent, but the VST of neat PHB was already high. 

Furthermore, the tensile parameters, DSC parameters and VST of PHB indicate that this 

material provides opportunities for heat resistant applications. 

4. Conclusion 

In general it can be concluded that, despite the higher melt temperature and percentage 

crystallinity, the addition of fibers did not result in a better maintenance of the mechanical 

properties of PLA at higher temperature nor in a better VST. The blending with PHB resulted 

in only a slight enhancement of the heat resistance with an increased Tm, increased percentage 

crystallinity, a slightly better maintenance of the mechanical properties at higher temperature 

and a higher VST. This might be because of a poor compatibility of the additives (fibers and 

PHB) with PLA. Stereocomplexation of PLA had the greatest effect on the heat resistance of 

PLA, with a clear increase in Tm, a better preservation of the mechanical properties at higher 

temperature and a much higher VST compared to neat PLA.  

Furthermore, it can be stated that the addition of the chain extender Joncryl® and the addition 

of Cloisite 15A did not improve the thermal properties of the processed PLA and/or PHB. 

Furthermore, tensile properties were not maintained better at higher temperature(s). But 

Joncryl® did have an effect during processing. The degradation of PLA with Joncryl® during 

processing was reduced because of the chain extender. The addition of nucleating agent 
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(Hyperform HPN®) affected the brittleness of PHB and seemed to have a positive influence on 

the tensile properties of PHB at higher temperatures. The VST was slightly higher after addition 

of the nucleating agent, but the VST of neat PHB was already very high. Furthermore, the 

tensile parameters, DSC parameters and VST of PHB indicate that this material provides 

opportunities for heat resistant applications. 
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Chapter 7: Printability and migration 

aspects of biobased plastics 

This chapter was partly submitted as: 

Peelman, N., Ragaert, P., Verguldt, E., Devlieghere, F., & De Meulenaer, B. Applicability of 

biobased packaging materials for long shelf-life food products to Packaging Technology & 

Science 
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Summary 

Communication is an important function of packaging as well. Therefore food packaging is 

generally printed and the printability of a new material needs to be tested. Furthermore, food 

packaging has to comply with legislation concerning food contact materials (EC 10/2011) or 

with legislation concerning materials made of regenerated cellulose film intented to come into 

contact with food (2007/42/EC). Therefore, printability and overall migration test were 

performed. Two different biobased films (a cellulose and a PLA-based surface) were printed in 

two different colors and the quality of the print was investigated. Furthermore, overall migration 

tests (10 days at 40°C, 2 hours at 70°C and 2 hours at 100°C) were performed for most flexible 

and some rigid biobased materials. 

Results showed that both the PLA and the cellulose-based surfaces could be easily printed. The 

adhesion of the ink onto the biobased materials was good, meaning that the print was of good 

quality. However, GC-analyses revealed a too high amount of residual solvents, indicating that 

PLA is very susceptive towards solvents. Overall migration tests showed that not all tested 

materials comply with the migration limits set in legislation EC 10/2011. The interpretation of 

the results of the cellulose-based films is difficult, because of the separate legislation 

(2007/42/EC). During these tests, many problems were encountered, indicating that 1) the 

composition of some biobased materials is not optimized yet and 2) overall migration testing in 

olive oil is not suited for most cellulose-based films. Furthermore, worst case condition OM5 

(2 hours – 100°C) did not always result in a higher overall migration compared to OM2 (10 

days - 40°C).
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1. Introduction 

In general, migration is the transfer from low molecular weight components from the food 

contact material (e.g. packaging) towards the food product. These low molecular weight 

components (e.g. additives, monomers, oligomers) are non-covalently bound to the polymer 

matrix, allowing them to diffuse easily through the polymer matrix to the surface. It is important 

to note that migration can also take place from the food product to the contact material (negative 

migration), e.g. ‘scalping’ of flavor compounds in fruit juices by the packaging (Arvanitoyannis 

& Bosnea, 2004; De Meulenaer & Huygebaert, 2004; Ragaert et al., 2015). 

Furthermore, there is a distinction between overall and specific migration. The total amount of 

constituents transferred from a food contact material (per surface area) to a food product is 

called the overall migration. The maximum amount of non-volatile components that is allowed 

to migrate from a food contact material towards a food simulant (overall migration limit) is set 

at 10 mg/dm2 contact material or at 60 mg/kg food product in the European Union. Migration 

of a specific, identifiable component with toxicological relevance is called specific migration. 

The specific migration limits depend on the different constituents and can be found in 

legislation (European Commission, 2011, Ragaert et al., 2015). Specific migration is mostly 

not tested, but is simulated via software (e.g. AKTS). These simulations depend on the diffusion 

coefficient through the material and the concentration of the specific constituent present in the 

film. Since currently not much information can be found regarding the diffusion coefficients of 

constituents in biobased materials in literature and the concentrations of specific constituents is 

mostly confidential information which is not provided by the company, no specific migrations 

tests were performed. 

Since packaging materials cannot be used as a food packaging material if they do not comply 

with legislation, overall migration studies were performed to test the migration behavior of 

present low molecular components in the biobased films and some rigid materials described in 

previous chapters. Currently only scarce information can be found in the scientific literature on 

the migration behavior of biobased films. Furthermore, since industrially used food packaging 

films are usually printed, the printability of a packaging film is also an important factor to take 

into account. Therefore, two films were selected to be printed: Natureflex™N913 (cellulose-

based) and a multilayer PLA film. The quality of these prints was further investigated.
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2. Materials and methods 

2.1 Printability tests 

The Natureflex™N913 film was printed in the context of a collaboration between two 

companies involved in this research project (Be_Natural and Lima (Aalter, Belgium)). The 

multilayer PLA film was printed in two different colors (cyan and magenta, two full surfaces, 

partly overlapping) with solvent-based inks at low temperature (55°C) at Vitra NV (Schoten, 

Belgium). The print test was performed twice, with a different volume of cyan (6 or 11 cm3/m2 

film). The volume of magenta (17 cm³/m² film) was the same during both tests. Printing was 

performed by flexography. This printing technique uses an inkmetering (anilox) roll system 

(steel cylinder optionally coated with ceramic and engraved with a pattern of pits or cells) 

between the fountain roll (which takes up the ink from the fountain pan) and the printing plate 

(which transfers the ink to the film) to make sure a uniform layer of ink is transferred between 

these two latter (Ragaert et al., 2015). 

After printing, a scratch test (scratching over the surface with a fingernail and visual inspection), 

tape test (applying tape onto the surface and pulling it off to see if the ink comes off) and 

residual solvent content analysis were performed at the printing company. The residual solvent 

analysis was performed with a Clarus®GC 600 (PerkinElmer, Zaventem, Belgium). Samples 

of 0,25dm2 were cut out of the film, preheated during 10 minutes in a headspace, and injected 

onto the GC (further details of the method are confidential and not supplied by the company). 

Subsequently, a tensile test (the film is stretched after which the adhesion of the ink onto the 

film is visually checked), tape test (see before) and dry weight determination were performed 

at the Flemish Plastic Centre (VKC) (Kortrijk, Belgium). 

2.2 Migration tests 

 

2.2.1 Legislation 

All plastic materials and articles intended to come into contact with food must comply with 

Commission Regulation (EU) No. 10/2011 (European Commission, 2011). Most plastics made 

from renewable materials are subject to this legislation, except for cellulose-based materials, 

which should comply with Commission Directive 2007/42/EC (European Commission, 2007) 
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relating to materials and articles made of regenerated cellulose film intended to come into 

contact with food.  

According to legislation, migration tests can be performed making use of food simulants. These 

food simulants are based on 5 types of food categories and are shown in table 7.1 (European 

Commission, 2011). Specific assignments of food simulants to foods can be found in 

Regulation No. 10/2011 (European Commission, 2011). For materials that are intended to come 

into contact with all types of foods, compliance with the overall migration limit by testing in 

distilled water or water of equivalent quality or food simulant A and food simulant B and 

simulant D2 should be demonstrated. 

Table 7.1: Food simulants assigned to food products for migration testing  

Food Product Food Simulant Abbreviation 

Aqueous foods (pH > 4,5) Ethanol 10% (v/v) Food simulant A 

Acidic foods (pH ≤ 4,5) Acidic acid 3% (m/v) Food simulant B 

Alcoholic foods (≤ 20 %) and foods which 

contain a relevant amount of organic ingredients 
Ethanol 20% (v/v) Food simulant C 

Fatty foods 

 Foods with > 20% alcohol and oil in 

water emulsions 

 Foods which contain free fats at the 

surface 

 

Ethanol 50% (v/v) 

 

Vegetable oil 

 

Food simulant D1 

 

Food simulant D2 

 

Dry Foods (specific migration) 
Poly(2,6-diphenyl-p-

phenylene oxide) 
Food simulant E 

Furthermore, the test conditions (time, temperature) should adequately reflect the use of the 

food contact material. Therefore, the experimental conditions should simulate a ‘worst case’ 

scenario. Standardized test conditions for migration testing can be found in legislation and are 

shown in table 7.2 for overall migration (De Meulenaer & Huyghebaert, 2004; European 

Commission, 2011; Grob, 2008).  

In case it is technically not feasible to perform OM7 with food simulant D2 the test can be 

replaced by test OM 8 or OM 9 (table 7.3).
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Table 7.2: Standardized testing conditions for overall migration (European Commission, 2011) 

Test Number 

Contact time in days (d) or 

hours (h) at Contact 

temperature 

Intended food contact 

conditions 

OM 1 10 d at 20°C 
Any food contact at frozen and 

refrigerated conditions. 

OM 2 10 d at 40°C 

Any long term storage at room 

temperature or below, including 

heating up to 70 °C for up to 2 

hours, or heating up to 100 °C 

for up to 15 minutes. 

OM 3 2h at 70°C 

Any contact conditions that 

include heating up to 70 °C for 

up to 2 hours, or up to 100 °C 

for up to 15 minutes, which are 

not followed by long term room 

or refrigerated temperature 

storage. 

OM 4 1h at 100°C 

High temperature applications 

for all food simulants at 

temperature up to 100 °C. 

OM 5 
2 h at 100 °C or at reflux or 

alternatively 1 h at 121 °C 

High temperature applications 

up to 121 °C. 

OM 6 4 h at 100 °C or at reflux 

Any food contact conditions 

with food simulants A, B or C, 

at temperature exceeding 40 °C. 

OM 7 2 h at 175 °C 

High temperature applications 

with fatty foods exceeding the 

conditions of OM5 

 

Table 7.3: Substitute test for OM7 with food simulant D2 (European Commission, 2011) 

 

2.2.2 Overall migration tests 

In the first stage of the research, overall migration tests were performed at Ghent University. 

All films used in the storage tests described in Chapters 3 and 4, except for the Paper/AlOx/PLA 

and the skalax film (not enough sample anymore), and some of the rigid materials described in 

Chapter 6 were tested (commercially available materials). In the second stage of the research, 

OM 8 
Food simulant E for 2 hours at 

175 °C and food simulant D2 

for 2 hours at 100 °C 

High temperature applications 

only 

OM 9 
Food simulant E for 2 hours at 

175 °C and food simulant D2 

for 10 days at 40 °C 

High temperature applications 

including long term storage at 

room temperature 
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overall migration tests on the heat resistant films described in Chapter 5 as well as on PLA + 

Joncryl™ (Chapter 6) were performed at the Belgian Packaging Insitute (BVI). This latter is an 

accredited laboratory regarding overall migration tests, but they were only involved as an active 

research partner during the second stage of the research (in the framework of a second project).  

2.2.2.1 Tests performed at Ghent University 

Overall migration tests were performed in simulant A (10% ethanol) and simulant D2 

(vegetable oil or alternative) for 10 days at 40°C or for 2 hours at 70°C. These simulants were 

selected, since according to EC 10/2011, compliance with the overall migration limit for all 

types of food (except acidic food products), can be demonstrated by testing in these two 

simulants. As described in Chapter 3 and 4, no acidic food products were tested in this research. 

The first test condition (10 days at 40°C) was selected, since according to EC 10/2011, this 

condition (OM 2) is valid for any long term storage at room temperature or below, including a 

heating step of 70°C for up to 2 hours or a heating step of 100°C for up to 15 minutes. As 

described in chapters 3 and 4, the tested food products fall within this description. The second 

test condition (2 hours at 70°C, OM 3) was selected to see the influence of a higher temperature 

on the migration behavior of the materials. The overall migration was tested for the 

Natureflex™N913 and N931 films, the Natureflex™/PLA film, the Cellophane™/M/PLA film, 

the Natureflex™NK film, the printed and non-printed multilayer PLA film, a PLA tray, PP 

(beaker), PLA (beaker), sc-PLA (beaker), PLA + fiber (extrusion plate) and PLA/PHB blend 

(extrusion plate). 

Overall migration tests in vegetable oil (olive oil) were performed by making use of stainless 

steel migration cells. Films (1.4 dm2) were conditioned at 50% RH (178 ml H2SO4/l water) in 

a dessicator and weighted every 24 hours. If the difference in mass between two time intervals 

was less than 5 mg, the starting mass of the sample could be determined. The sample was then 

placed in a stainless steel migration cell, filled with olive oil (Bertolli dal 1865 classico, Bertolli, 

Tavarnella val di pesa, Italy) and stored during 10 days at 40°C. Two blank samples (films not 

in contact with olive oil) were also tested. After 10 days, the olive oil was removed and the 

samples conditioned, first at 80% RH (102 ml H2SO4 /l water) for 24 hours and then at 50% RH 

and weighted every 24 hours. If the difference in mass between two time intervals was less than 

5 mg, the end mass of the sample could be determined. The absorbed oil was extracted from 

the film with pentane. The foil was cut (± 30 mm²) and brought into an extraction tube 

(extraction thimbles, 33 × 118 mm, Whatman international, Maidstone, UK) which was closed 
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by cottonwool. The tube was placed in an soxhlet tube and was placed onto a flat bottom flask 

(250 ml) which was ¾ filled with pentane and 10 ml internal standard (20,35 mg 

triheptadecanoin in 10 ml heptane). Extraction took place during 7 or 8 hours, after which the 

flat bottom flasks were removed and replaced by new flat bottom flasks for a second extraction. 

The pentane was then evaporated and the oil esterified by refluxing for 10 min after addition of 

10 ml n-heptane and 10 ml KOH solution (11g/ l MeOH) and refluxing for 2 min after addition 

of 5 ml boron-trifluoride-methanol complex (Merck). After addition of saturated NaCl-solution 

(40 g NaCl in 100 ml distilled water), a clear upper phase was obtained. This upper phase was 

pipetted in a test tube and subsequently in a GC-vial. Chromatographic analysis was performed 

in a Varian CP-3380 (Varian Analytical Instruments, Mitchel Drive, USA). The sample (1 µl) 

was introduced into the injector operating at 320°C and the separation was carried out in an 

Varian CP-Sil 8 CB (30m, 0.32mm, 0.25µm) capillary column. The oven temperature was 

programmed from 100°C (held for 2 min) to 290°C at a rate of 15°C/min (10 min). 

Triheptadecanoin (20.35mg/10 ml heptane) was used as an internal standard and a calibration 

curve was made. From the chromatograms, the peak areas of C16:0, C18:0, C18:1, and C18:2 

olive oil methyl ester peaks were determined as well as the area of the C17:0 internal standard 

methyl ester peak. The test with coconut oil instead of olive oil was performed in a similar way 

(with the peak areas of C12:0 and C14:0 methyl esters and C17:0 (internal standard) methyl 

ester). Tests with coconut oil were performed because interference with the blank sample in 

olive oil was encountered for some samples. Tests were performed in quadruplicate, then 

averaged and a standard deviation was determined using Microsoft Excel. 

For the overall migration in 10% and 95% ethanol the method of total immersion (PLA/PHB 

and PLA + fiber) or filling (beakers of PP, PLA and sc-PLA) was used. For the first method, 

the multilayer bioplastics were cut (1 dm²), after which they were immersed in 200ml of 10% 

or 95% ethanol (10 ml or 95 ml ethanol in respectively 90 ml or 5 ml distilled water) and stored 

for 10 days at 40°C or 2 hours at 70°C in glass jars with a lid. For the second method, beakers 

were filled with 100ml of simulant and covered with parafilm to avoid evaporation during the 

incubation period. The contact surface (CS) could be determined by the diameter of the beaker 

(db) and the used volume of simulant (Vs).  

ℎ =
𝑉𝑠

(𝜋𝑟2)
           (equation 7.1, with r = db/2 and h = hight of simulant in beaker) 

CS = 𝜋𝑟2 +  𝜋2𝑟ℎ       (equation 7.2)             
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Each time, two blank samples (food simulant not in contact with the tested material) were also 

tested. After 10 days or 2 hours, the films were removed (method of total immersion) or the 

simulant was transferred to an erlenmeyer (method of filling) and the ethanol was evaporated 

by the following method: little aluminum or stone jars were left in an oven (105 °C) overnight, 

then put in a dessicator for 15 minutes and weighted, the solutions were then evaporated in 

these jars on a hot plate until a small amount remained, which was put in the oven till dryness, 

cooled down in a dessicator for 15 minutes and weighted. This last procedure (oven + 

dessicator) was repeated until a stable weight was obtained. The overall migration in 10% and 

95% ethanol was determined in triplicate, then averaged and a standard deviation was 

determined using Microsoft Excel.  

It was decided to test a third alternative fatty food simulant, iso-octane as well, since already 2 

alternative fatty food simulants were used, namely coconut oil and 95% ethanol. 95% ethanol 

and iso-octane are the two alternative fatty food simulants described in Directive 97/48/EC 

(European Commission, 1997). The migration test in iso-octane was performed by the method 

of total immersion as well (as described in previous paragraph) but during 2 days at 20°C 

instead of during 10 days at 40°C (according to table 4 in directive 97/48/EC). 

2.2.2.2 Tests performed at BVI 

Since no specific food groups were targeted for the materials in the second part of the research 

(focusing on heat resistance), migration tests were performed in all 5 food simulants (3% acetic 

acid, 10, 20, 50 and 95% ethanol/olive oil). A first test condition (10 days at 40°C) was selected, 

since this condition covers a lot of applications were heat resistant packaging is required (e.g. 

in package pasteurization) The second test condition (2 hours at 100°C, OM 5) was selected to 

see the influence of a higher temperature on the migration behavior of the materials and to see 

whether the packaging materials are suited for sterilization applications (up to 121°C). The 

worst case scenario of 2 hours at 175°C (OM 7) could not be tested, because a preliminary test 

showed decomposition of the film at this condition. The overall migration was tested for the 

Natureflex™NVS, NVR, NK and NE and CelloTherm™T films. 

Tests in olive oil were performed making use of stainless steel migration cells, similar as 

previously described (2.2.2.1). Tests in 3% acetic acid, 10, 20, 50 and 95% ethanol were 

performed by the method of total immersion, similar as previously described (2.2.2.1).
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3 Results and Discussion 

 

3.1  Printability tests 

The printing of the Natureflex™N913 film in different colors gave no problems and the printed 

film is now commercially used as rice and pasta packaging (figure 7.1).   

 

 

 

 

 

 

 

 
Figure 7.1: Lima’s cellulose-based rice packaging 

Printing of the multilayer PLA film also gave no problems and the scratch test, tape tests and 

tensile test showed no adhesion problems. This means a perfect adhesion from the printed inks 

onto the film. When a higher volume of ink (more cm³ ink per m² of film) was applied on the 

surface, a better adhesion of the ink was obtained. In general these tests showed that the quality 

of the print was good and that the print will not come off during storage. 

The residual solvent content analysis (Annex B) showed that the total concentration of residual 

solvents in several samples was above 20 mg/m2, indicating that the PLA film is very receptive 

to solvents. This could lead to odor and flavor defects in food products, if these solvents can 

migrate into the packed food product. The largest share in the residual solvent analysis were 

retarders (1-etoxy-2-propanol and 1-propoxy-2-propanol), which are present in the inks. These 

retarders are added to let the ink dry more slowly, which is only necessary for detailed printing 

(e.g. fine dots). Therefore, it could be agreed with the supplier to leave them out when no 

printing in detail is needed. If these retarders are left out, the total concentration of residual 

solvents will be much lower. Furthermore, the determination of the dry weight showed that the 
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total residual amount of both single components (cyan or magenta) exceeded the maximum of 

0.5% (EN 13432 Packaging). The overlap sample (cyan and magenta) was in accordance with 

the standard (5%). It is noticed that the limit is much more stringent for single components than 

for overlap samples (respectively 0.5% and 5%). These tests showed that the choice of ink (e.g. 

with or without retarders) and the print design are very important when printing PLA films. The 

amount of ink remaining on the surface and the amount of residual solvents should not be too 

high in order to avoid negative effects on the packed food product (by migration). 

It can be concluded that (the coatings of) the cellulose-based and PLA-based surfaces can be 

easily printed and that this print is of good quality. However for PLA surfaces, the choice of 

ink and print design is important, since these can have an effect on the migration towards the 

food product (effect on flavor or odor). This migration will not be seen in the in the overall 

migration tests, since these only take the migration of non-volatile compounds into account.   

3.2 Migration tests performed at Ghent University 

3.2.1 Flexible materials 

3.2.1.1 Tests in olive oil and alternatives  

Since interference (presence of C16 and C18 peaks in the blank sample; the blank sample is a 

film stored at the same conditions as the other samples, but not in contact with olive oil) was 

observed in the tests with the Natureflex™N913 and N931, probably caused by fatty acids 

present in the coating, and because the internal standard could not be detected for some samples, 

it was decided to use an alternative food simulant (95% ethanol). To get uniform and 

comparable results, all other materials were tested in 95% ethanol instead of olive oil as well 

(see 3.2.1.2). 

In previous legislation (Directive 97/48/EC) 95% ethanol and iso-octane were indicated as 

alternative food simulants for vegetable oil. These alternatives were introduced because 

migration tests with food simulant D2 (vegetable oil) are not always technically feasible. 

Furthermore, these tests are time consuming and difficult to conduct. In the latest legislation, 

no alternatives are suggested, but according to the Belgian Federal Agency for the Safety of the 

Food Chain, these simulants can still be used if testing in vegetable oil is not possible. 

Furthermore, coconut oil, which has a different fatty acid composition (mostly C12 and C14) 
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than olive oil was also tested as a food simulant to see its potential as an alternative fatty food 

simulant. All three food simulants were compared to see if differences occurred (figure 7.2). 

Figure 7.2: Overall migration of Natureflex™ N913 and N931 films into 3 alternatice fatty food 

simulants: coconut oil (blue, n=4, 10 days, 40°C, migration cells), iso-octane (grey, n=3, 2 days, 20°C, 

total immersion) and 95% ethanol (orange, n=3, 10 days, 40°C, total immersion)  

Despite the variation between results of overall migration tests performed in the same food 

simulant (hence the sometimes large error bars), figure 7.2 indicates that the migration tests in 

the different alternatives for olive oil (fatty food simulant) did not result in a same overall 

migration value. The results into iso-octane seems to underestimate the real migration, while 

the results into 95% ethanol and coconut oil are more comparable, especially for the 

Natureflex™ N931 film. The lower migration into iso-octane corresponds with Gramiccioni et 

al. (1986), who stated that iso-octane is not suited as an alternative food simulant for olive oil 

because of the lower migration, but the results do not correspond to De Kruijf & Rijk (1997), 

who found that iso-octane (and 95% ethanol) is a suitable alternative fatty food simulants for 

overall migration testing. This discrepancy in literature can be explained by the fact that the 

partition coefficient of a migrant between the food simulant and the polymer is very important 

(Hamdani & Feigenbaum, 1996). This means that the total amount of compounds that will 

migrate to one of these alternative fatty food simulants depends strongly on the nature of the 

low molecular weight components that are present in the polymer and their affinities towards 

the food simulant. For the two cellulose-based films that were tested, all present migrants seem 

to have a similar affinity for 95% ethanol and coconut oil and a lower affinity for iso-octane. 

Furthermore, the results of the coconut oil are comparable to the results obtained by the film 
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producer (Innovia), who measured < 1.4 mg/dm2 for the Natureflex™ N913 film and 4.9 

mg/dm2 for the Natureflex™ N931 film for overall migration tests in rectified olive oil 

(declaration of compliance). This indicates that coconut oil could be an alternative for food 

simulant D2 to perform overall migration tests, but more data are necessary to confirm this 

hypothesis. Furthermore, the limit of 10 mg/dm2 was never exceeded, indicating that both 

cellulose-based films can be used as a food contact material for long term storage of fatty food 

products at room temperature or below (based on overall migration). 

3.2.1.2 Tests in ethanol (total immersion) 

The results of the overall migration tests in 10% and 95% ethanol of the films and the PLA tray 

are shown in figure 7.3.  

Figure 7.3: Overall migration of biobased materials (n=3) in 10 and 95% ethanol (10 days – 40 °C) 

The overall migration limit of 10 mg/dm2 was never exceeded for the tests in 10% and 95% 

ethanol. Regarding overall migration, this means all tested materials are in correspondence with 

the specifications laid down in the legislation (Commission Regulation No 10/2011) for use as 

a packaging material for all types of food products, except acidic food products. Although the 

cellulose-based films (Natureflex™) have to comply with Commission Directive 2007/42/EC, 

it is stated in this legislation that these films should also comply with the overall migration 

limits. Furthermore, it can be stated that more migration was observed in 95% ethanol compared 

to 10% ethanol, except for the Natureflex™NK and the multilayer PLA films. This suggests 

that especially compounds with a lipophilic character (e.g. vegetable oils used in the coatings) 
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migrated from the biobased films. From Natureflex™NK and the multilayer PLA films 

especially compounds with a hydrophilic character migrated. For these tests, no large variations 

were detected between measurements into the same food simulant (small error bars). 

3.2.2 Rigid materials (except PLA tray) 

The results of the migration tests of PP, PLA, sc-PLA, PLA with fibers and PLA/PHB show 

that the migration limit of 10 mg/dm2 is exceeded for PLA with fibers and PLA/PHB for almost 

all conditions (figure 7.4). For PLA with fibers the highest migration was observed in 10% 

ethanol, indicating that mostly hydrophilic components migrated from this material. 

Furthermore, migration at a higher temperature (but shorter duration) resulted in less migration 

in 95% ethanol. The high migration might be (partly) caused by the poor compatibility of the 

fibers and the PLA, which was observed in Chapter 6. For the PLA/PHB blend, a clear 

difference between 10 and 95% ethanol was noticed, meaning that mostly lipophilic 

components (or components with a high affinity for ethanol) migrated from this material. 

Furthermore, almost no difference between migration at 40°C and at 70°C was observed, 

showing that both time and temperature are important parameters for migration testing. Also 

for this material, the poor compatibility of both components, which was observed in Chapter 6, 

could have influenced the migration. For PP, PLA and sc-PLA, the migration limit was never 

exceeded.  

These results give a first indication regarding the possible use of these materials as a food 

contact material, but, depending on the final application, more tests should be performed to 

ensure that the material is safe to use as a food contact material.  

 

 

 

 

 

Figure 7.4: Results of migration tests in 10 and 95% ethanol (10d, 40°C and/or 2h, 70°C) of PP, PLA, 

sc-PLA, PLA with fibers and PLA/PHB (n=3)
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3.3 Migration tests performed at BVI  

3.3.1 Cellulose-based films 

3.3.1.1 Tests in olive oil (migration cells) 

Even though the preliminary test (for the new cellulose-based films with other coatings 

compared to Natureflex™N913 and N931) showed the suitability of olive oil to be used as a 

food simulant for migration tests, problems were encountered during the actual testing. Some 

films decomposed during the tests or the top layer (coating) of the film came loose during the 

migration tests, which could have influenced the migration. Furthermore, problems with the 

obtained chromatograms were encountered. No internal standard was detected for some 

samples (corresponding to the results obtained at Ghent University) or unreliable peaks were 

observed. It was not sure if the compounds represented by this peaks originated from the olive 

oil (possibly from the film as well). Furthermore, rather large variations between tests of the 

same film in the same simulant were observed, indicating that the results might not be reliable. 

These results, together with the results of the migration tests in olive oil performed at Ghent 

University, point out that olive oil, which is currently the most frequently used fatty food 

simulant for migration testing might not always be suitable for new biobased materials. 

Furthermore, the decomposition of the films and the large variations suggest that the 

composition of the film is not yet optimized.  

3.3.1.2 Tests in other food simulants (total immersion) 

The results of the overall migration tests in all 5 food simulants (95% ethanol as alternative for 

olive oil) at 40°C during 10 days and at 100°C during 2 hours of the five heat resistant cellulose-

based films are shown in respectively figures 7.5 and 7.7 (test performed in April 2014, n=2) 

and 7.6 and 7.8 (tests performed in October 2014, n=4). 

From figure 7.5 (n=2, test April 2014)) it can be seen that the overall migration limit (10 days 

– 40°C) is not exceeded for all cellulose-based films in 3% acetic acid and for some of the films 

in 10% ethanol (CelloTherm™T & Natureflex™NVR), in 20% ethanol (CelloTherm™T) and 

in 95% ethanol (Natureflex™NE and NK). These results indicate that the selection of one of 

these films as a packaging materials for a specific food products needs to be done carefully, 

since not all films seem suited for all types of food products. Figure 7.6 (n=4, test October 2014) 

shows that the migration limit (10 days – 40°C) is exceeded for all films in all different food 
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simulants, except for the Natureflex™NVS in 3% acetic acid, which indicates that these films 

cannot be used as a packaging material. The results of the second test clearly differed from the 

results of the first test (figure 7.5). Furthermore, the results of the overall migration of the 

Natureflex™NK film in 10 and 95% ethanol presented in figure 7.3 (3.2.1.2) are clearly lower 

compared to the results presented in figures 7.5 and 7.6. This inconsistency in results of repeated 

measurements of the same material might be caused by an instability of the cellulose-based 

films (possible degradation or change in structure during storage). In Chapter 5, the instability 

of these films, probably caused by their hydrophilicity, was already noticed. 

Figure 7.7 (n=2, April 2014) shows that the overall migration limit (2 hours – 100°C) was not 

exceeded for the CelloTherm™T and the Natureflex™NVS and NK films in 3% acetic acid 

and in 10%, 20% and 50% ethanol and for the Natureflex™NE film in 20% ethanol. For the 

Natureflex™NVR film the overall migration limit was exceeded in every food simulant. 

Furthermore, the overall migration limit was exceeded for every film in 95% ethanol. These 

results again indicate that the selection of one of these films as a packaging materials needs to 

be done carefully, since not all films seem suited for high heat applications (up to 121°C) for 

all types of food products. The results shown in figure 7.8 (n=4, October 2014) have an almost 

opposite outcome, with overall migration values within the legal limits for the 

Natureflex™NVR film in all food simulants, except 95% ethanol, for the Natureflex™NE and 

NK films in 3% acetic acid and 10% ethanol and for the CelloTherm™T film in 3% acetic acid. 

Migration limits were however also exceeded for every film in 95% ethanol. Therefore, these 

films are not suitable as a packaging material for lipophilic food products at high temperature 

use (up to 121°C). Also for the migration tests at 100°C, the results of the second test clearly 

differed from the results of the first test (figure 7.7). This inconsistency in results of repeated 

measurements of the same material, which was also found for the tests at 40°C, suggest that 

these cellulose-based films are not stable during storage. This confirms the findings described 

for the tests in olive oil (3.3.1.1), stating that the composition of the film is not yet optimized. 

The regular substitution of Natureflex™ films available on the market also point in this 

direction. 

It must be noticed that for migration in 95% ethanol, it is possible that for some films, the 

migration limit is not exceeded, since for several food products, a simulant D2 reduction factor 

can be applied (table 2 ‘food category specific assignment of food simulants’ in regulation No. 

10/2011). 
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Furthermore, from all figures it is clear that in general overall migration increases with 

increasing apolarity of the test food simulant. This means more apolar (lipophilic) than polar 

(hydrophilic) compounds migrated from the films. The films consist out of a regenerated 

cellulose layer which is coated on both sides with a plastic layer. Since this coating is very thin, 

the high migration can be partly attributed to the middle cellulose layer. Cellulose is a polar 

(hydrophilic) compound, so the high migration is due to other film components (probably 

plasticizers). This increasing migration with increasing apolarity of the food simulant was also 

observed during migration testing by the film producer. But, in these tests, only the plastic layer 

(coating) was tested instead of the entire film, resulting in much lower migration values (<10 

mg/dm2). Although legislation states that plastic-coated regenerated cellulose films should 

comply with the migration limits  (point 14, page L172/72 of Commission directive 2007/42/EC 

relating to materials and articles made of regenerated cellulose film intended to come into 

contact with foodstuffs), in practice there is still a lot of confusion amongst companies in the 

food and packaging industry. Legislation is indeed ambiguous, since article 14 of Regulation 

10/2011, which lays down rules for multi-material multi-layer materials (e.g. the Natureflex™ 

films) excludes plastic layers in multi-material multi-layer materials from the obligation to 

comply with both specific and overall migration limits (articles 11 and 12). This discrepancy in 

the legislation made the company decide to only perform migration tests on the plastic layer 

(coating) (according to Commission regulation EU 10/2011) without the cellulose layer 

(Commission directive 2007/42/EC). 

Also, the migration at 40°C (OM2) is mostly higher compared to the migration at 100°C (OM5) 

(e.g. figure 7.6 and 7.8). This is not logic, since legislation (EU 10/2011) states that “test OM5 

covers also food contact conditions described for OM1, OM2, OM3, OM4”. OM5 should 

represent the worst case scenario, but these results suggest that OM2 instead of OM5 represents 

the worst case condition. 
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Figure 7.5: Results overall migration tests of CelloTherm™T, Natureflex™NVS, NVR, NE and NK in all 5 food simulants for 10 days at 40°C (n=2) 

performed in April 2014 (--- = migration limit of 10 mg/dm²)
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Figure 7.6: Results overall migration tests of CelloTherm™T, Natureflex™NVS, NVR, NE and NK in all 5 food simulants for 10 days at 40°C (n=4) 

performed in October 2014 (--- = migration limit of 10 mg/dm²).
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Figure 7.7: Results overall migration tests of CelloTherm™T, Natureflex™NVS, NVR, NE and NK in all 5 food simulants for 2 hours at 100°C (n=2) 

performed in April 2014 (--- = migration limit of 10 mg/dm²)
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Figure 7.8: Results overall migration tests of CelloTherm™T ,Natureflex™NVS, NVR, NE and NKin all 5 food simulants for 2 hours at 100°C (n=4) 

performed in October 2014 (--- = migration limit of 10 mg/dm²).  
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The sometimes very large variations between results of tests into the same food simulant 

indicate that these results might not be reliable. Overall migration tests on the entire cellulose-

based film performed by another institution (commissioned by the film producer) also showed 

large variations, probably caused by migration out of the cellulose layer. Because of these 

results, new tests in simulant A, B and D2 (95% ethanol) were performed. These results are 

shown in figures 7.9 (10 days – 40°C) and 7.10 (2 hours – 100°C). Migration exceeds the limit 

of 10 mg/dm² for almost all films in all different food simulants, except for the CelloTherm™ 

at 40°C and the CelloTherm™ and Natureflex™NK film at 100°C. It is observed that the results 

from this last test (February 2015) also did not correspond to the results of the previous overall 

migration tests. Especially in 95% ethanol, the values obtained in the last tests are mostly lower 

compared to the previous tests. This confirms the inconsistency in migration results for the 

cellulose-based films, probably caused by the instability of these materials, which was already 

pointed out in Chapter 5 as well. Furthermore, the migration at 40°C (OM2) is also mostly 

higher compared to the migration at 100°C (OM5), suggesting that OM2 instead of OM5 

represents the worst case condition.
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Figure 7.9: Results overall migration tests of CelloTherm™T (n=4), Natureflex™NVS, NVR, NE and NK (n=6)in 3% acetic acid, 10 and 95% ethanol for 10 

days at 40°C (--- = migration limit of 10 mg/dm²) 
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Figure 7.10: Results overall migration tests of CelloTherm™T (n=4), Natureflex™NVS, NVR, NE and NK (n=6) in 3% acetic acid, 10% and 95% ethanol 

for 2 hours at 100°C 
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3.3.2 PLA + Joncryl™ 

The results of the overall migration tests at 40°C (figure 7.11) show that the migration limit was 

never exceeded for PLA + chain extender Joncryl™FA1009. At 100°C (figure 7.12) the overall 

migration limit was only exceeded for 95% ethanol, except if a simulant D2 reduction factor 

would be applicable. In contrast to the cellulose-based films, migration is mostly higher at 

100°C (OM5) compared to 40°C (OM2), so for this test OM5 is indeed the worst case condition. 

The increasing migration with increasing apolarity of the food simulant is noticed for this 

material as well. However, the overall migration in olive oil is much lower compared to 95% 

ethanol, which was an alternative food simulant in previous legislation, but is not an official 

simulant anymore in current legislation. This might be caused by the presence of low molecular 

weight components with a high affinity for ethanol and less affinity for olive oil, e.g. 

plasticizers. Furthermore, less variation (small error bars) between identical measurements in 

the same food simulant were observed, indicating more reliable results compared to the 

cellulose-based films. This could off course be caused by the fact only 2 instead of 4 repetitions 

were performed for most simulants. Also, no problems were encountered during the migration 

tests in olive oil. Furthermore, it was observed that the migration is mostly higher for the film 

of 40 µm, while a higher migration from the film of 50 µm was expected. 
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Figure 7.11:  Results overall migration tests (10 days – 40°C) of PLA + chain extender Joncryl™ (2% masterbatch) in 3% acetic acid, 10, 20, 50 and  95% 

ethanol (n=2 ) and olive oil (n=6)
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Figure 7.12:  Results overall migration tests (2 hours – 100°C) of PLA + chain extender Joncryl™ (2% masterbatch) in 3% acetic acid, 10, 20, 50 and  95% 

ethanol (n=2 ) and olive oil (n=6)
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4. Conclusion 

It can be concluded that the printability of biobased films will probably not be a factor hindering 

the introduction of these materials onto the food market, but special attention is needed when 

printing PLA surfaces. 

The migration tests showed that all biobased films that were used for the storage tests (Chapter 

3 and 4) complied with legislation for overall migration and can be used as a food packaging 

material. Overall migration of some rigid materials showed that certain modification can lead 

to more migration, making some of these material unsuitable for food contact applications. The 

heat resistant films seem unsuited for use as a packaging material for most food products. It 

must be noted that these materials also have to comply with specific migration limits, which 

were not investigated during this research. The most remarkable conclusion from the migration 

tests is that these biobased films appear to not always behave in the same way as conventional 

films (unstable materials), leading to inconsistent results because of large variations between 

repeated measurement results and decomposition of films during testing. The age of some 

biobaded films can also influence the results of the overall migration tests. Furthermore, the 

potential presence of fatty acids in some biobased films make them unsuited for overall 

migration tests in vegetable oil with the fatty acid composition that is set in current legislation. 

The use of vegetable oils with a different fatty acid composition (e.g. coconut oil) could be a 

solution. Also, the higher migration for test condition OM2 compared to OM5 suggest that the 

worst case scenarios set in current legislation might not always be the worst case scenarios in 

practice. Furthermore, the discrepancy between Directive 2007/42/EC and Directive 10/2011 

causes confusion among stakeholders in the food industry.
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Chapter 8: General discussion, future 

perspectives and closing remarks
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1.  Introduction 

Although the interest in biobased plastics is growing, the lack of knowledge of a lot of 

stakeholders in the Flemish and European food industry regarding these new materials and their 

possibilities currently hinder their introduction onto the market. In contrast, a lot of research in 

the field of biobased plastics has already been performed, but the findings of these studies do 

not reach the companies or they are too narrow or too fundamental for immediate 

implementation. The present work contributed to decreasing the knowledge gap concerning 

biobased plastics among the different stakeholders within the food industry. Information was 

obtained regarding biobased food packaging materials, from lab scale to industrial scale. 

Available biobased materials were characterized, their performance to guarantee shelf-life was 

tested (storage tests), the printability and compliance with legislation (migration tests) was 

looked at and materials were tested in a production environment. This information should 

enable a faster transition from conventional towards biobased packaging materials in the food 

industry. 

Based on the findings of the present study all discussion points are summarized and future 

perspectives are briefly outlined. 

2. Barrier properties 

The general (mis)conception that biobased plastics could only be used as a packaging material 

for food products that do not require high barrier properties was countered by the results of this 

PhD research. Characterization tests clearly showed that biobased materials with a wide range 

of (barrier) properties are available but that, just as for conventional oil-based materials, 

multilayers are necessary to provide the high barrier requirements for certain applications. The 

extended inventory that emerged from this characterization increased the knowledge of Flemish 

stakeholders in the food industry and can act as a useful guide in the selection of a suitable 

biobased packaging material for their specific food product. The performed storage tests clearly 

showed the potential of these new packaging materials, also for modified atmosphere packaging, 

but they also showed that a case-by-case approach is needed and that the performance of a 

biobased packaging material is very product specific. For example, all tested biobased packages 

used to (MAP) pack filet de saxe had a positive influence on the sensorial characteristics, while 

two out of three of the same biobased packages used to (MAP) pack ham sausage had a negative 

influence on the sensorial characteristics. This negative influence could mostly be attributed to 
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a too high light transmittance through the biobased packaging material. Furthermore, no 

suitable biobased plastic material already exists for food products which need a very high 

moisture barrier (e.g. dry biscuits). Further tests on industrial packaging lines also showed the 

need for a case-by-case approach and the need for sufficient testing time to optimize the 

packaging lines with the new biobased material.  

It can be concluded that representatives of the stakeholders in the Flemish food industry who 

were part of this research project, did decrease significantly their knowledge gap hampering the 

implementation of biobased packaging concepts. Lima, with their pasta and rice packaging 

(Chapter 7), Bastin with their coffee packaging and Ter Beke, with their sliced meat packages 

(figure 8.1) are good examples of companies that used the obtained knowledge as a part of their 

research towards the development of a new and sustainable packaging concept. This transition 

from conventional towards biobaded packaging was mostly made in close collaboration with 

the producer and/or the supplier of biobased films.  

  

 

Figure 8.1: Biobased coffee packaging by Bastin and biobased sliced meat packaging by Ter Beke 

Future perspectives 

Regarding future research, in this first part of the research it was stated that some food products 

nowadays might be overpacked. Overpacking is when the requirements/properties of a 

packaging material are stricter than needed to maintain the quality of a food product during 

shelf-life. Currently, in order to avoid unnecessary (expensive) testing, food companies make 

the decision to switch to a new (biobased) film mainly based on the oxygen (OTR) and water 
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vapor transmission rate (WVTR) of their current conventional film, which is performing fine. 

For food products with a need for a high barrier packaging material, this mostly means that 

biobased materials are not an option (or only at very high cost). This PhD research already 

indicated that these high barriers might not always be necessary to maintain the quality of the 

product during the shelf-life, but further research addressing the overpackaging of food 

products is necessary. Furthermore, there is an urgent need for a biobased packaging material 

with a very high moisture barrier. Further developments to create a high moisture barrier 

biobased material is therefore necessary. 

3. Thermal properties 

This research increased the knowledge of Flemish stakeholders in the food industry by 

providing a clear overview of the thermal properties of biobased materials and by making an 

extended table of commercially available heat resistant materials with information regarding 

their thermal properties (Chapter 2). This knowledge was deepened and extended by tests with 

flexible and rigid (heat resistant) materials. The tests with the flexible cellulose-based films 

showed that these materials indeed possess a good heat resistance and applications with 

exposure to higher temperatures are possible. However, storage tests revealed that the 

hydrophilicity of these films (despite the moisture barrier coating), and to a lesser extent the 

weak seal, might limit the range of applications for these kinds of films. Especially applications 

where the packaging material comes into contact with water should therefore be avoided, 

because this seemed to create a good surface for mould growth. Nevertheless, hot fill 

applications followed by vacuum packaging and cold storage are a possibility for cellulose-

based films. It was learned from the tests with the rigid materials that PHB already has good 

intrinsic thermal properties and that stereocomplexation of PLA results in a material which can 

be used for high heat applications. Other strategies only had limited impact on the thermal 

properties of PLA and PHB, although a chain extender such as Joncryl® had a positive effect 

on the thermal degradation during processing of PLA and a nucleating agent such as Hyperform 

HPN® had a positive effect on the brittleness of PHB. 

It can be concluded that this research made the stakeholders in the Flemish food industry more 

familiar with the heat resistance of biobased materials. It created awareness that a lot of research 

is performed in this field and that this research is already translated to commercially available 

materials (e.g. stereocomplex PLA, PLA blends, … ).  
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Future perspectives 

Regarding future research, it is clear from the tests with the flexible cellulose-based films that 

further research is needed to expand the intrinsic thermal properties of cellulose-based films to 

a broader range of heat applications. Furthermore, it is essential that the moisture barrier coating 

maintains its properties after the heat treatment. Further developments to create a good moisture 

barrier with sufficient heat resistance are necessary. Regarding the rigid materials, it is clear 

that several modifications have potential to increase the heat resistance, but a poor compatibility 

hinders an actual improvement. Further research should therefore focus on this issue. Many 

strategies to improve the compatibility have already been described in literature (Chapter 1), 

but just as for the strategies to improve the heat resistance, these mostly cover a single strategy 

for a single polymer. Furthermore, the synergistic effect of the addition of nucleating agent and 

plasticizer should be further investigated. 

4. Printability and migration aspects 

The printability of biobased films will not be a factor hindering the introduction of these 

materials onto the food market. The printing itself went very smoothly and the print was of high 

quality. Nevertheless, the susceptivity of PLA towards the uptake of solvents and the use of 

other inks should be further investigated as this might have an effect on the flavor and odor of 

the packed food product.   

Migration tests showed that, although many commercially available materials comply with 

current legislation and can be safely used as a packaging material for different types of foods, 

many other biobased materials, especially when modified for high heat applications, are only 

suited for a limited number of applications. So, as for the barrier and thermal properties, a case-

by-case approach is recommended. However, the problems with the overall migration tests in 

olive (vegetable) oil, the large variations between repeated measurements of the same material 

and the decomposition of the film in certain conditions, question the reliability of the obtained 

results and clearly show that 1) some biobased materials (e.g. cellulose-based films) lack 

stability during storage, probably caused by their hydrophilicity and 2) the test procedures set 

in current legislation regarding plastic materials and articles intended to come into contact with 

food (Commission regulation 10/2011) might not be suited for all new biobased materials (e.g. 

olive oil). Furthermore, the separate legislation regarding cellulose-based materials 

(Commission directive 2007/42/EC relating to materials and articles made of regenerated 
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cellulose film intended to come into contact with foodstuffs) causes confusion among 

stakeholders in the food industry.  

Future perspectives 

This PhD-thesis showed that there is an urgent need for a comprehensible and uniform 

legislation regarding biobased plastics, since currently cellulose-based materials have to 

comply with a different legislation compared to other biobased materials. In order to avoid 

confusion among stakeholders and to ensure that no individual interpretation of the legislation 

is possible, it might be feasible to integrate Commission directive 2007/42/EC into Commission 

regulation 10/2011. Furthermore, new tests methods, like the use of alternative food simulants 

(e.g. coconut oil), fit for biobased materials should be developed and optimized. It might also 

be interesting to further investigate which specific components migrate from the packaging 

materials into the food product. It is also clear that the stability of biobased materials during 

storage is an important aspect which should be taken into account when new biobased materials 

are developed. Since especially hydrophilic materials (e.g. cellulose) are sensitive to structure 

changes, research should focus on coatings with a high moisture barrier. This was also an 

important aspect regarding barrier and thermal properties. Also, the mostly higher migration 

for test condition OM2 (10 days – 40°C) compared to test condition OM5 (2 hours – 100°C), 

suggests that the legal worst case scenario might not always be the practical worst case scenario. 

This issue should be further investigated. 

5. Closing remarks  

In general, it can be stated that all (technical) aspects are in place for a great breakthrough of 

biobased plastics onto the food packaging market. For almost each food product and each 

application a suitable biobased packaging can be found or developed. Furthermore, consumers 

more and more demand sustainable packaging. Still, besides this technological performance 

and the pull from the market, the current price as well as the waste management options of 

biobased materials are also important parameters in the decision and implementation process 

of companies whether or not to add biobased plastics in their product portfolio. Currently, two 

vicious circles regarding these latter aspects, hinders the successful entrance onto the market. 

Smaller brandowners and retailers only rarely want to bear the extra costs that comes along 

with the switch to biobased plastics. Prices will only start to go down if the production (capacity) 

rises. Production capacity will not rise if the demand does not go up. Big brandowners will not 
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switch to biobased plastics unless sufficient production is guaranteed. Furthermore, the lack of 

recycling possibilities of biobased plastics is also an obstacle for many companies. But, 

recycling facilities for these new materials will only emerge once enough materials have entered 

the market. It can be concluded that the bioplastics industry needs to find a way to break this 

vicious circles in order to accomplish this great breakthrough. This could be done by convincing 

a or some big brandowners, by lobbying to put legislation in place which favors biobased 

plastics (e.g. lower the tax to put a packaging into the market for biobased plastics) or by putting 

in place a separate end-of-life stream (recycling facilities, composting facilities) for biobased 

plastics. 

Moreover, biobased plastics can contribute to a more sustainable economy, but they only cover 

a part of the whole picture. For a general shift towards a more sustainable economy other 

strategies like minimization of packaging materials (e.g. thinner packaging), reuse and 

recycling also need to be further explored and applied (also of biobased plastics). For each 

specific food product or application, a case-by-case approach is necessary to find the most 

sustainable alternative, which might not always be a biobased plastic. Furthermore, it should be 

kept in mind that the choice for a sustainable alternative should also take the effect of food 

waste into account, since the prevention of food waste is always the most sustainable solution



 

 

 



  ACKNOWLEDGEMENTS 

188 
 

ACKNOWLEDGEMENTS 

A first part of these results were obtained in the framework of a collective research (CO 095062) 

supported by the Institute for the Promotion of Innovation by Science and Technology in 

Flanders, Belgium (IWT) and by 22 participating companies in close collaboration with 5 

research institutes (University of Ghent, University College of Ghent, Packaging Centre, 

Belgian Packaging Institute and the Flemish Plastic Centre).  

A second part of these results were obtained in the framework of a Flemish Innovation 

Partnership (VIS-traject) supported by the Institute for the Promotion of Innovation by Science 

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

collaboration with 4 research institutes (Ghent University, Packaging Centre, Belgian 

Packaging Institute and KULeuven). 

We would also like to thank Prof. Dr. Dirk Poelman (LumiLab, Solid State Sciences, Ghent 

University) for the light transparency measurements. 



 

 
 



  CURRICULUM VITAE 

189 
 

CURRICULUM VITAE 

Nanou Peelman (°Sint Niklaas, 25 februari 1987) obtained her high school degree in Science 

and Mathematics at Sint Lodewijkscollege Lokeren (2005), and five years later she graduated 

as a Master of Science in Bioscience Engineering: Food Science and Nutrition. In September 

2010 she started her PhD study at the Laboratory of Food Microbiology and Food Preservation 

(LFMFP) and the Research group Food Chemistry and Human Nutrition (NutriFoodChem). 

First 2 years as a researcher on the IWT-CO project ‘Application of bioplastics for food 

packaging’ and subsequently 3 years as a researcher on the IWT-VIS traject ‘Sustainable and 

functional packaging’, subproject ‘heat resistance of renewable materials’. The first project 

focused on the barrier properties of biobased materials. The second project focused on the 

thermal properties of these materials. In both projects there was a close collaboration with a 

users group of companies of which Nanou was the contact person. 

During this PhD, Nanou participated in several (inter)national conferences and published in 

peer-reviewed international journals. In addition, she guided Master thesis students and 

assisted in the practical sessions for the course ‘Food Microbiology and Preservation’ 

 



  CURRICULUM VITAE 

190 
 

Publications in peer reviewed journals 

- (published) Peelman, N., Ragaert, P., De Meulenaer, B., Adons, D., Peeters, R., Cardon, 

L., Van Impe, F., & Devlieghere, F. (2013). Application of bioplastics for food 

packaging. Trends in Food Science & Technology, 32, 128-141.   

- (published) Peelman, N., Ragaert, P., Vandemoortele, A., Verguldt, E., De Meulenaer, 

B., & Devlieghere, F. (2014). Use of biobased materials for modified atmosphere 

packaging of short and medium shelf-life food products. Innovative Food Science & 

Emerging Technologies, 26, 319-329.   

- (accepted for publication) Peelman, N., Ragaert, P., Ragaert, K., Devlieghere, F., De 

Meulenaer, B., & Cardon, L., Heat resistance of new biobased polymeric materials, 

focusing on starch, cellulose, PLA and PHA to Journal of Applied Polymer Science 

- (submitted) Peelman, N., Ragaert, P., Verguldt, E., Devlieghere, F., & De Meulenaer, 

B. Applicability of biobased packaging materials for long shelf-life food products to 

Packaging Technology & Science  

- (submitted) Peelman, N., Ragaert, P., Ragaert, K., Erkoç M., Van Brempt W., Faelens 

F., Devlieghere, F., Demeulenaer, B. ,& Cardon, L. Heat resistance of biobased 

materials, evaluation and effect of processing techniques and additives to Industrial and 

Engineering Chemical Research. 

Publications in national and international journals without peer 

review 

- Wens, D., Peelman, N. & Ragaert, P. (2013). Verpakkingen uit bioplastics, een tweede 

natuurlijke huid voor uw (verse) producten. Bio-ingenieus KULeuven, 16-18. 

- Peelman, N. & Ragaert, P. (2013). Bioplastics for food packaging. Bioplastics Magazine, 

8, 58-59. 

Oral presentations (Scientific conferences) 

- Peelman, N., Ragaert, P., Vandemoortele, A., Verguldt, E., De Meulenaer, B., & 

Devlieghere, F. (2013). Application of biobased materials for packing short and medium 

shelf life food products. Communications in Agricultural and Applied Biological 

Sciences, 78, 103-107. 

- Peelman, N., Ragaert, P., Vandemoortele, A., Verguldt, E., De Meulenaer, B., & 

Devlieghere, F. (2013). Application of biobased materials for packing short, medium 



  CURRICULUM VITAE 

191 
 

and long shelf life food products. European Symposium on Biopolymers 2013 

(workshop EcoBioCap), Lisbon, Portugal. 

Oral presentations (Industrial conferences/fairs/workshops) 

- Peelman, N., Ragaert, P. (2012). Bioplastics: evaluation of barrier properties and new 

steps for heat resistance. Empack 2012, Brussels, Belgium. 

- Peelman, N., Ragaert, P. (2013). IWT-CO project 095062: Toepasbaarheid van 

bioplastics voor het (MAP) verpakken van levensmiddelen. Seminarie ”Verwerking en 

toepasbaarheid van bioplastics voor het verpakken van levensmiddelen”, Ghent, 

Belgium. 

- Peelman, N., Ragaert, P. (2013). Case Study: Application of biobased materials for 

packing short, medium and shelf life food products. Renewable Plastics Conference, 

Amsterdam, the Netherlands. (duo presentation with Henk Gurdebeke, Ter Beke). 

- Peelman, N., Ragaert, P. (2013). Biobased materials for packing food products. 

Bioplastics Business Breakfast, Düsseldorf, Germany. 

- Peelman, N., & Ragaert, P. (2014). Bioplastics for packing food products. Workshop 

renewable food packaging, Hilvarenbeek, the Netherlands. 

- Peelman, N., Ragaert, P. (2014). Application of biobased materials as food packaging. 

AMI’s Multilayer Packaging Films, Cologne, Germany. 

Poster presentations 

- Peelman, N., Ragaert, P., De Meulenaer, B., & Devlieghere, F. (2011). Application of 

bioplastics for food packaging. 16th Symposium on Applied Biological Sciences, Ghent, 

Belgium. 

- Peelman, N., Ragaert, P., Vandemoortele, A., Verguldt, E., De Meulenaer, B., & 

Devlieghere, F. (2013). Application of biobased materials as food packaging. From 

Biobased Polymers to Bioplastics (Certech conference), Brussels, Belgium. 

- Peelman, N., Ragaert, P., Vandemoortele, A., Verguldt, E., De Meulenaer, B., & 

Devlieghere, F. (2013). Application of biobased materials for packing short, medium 

and long shelf life food products. 26th IAPRI Symposium on Packaging 2013, Espoo, 

Finland. 

- Peelman, N., Ragaert, P., Vandemoortele, A., Verguldt, E., De Meulenaer, B., & 

Devlieghere, F. (2013). Application of biobased materials for packing short, medium 



  CURRICULUM VITAE 

192 
 

and long shelf life food products. European Symposium on Biopolymers 2013, Lisbon, 

Portugal. 



  REFERENCES 

193 
 

REFERENCES 

Abdelwahab, M.A., Flynn, A., Chiou, B.S., Imam, S., Orts, W., & Chiellini, E. (2012). Thermal, 

mechanical and morphological characterization of plasticized PLA–PHB blends. Polymer 

Degradation & Stability, 97 (9), 1822-1828. 

Abdulkhani, A., Hoseinzadeh, J., Ahori, A., Dadashi, S., & Takzare, Z. (2014). Preparation and 

characterization of modified cellulose nanofibers reinforced polylactic acid nanocomposite. 

Polymer Testing, 35, 73-79. 

Al-Itry, R., Lamnawar, K., & Maazouz, A. (2012). Improvement of thermal stability, 

rheological and mechanical properties of PLA, PBAT and their blends by reactive extrusion 

with functionalized epoxy. Polymer Degradation and Stability, 97 (10), 1898-1914. 

Alemdar, A., & Sain, M. (2008). Biocomposites from wheat straw nanofibers: Morphology, 

thermal and mechanical properties. Composites Science and Technology, 68 (2), 557-565. 

Almenar, E., Samsudin, H., Auras, R., Harte, B., & Rubino, M. (2008). Postharvest shelf life 

extension of blueberries using a biodegradable package. Food Chemistry, 110 (1), 120-127. 

Almenar, E., Samsudin, H., Auras, R., & Harte, B. (2010). Consumer acceptance of fresh 

blueberries in bio-based packages. Journal of the Science of Food and Agriculture, 90 (7), 

1121-1128. 

Álvarez-Chávez, C.R., Edwards, S., Moure-Eraso, R., & Geiser, K. (2012). Sustainability of 

bio-based plastics: general comparative analysis and recommandations for improvement. 

Journal of Cleaner Production, 23 (1), 47-56. 

Anglès, M., & Dufresne, A. (2000). Plasticized starch/tunicin whiskers nanocomposites. 

Structural Analysis. Macromolecules, 33 (22), 8344-8353. 

Anglès, M., & Dufresne, A. (2001). Plasticized starch/tunicin whiskers nanocomposites 

materials. Mechanical behavior. Macormolecules, 34, 2921-2931. 

Araújo, A., Botelho, G., Oliveira, M., & Machado, A. (2014). Influence of clay organic modifier 

on the termal-stability of PLA based nanocomposites. Applied Clay Science, 88/89, 144-150. 

Arora, A., & Padua, G.W. (2010). Review: nanocomposites in food packaging. Journal of Food 

Science, 75 (1), 43-49. 

http://www.sciencedirect.com/science/article/pii/S0141391012002108


  REFERENCES 

194 
 

Arrieta, M.P., Fortunati, E., Dominici, F., Rayón, E., López, J., & Kenny, J.  (2014a). 

Multifunctional PLA-PHB/cellulose nanocrystal films: Processing, structural and thermal 

properties. Carbohydrate Polymers, 107, 16-24. 

Arrieta, M.P., López, J., Hernández, A., & Rayón, E. (2014b). Ternary PLA-PHB-Limonene 

blends intented for biodegradable food packaging applications. European Polymer Journal, 50, 

255-270. 

Arvanitoyannis, I.S., & Bosnea, L. (2004). Migration of substances from food packaging 

materials to foods. Critical reviews in food science and nutrition, 44 (2), 63-76. 

Arvanitoyannis, I.S. (2012). Modified Atmosphere and Active Packaging Technologies, CRC 

Press, Taylor and Francis Group, Boca Raton, FL, USA. 

Askadskii, A.A. (2003). URL: http://www.globalspec.com/reference/56559/203279/chapter-

vii-temperature-of-onset-of-intense-thermal-degradation-of-polymers. Last accessed: 

19/02/2015. 

Auras, R., Harte, B., & Selke, S. (2004). An overview of polylactides as packaging materials. 

Macromolecular bioscience, 4 (9), 835-864. 

Auras, R.A., Sing, P.S, & Singh, J.J. (2005). Evaluation of Oriented Poly(lactide) Polymers vs. 

Existing PET and Oriented PS for Fresh Food Service Containers. Packaging Technology and 

Science, 18, 207-216.  

Avella, M., Martuscelli, E., & Raimo, M. (2000). Review Properties of blends and composites 

based on poly(3-hydroxy-butyrate (PHB) and poly(3-hydroxybutyrate-hydroxyvalerate) 

(PHBV) copolymers. Journal of materials science, 35 (3), 523-545. 

Avella, M., De Vlieger, J.J., Errico, M.E., Fischer, S., Vacca, P., & Volpe, M.G. (2005). 

Biodegradable starch/clay nanocomposite films for food packaging applications. Food 

Chemistry, 93(3), 467-474. 

Avérous, L., Fringant, C., & Moro, L. (2001). Plasticized starch/cellulose interactions in 

polysaccharide composites. Polymer, 42 (15), 6565-6572. 

Ayranci, E., & Tunc, S. (2001). The effect of fatty acid content on water vapour and carbon 

dioxide transmissions of cellulose-based edible films. Food Chemistry, 72 (2), 231-236. 

http://www.globalspec.com/reference/56559/203279/chapter-vii-temperature-of-onset-of-intense-thermal-degradation-of-polymers
http://www.globalspec.com/reference/56559/203279/chapter-vii-temperature-of-onset-of-intense-thermal-degradation-of-polymers


  REFERENCES 

195 
 

Azeredo, H.M.C., Mattoso, L.H.C., Wood, D., Williams, T.G., Avena-Bustillos, R.J., & 

McHugh, T.H. (2009). Nanocomposite edible films from mango puree reinforced with cellulose 

nanofibers. Journal of food science, 74 (5), 31-35. 

Baratian, S., Hall, E.S., Lin, J.S., Xu, R., & Hunt, J. (2001). Crystallization and Solid-State 

Structure of Random Polylactide Copolymers: Poly(l-lactide-co-d-lactide)s. Macromolecules, 

34 (14), 4857-4864. 

Barker, M., & Safford, R. (2009). Industrial uses for crops: markets for bioplastics. Project 

report 450, HGCA, London.  

BASF (2013). Perfomance Chemicals – Joncryl Functional Additives. Presentation at Ghent 

University, Ghent, Belgium. 

Bastarrachea, L., Dhawan, S., Sablani, S.S. (2011). Engineering Properties of Polymeric-Based 

Antimicrobial Films for Food Packaging. Food Engineering Reviews, 3, 79-93. 

Bastioli, C. (1998). Properties and applications of Mater-Bi starch-based materials. Polymer 

Degradation and Stability, 59, 263-272. 

Bastioli, C. (2001). Global status of the production of biobased packaging materials. 

Starch/Stärke, 53 (8), 351-355. 

Battegazzore (2011). Crystallization kinetics of poly(lactic acid)-talc composites. Express 

Polymer Letters, 5 (10), 849-858. 

Belgacem, M.N., & Gandini, A. (2008). Monomers, polymers and composites from renewable 

resources, Elsevier, Oxford, UK.  

Bengtsson, S., Pisco, A.R., Johansson, P., Lemos, P.C., & Reis, M.A.M. (2010). Molecular 

weight and thermal properties of polyhydroxyalkanoates produced from fermented sugar 

molasses by open mixed cultures. Journal of Biotechnology, 147, 172-179. 

Benyathiar, P., Almenar, E., Auras, R., Ryser, E., Harte, J., & Siddiq, M. (2009). A sustainable 

package for fresh cut green salad. Presented at The United Fresh 2009 Convention, Las Vegas, 

Nevada, US. 

Bentz, K.C. (2011). Synthesis and characterization of linear and branched polylactic acid for 

use in food packaging applications. URL: http://digitalcommons.calpoly.edu/theses/578. Last 

accessed 10.10.2012. 



  REFERENCES 

196 
 

Berger, E., Ramsay, B.A., Ramsay, J.A., Chaverie, C., & Braunegg, G. (1989).: PHB recovery 

by hypochlorite digestion of non-PHB biomass. Biotechnology Techniques 3(4), 227-232. 

Bernland, K.M. (2010). Nucleating and clarifying polymers, ETH (2010). URL: 

http://dx.doi.org/10.3929/ethz-a-006371353. Last accessed: 24/11/2012. 

Bertelsen, G., & Boegh-Soerensen, L. (1986). The effect of lighting on color of beef. In: 

Proceedings of the I.I.R.-Meeting; Bristol, UK, 433-438. 

Bertelsen, G., & Skibsted, L.H. (1987). Photooxidation of oxymyoglobin. Wavelenght 

dependence of quantum yields in relation to light discoloration of meat. Meat Science, 19, 243-

251. 

Bigg, D.M. (2005). Polylactide copolymers: Effect of copolymer ratio and end capping on their 

properties. Advances in Polymer Technology, 24 (2), 69-82. 

Bio-plastics (2013). Bioplastic types: starch blends and derivatives. URL: http://www.bio-

plastics.org/en/information--knowledge-a-market-know-how/bioplastic-types/starch-blends-a-

derivates. Last accessed: 18/5/2014. 

Black, T. (2014). Commercialization of Innovative Biopolymer Barrier Films. Presentation 

given at Multilayer Packaging Films, 2014, Cologne, Germany. 

Blakistone, B., & Sand, C.K. (2007). Using Sustainable Packaging Technologies to Respond to 

Consumer, Retailer, and Seafood Industry Needs. International Smoked Seafood Conference 

Proceedings, 75-79.   

Bogaert, J. C., & Coszach, P. (2000). Poly(lactic acids): a potential solution to plastic waste 

dilemma. Macromolecular Symposia, 153 (1), 287-303. 

Boggs, M., Buttery, R., Venstrom, D., & Belote, M. (1964). Relation of Hexanal in Vapor 

Above Stored Potato Granules to Subjective Flavor Estimates. Journal of Food Science, 29, 

487–489. 

Bolck, C. (2006). Bioplastics. Wageningen University, Propress, Wageningen, 26p. 

Bolck, C., Ravenstijn, J., Molenveld, K., & Harmsen, P. (2011). Biobased plastics 2012. 

Wageningen University, Propress, Wagneingen, 67p. 

Böhner, N., & Danzi, W.  (2006). Influence of Illumination on Oxygen Uptake and 

Discolouration of Cured Boiled Sausage. URL: http://ccm.ytally.com/fileadmin/user_upload 

http://dx.doi.org/10.3929/ethz-a-006371353
http://www.bio-plastics.org/en/information--knowledge-a-market-know-how/bioplastic-types/starch-blends-a-derivates
http://www.bio-plastics.org/en/information--knowledge-a-market-know-how/bioplastic-types/starch-blends-a-derivates
http://www.bio-plastics.org/en/information--knowledge-a-market-know-how/bioplastic-types/starch-blends-a-derivates
http://ccm.ytally.com/fileadmin/user_upload%20/downloads/publications_5th_workshop/B%C3%B6hner_paper.pdf


  REFERENCES 

197 
 

/downloads/publications_5th_workshop/B%C3%B6hner_paper.pdf. Last accessed: 

23/01/2014. 

Boonfaung, P., Wasutchanon, P., & Somwangthanaroj, A. (2011). Development of Packaging 

Film from Bioplastic Polylactic Acid (PLA) with Plasticizers. In Pure and Applied Chemistry 

International Conference 2011, volume 2011, 621-640. Bangkok, Thailand. 

Bordes, P., Pollet, E., Bourbigot, S., & Avérous, L. (2008). Structure and Properties of 

PHA/Clay Nano-Biocomposites Prepared by Melt Intercalation. Macromolecular Chemistry 

and Physics, 209 (14), 1473-1484. 

Bordes, P., Pollet, E., & Avérous, L. (2009). Nano-biocomposites : Biodegradable polyester/-

nanoclay systems. Progress in Polymer Science, 34 (2), 125-155. 

Branciforti, M.C., Corrêa, M.C.S., Pollet, E., Agnelli, J.A.M., Nascente, P.A.D.P, & Avérous, 

L. (2013). Crystallinity study of nano-biocomposites based on plasticized 

poly(hydroxybutyrate-co-hydroxyvalerate) with órgano-modified montmorrillonite. Polymer 

Testing, 32 (7), 1253-1260. 

Bucci, T. Z., Tavares, L. B. B., & Sell, I. (2005). PHB packaging for the storage of food 

products. Polymer Testing, 24 (5), 564-571. 

Bunge (website). URL: http://www.bunge.com.br/sustentabilidade/2011/port/EN/value-chain-

management/waste-reduction.asp. Last accessed: 10/10/2012. 

Cabedo, L., Feijoo, J. L., Villanueva, M. P., Lagarón, J. M., & Giménez, E. (2006). 

Optimization of biodegradable nanocomposites based on a PLA/PCL blends for food packaging 

applications. Macromolecular Symposia, 233 (1), 191-197. 

Cannarsi, M., Baiano, A., Marino, R., Sinigaglia, M., & Del Nobile, M. A. (2005). Use of 

biodegradable films for fresh cut beef steaks packaging. Meat Science, 70 (2), 259-265. 

Carballo, J., Cavestany, M., & Jimenéz-Colmenero, F. (1991). Effect of light on color and 

reaction of nitrite in sliced pork bologna under different chilled storage temperatures. Meat 

Science, 30, 235-244.  

Chemmarket (2015). URL: http://www.chemmarket.info/en/home/article/1907/. Last accessed: 

15/01/2015. 

http://ccm.ytally.com/fileadmin/user_upload%20/downloads/publications_5th_workshop/B%C3%B6hner_paper.pdf
http://www.bunge.com.br/sustentabilidade/2011/port/EN/value-chain-management/waste-reduction.asp
http://www.bunge.com.br/sustentabilidade/2011/port/EN/value-chain-management/waste-reduction.asp
http://www.chemmarket.info/en/home/article/1907/


  REFERENCES 

198 
 

Chen, P., & Zhang, L. (2006). Interaction and Properties of Highly Exfoliated Soy 

Protein/Montmorillonite Nanocomposites, Biomacromolecules, 7, 1700-1706. 

Chick, J., & Hernandez, R.J. (2006). Physical, Thermal, and Barrier Characterization of Casein-

Wax-Based Edible Films. Journal of Food Science, 67 (3), 1073-1079. 

Chick, J., & Ustunol, Z. (2006). Mechanical and Barrier Properties of Lactic Acid and Rennet 

Precipitated Casein-based Edible Films. Journal of Food Science, 63 (6), 1024-1027.  

Chivrac, F., Pollet, E., & Avérous, L. (2009). Progress in nanobiocomposites based on 

polysaccharides and nanoclays. Materials Science and Engineering R, 67(1), 1-17. 

Cho, S.Y., Lee, S.Y., & Rhee, C. (2010). Edible oxygen barrier bilayer film pouches from corn 

zein and soy protein isolate for olive oil packaging. LWT - Food Science and Technology, 43 

(8), 1234-1239. 

Choudhardy, V., Varma, H.S., & Varma, I.K (1991). Polyolefin blends: effect of EPDM rubber 

on crystallization, morphology and mechanical properties of polypropylene/EPDM blends. 

Polymer, 1991, 32 (14), 2534-2540. 

Clarinval, A., & Halleux, J. (2005). Classification of biodegradable polymers. Biodegradable 

Polymers for Industrial Applications, 3-31. 

Corre, Y.M., Bruzaud, S., Audic, J.L., & Grohens, Y. (2012). Morphology and functional 

properties of commercial polyhydroxyalkanoates: A comprehensive and comparative study. 

Polymer Testing, 31 (2), 226-235. 

Cozzolino, C.A., Cerri, G., Brundu, A., & Farris, S. (2014). Microfibrillated cellulose (MFC): 

pullulan bionanocomposite films. Cellulose, 21, 4323-4335. 

Cyras, V.P., Commisso, M.S., Mauri, A.N., & Vázquez, A. (2007). Biodegradable double-layer 

films based on biological resources: polyhydroxybutyrate and cellulose. Journal of Applied 

Polymer Science, 106 (2), 749-756. 

Cyras, V.P., Soledad, C.M., & Analia, V. (2009). Biocomposites based on renewable resource: 

acetylated and non acetylated cellulose cardboard coated with polyhydroxybutyrate. Polymer, 

50 (26), 6274-6280. 



  REFERENCES 

199 
 

D’Agnillo, L., Soares, J.B.P., & Penlidis, A. (1998). Effect of operating conditions on the 

molecular weight distribution of polyethylene synthesized by soluble metallocend 

methylaluminoxane catalysts. Macromolecular Chemistry and Physics, 199, 955-962. 

Damme, H.V. (2008). Nanocomposites: the end of compromise. In C. Brechignac, P. Houdy, 

& M. Lahmani (Eds.), Nanomaterials and nanochemistry (pp. 348-380), Springer, New York, 

USA. 

Darmadji, P., & Izumimoto, M. (1994). Effect of chitosan in meat preservation. Meat Science, 

38 (2), 243-354. 

De Koning, G.J., & Witholt, B. (1997). A process for the recovery of poly(hydroxyalkanoates) 

from Pseudomonas Part 1: Solubilization. Bioprocess Engineering, 17 (1), 7-13. 

Delhaize-press release (2007). URL: http://www.delhaize.be/_webdata/pressreleases/_NL/Pr-

070829-hoevekip%20bourgognel-nl-sdl%20_4_.pdf. Last accessed: 21/01/2012. 

Delmas, M.A., & Burbano, V.C. (2011). The Drivers of Greenwashing. California Managment 

Reviews, 54 (1), 64-87. 

De Meulenaer, B., & Huyghebaert, A. (2004). Packaging and Other Food Contact Materials 

Residues. Handbook of Food Analysis, Second Edition – 3 Volume Set. CRC Press. 

Demirgöz, D., Elvira, C., Mano, J. F., Cunha, A. M., Piskin, E., & Reis, R. L. (2000). Chemical 

modification of starch based biodegradable polymeric blends: effects on water uptake, 

degradation behaviour and mechanical properties. Polymer Degradation and Stability, 70, 161-

170. 

De Moura, M.R., Avena-Bustillos, R.J., McHugh, T.H., Krochta, J.M., & Mattoso, L.H.C. 

(2008). Properties of novel hydroxypropyl methylcellulose films containing chitosan 

nanoparticles. Journal of Food Science, 73 (7), 31-37. 

Devlieghere, F., Uyttendaele, M. & Debevere, J. (2010). Levensmiddelenmicrobiologie en –

conservering. Course notes, Faculty of Bioscience engineering, Ghent University, Ghent, 

Belgium.   

Devlieghere, F., & Debevere, J. (2011). Technologie van dierlijke producten. Partim: Vlees-en 

vistechnologie. Course notes, Faculty of Bioscience engineering, Ghent University, Ghent, 

Belgium. . 

http://www.delhaize.be/_webdata/pressreleases/_NL/Pr-070829-hoevekip%20bourgognel-nl-sdl%20_4_.pdf
http://www.delhaize.be/_webdata/pressreleases/_NL/Pr-070829-hoevekip%20bourgognel-nl-sdl%20_4_.pdf


  REFERENCES 

200 
 

De Kruijf, N., & Rijk, R. (1997).The suitability of alternative fatty food simulants for overall 

migration testing under both low‐ and high‐temperature test conditions. Food Additives & 

Contaminants, 14 (6-7), 775-789. 

Di, Y., Iannace, S., Di Maio, E., & Nicolais, L. (2005). Reactively Modified Poly(lactic acid): 

Properties and Foam Processing. Macromolecular Materials and Engineering, 290 (11), 1083-

1090. 

Dias, A.B., Müller, C.M.O., Larotonda, F.D.S., & Laurindo, J.B. (2011). Mechanical and 

barrier properties of composite films based on rice flour and cellulose fibers. Food Science and 

Technology, 44, 535-542. 

Djenane, D., Sánchez-Escalante, J.A., & Roncalés, P. (2001). Extension of the Retail Display 

Life of Fresh Beef Packaged in Modified Atmosphere by Varying Lighting Conditions. Journal 

of Food Science, 66 (1), 181-186. 

Djenane, D., Sánchez-Escalante, A., Beltrán, J., & Roncalés, P. (2003). Extension of the shelf 

life of beef steaks packaged in a modified atmosphere by treatment with rosemary and displayed 

under UV-free lighting. Meat Science, 64, 417-426. 

Dorgan, J., Janzen, J.,Clayton, M., Hait, S., & Knaus, D. (2005). Melt rheology of variable L-

content poly(lactic acid). Journal of rheology, 49, 607-619. 

Drumright, R. E., Gruber, P. R., & Henton, D. E. (2000). Polylactic acid technology. Advanced 

Materials, 12 (23), 1841-1846. 

Duangphet, S., Szegda, D., Song, J. & Tarverdi, K. (2013). The Effect of Chain Extender on 

Poly (3-hydroxybutyrate-co-3-hydroxyvalerate): Thermal Degradation, Crystallization, and 

Rheological Behaviours. Journal of Polymers and the Environment, 22 (1), 1 – 8. 

Efunda (2014). URL: http://www.efunda.com/materials/polymers/properties/polymer_ 

datasheet.cfm?MajorID=PVD&MinorID=2. Last accessed: 14/12/2014. 

El-Hadi, A., Schnabel, R., Straube, E., Müller, G., & Henning, S. (2002). Correlation between 

degree of crystallinity, morphology, glass temperature, mechanical properties and 

biodegradation of poly (3-hydroxyalkanoate) PHAs and their blends. Polymer Testing, 21 (6), 

665-674. 

http://www.efunda.com/materials


  REFERENCES 

201 
 

European Bioplastics (2012). What are bioplastics? Fact sheet, European Bioplastics, Berlin, 

Germany, URL: http://en.european-bioplastics.org/wp-content/uploads/2011/04/fs/Bioplas 

tics_eng.pdf, last accessed: 15/01/2015. 

European Bioplastics (2013). URL: http://en.european-bioplastics.org/. Last accessed: 

10/05/2013. 

European Bioplastics (2014a). Bioplastics, facts and figures, European Bioplastics, Berlin, 

Germany , URL: http://en.european-bioplastics.org/wp-content/uploads/2013/publications/ 

EuBP_FactsFigures_bioplastics_2013.pdf. Last accessed: 15/01/2015. 

European Bioplastics (2014b). Bioplastics packaging - Combining performance with 

sustainability - Materials and market development in the packaging segment. Fact sheet, 

European Bioplastics, Berlin, Germany, URL: http://en.european-bioplastics.org/wp-

content/uploads/2011/04/fs/Packaging_eng.pdf. Last accessed: 06/08/2014. 

European Bioplastics (2015). Website European Bioplastics. URL: http://en.european-

bioplastics.org/. Last accessed: 15/01/2015. 

European Commission (1997). COMMISSION DIRECTIVE 97/48/EC amending for the 

second time Council Directive 82/711/EEC laying down the basic rules necessary for testing 

migration of the constituents of plastic materials and articles intended to come into contact with 

foodstuffs. URL: http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:31997 

L0048 &from=EN. Last accessed: 10/03/2015. 

European Commission (2007). COMMISSION DIRECTIVE 2007/42/EC relating to materials 

and articles made of regenerated cellulose film intended to come into contact with foodstuffs. 

URL: http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32007L0042&from= 

EN. Last accessed: 03/03/2015. 

European Commission (2011). COMMISSION REGULATION (EU) No 10/2011 of 14 

January 2011 on plastic materials and articles intended to come into contact with food. URL: 

http://ec.europa.eu/food/food/chemicalsafety/foodcontact/legisl_list_en.htm. Last accessed: 

03/03/2015. 

Fabra, M.J., Busolo, M.A., Lopez-Rubio, A., & Lagaron, J.M. (2013a). Nanostructured 

biolayers in food packaging. Trends in Food Science & Technology, 31, 79-87. 

http://en.european-bioplastics.org/wp-content/uploads/2011/04/fs/Bioplas%20tics_eng.pdf
http://en.european-bioplastics.org/wp-content/uploads/2011/04/fs/Bioplas%20tics_eng.pdf
http://en.european-bioplastics.org/
http://en.european-bioplastics.org/wp-content/uploads/2013/publications/
http://en.european-bioplastics.org/wp-content/uploads/2011/04/fs/Packaging_eng.pdf
http://en.european-bioplastics.org/wp-content/uploads/2011/04/fs/Packaging_eng.pdf
http://en.european-bioplastics.org/
http://en.european-bioplastics.org/
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF
http://ec.europa.eu/food/food/chemicalsafety/foodcontact/legisl_list_en.htm


  REFERENCES 

202 
 

Fabra, M.J., Lopez-Rubio, A., & Lagaron, J.M. (2013b). High barrier polyhydroxyalkanoate 

food packaging films by means of nanostructured electrospun interlayers of zein. Food 

Hydrocolloids, 32, 106-114. 

Fabra, M.J., Lopez-Rubio, A., & Lagaron, J.M. (2014). On the use of different hydrocolloids 

as electrospun adhesive interlayers to enhance the barrier properties of polyhydroxyalkanoates 

of interest in fully renewable food packaging concepts. Food Hydrocolloids, 39, 77-84. 

Famá, L., Gerschenson, L., & Goyanes, S. (2009). Starch-vegetable fiber composites to protect 

food products. Carbohydrate Polymers, 75, 230-235. 

Fang, J.M., Fowler, P.A., Escrig, C., Gonzales, R., Costa, J.A., & Chamudis, L. (2005). 

Development of biodegradable laminate films derived from naturally occurring carbohydrate 

polymers. Carbohydrate Polymers, 60, 39-42. 

Farinha, I.d.S. (2009). Optimization of bioplastics production from cheese whey. URL: 

http://hdl.handle.net/10362/2377. Last accessed 10/10/2012. 

Fletcher, J., & Lyndhurst, B. (2007). Consumer attitudes to biopolymers: Consumer research 

into the consumer perceptions and impacts of biopolymers (biodegradable and compostable 

packaging). Research Report December 2006, Waste & Resources Action Program, Oxon, UK. 

Forney, C.F., & Brandl, D.G. (1992). Control of Humidity in Small Controlled-environment 

Chambers using Glycerol-Water Solutions. Hort Technology, 2 (1), 52-54. 

Fukushima, K., & Kimura, Y. (2006). Stereocomplexed polylactides (Neo-PLA) as high-

performance bio-based polymers: their formation, properties, and application. Polymer 

International, 55 (6), 626-642. 

Furukawa, T., Sato, H., & Murakami, R. (2005). Structure, dispersibility, and crystallinity of 

poly(hydroxybutyrate)/poly (l-lactic acid) blends studied by FT-IR microspectroscopy and 

differential scanning calorimetry. Macromolecules, 38, 6445-6454. 

Gabbot, P. (2008). Principles and Applications of Thermal Analysis. 1th edition. Blackwell 

Publishing, Oxford, UK. 

Galietta, G., Di Gioia, L., Guilbert, S., & Cuq, B. (1998). Mechanical and thermomechanical 

properties of films based on whey proteins as affected by plasticizers and crosslinking agents. 

Journal of Dairy Science, 81 (12), 3123-3130. 

http://hdl.handle.net/10362/2377.%20Last%20accessed%2010/10/2012


  REFERENCES 

203 
 

Garlotta, D. (2001). A Literature Review of Poly(Lactic Acid). Journal of Polymers and the 

Environment, 9 (2), 63-84. 

Gáspár, M., Benkó, Zs., Dogossy, G., Réczey, K., & Czigány, T. (2005). Reducing water 

absorption in compostable starch-based plastics. Polymer Degradation and Stability, 90 (3), 

563-569. 

Gennadios, A., Weller, C.L., & Testin, R.F. (1993). Modification of physical and barrier 

properties of edible wheat gluten-based films. Biological Systems Engineering; Papers and 

Publications, 70 (4), 425-429. 

Gennadios, A., Hanna, M. A., & Kurth, L. B. (1997). Application of edible coatings on meats, 

poultry and seafoods: a review. Lebensmittel Wissenschaft und Technology, 30, 337–350. 

Germain, Y. (1997). Conception de films polymer à permeabilité contrôlée pour l'embalage 

alimentaire. Industriée Alimentaire et Agricules, 137–140. 

Ghaffar, A.M.E.H.A. (2002). Development of a biodegradable material based on Poly 

(3)hydroxybutyrate) PHB. Ph.D. thesis, Martin-Luther University, Wittenberg. URL: 

http://sundoc.bibliothek.uni-halle.de/diss-online/02/02H017/prom.pdf, Last accessed: 

26/01/2015. 

Ghanbarzadeh, B., Oromiehie, A.R., Musavi, M., D-Jomeh, Z.E., Rad, E.R., & Milani, J. (2006). 

Effect of plasticizing sugars on rheological and thermal properties of zein resins and mechanical 

properties of zein films. Food Research International, 39, 882-890. 

Ghanbarzadeh, B., Almasi, H., & Entezami, A.A. (2011). Improving the barrier and mechanical 

properties of corn starch-based edible films: effect of citric acid and carboxymethyl cellulose. 

Industrial Crops and Products, 33, 229-235. 

González, A., Van Huynh, F., & Yousef, W. (2009). Sustainable packaging: A study of 

consumers’ loyalty and behavior. Bachelor thesis, May 2009, Jönköping University, Sweden. 

Goodfellow (2014). URL: http://www.goodfellow.com/E/Cellulose-Acetate.html. Last 

accessed: 9/10/2014. 

Gotro, J. (2013). Polyethylene Furanoate (PEF): 100% Biobased Polymer to Compete with PET? 

URL: http://polymerinnovationblog.com/polyethylene-furanoate-pef-100-biobased-polymer-

to-compete-with-pet/. Last accessed: 17/12/2014. 

http://www.goodfellow.com/E/Cellulose-Acetate.html
http://polymerinnovationblog.com/polyethylene-furanoate-pef-100-biobased-polymer-to-compete-with-pet/
http://polymerinnovationblog.com/polyethylene-furanoate-pef-100-biobased-polymer-to-compete-with-pet/


  REFERENCES 

204 
 

Gray, J.I. (1978). Measurement of lipid oxidation: A review. Journal of the American Oil 

Chemists' Society 55 (6), 539-546. 

Grayline Inc (2015). URL: http://www.graylineinc.com/tubing-materials/polypropylene.html. 

Last accessed: 15/01/2015. 

Gramiccioni, L., Di Prospero, P, Milana, M.R., Di Marzio, S., & Marcello, I. (1997). Global 

migration from plastic materials into olive oil and isooctane: An experimental comparison. 

Food and Chemical Toxicology, 24 (1), 23-26.  

Grillo Fernandes, E., Pietrini, M., & Chiellini, E. (2004). Thermo-Mechanical and 

Morphological Characterization of Plasticized Poly[(R)-3-hydroxybutyric acid]. 

Macromolecular Symposia, 218, 157-164. 

Grob, K. (2008). The future of simulants in compliance testing regarding the migration from 

food contact materials into food. Food Control, 19, 263-268.  

Gu, S.Y., Zhang, K., Ren, J., & Zhan, H. (2008). Melt rheology of polylactide/poly(butylene 

adipate-co-terephthalate) blends. Carbohydrate Polymers, 74 (1), 79-85. 

Hamdani, M., & Feigenbaum, A. (1996). Migration from plasticized poly(vinyl chloride) into 

fatty media: Importance of simulant selectivity for the choice of volatile fatty simulants. Food 

Additives & Contaminants, 13 (6), 717-729. 

Hamlyn, P.F., Wales, D.S., & Sagar, B.F. (1987). Extracellular enzymes of Penicillium. In 

Penicillium and Acremonium, Biotechnology Handbooks, Vol. 1, 245-284. 

Harris, A.M., & Lee, E.C. (2007). Improving mechanical performance of injection molded PLA 

by controlling crystallinity. Journal of applied polymer science, 107, 2246-2255. 

Haugaard, V. K., Udsen, A. M., Mortensen, G., Hoegh, L., Petersen, K., & Monahan, F. (2001). 

Potential food applications of biobased materials, an EU-concerted action project. 

Starch/Stärke, 53 (5), 189-200. 

Haugaard, V. K., Weber, C. J., Danielsen, B., & Bertelsen, G. (2002). Quality changes in orange 

juice packed in materials based on polylactate. European Food Research & Technology, 214 

(5), 423-428. 

http://www.graylineinc.com/tubing-materials/polypropylene.html


  REFERENCES 

205 
 

Haugaard, V.K., Danielsen, B., & Bertelsen, G. (2003). Impact of polylactate and 

poly(hydroxybutyrate) on food quality. European Food Research & Technology, 216 (3), 233-

240. 

Hernando-Izquierdo, V.M., & Krochta, J.M. (2009). Thermal Transitions and Heat-sealing of 

Glycerol-plasticized Whey Protein Films. Packaging Technology and Science, 22, 255-260. 

Highlights in bioplastics (2006). URL: http://www.biodeg.net/fichiers/Highlights%20in%20 

Bioplastics %20(Eng).pdf. Last accessed: 10/10/2012. 

Hirvikorpi, T., Vähä-Nissi, M., Nikkola, J., Harlin, A., & Karppinen, M. (2011). Thin Al2O3 

barrier coatings onto temperature-sensitive packaging materials by atomic layer deposition. 

Surface & Coatings Technology, 205, 5088-5092. 

Hyon, S.H., Jamshidi, K., & Ikada, Y. (1997). Synthesis of polylactides with different 

molecular weights. Biomaterials, 18, 1503-1506. 

Ifezue, C. (2009). The effect of bio-based films on quality and shelf life of fresh celery. URL: 

http://search.proquest.com/docview/304865294. Last accessed 06.08.2014. 

Ikada, Y., & Tsuji, H. (2000). Biodegradable polyesters for medical and ecological applications. 

Macromolecular rapid communications, 21, 117-132. 

Iles, A., & Martin, A.N. (2013). Expanding bioplastics production: sustainable business 

innovation in the chemical industry. Journal of Cleaner Production, 45, 38-49. 

Iotti, M., Fabbri, P., Messori, M., Pilati, F., & Fava, P. (2009). Organic-inorganic hybrid 

coatings for the modification of barrier properties of poly(lactic acid) films for food packaging 

applications. Journal of Polymers and the Environment, 17 (1), 10-19. 

ISO 11357-2 (1999). Plastics – Differential scanning calorimetry (DSC) – Part 2: Determination 

of glass transition temperature. 

Jager, A. (2010). Ingeo™ polylactide een natuurlijke keus, presentation given at VMT 

conference: green packaging (9/12/2010), Utrecht, The Netherlands. 

Jamshidian, M., Tehrany, E. A., Imran, M., Jacquot, M., & Desobry, S. (2010). Poly-lactic acid: 

production, applications, nanocomposites, and release studies. Comprehensive Reviews in Food 

Science and Food Safety, 9 (5), 552-571. 

http://www.biodeg.net/fichiers/Highlights%20in%20%20Bioplastics%20%20(Eng).pdf
http://www.biodeg.net/fichiers/Highlights%20in%20%20Bioplastics%20%20(Eng).pdf


  REFERENCES 

206 
 

Jerez, A., Partal, P., Martínez, I., Gallegos, C.,&  Guerrero, A. (2005). Rheology and processing 

of gluten based bioplastics.  Biochemical Engineering Journal, 26 (2-3), 131-138. 

Jiang, L., Wolcott, M.P., & Zhang, J. (2006). Study of biodegradable polylactide/poly(butylene-

adipate-co-terephthalate) blends. Biomacromolecules, 7 (1), 199-207. 

Jin, G., Zhang, J., Yu, X., Zhang, Y., Lei, Y. & Wang, J. (2010). Lipolysis and lipid oxidation 

in bacon during curing and drying-ripening. Food Chemistry, 123, 465-471. 

Jo, C., Lee, J.W., Lee, K. H., & Byun, M.W. (2001). Quality properties of pork sausage prepared 

with water-soluble chitosan oligomer. Meat Science, 59 (4), 369-375. 

John, R.P., Nampoothiri, K.M., & Pandey, A. (2007). Fermentative production of lactic acid 

from biomass: an overview on process developments and future perspectives. Applied 

microbiology and biotechnology, 74 (3), 524-534. 

Joshi, S. (2008). Can nanotechnology improve the sustainability of biobased products? The case 

of layered silicate biopolymer nanocomposites. Journal of Industrial Ecology, 12 (3), 474-489. 

Kai, W., He, Y. & Inoue, Y. (2005). Fast crystallization of poly(3-hydroxybutyrate) and poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) with talc and boron nitride as nucleating agents. 

Polymer International, 54 (5), 780-789. 

Kale, G., Auras, R., & Singh, S.P. (2006). Degradation of commercial biodegradable packages 

under real composting and ambient exposure conditions. Journal of Polymers and the 

Environment, 14, 317-334. 

Kantola, M., & Helen, H. (2001). Quality changes in organic tomatoes packaged in 

biodegradable packaging films. Journal of Food Quality, 24 (2), 167-176. 

Kawamoto, N., Sakai, A., Horikoshi, T., Urushihara, T., & Tobita, E. (2007). Nucleating Agent 

for Poly(L-lactic acid)—An Optimization of Chemical Structure of Hydrazide Compound for 

Advanced Nucleation Ability. Journal of Applied Polymer Science, 103 (1), 198-203. 

Kim, M., & Lee, S. J. (2002). Characteristics of crosslinked potato starch and starch-filled linear 

low-density polyethylene films. Carbohydrate Polymers, 50, 331-337. 

Kim, J.K., Jo, C., Park, H.J., & Byun, M.W. (2008). Effect of gamma irradiation on the 

physicochemical properties of a starch-based film. Food Hydrocolloids, 22 (2), 248-254. 



  REFERENCES 

207 
 

Koide, S., & Shi, J. (2007). Microbial and quality evaluation of green peppers stored in 

biodegradable film packaging. Food Control, 18 (9), 1121-1125. 

Kokoszka, S., Debeaufort, F., Lenart, A., & Voilley, A. (2010). Water vapour permeability, 

thermal and wetting properties of whey protein isolate based edible films. International Dairy 

Journal, 20, 53-60. 

Koller, I., & Owen, A.J. (1996). Starch-filled PHB and PHB/HV copolymer. Polymer 

International, 39, 175-181. 

Koller, M., Salerno, A., Dias, M., Reiterer, A., & Braunegg, G. (2010). Modern 

biotechnological polymer synthesis: a review. Food technology biotechnology, 48 (3), 255-269. 

Kolstad, J.J. (1996). Crystallization kinetics of poly(L-lactide-co-meso-lactide). Journal of 

Applied Polymer Science, 62 (7), 1079-1091. 

Kopinke, F., & Mackenzie (1997). Mechanistic aspects of the thermal degradation of poly(lactic 

acid) and poly(β-hydroxybutyric acid). Journal of Analytical and Applied Pyrolysis, 40-41, 43-

53. 

Krishnamachari, P., Zhang, J., Lou, J. Yan, J. & Uitenham, L. (2009). Biodegradable 

Poly(Lactic Acid)/Clay Nanocomposites by Melt Intercalation: A Study of Morphological, 

Thermal, and Mechanical Properties. International Journal of Polymer Analysis and 

Characterization, 14, 336-350. 

Kristo, E., & Biliaderis, C.G. (2007). Physical properties of starch nanocrystal reinforced films. 

Carbohydrate Polymers, 29 (1), 254-259. 

Kumar, P., Sandeep, K. P., Alavi, S., & Truong, V. D. (2011). A review of experimental and 

modeling techniques to determine properties of biopolymer-based nanocomposites. Journal of 

Food Science, 76, 2-14. 

Kwon, T., & Watts, B. M. (1964). Malonaldehyde in aqueous solution and its role as a measure 

of lipid oxidation. Journal of Food Science, 29, 294–302. 

Lagarón, J. M., & Lopez-Rubio, A. (2011). Nanotechnology for bioplastics: opportunities, 

challenges and strategies. Trends in Food Science & Technology, 22, 611-617. 

Levkane, V., Muizniece-Brasava, S., & Dukalska, L. (2008). Pasteurization effect to quality of 

salad with meat and mayonnaise. Foodbalt, 2008, 69-73. 



  REFERENCES 

208 
 

Li, H., & Huneault, M.A. (2007). Effect of nucleation and plasticization on the crystallization 

of poly (lactic acid). Polymer, 48, 6855-6866.  

Lim, L.T., Auras, R. & Rubino, M. (2007). Processing technologies for poly(lactic acid). 

Progress in Polymer Science, 33 (8), 820-852. 

Liu, L. (2006). Bioplastics in food packaging: Innovative Technologies for Biodegradable 

Packaging. URL: http://www.iopp.org/files/public/SanJoseLiuCompetitionFeb06.pdf. Last 

accessed: 10/10/2012. 

Lu, Y.S.,Weng, L.H., & Cao, X.D. (2005). Biocomposites of Plasticized Starch Reinforced with 

Cellulose Crystallites from Cottonseed Linter. Macromolecular Bioscience, 5, 1101-1107. 

Lu, Y.S.,Weng, L.H., & Cao, X.D. (2006). Morphological, thermal and mechanical properties 

of ramie crystallites-reinforced plasticized starch biocomposites. Carbohydrate Polymers, 63, 

198-204. 

Lunt, J. (2009). The development and commercialization of polyhydroxy alkanoates (PHA). 

Bioplastics Magazine, (Issue 03/2009), 36-38. 

Ma, X., Chang, P.R., & Jiugao, Y. (2008). Properties of biodegradable thermoplastic pea 

starch/carboxymethyl cellulose and pea starch/microcrystalline cellulose composites. 

Carbohydrate Polymers, 72, 369-375. 

Madison, L.L., & Huisman, G.W. (1999). Metabolic Engineering of Poly 

(3)Hydroxyalkanoates): From DNA to Plastic. Microbiology and Molecular Biology reviews, 

63 (1), 21-53. 

Madras, G., Chung, G.Y., Smith, J.M., & McCoy B.J. (1997). Molecular Weight Effect on the 

Dynamics of Polystyrene Degradation. Industrial and Engineering Chemistry Research, 36, 

2019-2024. 

Makino, Y., & Hirata, T. (1997). Modified atmosphere packaging of fresh produce with a 

biodegradable laminate of chitosan-cellulose and polycaprolactone. Postharvest Biology and 

Technology, 10 (3), 247-254. 

Mancini, R.A., & Hunt, M.C. (2005). Current research in meat color. Meat Science, 71 (1), 100-

121. 

Mark, J.E. (1999). Polymer data handbook: Oxford University Press, New York, NY, USA. 

http://www.iopp.org/files/public/SanJoseLiuCompetitionFeb06.pdf.%20Last%20accessed:%2010/10/2012
http://www.iopp.org/files/public/SanJoseLiuCompetitionFeb06.pdf.%20Last%20accessed:%2010/10/2012


  REFERENCES 

209 
 

Markarian, J. (2008). Biopolymers present new market opportunities for additives in packaging. 

Plastics, Additives and Compounding, 10 (3), 22-25. 

Martin, O., & Avérous, L. (2001). Poly (lactic acid): plasticization and properties of 

biodegradable multiphase system. Polymer, 42, 6209–6219. 

Martino, V.P., Jiménez, A., Ruseckaite, R.A., & Avérous, L. (2011). Structure and properties 

of clay nano-biocomposites based on poly(lactic acid) plasticized with polyadipates. Polymers 

for Advanced Technologies, 22 (12), 2206-2213. 

Massouda, D.F., Visioli, D., Green, D.A., & Joerger, R.D. (2011). Extruded Blends of Chitosan 

and Ethylene Copolymers for Antimicrobial Packaging. Packaging Technology and Science, 

25 (6), 321-327. 

Massey, L.K. (2003). Permeability Properties of Plastics and Elastomers, A Guide to 

Packaging and Barrier Materials. PDL Handbook Series, 2nd edition, Plastics Design Library, 

Norwich, NY, USA. 

Matbase (2003). Cellulose Acetate (CA). URL: http://www.matbase.com/material-

categories/natural-and-synthetic-polymers/engineering-polymers/material-properties-of-

synthetic-cellulose-acetate-ca.html#properties. Last accessed: 21/5/2014. 

Maté, J.I., & Krochta, J.M. (1996). Comparison of oxygen and water vapor permeabilities of 

whey protein isolate and blactoglobulin edible films. Journal of Agricultural Food Chemistry, 

44, 3001-3004. 

Matsuyama, H., Maki, T., Teramoto, M., & Asano, K. (2002). Effect of polypropylene 

molecular weight on porous membrane formation by thermally induced phase separation. 

Journal of Membrane Science, 204, 323-328. 

MatWeb (2014). URL: http://www.matweb.com/reference/deflection-temperature.aspx. Last 

accessed: 9/10/2014. 

Mauricio-Iglesias, M., Peyron, S., Guillard, V., & Gontard, N. (2010). Wheat gluten 

nanocomposite films as food-contact materials: migration tests and impact of novel food 

stabilization technology (High pressure). Journal of Applied Polymer Science, 116 (5), 2526-

2535. 

McHugh, T.H., Aujard, J.F., & Krochta, J.M. (1994). Plasticized whey protein edible films: 

water vapor permeability properties. Journal of Food Science, 59, 416-419. 

http://www.matbase.com/material-categories/natural-and-synthetic-polymers/engineering-polymers/material-properties-of-synthetic-cellulose-acetate-ca.html#properties
http://www.matbase.com/material-categories/natural-and-synthetic-polymers/engineering-polymers/material-properties-of-synthetic-cellulose-acetate-ca.html#properties
http://www.matbase.com/material-categories/natural-and-synthetic-polymers/engineering-polymers/material-properties-of-synthetic-cellulose-acetate-ca.html#properties
http://www.matweb.com/reference/deflection-temperature.aspx


  REFERENCES 

210 
 

Mediane (2014). Website Mediane®. URL: http://www.mediane-

flexibles.com/nl/producten/bio-plastics. Last accessed: 29/07/2014. 

Meng, Q., Heuzey, M.C., & Carreau, P.J. (2012). Control of thermal degradation of 

polylactide/clay nanocomposites during melt processing by chain extension reaction. Polymer 

Degradation and Stability, 97 (10), 2010-1020. 

Mensitieri, G., Di Maio, E., Buonocore, G.G., Nedi, I., Oliviero, M., & Sansone, L. (2011). 

Processing and shelf life issues of selected food packaging materials and structures from 

renewable resources. Trends in Food Science & Technology, 22 (2-3), 72-80. 

Middleton, J.C., & Tipton, J.A. (2000). Synthetic biodegradable polymers as orthopedic devices. 

Biomaterials, 21 (23), 2335-2346. 

Mikkonen, K.S., & Tenkanen M. (2012). Sustainable food-packaging materials based on future 

biorefinery products: Xylans and mannans. Trends in Food Science & Technology, 28, 90-102. 

Mo, C., Yuan, W., Lei, W., & Shijiu, Y. (2014). Effects of Temperature and Humidity on the 

Barrier Properties of Biaxially-oriented Polypropylene and polyvinyl Alcohol Films. Journal 

of Applied Packaging Research, 6 (1), 40-46. 

Modi, S.J. (2010). Thesis: Assessing the Feasibility of Poly-(3-Hydroxybutyrate-co-3-Valerate) 

(PHBV) and Poly-(Lactic Acid) for Potential Food Packaging Applications, Ohio State 

University, Ohio, USA. 

Molenveld, K, & Van Den Oever, M. (2014). Catalogus Biobased Verpakkingen, Wageningen 

UR., The Netherlands. 

MØller, J.K.S., Jakobsen, M., Weber, C.J., Martinussen, T., Skibsted, L.H., & Bertelsen, G. 

(2003). Optimisation of colour stability of cured ham during packaging and retail display by a 

multifactorial design. Meat Science, 63, 169-175. 

Muizniece-Brasava, S., & Dukalska, L. (2006). Impact of biodegradable PHB packaging 

composite materials on dairy product quality. Proceedings of the Latvia University of 

Agriculture, 16 (311), 79-87. 

Müller, C.M.O., Laurindo, J.B., & Yamashita, F. (2009). Effect of cellulose fibers addition on 

the mechanical properties and water vapor barrier of starch-based films. Food Hydrocolloids, 

23 (5), 1328-1333. 

http://www.mediane-flexibles.com/nl/producten/bio-plastics
http://www.mediane-flexibles.com/nl/producten/bio-plastics


  REFERENCES 

211 
 

Müller, C.M.O., Laurindo, J.B., & Yamashita, F. (2011). Effect of nanoclay incorporation 

method on mechanical and water vapor barrier properties of starch-based films. Industrial 

Crops and Products, 33 (3), 605-610. 

Najafi, N., Heuzey, M., Carreau, P., Wood-Adams, P.M. (2012). Control of thermal degradation 

of polylactide (PLA)-clay nanocomposites using chain extenders. Polymer Degradation and 

Stability, 97 (4), 554-565. 

Nam, J.Y., Okamoto, M., Okamoto, H., Nakano, M., Usuki, A., & Matsuda, M. (2006). 

Morphology and crystallization kinetics in a mixture of low-molecular weight aliphatic amide 

and polylactide. Polymer, 47 (4), 1340-1347. 

Nampoothiri, K.M., Nimisha R.N., &  Rojan P.J. (2010). An overview of the recent 

developments in polylactide (PLA) research. Bioresource Technology, 101, 8493–8501. 

NanoMarkets Blog (2013). Regulatory Drivers for the Bio-plastics Market. Website 

NanoMarkets: URL: http://nanomarkets.net/blog/article/regulatory_drivers_for_the_bio_ 

plastics_market. Last accessed: 15/01/2015. 

Narajan, R. (2004). Drivers & Rationale for Use of Biobased Materials Based on Life Cycle 

Assessment (LCA). In Global Plastics Environmental Conference, p12, Detroit, USA. 

Nieburg, O. (2010). Unique sustainable deep freeze packaging set for European launch. URL: 

http://www.foodproductiondaily.com/Packaging/Unique-sustainable-deep-freeze-packaging-

set-for-European-launch. Last accessed: 10/10/2012. 

Nielsen, L. E. (1967). Models for the permeability of filled polymer systems. Journal of 

Macromolecular Science Part A-Chemistry, 1 (5), 929-942. 

OECD (2013), “Policies for Bioplastics in the Context of a Bioeconomy”, OECD Science, 

Technology and Industry Policy Papers, No. 10, OECD Publishing. 

Orient HDPE (2012). Properties compare for LDPE and HDPE. URL: http://www.polymer-

insulators.com/list1.asp?id=309. Last accessed: 10/03/2014. 

Papastergiadis, A., Mubiru, E., Van Langenhove, H., & De Meulenaer, B. (2012). 

Malondialdehyde Measurement in Oxidized Foods: Evaluation of the Spectrophotometric 

Thiobarbituric Acid Reactive Substances (TBARS) Test in Various Foods. Journal of 

Agricultural and Food Chemistry, 60, 9589-9594. 

http://nanomarkets.net/blog/article
http://www.foodproductiondaily.com/Packaging/Unique-sustainable-deep-freeze-packaging-set-for-European-launch
http://www.foodproductiondaily.com/Packaging/Unique-sustainable-deep-freeze-packaging-set-for-European-launch
http://www.polymer-insulators.com/list1.asp?id=309
http://www.polymer-insulators.com/list1.asp?id=309


  REFERENCES 

212 
 

Park, H., Lee, W., Park, C., Cho, W., & Ha, C. (2002). Preparation and properties of 

biodegradable thermoplastic starch/clay hybrids. Macromolecular Materials and Engineering, 

278 (8), 553-558. 

Petersen, K., Nielsen, P. V., Bertelsen, G., Lawther, M., Olsen, M. B., & Nilsson, N. H. (1999). 

Potential of biobased materials for food packaging. Trends in Food Science & Technology, 10, 

52-68. 

Petersen, K., Nielsen, P. & Olsen, M.B. (2001). Physical and Mechanical Properties of 

Biobased Materials – Starch, Polylactate and Polyhydroxybutyrate. Starch/Stärke, 53, 356-361. 

Petersson, L., & Oksman, K. (2006). Biopolymer based nanocomposites: comparing layered 

silicates and microcrystalline cellulose as nanoreinforcement. Composites Science and 

Technology, 66, 2187-2196. 

Petukhov, I., Malcolmson, L.J., Przybylski, R. & Armstrong, L. (1999). Storage Stability of 

Potato Chips Fried in Genetically Modified Canola Oils. Journal of the American Oil Chemists’ 

Society, 76, 889-896. 

Philp, J., (2014). OECD Policies for Bioplastics in the Context of a Bioeconomy, 2013. 

Industrial Biotechnology, 10 (1), 19-21. 

Pilz, H., Schweighofer, J., & Kletzer, E. (2005). The Contribution of Plastic Products to 

Resource Efficiency. Final Report January, GUA – Gesellschaft für umfassende Analysen, 

Vienne, Austria. 

Plastics Europe (2013). Plastics – the Facts 2013, An analysis of European latest plastics 

production, demand and waste data. URL: www.plasticseurope.org/.../20131014095824-

final_plastics_the_facts_2013. Last accessed 04/02/2015. 

Plastics News (2014). Current Resin Pricing, Commodity thermoplastics. URL: 

https://www.plasticnews.com/resin/commodity-thermoplastics/current-pricing. Last accessed: 

10/03/2014. 

Platt, D. (2014). Prices rise in January. URL: 

http://www.europeanplasticsnews.com/subscriber/newscat2.html?cat=14&channel=400&id=4

062. Last accessed: 10/03/2014. 

Popa, M., & Belc, N. (2007). Packaging. Food Safety, 1, 68-87. 

http://www.plasticseurope.org/.../20131014095824-final_plastics_the_facts_2013
http://www.plasticseurope.org/.../20131014095824-final_plastics_the_facts_2013
https://www.plasticnews.com/resin/commodity-thermoplastics/current-pricing
http://www.europeanplasticsnews.com/subscriber/newscat2.html?cat=14&channel=400&id=4062
http://www.europeanplasticsnews.com/subscriber/newscat2.html?cat=14&channel=400&id=4062


  REFERENCES 

213 
 

Purac (2008). Lactides: the missing link for PLA (Hans van der Pol). 1st PLA World Congress, 

9-10 September, Munich, Germany. 

Ragaert, K., Dekeyser, A., Cardon, L., & Degrieck, J. (2011). Quantification of Thermal 

Material Degradation During the Processing of Biomedical Thermoplastics. Journal of Applied 

Polymer Science, 120 (5), 2872-2880. 

Ragaert, P., Vermeulen, A., & De Mey, K. (2015). Packaging Technology. Course notes, 

Faculty of Bioscience Engineering, Ghent University, Ghent. 

Ramsay, J.A., Berger, E., Ramsay, B.A., Chavarie, C. (1990). Recovery of poly-3-

hydroxyalkanoic acid granules by a surfactant-hypochlorite treatment. Biotechnology 

Techniques, 4, 221-226. 

Rasal, R. M., Janorkar, A. V., & Hirt, D. E. (2010). Poly(lactic acid) modifications. Progress 

in Polymer Science, 35, 338-356. 

Reap, J., Roman, F., Duncan, S., & Bras, B. (2008). A survey of unresolved problems in life 

cycle assessment. The International Journal of Life Cycle Assessment, 13 (5), 374-388. 

Reddy, C.S.K., Ghai, R., Rashmi, & Kalia, V.C. (2003). Polyhydroxyalkanoates: an overview. 

Bioresource technology, 87 (2), 137-146. 

Renerre, M. (1990). Review: Factors involved in the discolouration of beef meat. International 

Journal of Food Science and Technology, 25, 613-630.  

Rhim, J.W., Gennadios, A., Fu, D., Curtis, L.W., & Milford, H.A. (1999). Properties of 

ultraviolet irradiated protein films. LWT - Food Science and Technology, 32 (3), 129-133. 

Rhim, J.W., Lee, J.H., & Perry, K.W.Ng. (2007). Mechanical and barrier properties of 

biodegradable soy protein isolate-based films coated with polylactic acid. Food Science and 

Technology, 40 (2), 232-238. 

Rhim, J.W., Hong, S.I., & Ha, C.S. (2009). Tensile, water vapor barrier and antimicrobial 

properties of PLA/nanoclay composite films. Food Science and Technology, 42 (2), 612-617. 

Rhim, J.W., & Kim, J.H. (2009). Properties of poly(lactide)-coated paperboard for the use of 

1-way paper cup. Journal of Food Science, 74 (2), 105-111. 

Robards K., Kerr A.F. & Patsalides E. (1988). Rancidity and its Measurement in Edible Oils 

and Snack Foods : A Review. Analyst 113, 2, 213-224. 



  REFERENCES 

214 
 

Robertson, G.L. (2012). Food Packaging: Principles and Practice, Third edition. CRC Press, 

Taylor & Francis Group, Boca Raton, 3rd edition.  

Rodionova, G., Lenes, M., Eriksen, Ø., & Gregersen, Ø. (2011). Surface chemical modification 

of microfibrillated cellulose: improvement of barrier properties for packaging applications. 

Cellulose, 18 (1), 127-134. 

Rodriguez-Amaya, D.B. (1999). Changes in carotenoids during processing and storage of foods. 

Archivos latinoamericanos de nutricion, 49, 38S-47S.  

Romani, S., Tappi, S., Balestra, F., Rodriguez Estrada, M.T., Siracusa, V., Rocculi, P., & Dalla 

Rosa, M. (2014). Effect of different new packaging materials on biscuit quality during 

accelerated storage. Journal of the Science of Food and Agriculture, in press, DOI: 

10.1002/jsfa.6888. 

Rossa, L.V., Scienza, L.C., & Zattera, A.J. (2013). Effect of Curauá Fiber Content on the 

Properties of Poly (hydroxybutyrate-co-valerate) Composites. Polymer Composites, 34 (4), 

450-456. 

Sanches, N.B., Dias, M.L., Pacheco, E.B.A.V. (2005). Comparative techniques for molecular 

weight evaluation of poly (ethylene terephthalate) (PET). Polymer Testing, 24, 688-693. 

Sanchez-Garcia, M.D., Gimenez, E., & Lagarón, J.M. (2008). Morphology and barrier 

properties of solvent cast composites of thermoplastic biopolymers and purified cellulose fibers. 

Carbohydrate Polymers, 71(2), 235-244. 

Sanchez-Garcia, M.D., & Lagarón, J.M. (2010a). Novel clay-based nanobiocomposites of 

biopolyesters with synergistic barrier to UV light, gas, and vapour. Journal of Applied Polymer 

Science, 118 (1), 188-199. 

Sanchez-Garcia, M.D., & Lagarón, J.M. (2010b). On the use of plant cellulose nanowhiskers 

to enhance the barrier properties of  polylactic acid. Cellulose, 17, 987-1004. 

Sanchez-Garcia, M.D., Lopez-Rubio, A., & Lagarón, J.M. (2010a). Natural micro and 

nanocomposites with enhanced barrier properties and novel functionalities for food 

biopackaging application. Trends in Food Science & Technology, 21 (11), 528-536. 

Sanchez-Garcia, M.D., Lagarón, J.M., & Hoa, S.V. (2010b). Effect of addition of carbon 

nanofibers and carbon nanotubes on properties of thermoplastic biopolymers. Composites 

Science and Technology, 70, 1095-1105. 



  REFERENCES 

215 
 

Satterlee, L.D., & Hansmeyer, W. (1974). The role of light and surface bacteria in the colour 

stability of pre-packaged beef. Journal of Food Science, 39, 305-308. 

Schupp, B. (2013). Regulatory Aspects of Active and Intelligent and Other Food Contact 

Materials. Presentation given at 26th IAPRI Symposium on Packaging 2013, Espoo, Finland. 

Shen, Z., Simon, G.P., & Cheng, Y.B. (2002). Comparison of solution intercalation and melt 

intercalation of polymer-clay nanocomposites. Polymer, 43, 4251-4260. 

Shen, L., Haufe, J., & Patel, M.K. (2009). Product overview and market projection of emerging 

bio-based plastics. URL http://en.European-bioplastics.org/wpcontent/uploads/ 

2011/03/publications/PROBIP2009_Final_June_2009.pdf. Last accessed 31/07/2014. 

Shi, R., Bi, J., Zhang, Z., Zhu, A., Chen, D., Zhou, X. (2008). The effect of citric acid on the 

structural properties and cytotoxicity of the polyvinyl alcohol/starch films when molding at 

high temperature. Carbohydrate Polymers, 74, 763-770. 

Shogren, R. (1997). Water Vapor Permeability of Biodegradable Polymers. Journal of 

Environmental Polymer Degradation, 5 (2), 91-95. 

Silvestre, C., Duraccio, D., & Cimmino, S. (2011). Food packaging based on polymer 

nanomaterials. Progress in Polymer Science, 36, 1766-1782. 

Simpson, B.K., Nollet, L.M., Toldra, S., Benjakul, S., Paliyath, G. & Hui, Y.H. (2012). Food 

Biochemistry and Food Processing, 2nd edition, John Wiley & Sons, Iowa, USA. 

Singh, S., & Mohanty, A. (2007). Wood fiber reinforced bacterial bioplastics composites: 

Fabrication and performance evaluation. Composites, science and Technology, 67 (9), 1753-

1763. 

Singh, S., Mohanty, A.K., Sugie, T., Takai, Y., & Hamada, H. (2008). Renewable resource 

based biocomposites from natural fiber and Polyhydroxybutyrate-co-valerate (PHBV) 

bioplastics. Composites Part A: Applied Science and Manufacturing, 39 (5), 875-886. 

Singh, R. (2011). Facts, growth, and opportunities in industrial biotechnology. Organic Process 

Research & Development, 15(1), 175-179. 

Sinha Ray, S., Yamada, K., Okamoto, M., & Ueda, K. (2003). New polylactide-layered silicate 

nanocomposites. Concurrent improvements of material properties, biodegradability and melt 

rheology. Polymer, 44, 857-866. 

http://en.european-bioplastics.org/wpcontent/uploads/


  REFERENCES 

216 
 

Siracusa, V., Rocculi, P., Romani, S., & Dalla Rosa, M. (2008). Biodegradable polymers for 

food packaging: a review. Trends in Food Science & Technology, 19 (12), 634-643. 

Smita, S., Gupta, S.K., Bartonova, A., Dusinska, M., Gutleb, A.C., & Rahman, Q. (2012). 

Nanoparticles in the environment: assessment using the causal diagram approach. 

Environmental health, 11, S1-S13. 

Södergard, A., & Stolt, M. (2002). Properties of lactic acid based polymers and their correlation 

with composition. Progress in Polymer Science, 27, 1123-1163. 

Soetaert, W. (2014). Industriële fermentatieprocessen en downstream processing: fermentatie 

en downstream processing van melkzuur. Hoorcollege 27/2/2014, Ghent University, Ghent, 

Belgium. 

Solberg, M., & Frank, W.C. (1971). Photosensitivity of fresh meat color in the visible spectrum. 

Journal of Food Science, 36, 990-993. 

Song, J. H., Murphy, R. J., Narayan, R., & Davies, G. B. H. (2009). Biodegradable and 

compostable alternatives to conventional plastics. Philosophical Transactions of the Royal 

Society B, 364, 2127-2139. 

Sorrentino, A., Gorrasi, G., & Vittoria, V. (2007). Potential perspectives of bio-nanocomposites 

for food packaging applications. Trends in Food Science & Technology, 18, 84-95. 

Sozer, N., & Kokini, J.L. (2009). Nanotechnology and its applications in the food sector. Trends 

in Biotechnology, 27 (2), 82-89. 

Stegeman, D., Verkleij, T.J. & Stekelenburg, F.K. (2005). Reductie van nitrietgebruik bij 

biologische vleeswarenbereiding. Rapport, Agrotechnology & food innovations B.V., 

Wageningen, The Netherlands.   

Sudesh, K., Abe, H., & Doi, Y. (2000). Synthesis, structure and properties of 

polyhydroxyalkanoates: biological polyesters. Progress in Polymer Science, 25, 1503-1555. 

Sudesh, K., & Iwata, T. (2008). Sustainability of Biobased and Biodegradable Plastics. CLEAN, 

soil, air, water, 36 (5-6), 433-442. 

Suyatma, N.E., Copinet A., Tighzert, L., Coma, V. (2004).  Mechanical and barrier properties 

of biodegradable films made from chitosan and poly (lactic acid) blends. Journal of Polymers 

and the Environment, 12, 1-6. 



  REFERENCES 

217 
 

Tanada-Palmu, P., & Grosso, C.R.F. (2005). Effect of edible wheat gluten-based films and 

coatings on refrigerated strawberry (Fragaria ananassa) quality. Postharvest Biology and 

Technology, 36 (2), 199-208. 

Tharanathan, R.N. (2003). Biodegradable films and composite coatings: past, present and 

future. Trends in Food Science & Technology, 14, 71-78. 

Thiebaud, S., Aburto, J., Alric, I., Borredon, E., Bikiaris, D., Prinos, J. (1997). Properties of 

fatty-acid esters of starch and their blends with LDPE. Journal of Applied Polymer Science, 

65, 705-721. 

TNS Political & Social (2013). Flash Eurobarometer 367 Attitudes of Europeans towards 

building the single market for green products. Report December 2012, European Commission, 

Directorate-General for Environment. 

Tokoro, R., Vu, D.M., Okubo, K., Tanaka, T., Fujii, T., & Fujiura, T. (2008). How to improve 

mechanical properties of polylactic acid with bamboo fibers. Journal of materials science, 43, 

775-787. 

Tsuge, T., Watanabe, S., Sato, S., Hiraishi, T., Abe, H., Doi, Y., & Taguchi, S. (2007). Variation 

in Copolymer Composition and Molecular Weight of Polyhydroxyalkanoate Generated by 

Saturation Mutagenesis of Aeromonas caviae PHA Synthase. Macromolecular Bioscience, 7, 

846-854. 

Tsuji, H., & Ikada, Y. (1999). Stereocomplex formation between enantiomeric poly(lactic 

acid)s. Mechanical properties and morphology of solution-cast films. Polymer, 40, 6699-6708. 

Tsuji, H. (2005). Poly(lactide) Stereocomplexes: Formation, Structure, Properties, Degradation, 

and Applications. Macromolecular Bioscience, 5 (7), 569-697. 

Tullo, A.H. (2008). Producers of biomas-derived polymers will seize the day, if they can get 

price and performance right. Chemical & Engineering News, 86 (39), 21-25. 

Tummala, P., Liu, W., Drzal, L.T., Mohanty, A.K., & Misra, M. (2006). Influence of 

Plasticizers on Thermal and Mechanical Properties and Morphology of Soy-Based Bioplastics. 

Industrial and Engineering Chemistry Research, 45 (22), 7491-7496. 

Türe, H., Gällstedt, M., & Hedenqvist, M.S. (2012). Antimicrobial compression-moulded 

wheat gluten films containing potassium sorbate. Food Research International, 45, 109-115. 



  REFERENCES 

218 
 

Urayama, H., Moon, S.I., & Kimura, Y. (2003). Microstructure and Thermal Properties of 

Polylactides with Different L- and D-Unit Sequences: Importance of the Helical Nature of the 

L-Sequenced Segments. Macromolecular Materials Engineering, 288, 137-143. 

Uyttendaele, M., Jacxsens, L., De Loy-Hendrickx, Devlieghere, F., & Debevere, J. (2010). 

Microbiologische richtwaarden & wettelijke microbiologische criteria. Faculteit Bio-

ingenieurswetenschappen, Universiteit Gent, Gent, ISBN 9789059893856. 

Vadori, R., Mohanty, A.K., & Misra, M. (2013). The Effect of Mold Temperature on the 

Performance of Injection Molded Poly (lactic acid)-Based Bioplastics. Macromolecular 

Materials and Engineering, 298 (9), 981-990. 

Ventanas, S., Estevez, M., Tejeda, J.F., & Riuz, J. (2006). Protein and lipid oxidation in 

Longissimus dorsi and dry cured loin from Iberian pigs as affected by crossbreeding and diet. 

Meat Science, 72, 647-655. 

Vieira, M.G.A, Altenhofen da Silva, M., Oliveira dos Santos, L., & Beppu, M.M. (2011). 

Natural-based plasticizers and biopolymers; A review. European Polymer Journal, 47, 254-

263. 

Wang, Y., Easteal, A.J., & Dong Cheng, X. (1998). Ethylene and Oxygen Permeability Through 

Polyethylene Packaging Films. Packaging Technology and Science, 11, 169-178. 

Wang, Y., Qin, Y., Zhang, Y., Yuan, M., Li, H., & Yuan, M. (2014). Effects of N-octyl lactate 

as plasticizer on the thermal and functional properties of extruded PLA-based films. 

International Journal of Biological Macromolecules, 67, 58-63.  

Weber, C.J. (2000). Biobased packaging materials for the food industry: status and perspectives 

– a European concerted action. November. KVL Department of Dairy and Food Science, 

Frederiksberg, Denmark. URL: www.mli.kvl.dk/foodchem/special/biopack/. Last accesed: 

10/09/2014. 

Weber, C.J., Haugaard, V., Festersen, R., & Bertelsen, G. (2002). Production and application 

of biobased packaging materials for the food industry. Food Additives and Contaminants, 19:S1, 

172-177. 

Weston, S. (2010). Packaging – assessing its environmental credentials. URL: 

http://www.foodbev.com/article/packaging-assessing-its-environmental-credentials. Last 

accessed: 10/10/2012). 

http://www.mli.kvl.dk/foodchem/special/biopack/
http://www.foodbev.com/article/packaging-assessing-its-environmental-credentials


  REFERENCES 

219 
 

Weiss, M., Haufe, J., Carus, M., Brandão, M., Bringezu, B., Hermann, B. & Patel, M.K. (2012). 

A Review of the Environmental Impacts of Biobased Materials. Journal of Industrial Ecology, 

16, 169-181. 

Wolfgang, B., Carrez, M., Kaeb, H., Ravenstijn, J., & Zepnik, S. (2013). Market study on Bio-

based Polymers in the World Capacities, Production and Applications: Status Quo and Trends 

towards 2020. Technical report, Nova-Institute for Ecology and Innovation, Hürth. URL: 

http://www.bio-based.eu/market_study/. Last accessed: 13/01/2015. 

Work, W.J., Horie, J., Hess, M., & Stepto R.F.T. (2004). Definitions of terms related to polymer 

blends, composites, and multiphase polymeric materials (IUPAC Recommendation 2004). Pure 

Applied Chemistry, 76 (11), 1985-2007. 

Wu, S. (1987). Formation of dispersed phase in incompatible polymer blends: Interfacial and 

rheological effects. Polymer Engineering & Scence., 27 (5), 335–343. 

Wu, D., Wu, L., Wu, L., & Zhang, M. (2006). Rheology and thermal stability of 

polylactide/clay nanocomposites. Polymer Degradation and Stability, 91 (12), 3149-3155. 

Wu, Y., Geng, F., Chang, P.R., Yu, J., & Ma, X. (2009). Effect of agar on the microstructure 

and performance of potato starch film. Carbohydrate Polymers, 76 (2), 299-304. 

Yamane, H., & Sasai, K. (2003). Effect of the addition of poly (D-lactic acid) on the thermal 

property of poly (L-lactic acid). Polymer, 44, 2569-2575. 

Yin, Y., Li, J., Liu, Y., & Li, Z. (2005). Starch crosslinked with poly (vinyl alcohol) by boric 

acid. Journal of Applied Polymer Science, 96 (4), 1394-1397. 

Young, O.A., & West, J. (2001). Meat Color. Meat Science and Application, 39-71. Marcel 

Dekker Inc, New York, USA. 

Yoon, J.S., Lee, W.S., Jin, H.J., Chin, I.J., Kim, M.N., & Go, J.H. (1999). Toughening of 

poly(3-hydroxybutyrate) with poly(cis-1,4-isoprene). European Polymer Journal, 35 (5), 781-

788. 

Yu, L., Dean, K., & Li, L. (2006). Polymer blends and composites from renewable resources. 

Progress in Polymer Science, 31 (6), 576-602. 

http://www.bio-based.eu/market_study/


  REFERENCES 

220 
 

Yu, J., Yang, J., Liu, B., & Ma, X. (2009). Preparation and characterization of glycerol 

plasticized-pea starch/ZnO-carboxymethylcellulose sodium nanocomposites. Bioresource 

Technology, 100 (11), 2832-2841. 

Yuzay, I. E., Auras, R., & Selke, S. (2009). Poly(lactic acid) and zeolite composites prepared 

by melt processing: morphological and physical-mechanical properties. Journal of Applied 

Polymer Science, 115 (4), 2262-2270. 

Zachariah, N.Y., & Satterlee, L.D. (1973). Effect of light, pH, and buffer strength on the 

autoxidation of porcine, ovine and bovine myoglobins at freezing temperatures. Journal of 

Food Science, 63, 763-367. 

Zanardi, E., Ghindini, S., Battaglia, A. & Chizzolini, R. (2003). Lipolysis and lipid oxidation 

in fermented sausages depending on different processing conditions and different antioxidants. 

Meat science, 66 (2), 415-423.  

Zepnik, S., Kesselring, A., Kopitzky, R., & Michels, C. (2010). Basics of cellulosics. 

Bioplastics Magazine, (Issue 01/2010), 44-47. 

Zhang, L., Xiong, C., & Deng, X. (1996). Miscibility, crystallization and morphology of poly(b-

hydroxybutyrate)/poly(D, L-lactide). Polymer, 37 (2), 235-241. 

Zhang, M.I.N., & Thomas, N.L. (2010). Blending Polylactic Acid with Polyhydroxybutyrate: 

The Effect on Thermal, Mechanical and Biodegradation Properties. Advances in Polymer 

Technology, 30 (2), 67-79. 

Zhao, H., Cui, Z., Wang, X., Turng, L.S. & Peng, X. (2013). Processing and characterization 

of solid and microcelluloar poly(lactic acid)/polyhydroxybutyrate-valerte (PLA/PHBV) blends 

and PLA/PHBV/Clay nanocomposites. Composites Part B: Engineering, 51, 79-91.  

Zhong, N., & Yuan, Q. (2013). Preparation and properties of molded blends of wheat gluten 

and cationic water-borne polyurethanes. Journal of Applied Polymer Science, 128 (1), 460-469.



  ANNEX 

221 
 

Annex A: Overview tested materials 

 

Material Supplier Chapter 

Natureflex™ N913 (cellulose-based) Bastin/Be_Natural 3,4 

Natureflex™ N931 (cellulose-based + metal layer) Be_Natural 3,4 

PLA tray (PLA) CPMT 3 

Bioska 504 (multilayer PLA) Be_Natural 3 

Natureflex™ N913/PLA (cellulose + PLA) Be_Natural 3 

Paper/Alox/PLA Be_Natural 3 

Natureflex™NK/PLA (cellulose + PLA) Be_Natural 3 

Natureflex™N948 (cellulose-based) Be_Natural 3,4 

Skalax (xylan-based) Xylophane 4 

Cellophane™/M/PLA (cellulose + metal layer + 
PLA) 

Be_Natural 4 

Natureflex™NK (cellulose-based) Innovia Films 4,5 

Natureflex™ NVS (cellulose-based) Innovia Films 5 

Natureflex™ NVR (cellulose-based) Innovia Films 5 

Natureflex™ NE (cellulose-based) Innovia Films 5 

CelloTherm™ (cellulose-based) Innovia Films 5 

Natureworks Ingeo® 3052D (PLA) NatureWorks LLC 6 

Natureworks Ingeo® 6400D (PLA) NatureWorks LLC 6 

Sabic PP 575P (PP) Sabic Europe 6 

Biomer® P304 (PHB) Biomer 6 

SogreenTM 2001-A (PLA/PHB) GreenGran 6 

GreenGran PO21J (PLA + 25% fiber) GreenGran 6 

Synterra® IM (sc-PLA) Synbra/Purac 6 

Joncryl® FA1009 masterbatchf  (chain extender) BASF 6 

Joncryl® FA11005 masterbatchg (chain extender) BASF 6 

Cloisite 15A (montmorillonite) (nanoclay) Rockwood Additives 6 

Hyperform HPN-20E® (nucleating agent) Milliken 6 

Hyperform HPN-68L® (nucleating agent) Milliken 6 
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Annex B: Overview test results residual solvent analysis (Chapter 7) 

Peak Time Area BL Amount Component 
Name # (mtn] [i.N·s] mglm2 

- -- ----
1.783 3570.77 BB 
1.859 0.00 
2069 000 
2.187 000 
3227 0.00 
3 743 0.00 
3 810 0.00 
5.035 0.00 
5.823 0 00 
5 906 0.00 
6 666 0 00 
8.070 000 

2 8.138 2537.31 BB 
8 .359 o.oo 
8.448 0.00 
8.593 0.00 
8 655 0 00 

3 9.393 18019.80 BB 

24127.88 

o. 19 Ethanol 
o oo Ether 
o.oo Aceton 
0. oo lsopropanol 
0.00 1-Propaool 
o.oo Mek 
0 00 Ethylacelaat 
0 00 l~opytacetaat 
0.00 1-Metlloxy-2-p:ropanol 
0.00 1-Butanol 
o oo Propylacetaat 
0.00 Tolueen 
0.16 1-Etnoxy-2-Propanol 
0.00 1·Nitropopaan 
0 00 Ethyleenglycolmonopr 
o.oo AcetyJacetone 
0 00 1-Butylacetaal 
0 92 1-Prcpoxy-2-propanol 

1.27 


