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ABSTRACT 
 

This work is focused on stability modification of the degradation extent and 

rate of biodegradable polyesters such as polylactide (PLA), its copolymers and 

polycaprolactone (PCL) with the motivation to expand their applicability range. 

The theoretical part summarizes the current state of the art of PLA-based 

materials, including   their associated properties, application and degradation 

mechanisms. The experimental section brings authentic research results of the 

dissertation aimed at stability modification of PLA and PCL by non-toxic and 

environmentally friendly additive extracted from waste biomass. Second study is 

focused on chemical modifications of PLA structure by means of 

copolymerization reactions with the acrylic acid. Such alteration accelerated the 

process of polymer degradation, additionally supported and correlated by 

incorporating an inorganic filler. The results were as anticipated, revealing that a 

beneficial effect had been exerted on the degradation mechanisms of polylactide, 

as confirmed by various analytical techniques.  

 

Key words: biodegradable polymer, polylactide, modification of polymers, 

additives, degradation, stability 

 

 

ABSTRAKT 
 

Tato práce se zaměřuje na modifikaci stability, která ovlivňuje především  

rychlost degradace vybraných biodegradabilních polyesterů, jako je polylaktid 

(PLA), jeho kopolymery a polykaprolakton (PCL) za účelem rozšíření 

aplikačního rozsahu. Teoretická část shrnuje u materiálu na bázi PLA současný 

stav jeho vlastností,  dosud dostupné modifikace, aplikační potenciál a také 

degradační mechanizmus za různých podmínek. Experimentální část nabízí nové 

možnosti modifikace degradační stability polymeru PLA s výsledky výzkumu 

zaměřené na netoxické a ekologicky šetrné aditiva. V první části byl srovnáván 

vliv aditiva z odpadní biomasy v polymerech PLA a PCL. Druhá studie je 

zaměřena na chemické modifikace struktury PLA pomocí kopolymeračních 

reakcí s kyselinou akrylovou. Pro zvýšení tohoto efektu a korelaci dalších 

vybraných vlastností byla současně provedena úprava pomocí anorganického 

nanoplniva. Výsledky prokázaly požadovaný vliv na degradační mechanizmus 

sledovaného polymeru dle typů aditiva, které bylo potvrzeno jednotlivými 

analýzami. 

 

Klíčová slova: biorozložitelný polymer, polylaktid, modifikace polymerů, 

aditiva, degradace, stabilita 
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INTRODUCTION 

Polymers have become indispensable to modern life for their broad spectrum 

of applicability. Despite boasting wide-ranging properties, being easy to process 

and proving relatively inexpensive, a major drawback is that most of them come 

from non-renewable sources, especially fossil fuels. As a consequence, energy 

and materials unsustainable for the environment are utilized during the 

production, processing and recycling of them [1]. 

The notion of turning to biodegradable plastics instead is interesting, 

particularly with respect to avoiding the undesirable accumulation of waste 

matter. Biodegradable alternatives can be formulated from either natural or 

synthetic resins [2].  

Polylactide (PLA) has proven especially suitable in this regard. A recyclable 

polyester, it is produced from renewable feedstock or waste products rich in 

polysaccharides, i.e. starch primarily sourced from the agricultural sector. High-

molecular-weight PLA is prominent in the manufacture of disposable goods for 

consumers, whereas polymers of low or medium molecular weight are typically 

applied in modern medicine, such as in controlled drug release systems or 

implants [3]. 

Although PLA shows promise as an alternative to conventional plastic 

materials, limitations exist in relation to its properties. For instance, it is weak 

when it comes to bending, gas impermeability and impact strength. Another 

limitation relates to the rate of degradation, which transpires too quickly for some 

applications, examples products intended for the automotive industry and in 

certain packaging materials. Conversely, the rapid onset of degradation processes 

is an advantage for disposable packaging and pharmaceutical items. Applying and 

incorporating fillers and additives is a possibility, however, they have to be 

compatible with PLA and meet overall biodegradability and safety requirements 

[1], [3]. 

The degradation mechanism of PLA tends to be dependent on the nature of the 

end group and the external environment. It is also advantageous to target the end 

groups of PLA and chemically modify them. A notable effect is achieved with 

PLA of low and medium molar mass, wherein the end groups constitute a 

significant part of the macromolecules; an aspect which pertains to the 

supramolecular chemistry of PLA, as reported in the literature [3], [4]. 

This thesis summarizes the current knowledge of PLA, as well as innovative 

and proven options for its modification and applicability. Attention is paid to the 

degradation mechanism of this biodegradable polymer and the primary factors 

that influence it. Novel means of modifying PLA are subsequently presented, 

potentially broadening the scope of its application. The experimental part focuses 

on the effects exerted by naturally and synthetically derived additives on the 

properties and stability of PLA (e.g. its degradation kinetics) under abiotic and/or 

biotic conditions.   
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1. THEORETICAL BACKGROUND 
 

1.1 Polylactic acid 

PLA represents one of the most common and commercially applied forms of 

bioplastic. Production of it is rising globally, and expected to ramp up to almost 

5.3 million tons by 2026, in connection with the development of biodegradable 

polymers [5]. 

PLA is a biodegradable polyester with a monomer of lactic acid (2-

hydroxypropanoic acid), occurs in two optically active configurations of D(−) and 

L(+) enantiomers, obtained by fermenting carbohydrates from renewable crops 

like sugar beet, corn and other forms of biomass. The whole process can be carried 

out by bacteria or by a chemical process, which potentially leads to the formation 

of a racemic mixture of both enantiomers [6], [7]. 

An amorphous or semi-crystalline polymer, PLA typically has a melting point 

(Tm) of 160 ‒ 190 °C and glass transition temperature (Tg) of 55 ‒ 65 °C. In terms 

of mechanical properties, it is known as a brittle material for its high tensile 

modulus (3 GPa) and yield strength (50 ‒ 70 MPa), with low elongation at break 

(5 ‒ 7 %) [8], [9]. PLA is a thermoplastic polymer that is characterized by 

biocompatibility and biodegradability. Processing it is relatively simple, requiring 

just standard equipment and technology to produce fibres, films or thin sheets and 

3D filament by blowing, extrusion or electrospinning techniques [10], [11], [12].   
 

• PLA synthesis routes 

Three primary methods exist for PLA synthesis (Figure 1): direct 

condensation polymerization; ring-opening polymerization (ROP) of lactide; 

and azeotropic dehydrative polycondensation. A less common alternative to the 

first of these is azeotropic distillation, wherein water formed during 

polycondensation is removed by an azeotropic solvent and subsequent 

esterification gives rise to high-molecular-weight PLA. Mitsui Toatsu Chemicals 

patented this process in 1994 [9], [13]. 
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Figure 1. Methods for PLA synthesis [14]. 

 

Application of PLA 
The primary method for fabricating PLA at present is ROP, as it engenders 

high-molecular-weight PLA suitable for various processing techniques, e.g. 

extrusion, injection moulding and electrospinning.  Figure 2 summarizes the 

preparation of PLA and its applications [15]. 

Referred to as a carbon-neutral life-cycle material, PLA can be produced not 

only from starch, but also food-related waste.  It is possible to fully recycle PLA 

at the end of its useful life. Notable in this regard is chemical recycling, an 

alternative means of obtaining the monomer needed for fabricating virgin 

biopolymers. This procedure takes place at the end of the life cycle of PLA and 

contributes to its circular economic value [16], [17]. 

 

 
Figure 2. Schematic diagram of the general preparation of PLA and its most 

common applications. 
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From an environmental perspective, the PLA biopolymer has a lot to offer. The 

consumption of fossil fuels is lower than for other materials during production, to 

the extent of approximately 25 ‒ 55 %. The carbon dioxide (CO2) released at the 

end point of its life cycle (e.g. by incineration or composting) equals the amount 

of CO2 absorbed by the plants grown that constitute its raw materials. The 

greenhouse gas emissions for PLA (1 600 kg CO2/metric tonne) are sometimes 

far lower than for PET or nylon (4 140 and 7 150 kg CO2/metric tonne, 

respectively). Moreover, less water is needed for its manufacture [18], [19]. 

 

 Packaging 
Plastics are primarily employed for this application, and over 335 million 

tonnes per year are produced for this purpose worldwide. The food industry stands 

out in this regard, as up to 40% of packaging takes the form of disposable 

tableware items, including cutlery, foil and bags [20]. 

PLA clearly shows potential as an alternative to petroleum-based plastics, and 

it has been widely studied for use in food packaging. However, it also has certain 

disadvantages that limit its acceptance in this regard, although they relate to low 

flexibility, poor dimensional stability and ineffective barrier properties [21]. 

 

• Medical applications 
The possibility of sterilization by irradiation, for example, facilitates 

biomedical applications for PLA. The breadth of options in this context is wide, 

from deployment in regenerative tissue engineering to orthopaedic, cardiac and 

dental items. PLA-based medical products (pins, rods, studs, screws and inserts 

produced on 3D printers) feature in customized tissue engineering scaffolds and 

rapidly fabricated medical equipment, such as personal protective equipment. 

Other common examples include implants in the form of membranes and those 

for arthroscopic purposes or spinal surgery [22], [23].  

A notable use of PLA is as a pharmaceutical drug-delivery system. PLA has 

proven suitable as a carrier for the controlled administration of medication, 

examples comprising anticancer, antidiarrhoeal, antipsychotic, antibiotic, anti-

inflammatory and antidiabetic drugs and opioid antagonists. Disadvantages exist, 

however, as PLA exhibits reduced cell adhesion and a low rate of degradation, 

attributed to its hydrophobicity and biological inertness. As a result, inflammation 

can arise in vivo, causing bacterial adhesion, the formation of biofilm and even 

complications associated with necrosis [24]. 

 

• Agriculture 

Another key sector for PLA application is agriculture. PLA could replace high-

density polyethylene structures for plant protection, which serve as a non-

chemical means of creating a physical barrier between pests and crops. The 

material has also found favour in drug-delivery systems that treat plants through 

gradual release of their contents into soil, as well as in containers, flower pots and 
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planters.  Moreover, PLA is non-toxic and biodegradable. Plant pots made of PLA 

have been designed with modifications in their walls that allow parts to be easily 

broken off, thus facilitating the growth of roots and the action of biocomposites 

for accelerated decomposition of the container [25], [26]. 

 

• Automotive 
The automotive industry has been gradually veering away from parts made of 

metal and metal alloys and often replacing them with light plastic ones instead. 

Manufacturers state this decision has been taken in order to reduce the weight of 

vehicles so their fuel consumption is lower, thereby cutting the emission of 

greenhouse gases. They also place emphasis on safety and protecting the 

environment, hence consideration is paid to the use of biodegradable polymers, 

especially PLA. Not only are the internal parts of vehicles now made of plastic, 

but also external elements, such as bumpers, body panels, laminated safety glass, 

mouldings and a host of others, accounting for approximately 18% of the weight 

of a vehicle on average [27], [28]. 

Toyota was the first to adopt PLA, in 2003, followed by Ford and Mazda, which 

applied the material in doors and other interior parts in 2006 [28]. 

 

• Textiles 
The global trend in the textile industry is also to promote an image of being 

green marketing by returning to a natural, ecological approach. Combinations of 

fibres from different polymers possess heightened properties but complicate 

recycling activities [29]. 

PLA fibres are produced in a non-toxic manner, in contrast, and retain a level 

of biological resistance. However, the maintenance of clothing containing PLA 

fibers is still a problem. In this regard, there is a risk that ironing clothes at high 

temperature, but also washing conditions, recommended at temperatures of 35 ‒ 

55 °C and pH 8 or 10 and subsequent drying should not include the use of a tumble 

dryer [29], [30]. 

 

•  Further applications  

PLA shows potential as a conductive fibre for 3D printing purposes. Neat PLA 

serves as an effective insulator in applications involving low voltage and 

temperature [31]. 

Construction is another area where efforts are being made to create sustainable 

buildings that impact the environment to a lesser degree. PLA composites have 

been employed as thermal insulators, within the reinforcements of partition walls 

and as flame-retardant, non-woven fabrics, the latter being a composite 

supplemented with ammonium polyphosphate and lignin [32], [33]. 
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• Modifications to the PLA matrix 

PLA is characterized by properties that resemble those of conventional 

petroleum-based plastics, so has the potential to supersede the latter. On the other 

hand, the SWOT analysis (strengths, weaknesses, opportunities and threats) 

reveals (Fig. 3) that PLA also has undesirable properties. Possible solutions exist 

to rectify these issues, however, including modifying PLA through techniques like 

copolymerization (i) and blending with fillers/additives (ii) [34], [35]. 

 

 
Figure 3. SWOT analysis of applying biodegradable polymers in packaging 

materials [36], [37], [38]. 

 

 

1) Copolymerization 

Chemical modification of PLA primarily consists of introducing various 

functional side groups (e.g. carboxyl, amine and hydroxyl) into it. Under direct 

PLA polymerization conditions, it is possible to add in monomers that attach to 

the –OH or –COOH end groups [39].  

The reaction is terminated by hydrolysis to form a hydroxyl end group with 

functional alkoxy-substituted initiators. Macromers with active end groups are 

also produced that assist in the fabrication of high-molecular-weight polymers 

during post-polymerization reactions. Significantly supporting the strength, 

toughness and hydrophilic, controlled degradable properties of PLA, this process 

concurrently gives rise to a multitude of new macromolecular architectures 

(linear, branched, stellar and dendritic) which emerge. The most common of these 

are the copolymers of poly(lactic-co-polyethylene glycol(PLA-co-PEG) and 

poly-lactide-co-poly-ε-caprolactone (PLA-co-PCL), as well as a type of 

poly(lactic-co-glycolic acid) (PLGA) [34]. 

Another chemical method of modification involves grafting a polymer chain 

onto a solid surface. Two techniques for this currently exist, referred to as 

“grafting from” and “grafting to”. Referred to as graft copolymers, types with 

polylactide are formed in combination with chitosan, cellulose, starch, PEG, 
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vinyl-based polymers, lignin, dextran, methyl methacrylate, maleic anhydride and 

graphene oxide [34], [40].  

 

2) PLA blending 

Categorized as physical modification, blending primarily consists of altering 

the mechanical, optical and thermal properties of PLA. Supplementation with 

plasticizers, nanomaterials and solid fillers is possible during the procedure, and 

changes in orientation can also be made. It gives rise to mixed systems with 

different structures and properties suitable for numerous applications. 

Bio-based materials suffer from the disadvantages of poor degradability and 

recyclability, though. A recent trend in research has been to prepare completely 

biodegradable polymers containing PLLA, PDLA, hyaluronic acid, 

polycaprolactone (PCL) or PHA, with the intention of tackling these drawbacks. 

Other examples include elastomers, thermoplastic starch, PEG and tributyl citrate 

[9], [34], [41].  

The most commonly applied fillers are plant-derived bio-fibres in 

biocomposites with natural, organic reinforcements comprise flax, hemp, jute, 

sisal, kenaf and coir, generally classified as bast, leaf or seed fibres. Synthetic 

examples include carbon fibres and tubes or graphene, which are capable of 

maintaining desirable thermal, conductive and mechanical properties, albeit at a 

high price. Inorganic biocomposites are based on minerals such as bentonite, 

talc, calcium carbonate, barium sulphate, montmorillonite, silicates and mica. 

Supplementation is possible with metal oxide nanoparticles, e.g. iron(III) oxide 

(Fe2O3), aluminium(III) oxide (Al2O3), zinc oxide (ZnO) and titanium(III) oxide 

(Ti2O3) [42], [43], [44].  

Lastly, supplementing PLA with additives results in alteration of the properties 

of the material. A wide assortment exists for this purpose, the most common of 

which are as antioxidants (butylated hydroxyanisole and butylated 

hydroxytoluene), compatibilizers (ethylene-ethylacrylate and ethylene-butyl 

acrylate and multifunctional epoxy styrene-acrylic), heat stabilizers - metallic 

salts (barium-zinc and calcium-zinc) and organometallic (organotin) and non-

metallic organic stabilizers (tetrabromobisphenol-A), plasticizers (esters of 

phthalic acid (dioctyl phthalate) and vegetable oils), dyes and pigments 

(triphenylmethane, azo, anthraquinone, perylene and indigoid dyes or natural 

colourants from plants), blowing agents (N2 or CO2 and sodium bicarbonate), 

biocides, flame retardants, hardeners or aroma/smell modifiers [45], [46], [47],  

[48], [49].  
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1.2 Degradation of PLA 

The degradation mechanism of PLA occurs naturally by the simple hydrolysis 

of ester bonds. Upon complete degradation, PLA decomposes into water, carbon 

dioxide and biomass. The rate of degradation is affected by biological, physical 

and chemical factors, including pH, humidity, oxygen, the isomer ratio, the 

temperature of hydrolysis and shape and size of the material. Other aspects in this 

context include crystallinity, porosity, purity, morphology, the presence of 

terminal carboxyl or hydroxyl groups, crosslinking and resistance to 

electromagnetic radiation, bacteria and the inorganic filler substances deployed 

[50]. 

 

• Abiotic hydrolysis of PLA 
Abiotic hydrolysis consists of degradation by physical factors, especially in an 

aqueous medium where hydrolytic cleavage to poly (α-hydroxyl) esters occurs. 

At temperatures of at least 30°C, slow hydrolysis of the ester bonds in PLA 

transpires, leading to the release of smaller oligomers and monomers (Fig. 4). The 

rate of degradation depends on the crystalline phase of the polymer. Degradation 

of semi-crystalline PLA in an aqueous medium takes place in two steps. The first 

phase begins with the diffusion of water into the amorphous areas, which are less 

organized and allow water to penetrate more easily. The second phase begins once 

most of the amorphous regions have been degraded, and continues to the centre 

of the crystalline domains. If the diffusion of water is faster than the hydrolytic 

reactions, however, hydrolysis occurs randomly throughout the polymer. This 

aspect leads to overall and uniform loss in molecular weight. The resulting 

oligomers and monomers diffuse outwardly and cause gradual erosive effects 

until a balance between diffusion and chemical kinetics is reached [51], [52]. 
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Figure 4. Hydrolytic degradation of PLA in the presence of water [53]. 

 

The effect of pH is crucial in the case of PLA degradation. Exposure to an 

acidic environment brings about accelerated degradation via autocatalysis. The 

rapid cleavage of the chain at low pH catalyses the formation of monomers, which 

are carboxylic acids (lactic acid), leading to accelerated degradation and decrease 

in pH. Mention has to be made of the molecular weight of the polymer in this 

context [54]. 
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• Biodegradation of PLA 
As previously mentioned, PLA is a biodegradable polymer. It is necessary for 

legislation to clarify the differences between the terms “biodegradable” and 

“biodegradable plastic” as stipulated in ASTM D883-12. Decomposed plastic is 

defined as undergoing a significant change in its chemical structure under specific 

environmental conditions, leading to the loss of some properties. This standard 

also defines biodegradable plastic as a plastic material with a degradation 

mechanism induced by the actions of naturally occurring microorganisms such as 

bacteria, fungi and algae [55], [56]. 

Recovering these polymers through recycling would be beneficial from an 

environmental perspective, yet this does not always prove advantageous in terms 

of energy consumption. Therefore, it is currently preferable to compost PLA at 

the end of its life cycle. The phase of initial hydrolysis is crucial to biodegradation 

under the given conditions, which follows microbial (Amycolatopsis, Bacillus 

stearothermophilus and Tritirachium album or viride) and enzymatic activity 

(lipases, serine proteases, cutinases, carboxylesterase and esterases) in tandem 

[57], [58], [59]. 

 

• Biodegradation mechanisms of other biodegradable polymers 

There are also other important representatives of biodegradable polymers such 

as polycaprolactone (PCL), polybutyl succinate (PBS) and poly-3-

hydroxybutyrate (P3HB). Biodegradability of these is initiated by random chain 

cleavage and erosion, which is responsible for both abiotic and biotic hydrolysis. 

The most successful of them is P3HB, which after copolymerization with 3-

hydroxyvalerate can undergo hydrolysis more easily even in an environment in 

which other polymers rarely degrade. Although, each of the forementioned 

polymers requires different condition for optimal decomposition, it is not possible 

to create the same standards for a suitable comparison. It can be different 

temperatures, pH of the environment and decomposition time or the presence of 

suitable microorganisms [60]. 

 

• Impact of products on the environment 
In addition to awareness of the PLA biopolymer itself, i.e. its production, 

processing, potential applications and degradation mechanism, study has to be 

made of the environmental impacts of the associated degradation products. In 

connection with this, conducting a life cycle assessment (LCA) is an option, 

thereby calculating the impact on the environment by means of analyses directly 

related to pre-production (the extraction and production of raw materials), 

manufacture, distribution, usage, recycling and disposal. As a consequence, it 

possible to define the scope of an issue within the framework of an inventory 

analysis, quantifying the energy consumed and hazardous substances emitted by 

a product during its life cycle [61]. 
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The ISO 14040:2006 and ISO 14044:2006 standards stipulate the principles 

and methodology required for carrying out LCA studies [62]. 

The LCA analysis compared two water bottles made of PET and PLA. The 

results concluded that PET bottles had a lower environmental impact than PLA 

bottles because of the associated agricultural burdens and issues, i.e. growing 

suitable crops, global warming potential, water, eutrophication, acidification, 

particulates and unavoidable land use. However, PLA demonstrates clear 

advantages over PET in the long term in terms of consuming non-renewable 

resource consumption, landfilling and global warming issues, but neither option 

is currently ideal [63].  
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1.3 Natural-based pro-degradation stability modifiers  

PLA degradation follows a natural course, albeit somewhat inappropriate for 

any corresponding processing or storage. The properties of PLA are modified to 

suit specific industrial applications, especially in relation to products with a long 

life cycle, as demanded by the automotive, construction and electronics sectors. 

Various methods are employed in efforts to delay, mitigate or prevent the onset 

of degradation processes. However, the requirement exists for this material to 

biodegrade rapidly once it has reached the end of its useful life such as for single-

use packaging. For this purpose, additives or fillers are added that accelerate the 

onset of degradation. 

 

• Stability of PLA 

When employing PLA in applications necessitating durability, it is important 

to know in advance how environmental conditions will affect the degradation 

behaviour of the material and to determine its intended life cycle. Other factors 

are crucial with regard to what is expected of the material in connection with 

processing it, and its mechanical (toughness, elasticity), thermal or barrier 

properties. Carrying out modifications to PLA with the aim of improving its 

processing properties, unfortunately, can mean those pertaining to its subsequent 

degradation are impacted negatively [64]. 

Increasing the stability of PLA primarily requires eliminating a hydrolytic 

reaction by some means. Certain methods exist for stabilizing PLA: (i) by 

crosslinking amorphous regions; (ii) applying a chain extender; (iii) 

increasing the degree of crystallinity (iii); and (iv) adding an antioxidant [65], 

[66]. 

 

1) Crosslinking PLA 

Various methods can be conducted to obtain a PLA networking structure, one 

of which being irradiation. PLA is predominantly degraded by direct ionizing 

radiation, therefore, polyfunctional monomers (PFM) are applicable for inducing 

crosslinking in this degradable type of polymer. PFMs are characterized by high 

reactivity and their ability to react with the polymer. They give rise to a 

crosslinked structure, hence have been widely utilized as crosslinking agents in 

polyolefins and vinyl monomers. The crosslinking of linear PLA macromolecules 

without double bonds in the main chain is achieved by applying high-energy 

radiation to create free valence forces through the impact of hydrogen atoms from 

the main chain. For example, γ-irradiation and electron beam irradiation constitute 

typical means for PLA crosslinking, preferably in the presence of PFM, and often 

with a tiny amount of triallyl isocyanurate as a crosslinking agent [65], [67].  

Another possibility is the application of chemical crosslinking to implement 

crosslinking structures in PLA, with peroxide crosslinking representing one of the 

largest applicable curing groups [68]. 
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The third option is referred to as photo-initiated crosslinking, which has 

proven particularly well suited to biomedical applications, as it allows rapid 

crosslinking under mild, solvent-free, reaction conditions and high temperatures. 

The process involves functionalizing the ends of the PLA chains with double 

bonds, prior to exposing them to UV or visible radiation.  Photoactive additives 

such as substituted phenylacetophenone (“Irgacure”, a so-called photoinitiator) or 

camphorquinone are then added to initiate free radical polymerization [69]. 

 

2) Chain extension 

The aspects of chain length and its number of entanglements relate to the 

stability of the polymer under thermal stress. Modification by such means not only 

brings about enhancement in these properties, but also a parallel rise in melt 

viscosity and operating temperature. This phenomenon can be obtained with a 

chain extender that connects the polymer chains and raises thermal stability, while 

also functioning as a compatibilizer to some extent. In general, the chain extender 

may possess bi- or higher functional groups, e.g. diisocyanate, dianhydride and 

diamine, and epoxies such as tris (nonylphenyl) phosphite, polycarbodiimide and 

“Joncryl” (a multifunctional, styrene-acrylic oligomer) [65], [70], [71]. 

Widely applied to polymers and PLA in particular, several types of Joncryl with 

special functions exist, examples being ADR (a chain extender), ADF (a flow 

modifier), ADP (a plasticizer) and ADD (a dispersant) [47]. 

 

3) Increase in the degree of crystallinity of PLA 
By combining enantiomeric content, modifications are made that affect 

crystallization kinetics and thus other properties (mechanical, thermal and so on). 

Crucial factors comprise the amount of D-form, the processing temperature and 

period of time given over to cooling. Optimal development of the crystalline 

structure happens when fabrication occurs at 100°C for a period of 35 seconds, 

thereby enhancing the thermal stability of PLA. Crystalline forms of PLA, α, β 

and γ are created; during the crystallization stage, the a α-form and γ-form grow, 

triggered by epitaxial crystallization [65], [72]. 

A more commonly used method involves the direct application of a nucleating 

agent within the PLA processing procedure. Several types of nucleating agents 

exist, generally classified as inorganic (talc and clay), organic (derivatives of 

sorbitol, starch and lignin) and inorganic-organic hybrid materials (polyhedral 

oligomeric silsesquioxanes and their derivatives) [73], [74]. 

 

4) Antioxidants 
Adding an antioxidant prolongs the life cycle of a material, and if combined 

with an antimicrobial activity, the pertinence of it for food packaging and 

biomedical applications is obvious. The most common class of antioxidants are 

polyphenols (8,000 phenolic structures have been identified in plants). The 

principle behind the antioxidant effect of polyphenols is the ability to donate a 
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phenolic hydrogen to the generated free radical. The resulting phenoxyl radicals 

are resonantly stabilized and react with other free radicals. The foremost 

compound associated with polyphenols is α-tocopherol, while lignin has attracted 

the greatest attention of the phenolic varieties. Synthetic antioxidants include 

butylated hydroxyanisole, butylated hydroxytoluene and tert-butylhydroquinone 

[75], [76], [77], [78]. 

 

• Pro-degradation of PLA 
Although PLA is one of the most widely applied biodegradable polymers, it 

often encounters problems with its slow or insufficient degradation. The aim of 

research is to facilitate the quickest possible onset of the degradation mechanism 

commencing with hydrolysis, thereby accelerating the degradation of PLA. In this 

context, a great many studies have investigated methods for hastening such 

biodegradation further with the aid of environmentally-friendly fillers, the 

resultant material being referred to as a “green composite” [79]. 

An option is employ an inorganic filler, examples including carbon nanotubes, 

zinc oxide, magnesium oxide, calcium oxide or a small amount of a nanoclay, for 

instance, montmorillonite. Certain kinds of plant-based matter are also 

applicable, such as fibres (hemp, flax), wood flour or modified cellulose 

nanocrystals. Copolymers or compounds can be incorporated to support and 

accelerate PLA degradation. Performed by introducing additional monomers with 

different chemical structures into PLA chains, copolymerization lends copolymer 

molecules lower regularity, increased fluidity and greater hydrophilicity. A 

known copolymer of lactic and glycolic acids is PLGA, now a frequently 

deployed polymer in medical applications (sutures, microparticles and implants).  

A further option is to utilize microorganisms that promote the degradation of 

PLA polymer. Beyond the consideration of adding a filler to a PLA composite, 

attention should be paid to providing optimal conditions for degradation, which 

include temperature, humidity and pH [79], [80], [81],  [82], [83].   
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AIMS OF WORK 
 

This dissertation describes the effects exerted by additives of natural and synthetic 

origin on the degradation mechanisms of biodegradable polymers. The 

experimental part is split into two sections on the following topics:  

 

1. Examining the stabilizing influence of an antioxidant derived from agricultural 

produce. 

 

‒ Extracting and stabilizing antioxidants from agricultural produce, i.e. 

crops of low quality. 

‒ Developing a methodology to characterize the antioxidants extracted. 

‒ Proposing a suitable method for incorporating a stabilized antioxidant 

in the given biodegradable polymer −  PLA 

‒ Discerning a suitable means for characterizing biosystems, with an 

emphasis on aspects that affect the stabilization of the polymers, i.e. 

their mechanical, thermal, chemical and morphological properties. 

‒ Evaluation of results. 

 

 

2. Investigating the synergistic effects of nanofillers and hydrophilic polymers 

on the mechanical properties and degradation kinetics of PLA-based systems.  

 

‒ Synthesizing and characterizing the chemical additive PLA-g-PAA. 

‒ Preparing PLA composites supplemented with an HNT nanofiller and 

PLA-g-PAA. 

‒ Determining the physical properties of the materials by SEM, TGA and 

FTIR. 

‒ Researching the effects of natural abiotic and biotic ageing on the 

materials. 

‒ Evaluation of results. 
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2. EXPERIMENTAL PART 
 

The prior chapter of this work summarizes the physical and chemical properties 

of a widely used biodegradable polymer - PLA. It provides a comprehensive 

overview of how this material could be variously industrial applications. 

Description is given of its degradation mechanism and external factors that 

influence it, divided into abiotic and biotic sections. It also discourses on the latest 

options for modification of the material that alter its stability.  

This experimental part reports on practical research related to supplementing 

PLA with additives, with the aim of potentially modifying and improving its 

degradation properties of PLA for a range of applications. In this regard, emphasis 

is placed on testing natural, readily-available additives suited to incorporation in 

the polymer matrix, along with maintaining the overall biodegradability of the 

materials. 

 

The first part focused on the preparation of a composite supplemented with an 

inorganic filler and natural antioxidant. The filler functioned as both a carrier and 

stabilizer for the antioxidant component. Since the current trend is to opt for 

alternative, environmentally-friendly resources, research concentrated on natural 

antioxidants applicable for biodegradable polymers that could substitute for 

conventional synthetic products. Antioxidants found in beetroot were selected for 

this purpose, a choice informed by data in the literature. To this end, samples of 

PLA composites were fabricated by the casting method. Chemical and physical 

changes to them were monitored during an artificial ageing test, followed by 

analysis of their thermal, mechanical and morphological and colour properties.  

 

The second and last part describes modifying PLA to bring about accelerated 

hydrolysis and degradation. This was achieved with a copolymer produced in the 

laboratory comprising PLA and polyacrylic acid, PLA-g-PAA. An inorganic filler 

(halloysite) was also added into it to support and accelerate the degradation. The 

properties of this composite material were characterized in general, though work 

focused more on comprehensively studying the degradation processes that 

occurred during abiotic and biotic hydrolysis, as well as under laboratory 

composting conditions. This research offers an optimal amount of selected 

additives to accelerate biodegradation. However, it also offers the potential for 

disposable packaging materials, for which no further recycling processes can be 

carried out and it would be advisable to process the material in technical 

composting plants. 
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2.1 Effect of an antioxidant based on red beetroot extract on the 

abiotic stability of polylactide and polycaprolactone 

 

Beetroot extract (BRE) was prepared in ethanol and then was applied to 

bentonite (BE) as a suitable aditive for these applications. The additive thus 

prepared was added to the dissolved polymer. This procedure for formulating the 

polymer composites is illustrated in Figure 5, while the composition and names 

of the tested formulations are given in Table 1.  

Accelerated ageing of the samples was performed in a climatic chamber set to 

the temperature of 45°C and 70% relative humidity under UV irradiation for 720 

hours. The experiment was devised in accordance with EN ISO 4892-3 [84]. 

 

 
Figure 5. Method for fabrication of the samples. 

 

Table 1. Composition of the prepared samples. 

 

The presence of the antioxidant component in the beetroot extract was detected 

using two spectrophotometric methods. The Folin-Ciocâlteu reagent method 

(FCM) was adopted to determine the polyphenol content in the BRE.  The results 

were expressed as mg equivalents of gallic acid per 100 g of beetroot. The 

antioxidant activity of BRE was determined by a basic method involving the 

scavenging of free radicals with DPPH. The results were expressed as mg 

Name Composition 

PLA Neat PLA  

PLA-BE PLA+ 5% w/w bentonite 

PLA-BRE PLA + 5% w/w bentonite with beetroot extract 

PCL Neat PCL  

PCL-BE PCL+ 5% w/w bentonite 

PCL-BRE PCL + 5% w/w bentonite with beetroot extract 
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equivalents of ascorbic acid per 100 g of beetroot. And also by the HPLC-ESI-

MS/MS spectrometric method.  

Thermal analyses were performed to discern the oxidizing capacity of the BRE 

polymer films, the techniques comprising DSC (‒20 − 300 °C, 50 ml·min‒ 1, N2) 

and TGA (25 – 800 °C, 10 K·min‒1, N2). Further DSC measurements were 

obtained by analysing the thermal stability of the samples (20 – 400 °C, 

20 ml·min‒1, O2). 

Mechanical tests characterized the stability of the samples as regards material 

strength when ageing. To this end, their tensile strengths were gauged on a 

universal tester, under modified conditions based on EN ISO 527-3 [85]. 

 Tensile testing was conducted at a constant rate of uniaxial deformation of 50 

mm·min‒1. The factor of ageing (Af) was calculated concurrently [86]. 

The cryo-fracture surfaces and the surfaces of the samples were gauged in a 

high vacuum environment by scanning electron microscopy (SEM). 

The characterization of the samples, which is detailed in the dissertation, also 

included FTIR and colorimetry analysis. The results are summarized here in the 

conclusion. All results are summarized here in the conclusion. 

 

 

2.2 Comparative degradation study of a biodegradable 

composite based on polylactide with halloysite nanotubes 

and a polyacrylic acid copolymer 

 

The preparation process of PLA-g-PAA first involved dehydration (160°C, 200 

mBar, 4 h, 180 rpm). After this time, the appropriate amount (0.5 wt% MSA and 

PAA (5%) was added dropwise with constant stirring. After one hour, the pressure 

was reduced to 20 kPa (165°C; using an oil pump) and the water was distilled off. 

One hour later, the pressure was reduced to 1 kPa and the reaction continued for 

another 20 hours. After cooling, the product was dissolved in acetone. The 

obtained polymer solution was precipitated into a mixture of methanol and 

distilled water in a ratio of 1:10 (v/v) and filtered. Finally, the product was dried 

in an oven. Table 2 summarizes the properties of the derived prepolymer in the 

form of a white powder. 

 

Table 2. Characterization of the prepared additive PLA-g-PAA. 

Sample 

label 

PAA 
(wt.%) 

Mw 
(gmol‒1) 

Đ 
(-) 

Tg 
(°C) 

Tm 
(°C) 

PLA-g-PAA 5 28,000 2.8 52.6 136.2 

 

The PLA was dried at 60°C for 24 hours prior to being processed. Neat PLA 

and PLA composites were obtained by melt blending (190°C, 100 rpm); the 

mixture emanating from the extruder was cut into small pieces and subsequently 
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pressed into foils at 190°C for 5 minutes and cooled. The designations given to 

the prepared samples and their compositions are detailed in Table 3. 

 

Table 3. Designations and compositions of the samples. 

No. of sample 
PLA 

(wt.%) 

HNT 

(wt.%) 

PLA-g-PAA 

(wt.%) 
Designation 

1 100 - - PLA 

2 95 5 - PLA/5H 

3 80 20 - PLA/20H 

4 95 - 5 PLA/5PLA-g-PAA 

5 80 - 20 PLA/20PLA-g-PAA 

6 75 20 5 PLA/20H/5PLA-g-PAA 

7 75 5 20 PLA/5H/20PLA-g-PAA 

 

The samples were monitored for mechanical properties (tensile tests), which 

were affected by the addition of individual additives. The speed of the crosshead 

was set to 10 mm∙min−1 according to the EN ISO 527-3 standard [85]. And last 

but not least, the morphology of the samples after the introduction of additives 

was monitored using SEM. 

The following characterization related to samples that were subjected to 

abiotic, biotic degradation. The rate of PLA abiotic hydrolysis was observed for 

60 days at a steady temperature of 58°C in sodium phosphate buffer (Na-PB, 0.1 

mol∙l−1, pH 7) s inhibující látkou (NaN3, 0,2 wt.%). Supernatants were analyzed 

for carbon present by TOC-L and also by GPC analysis (mobile phase THF with 

BHT, flow rate set at 1.0 mL∙min‒1, PS standards in the range of 580 ‒ 6,000,000 

g∙mol‒1). The biodegradation under composting test was performed according to 

ISO 14855-1:2012 [87]. The amount of carbon dioxide (CO2) released is 

measured, along with the degree of decomposition of the given material at the end 

of the assessment period. The flasks were incubated at 58°C for 48 days. The 

samples were analyzed by gas chromatography (GC). Degradation kinetics 

were mathematically calculated for both hydrolysis and biodegradation. The 

calculation is based on first-order kinetics and determines the initial stages of the 

decomposition and subsequently its course using a model. Analytical solutions 

related to the selected models were described by Stloukal et al. [88].  

The characterization of the samples, which is detailed in the dissertation, also 

included FTIR analysis, TGA, surface wettability (contact angle) and composting 

test (according to ISO 14855-1:2012 [87]) including DSC and a phytotoxicity test. 

All results are summarized here in the conclusion.  
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3. SELECTED EXPERIMENT RESULTS 

 

3.1 Effect of an antioxidant based on red beetroot extract on the 

abiotic stability of polylactide and polycaprolactone 

Awareness of impacts to the natural environment and the unsustainable 

consumption of oil have generated interest in environmentally-friendly materials. 

In this context, the research presented herein focused on improving the polymers 

PLA and PCL by supplementing them with a natural, inexpensive and readily 

available AO obtained from beetroot (Beta vulgaris). Such AOs usually need to 

be stabilized, so study was made as to incorporating the AO in a common inert 

carrier (bentonite).  

Results determining the content of polyphenolic substances using the FCM 

method in the beet extract actually contained 93 mg. Subsequent measurements 

revealed that the antioxidant activity of the BRE by the DPPH method 

corresponded to 114 mg per the equivalent amount of 100 g of ascorbic acid. 

Figure 6 shows a representative, total ion chromatogram (TIC) for the BRE 

determined by mass spectrometry in positive ion mode. The point at 2.98 minutes, 

a [M+H]+ molecular peak of m/z 549.1336, presented a fragment of m/z 387.0809 

and was consistent with previous findings on the fragmentation of neobetanin 

(Figure 7, part A). The molecular ion at 2.49 minutes had a value for m/z of 

551.1509, which yielded fragments after dissociation of m/z 389.0976 (Figure 7, 

part B) typical for betanin or isobetanin (2.61 minutes). In coelution with betanin 

and isobetanin, the following were identified: 2´-O-glucosyl-betanin (tR = 2.52 

minutes; [M+H]+ = 713.2034); and 2´-O-glucosyl-isobetanin (tR = 2.63 minutes; 

[M+H]+ = 340.1132). 

 

 
Figure 6. Representative TIC of the diluted BRE; the retention times were attributed 

by mass spectrometry analysis. 
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Figure 7. Positive electrospray tandem mass spectra for (A) neobetanin and (B) 

betanin or isobetanin. 

 

The introduction of bentonite into PLA may have resulted in an increase in Tg 

in the N2 atmosphere and also increased the Tonset temperature in the oxygen 

atmosphere. However, due to accelerated aging, the sample containing the AO 

component was observed to maintain the same temperature Tg (57°C). 

 

Table 4. DSC data for the neat PLA and PLA composites before and after the 

UV ageing test. 

Sample 
Tg  

°C 

Tm  

°C 

∆Hm  

J/g 

Tonset  

°C 

Tpeak  

°C 

∆H  

J/g 

PLA 53 146 36.4 254 355 1805 

PLA-BE 57 143 38.5 267 349 1564 

PLA-BRE 57 145 38.0 265 347 1746 

PLA-UV 49 151 41.9 212 - - 

PLA-BE-UV 53 133 37.1 216 - - 

PLA-BRE-UV 57 135 38.6 218 - - 

 

According to DSC measured at N2, no significant changes were observed in the 

resulting thermal properties for PCL. Although the thermal stability of PCL with 

AO decreased with O2, on the other hand, the internal enthalpy of this thermal 

degradation also decreased. In the case of PCL-BRE, AO acted as an 

antidegradant - a disruptor of the chain autoxidation reaction. Even in the case of 

the samples after the aging test, this phenomenon was noticeable. In addition, 

BRE had an effect on Tm, which was shown by the absence of chain fragments 

that would cause double-melting, as in the remaining samples. 
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Table 5. DSC data for the neat PCL and PCL composites before and after the 

UV ageing test. 

 

When measuring TGA, the influence of bentonite on thermal degradation is 

obvious, which it improves in many cases. However, even BRE samples slow 

down the onset of degradation, which is visible especially in PLA samples. 

 

Table 6. Summary of TGA curves for the PLA, PCL and composites. 

Samples Tonset (°C) T10 (°C) T50 (°C) T90 (°C) Mass Loss (%) 

PLA 359 123 337 355 100 

PLA-BE 358 140 336 357 95 

PLA-BRE 357 136 335 356 95 

PLA-UV 354 149 315 348 100 

PLA-BE-UV 343 156 316 342 95 

PLA-BRE-UV 347 175 322 346 95 

           

Samples Tonset (°C) T10 (°C) T50 (°C) T90 (°C) Mass Loss (%) 

PCL 368 333 363 350 100 

PCL-BE 378 307 346 449 95 

PCL-BRE 378 315 348 443 95 

PCL-UV 350 278 326 350 99 

PCL-BE-UV 381 302 359 397 95 

PCL-BRE-UV 379 281 354 398 95 

 

Increase in Young’s modulus (see Figure 8) was evident, especially in the PLA 

samples that had undergone ageing. These exhibited interesting behaviour 

regarding rise in the modulus instigated by crosslinking of the PLA chains and 

crystallization. The point of maximum stress of the materials was also researched 

(Figure 9). A slight increase in this parameter was observed for the composites 

with bentonite, as the latter acted as a nucleating agent. 

Sample 
Tm1  

°C 

Tm2  

°C 

∆Hm  

J/g 

Tonset  

°C 

Tpeak 

 °C 

∆H  

J/g 

PCL 65 - 88.3 245 312 3168 

PCL-BE 65 - 86.4 240 314 2254 

PCL-BRE 66 - 90.1 236 281 1157 

PCL-UV 39 66 91.5 215 286 254 

PCL-BE-UV 38 64 99.2 216 288 307 

PCL-BRE-UV - 64 92.5 208 265 143 
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Figure 8. Mechanical properties of the PLA and PCL samples as per Young’s 

modulus. 

 

 
Figure 9. Mechanical properties of the PLA and PCL samples as per maximum 

stress. 

 

According to the results in Table 4 relating to the ageing factor (Af), few 

samples appeared to be stable under extreme conditions in the climatic chamber. 

However, the PCL sample supplemented with AO evinced a suitable Af. 

 

Table 7. Comparison of the mechanical properties of the PLA and PCL 

composites prior to and following ageing  

Samples 
Before solar ageing After solar Ageing 

Af (-) 
σ (MPa) ε (%) σ (MPa) ε (%) 

PLA 15 ± 1 354 ± 18 16 ± 2 24 ± 6 0.07 ± 0.01 

PLA-BE 16 ± 2 301 ± 25 6 ± 2 5 ± 1 0.01 ± 0.00 

PLA-BRE 10 ± 1 363 ± 14 1 ± 1 9 ± 1 0.00 ± 0.00 

PCL 17 ± 1 1006± 9 8 ± 3 14 ± 6 0.01 ± 0.01 
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PCL-BE 22 ± 2 1008 ± 6 6 ± 3 8 ± 3 0.00 ± 0.01 

PCL-BRE 22 ± 2 1062 ± 8 11± 3 375 ± 42 0.15 ± 0.00 

 

Optical SEM was used to obtain images of the refractive surfaces of the PLA 

and PCL samples (Figure 10 and 11; A‒F), taken before and after exposure in the 

UV chamber, as well as the surfaces of the sample after the UV chamber (G‒I). 

Although the effect of irradiation was perceptible solely on the irradiated surfaces 

of the materials, it was more noticeable in the PCL samples. Degradation had 

significantly impacted the surface of the neat PCL, which showed cavities after 

exposure. The PLA and PCL samples containing BRE also presented signs of 

degradation, though merely mild in extent and with only a thin surface layer 

affected. 

 

 
Figure 10. SEM images detailing change in the PLA samples prior to and following 

exposure in a UV chamber, comprising the fracture surfaces of samples (A) PLA; (B) 

PLA-BE; (C) PLA-BRE; (D) PLA-UV; (E) PLA-BE-UV; and (F) PLA-BRE-UV; and 

the surfaces of the samples (G) PLA-UV; (H) PLA-BE-UV; and (I) PLA-BRE-UV. 
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Figure 11. SEM images detailing change in the PCL samples prior to and following 

exposure in a UV chamber, comprising the fracture surfaces of samples (A) PCL; (B) 

PCL-BE; (C) PCL-BRE; (D) PCL-UV; (E) PCL-BE-UV; and (F) PCL-BRE-UV; and 

the surfaces of samples (G) PCL-UV; (H) PCL-BE-UV; and (I) PCL-BRE-UV. 

 

 

3.2 Comparative degradation study of a biodegradable 

composite based on polylactide with halloysite nanotubes 

and a polyacrylic acid copolymer 

 

The aim of this study was to develop a new, optimized composite supplemented 

with HNTs in combination with a multi-combed copolymer (PLA-g-PAA), the 

purpose being to accelerate the degradation processes of PLA by an applicable 

technological procedure. The first step involved characterizing the resulting 

composites in relation to certain properties - mechanical, thermal and wettability, 

i.e. those important for manufacturers. The unique and compact structure 

instigated by the additives was believed to lend high compatibility to the PLA 

polymer matrix, enhance mechanical and thermal properties, and help accelerate 

hydrolysis. Crucial to this research was the act of monitoring the rate of 

degradation and its course in various environments (abiotic and biotic), wherein 

changes in molecular weight were observed alongside the release of carbon or 

carbon dioxide. Kinetic models for the given types of degradation processes were 

also derived from the experimental data. With consideration of potential real-

world applications, a disintegration experiment was carried out under composting 

conditions in laboratory conditions. Emulating the function of a municipal 
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composting plant, the intention was to explore the degradation behaviour of 

materials disposed of at the end of their life cycles. 

The Young’s modulus of the PLA/5H and PLA/20H nanocomposites increased 

in parallel with a rise in HNT content. In the case of PLA/5H, the value went up 

by 15%, and sample PLA/20H exceeded neat PLA in this regard by 25%.  These 

values indicated that the films with HNT possessed greater stiffness. An opposite 

trend was seen for composite with 20 % PLA-g-PAA, whereby it was lower (up 

to 5 %) than for neat PLA. The combination of PLA with a lower concentration 

of HNT and a higher concentration of PLA-g-PAA in the composite films was 

advantageous because, in some cases, it could match the values for the neat PLA 

material, giving it more stability. 

 

Table 8. Mechanical properties of the neat PLA and PLA composites. 

Sample E (MPa) ɛ (%) σ (MPa) 

PLA 4 000 ± 70a 1.7 ± 0.1a 49 ± 3a,c 

PLA/5H 4 600 ± 130b,e 1.4 ± 0.3a,b,d,e 48 ± 3a,c 

PLA/20H 5 000 ± 120c 1.1 ± 0.3b 34 ± 3b,d 

PLA/5PLA-g-PAA 3 900 ± 120a,d 2.0 ± 0.3c 51 ± 2c 

PLA/20PLA-g-PAA 3 800 ± 100d 1.8 ± 0.2a,c 47 ± 3a,c,d 

PLA/20H/5PLA-g-PAA 4 700 ± 70e 1.1 ± 0.2b,d 31 ± 2d 

PLA/5H/20PLA-g-PAA 4 000 ± 130a 1.4 ± 0.1e 45 ± 3a 

* The mean values followed by the same superscript letters in the same column do not 

exhibit differences at the 5% significance level according to Tukey's test. 

 

The presence of additives was observed in the fractured cross-sections. The 

HNT nanoparticles were observed as white particles in Figure 12 b´, c´, e´, f´, as 

highlighted by the blue arrows. The presence of carboxyl groups in the PLA also 

form bonds with hydrogen atoms in the hydroxyl groups of the HNT, giving rise 

to films which possess both thermal stability and increased mechanical strength. 

The PLA-g-PAA comb copolymer is characterized by numerous PLA side chains 

with a high concentration of terminal carboxyl groups, furthering compatibility 

with the PLA matrix. 
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Figure 12. Electron micrographs of the surfaces and fractured surfaces of the thin 

films: (a, a´) PLA; (b, b´) PLA/5H; (c, c´) PLA/5H/20PLA-g-PAA; (d, d´) PLA/5PLA-

g-PAA; (e, e´) PLA/20H; (f, f´) PLA/20H/20PLA-g-PAA; (g, g´) PLA/20PLA-g-PAA; 

and (h) HNT; (blue arrows indicate HNT particles). 

 

The hydrolysis experiment revealed that the mineralization of PLA accelerated 

as a consequence of an increase in the concentration of the PLA-g-PAA additive. 

This happens the fastest at the highest concentration of this kind additive (~5 

days,), which is half the time faster than for neat PLA (~11 days). Such 

acceleration was quantified by the length of lag phase C calculated from a kinetic 

model. The opposite effect was found for the PLA/HNT composites, primarily 

those containing 20% HNT. It is known that applying a higher quantity of such 

nanoparticles could block the release of carboxyl groups from PLA to a certain 

extent. However, the combination of the additives in PLA accelerated hydrolysis, 

and a composite containing 5% HNT and 20% PLA-g-PAA stood out in this 

regard. Under the given conditions, the rate constant increased from 0.041 day‒1 

for neat PLA to approximately 0.067 day‒1 for PLA with the mentioned 

percentage of both fillers. 
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Figure 13. Carbon content of the neat PLA and PLA composites during abiotic 

hydrolysis, in 0.1 M Na-PB (pH~7) at 58°C. 

 

Table 9. Parameters of the kinetic model and coefficients of determination (R2) 

for the abiotic hydrolysis of the PLA and PLA composites. 

Sample 
Caq,0

a  

(%) 

Ch,0
b  

(%) 

khr
c
  

(day-1) 

Cd  

(days) 
R2 

PLA 0 30.81 0.041 11.3 0.999 

PLA/5H 0 30.41 0.023 9.9 0.998 

PLA/20H 0 49.14 0.030 11.9 0.992 

PLA/5PLA-g-PAA 0 38.14 0.054 9.0 0.994 

PLA/20PLA-g-PAA 0 41.27 0.058 5.4 0.993 

PLA/20H/5PLA-g-PAA 0 36.44 0.036 7.5 0.999 

PLA/5H/20PLA-g-PAA 0 60.70 0.067 6.2 0.988 

a Percentage of initial, intermediate. 

b Percentage of initial, readily hydrolysable. 

c Rate constant for first-order hydrolysis. 

d Duration of the lag phase during the initial biodegradation phase. 

 

Experimental data obtained from mathematical evaluation with first-order 

kinetics described the random cleavage of the ester bonds. The rate constants 
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determined for chain cleavage confirmed that the phenomenon was accelerated in 

the PLA sample supplemented with PLA-g-PAA. The random cleavage of ester 

bonds in neat PLA was expressed as a rate constant of 0.1479 days‒1, while for 

PLA specimens with PLA-g-PAA it ranged from ca 0.2056 to 0.2734 days‒1. HNT 

nanoparticles had the opposite effect on hydrolysis, as the rate constant shifted 

from 0.1430 to 0.1302 day‒1. 

 

 
Figure 14. Reduction in molecular weight during abiotic hydrolysis of the neat PLA 

and various composites with additives, according to the kinetic model. 

 

Table 10. Parameters of the first-order kinetic model and coefficients of 

determination (R2) for random scission of the PLA and PLA composites. 

Sample Mw,0
a (g∙mol−1) ub (day−1) R2 

PLA 201,467 0.1479 0.9994 

PLA/5H 194,800 0.1430 0.9992 

PLA/20H 191,672 0.1302 0.9988 

PLA/5PLA-g-PAA 174,073 0.2056 0.9995 

PLA/20PLA-g-PAA 170,412 0.2734 0.9991 

PLA/20H/5PLA-g-PAA 183,008 0.1424 0.9995 

PLA/5H/20PLA-g-PAA 166,819 0.2657 0.9990 

a Initial weight average Mw at time t = 0. 

b Rate constant of abiotic hydrolysis. 
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All the samples demonstrated a faster onset of the degradation mechanism than 

neat PLA, the quickest being reported for samples containing the PLA-g-PAA 

additive at 20 wt.%. As in the biotic degradation and abiotic hydrolysis 

experiments, samples containing the additive PLA-g-PAA tended to accelerate 

the hydrolysis of neat PLA, further supported by increasing its concentration. This 

additive also heightened degradation when combined with a low amount of the 

inorganic filler - HNT. Even both combined composites will accelerate the initial 

lag phase by 1/2 the time compared to neat PLA. 

 

 
Figure 15. Biodegradation of the PLA, PLA with HNTs and PLA-g-PAA/HNT 

nanocomposite films, as converted to carbon during mineralization. 

 

Table 11. Parameters of the kinetic model and coefficients of determination 

(R2) for the biodegradation of the PLA and PLA composites. 

Sample 
Caq,0 

a Ch,0 
b kaq c khr

d Ce 
R2 

(%) (%) (day−1) (day−1) (days) 

PLA 0 32.61 0.0952 0.0238 2.0 0.9904 

PLA/5H 0 37.55 0.1042 0.0295 1.5 0.9852 

PLA/20H 0 31.62 0.0764 0.0307 4.0 0.9918 

PLA/5PLA-g-PAA 0 24.35 0.1654 0.0348 1.8 0.9969 

PLA/20PLA-g-PAA 0 25.54 0.2417 0.0364 0.3 0.9971 

PLA/20H/5PLA-g-PAA 0 34.06 0.0747 0.0246 0.7 0.9982 

PLA/5H/20PLA-g-PAA 0 39.86 0.2509 0.0397 0.9 0.9995 

a Percentage of initial, intermediate, solid carbon. 
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b Percentage of initial, readily hydrolysable, solid carbon. 

c Rate constant for mineralizing water-soluble carbon into carbon dioxide. 

d Rate constant for first-order hydrolysis. 

e Duration of the lag phase during the initial biodegradation phase prior to the onset of 

CO2 production. 
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CONCLUSIONS 
 

The demand for ecological materials, especially biodegradable polymers, is 

growing significantly. PLA is a foremost biopolymer and considered one of the 

most promising sustainable alternatives to petroleum-based options. The rise in 

interest in PLA is mainly due to its interesting physical and mechanical properties, 

low carbon footprint, the possibility of recycling or biodegradability at the end of 

a life cycle of a product, and the various means of processing it that only 

necessitate standard equipment. In terms of large scale applications, PLA is 

commonly used in manufacture of sustainable packaging materials or medical and 

textile fibres. As yet this material has not been deemed suitable for more durable 

applications (e.g. in motor vehicles, electrical and electronic products, mechanical 

components, etc.), where performant materials are required. 

In alignment with recent trends, it is advantageous to employ natural additives 

obtained from waste products from sectors such as agriculture. PLA constitutes 

an inexpensive commodity material suitable for food packaging. The natural 

antioxidants commercially available are difficult to apply to polymers, and their 

effectiveness in this material is limited. It would be desirable for certain products 

made of PLA to undergo rapid degradation, though. The polymer is known for its 

protracted degradation process that is influenced by several factors. Numerous 

municipal composting plants are currently unwilling to handle it, and not all PLA-

based products are suitable for chemical recycling. 

In relation to current knowledge, an overview of this topic was given in the 

theoretical part of this manuscript, and the research objectives of the work were 

defined. Based on this, the experimental part of the work was devoted to preparing 

novel biodegradable polymer systems in the form of mixed films and 

nanoparticles that were based on PLA and modified with additives that alter 

stabilization. 

In the first experimental section, preparation was optimized of an extract 

containing an antioxidant component (AO) comprising betalains sourced from 

beetroot. For maximum efficiency, the extract was incorporated on a carrier of 

inorganic origin. Polymer films (PLA and PCL) were processed in a cast mould 

and the properties were monitored during an artificial ageing process in a UV 

chamber. Testing revealed the effect exerted by the AO additive, manifested in 

one respect as both a reduction and change in colour. Determining the thermal 

stability of the samples by DSC analysis revealed that the AO in the PLA sample 

neither affected Tg nor diminished the onset of degradation in an oxygen 

atmosphere. Thermal degradation of the AO-supplemented PLA sample, prior to 

and following UV exposure, commenced at higher temperatures than the pure 

matrix. The PCL sample containing the AO component additionally demonstrated 

stable behaviour, as confirmed by internal enthalpy.  
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The second part focused on accelerating the degradation of the PLA matrix by 

applying selected additives. Comparison was made as to the content and 

concentrations of the given additives PLA-g-PAA and HNTs on the degradation 

rate and efficiency in the abiotic and biotic environments, including in compost. 

The results confirmed that the effect of the PLA-g-PAA additive was to accelerate 

degradation in all environments. In the case of the HNT additives, this ability was 

influenced by the environment and the given amount, optimally up to 5 wt.%. A 

positive finding concerns the fact that during the decomposition of the 

composites, no impact was discerned against the properties of the compost that 

would impair its quality, as confirmed by a phytotoxicity test. 

Both research papers usher in benefits pertaining to the stability of the 

investigated biopolymers and the ability to modify them with additives (even 

natural ones). It would be appropriate in future research to explore matters such 

as enhancing the incorporation of a natural AO, thereby permitting industrial heat 

treatment methods for polymer fabrication. In the case of the second paper, it 

would be interesting in the future to observe conditions at landfill sites, where the 

decomposition of plastics occurs most frequently. 
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CONTRIBUTIONS TO SCIENCE AND PRACTICE 
 

The presented dissertation investigates a selection of natural and synthetic 

additives for their ability to modify biopolymers, specifically polylactide. The aim 

is to obtain a biodegradable material for which it is possible to regulate the 

degradation mechanism, hence its relevance to contemporary academic and 

industrial research. 

 

Furthermore, this work deals with the preparation and optimization of the 

composition of the additives to ensure their effective action in the polymer matrix. 

The related findings show great potential, especially in terms of application in 

practice. 

 

The main contribution to science pertains to the preparation and 

characterization of new biodegradable systems for slowing down the degradation 

mechanism of a PLA-based material modified with natural and synthetic 

additives. This transpired via the following experiments: 

 

• incorporation of a natural antioxidant on an inorganic carrier and preparation 

of films with the potential to reduce the degradation processes of the given 

biodegradable polymer, as well as extend the life cycle of the final product with a 

view to potential in the packaging industry; 

 

• preparation of a composite based on polylactide and polyacrylic acid, 

supplemented with a nanoclay in order to achieve the maximum degradation 

effect in technical composting plants with the potential as a material in disposable 

packaging. 

 

The results presented in this work were processed within the infrastructure of 

the Polymer Centre. The results obtained also constitute part of a project wherein 

the findings of applied research in the form of a utility model or a functional 

sample were achieved and were (or will be) published in international journals 

with an impact factor. 
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