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Abstract

The aim of this research is to prepare, characterize and evaluate the thermo-physical
properties of hybrid bio-composites where Opuntia Ficus Indica flour (OFI-F) as an
organic filler and talc as inorganic filler were used as reinforcing agents into PLA matrix,

where the matrix is a polymer derived from renewable resources (PLA polymer).

Bio-composites exhibit properties like many petrochemical-based polymers
composites. They could be employed in the automobile and decking sector as well as

biodegradable packaging.

However, their broad application has been limited because of their expensive cost and
poor mechanical and thermal properties. Before bio-composites can be widely employed,

there is a number of technological challenges that must be addressed.

In this research, Polylactic acid (PLA) bio-composites, reinforced with organic fillers
(OFI- F) and mineral fillers (talc), were investigated. The thermal properties of the bio-
composites were studied by means of thermogravimetric analysis (TGA) while the
characterization and morphology of the bio-composites were studied by Wide-angle X-

ray scattering (WAXS) and Scanning Electron Microscope (SEM).

PLA/Talc/Opuntia Ficus Indica flour (OFI-F) bio-composites were developed by
mixing PLA with talc and OFI Flour in different ratios, using a melt compounding

process. PLA /Talc (90/10), PLA/OFI-F (90/10), PLA/Talc/ OFI-F (80/10/10).

All TGA curves are sigmoidal in shape whereas the DTG curves show only one peak.

This indicates that thermal degradation occurred in a single step for all bio-composites.



The thermal degradation kinetics are studied using non-isothermal multiple heating
rate techniques. As a result, model-free methods such as Flynn Wall Ozawa (FWO) and
Kissinger Akahira Sunose (KAS) are utilized as well as model-fitting methods such as

Kissinger method and Coats-Redfern technique.

The results indicate that compared to neat PLA, the activation energy (Ea) of PLA /Talc
bio-composites increases from 157.45 to 160.86 KJ/mol according to the FWO method.
The talc distribution into the PLA matrix is homogeneous as observed by SEM. Thermal
degradation PLA /Talc bio-composites show compared to neat PLA, that talc particles at
10 wt % into the PLA matrix have a minor impact on the thermal stability of bio-

composites.

However, after the addition of OFI-F into the PLA matrix, all thermograms shifted to
lower temperatures values. The addition of OFI-F into the PLA matrix reduces the Ea
from 157.45 to 151.02 KJ/mol according to the FWO method. The decrease in Ea can be
due to the incompatibility between OFI-F and PLA matrix as observed by SEM.

When talc is present with the OFI-F mixture, the activation energy of the bio-
composites decreases from 157.45 to is 143.40 KJ /mol according to the FWO method. This
result demonstrates that the PLA/Talc/OFI-F hybrid bio-composites have a lower
thermal stability; the voids adjacent shown by SEM between OFI-F and talc particles

mean that the adhesion between the fillers and the polymer matrix needs to be improved.

In Kissinger method the addition of talc marginally boosts the activation energy

(142.33 KJ/mol) similar to what FWO method found.
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The Coats-Redfern (C-R) approach yields higher activation energies than the FWO and
KAS methods; nonetheless, the C-R method follows the same pattern as the FWO and
KAS methods.

Furthermore, in this work, the proposed degradation process of bio-composites
utilizing Coats-Redfern and Criado techniques confirms that the F2 reaction model is the

most accurate degradation mechanism.

Key words: PLA, bio-composite, biodegradable, talc, activation energy, kinetics,

thermal degradation.
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Résumé

Le but de ce travail était de préparer, caractériser et évaluer les propriétés thermo-
physiques de bio-composites hybrides utilisant la farine des feuilles de figue de barbarie
(Opuntia Ficus Indica Flour (OFI-F)) comme charge organique et les particules de talc
comme charge inorganique pour renforcement de la matrice PLA ot la matrice issue de

ressources renouvelables.

Les bio-composites ont des propriétés similaires a de nombreux composites polymeres
de l'industrie pétrochimique. Ils peuvent étre utilisés dans les automobiles et les

emballages biodégradables.

Cependant, leur large application était limitée a cause de leur cotit élevé et a leurs
mauvaises propriétés mécaniques et thermiques. Avant que les bio-composites puisent

étre largement utilisées, un certain nombre de défis doivent étre relevés.

Cette étude a porté sur un bio-composite d'acide poly-lactique (PLA) enrichi de
charges organiques (farine de OFI) et de charges minérales (talc). Les propriétés
thermiques du bio-composite ont été étudiées par analyse thermogravimétrique (TGA),
et la caractérisation et la morphologie du bio-composites ont été étudiées par diffusion

des rayons X aux grands angles (WAXS) et microscopie électronique a balayage (SEM).

Le bio-composite PLA / Talc / (OFI-F) a été développé en mélangeant du PLA avec
du talc et de la farine OFI dans divers ratios a l'aide d'un procédé de mélange a 1'état

fondu. PLA/Talc (90/10), PLA/OFI-F (90/10), PLA/Talc/ OFI-F (80/10/10).
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Toutes les courbes TGA sont de forme sigmoide, et la courbe de dérivé analyse
thermogravimétrique (DTG) ne montre qu'un seul pic. Cela indique que la dégradation

thermique s'est produite en une seule étape pour tous les bio-composites.

Les cinétiques de dégradation thermique sont étudiées a l'aide de techniques non
isothermes a de vitesses de chauffage multiples. En conséquence, des méthodes model-
free telles que Flynn Wall Ozawa (FWO) et Kissinger Akahira Sunose (KAS) sont utilisées,
ainsi que des méthodes model-fitting telles que la méthode Kissinger et la technique de
Coats-Redfern.

Les résultats indiquent que par rapport au PLA pur, I'énergie d'activation (Ea) des bio-
composites PLA /Talc (PLA/T) augmente de 157,45 a 160,86 KJ/mol selon la méthode
FWO. La distribution du talc dans la matrice PLA est homogéne comme observé par
MEB. Les résultats de dégradation thermique sur les bio-composites par rapport au PLA
pur montrent que les particules de talc a 10 % en poids dans la matrice de PLA ont un

impact mineur sur la stabilité thermique des bio-composites.

Cependant, apres l'ajout d'OFI-F dans la matrice PLA, tous les thermogrammes sont
passés a des valeurs de températures plus basses. L'ajout d'OFI-F dans la matrice PLA
réduit 1'énergie d’activation de 157,45 a 151,02 KJ/mol selon la méthode FWO. La
diminution de 1'Ea peut étre due a l'incompatibilité entre la matrice PLA et OFI-F t-elle
qu'observée par MEB.

Lorsque le mélange OFI-F est présent avec le talc, 1'énergie d'activation des bio-
composites passe de 157,45 a 143,40 KJ/mol selon la méthode FWO. Ce résultat indique
que les bio-composites hybrides PLA/T/OFI-F ont une stabilité thermique plus faible,



les vides adjacents montrés au MEB entre I'OFI-F et les particules de talc signifient que
I'adhésion entre les charges et la matrice polymere doit étre améliorée.

Dans la méthode Kissinger, I'ajout de talc augmente légérement 1'énergie d'activation
(142,33 KJ/mol) similaire a ce qu'observés par la méthode FWO.

L'approche Coats-Redfern (C-R) donne des énergies d'activation plus élevées que les
méthodes FWO et KAS ; néanmoins, la méthode C-R suit le méme schéma que les
méthodes FWO et KAS, cela indique la validité des résultats et la possibilité d'utiliser la

méthode.

De plus, dans ce travail, le processus de dégradation des bio-composites utilisant les
techniques de Coats-Redfern et Criado confirme que le modele de réaction F2 est le

mécanisme de dégradation le plus précis.

Mots clés : PLA, bio-composite, biodégradable, talc, énergie d'activation, cinétique,

dégradation thermique.
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General introduction

Biodegradable polymers have recently caught the interest of the scientific community

since environmental contamination caused by plastics has reached epidemic proportions
[1].

Biodegradability and bio-recyclability, as well as polymers derived from renewable
resources (such as PLA ), are viewed as appealing solutions among the various possible
routes to eliminate plastic wastes; and it has become widely held belief that

biodegradable polymers have a well-grounded role in solving the waste problem [2].

Because of its easy availability and strong biodegradability, PLA appears to be one of
the most appealing alternatives for film uses in agriculture and as a packaging material
[3]. However, due to a lack of high thermal properties which are required for most
applications, its use was limited [4]. Polymers, fibers, and composites can be used in

biomedical systems, disposable containers, plates, cutlery, and especially packaging [5].

Despite the fact that PLA is less resistant to breakdown in natural environments than
other aliphatic biodegradable polymers like poly-caprolactone (PCL) [6], it has been
demonstrated that PLA will naturally degrade in soil or compost at a temperature of 60°C
in a large-scale operation [7]. PLA's glass transition temperature is close to 60 °C, hence

it does not biodegrade quickly at temperatures below 60 °C [8].

PLA is frequently used with natural fillers to improve biodegradability and reduce

costs [9].

Lignocellulosic fillers are a new strategy to improve the performance of green material
with significant economic and ecological sustainability. Among the plant based fibers,

OFI-F is identified as one of the most abundant biomasses; its study as a bio-composite
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will be important because of its availability, and acceptable specific strength and low cost

[10].

However, the poor interaction between the hydrophobic PLA matrix and hydrophilic
natural fillers is a major drawback in many applications. It can reduce the thermal and

mechanical properties of the bio-composite [11].

On the other hand, the high performance of an inorganic filler can improve the thermal
properties of PLA bio-composites reinforced with natural fillers. The addition of
inorganic filler like talc to thermoplastics as filler particles is common for the promotion

of their efficiency in terms of mechanical and thermal properties [12].

A mixture of organic (e.g OFI flour) and inorganic (e.g., talc) fillers in PLA can produce
interesting hybrid bio-composite properties. Several authors have described the use of
filler mixtures (PLA/newspaper fibers/talc, PLA/cellulose fiber/ montmorillonite,
PLA/cellulose fiber and PLA cellulose fiber/clay) [13].To further improve the
performance of bio-composites Lee et al. examined the mechanical properties of a PLA
matrix filled with wood flour and talc. A small decrease in the glass transition of the
composites resulted from loading the wood flour and wood flour/talc mixture into the
PLA matrix [14]. Shi et al. studied the effect of heat treatments on the thermal
deformation of PLA/bamboo fiber/talc hybrid bio-composites with 20 wt% bamboo
fiber or 20 wt% talc. Significant increases in HDT of PLA hybrid bio-composites were

obtained when bamboo fiber and talc were loaded simultaneously [15].

Studies have investigated the thermal degradation of PLA. Thus, understanding the
impact of reinforcements on the thermal degradation behavior of PLA bio-composites

becomes important to make these materials suitable for food packaging applications and
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to decide how molten PLA should be processed without causing thermal decomposition
[16]. In addition, the thermal degradation kinetics and reaction mechanisms of PLA and
its bio-composites need to be understood to better control thermal decomposition, avoid
thermal degradation, and maintain mechanical properties. Kinetic analysis of plastics can
guide the thermal degradation process from the perspective of reactor design and
provide a theoretical basis for industrialization, Xu et al. studied the kinetic analysis of
thermal degradation of PLA/BaSO4 according to model free iso-conversional
approaches .The kinetic mechanism and reaction order were determined by model fitting
in order to prepare eco-friendly PLA bio-composites with excellent thermal properties.
Significant increases in activation energy of bio-composite 10wt% BaSO4 compared to

pure PLA reveal that inorganic fillers have the inhibition effect on thermal degradation
[17].

In this context, our interest with this project is to explore biodegradable polymers with
natural fillers and inorganic particle reinforcement impacted on thermal properties. The
investigation of the thermal behavior of talc and OFI-F reinforced PLA bio-composites
was by using TGA in order to determinate the kinetic parameters. Moreover, it aims to
evaluate whether Ea is constant with the degree of conversion and the suitability of the
proposed methods. Model-free methods such as Flynn-Wall-Ozawa (FWO),
KissingerAkahira-Sunose (KAS) and model fitting methods such as Kissinger and Coats-
Redfern (C-R) were used to evaluate the activation energy of neat PLA, PLA/Talc,
PLA/OFI-F and PLA/Talc/OFI-F.

Master plots methods such as Criado and Coats Redfern were applied to identify
possible reaction models of neat PLA and its bio-composites to better understand the
thermal degradation mechanism of neat PLA and its bio-composites. In addition, this

study highlights the synergy between talc and OFI-F into the PLA matrix.
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The present document consists of the following chapters:

Chapter 1: After the general introduction which introduces and describes the
scientific, environmental and technological issue, being themselves the motivation
behind the present work, chapter one describes the bioplastics and its different

classifications, the biodegradable polymers, and the PLA as biodegradable polymer.

Chapter 2: Gives the necessary background on bio-composites materials, different
types of bio-composites, bio-fibres and their classification and an overview of Poly (lactic

acid) bio-composites.

Chapter 3: Describes the sources of the materials used, the experimental equipments
and the preparation methods of bio-composites. In addition, some theoretical kinetics

models for thermal degradation of prepared bio-composites are outlined.

Chapter 4: is a discussion of the results issued from the experiments. The final part

concludes the thesis with a restatement and recommendations for future work.

The objectives of this thesis are to:

1) Study the thermal degradation properties of neat PLA and PLA bio-composites by
TGA.

2) Find a methodology that increases the degradation rate of PLA bio-composites

based on the data and results from the study.

21



References

[1] Thompson, R. C., Moore, C. J., Vom Saal, F. S., & Swan, S. H. (2009). Plastics, the
environment and human health: current consensus and future trends. Philosophical
transactions of the royal society B: biological sciences, 364(1526), 2153-2166.

[2] Srinivasa, P. C., & Tharanathan, R. N. (2007). Chitin/chitosan—safe, ecofriendly
packaging materials with multiple potential uses. Food reviews international, 23(1),
53-72.

[3] Tripathi, A. D., Srivastava, S. K., & Yadav, A. ]J. A. Y. (2014). Biopolymers potential
biodegradable packaging material for food industry. Polymers for Packaging
Applications, 153.

[4] Farah, S., Anderson, D. G., & Langer, R. (2016). Physical and mechanical properties of

PLA, and their functions in widespread applications—A comprehensive review.

Advanced drug delivery reviews, 107, 367-392.

[5] Luckachan, G. E., & Pillai, C. K. S. (2011). Biodegradable polymers-a review on recent
trends and emerging perspectives. Journal of Polymers and the Environment, 19(3),
637-676.

[6] Pranamuda, H., Tokiwa, Y., & Tanaka, H. (1997). Polylactide degradation by an
Amycolatopsis sp. Applied and environmental microbiology, 63(4), 1637-1640.

[7] Ghorpade, V. M., Gennadios, A., & Hanna, M. A. (2001). Laboratory composting of
extruded poly (lactic acid) sheets. Bioresource technology, 76(1), 57-61.

[8] Cock, F., Cuadri, A. A., Garcia-Morales, M., & Partal, P. (2013). Thermal,
rheological and microstructural characterisation of commercial biodegradable

polyesters. Polymer Testing, 32(4), 716-723.

[9] Ichazo, M. N., Albano, C., Gonzalez, J., Perera, R.,, & Candal, A. M. (2001).
Polypropylene/wood flour composites: treatments and properties. Composite

structures, 54(2-3), 207-214.

22



References

[10] Scaffaro, R., Maio, A., & Lopresti, F. (2018). Physical properties of green
composites based on poly-lactic acid or Mater-Bi® filled with Posidonia Oceanica

leaves. Composites Part A: Applied Science and Manufacturing, 112, 315-327.

[11] Faruk, O., Bledzki, A. K., Fink, H. P., & Sain, M. (2012). Biocomposites reinforced
with natural fibers: 2000-2010. Progress in polymer science, 37(11), 1552-1596.

[12] Barletta, M., Moretti, P., Pizzi, E., Puopolo, M., Tagliaferri, V., & Vesco, S. (2017).
Engineering of Poly Lactic Acids (PLAs) for melt processing: Material structure and

thermal properties. Journal of applied polymer science, 134(8).

[13] Nanthananon, P., Seadan, M., Pivsa-Art, S., Hamada, H., & Suttiruengwong, S.
(2018). Facile preparation and characterization of short-fiber and talc reinforced poly

(lactic acid) hybrid composite with in situ reactive compatibilizers. Materials, 11(7), 1183.

[14] Lee, S. Y. Kang, I. A, Doh, G. H,, Yoon, H. G,, Park, B. D., & Wu, Q. (2008).
Thermal and mechanical properties of wood flour/talc-filled polylactic acid composites:

Effect of filler content and coupling treatment. Journal of Thermoplastic Composite

Materials, 21(3), 209-223.

[15] Shi, Q.F.,Mou, H. Y., Li, Q. Y., Wang, ]. K., & Guo, W. H. (2012). Influence of heat
treatment on the heat distortion temperature of poly (lactic acid)/bamboo fiber/talc

hybrid biocomposites. Journal of applied polymer science, 123(5), 2828-2836.

[16] Oza, S., Ning, H., Ferguson, 1., & Lu, N. (2014). Effect of surface treatment on
thermal stability of the hemp-PLA composites: Correlation of activation energy with

thermal degradation. Composites Part B: Engineering, 67, 227-232.

[17] Xu, Y.X, Yang,J.N., Nie, S. B, Li, Z. Y., Liu, Y., & Zhu, J. B. (2019). Investigation
on the environmental-friendly poly (lactic acid) composites based on precipitated barium
sulfate: mechanical, thermal properties, and kinetic study of thermal

degradation. Journal of Applied Polymer Science, 136(39), 47995.

23



Chapter I

Bioplastics




Chapter 1

Bioplastics

Introduction

The awareness of the harms of pollution caused by polymeric materials from
petroleum as well as the imminent risk of depletion of oil resources have allowed for the
development of a new type of materials ie. bio-based materials which are
environmentally friendly and available in abundance on the earth’s surface.

As the bio-polymers, biodegradable polyesters such as poly (lactic acids) (PLA)
developed extraordinarily, they established themselves as revolutionary materials in
industry.

These materials are expected to play the same role as conventional polymers in the
majority of their applications in addition to their new features. It is in this context that the
PLA was created.

The purpose of this chapter is review the literature on PLA as biodegradable polymer.

Before going into details, certain words need elucidation.

I.1. Bio-polymers

Bio-polymers can be non-biodegradable or biodegradable when exposed to micro-
organisms, water or by aerobic/ anaerobic process; for example, poly-caprolactone (PCL),
poly (lactic acid) (PLA), poly-hydroxyalkanoates (PHA) and starch. Biodegradable
polymers can be bio-based (PLA, PHA) or non-bio-based (PCL). All the bio-based
polymers are not biodegradable like (bio polyethylene) which are produced from

renewable resources [1-3].
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I.2. Classification of bio-polymers

Polymeric materials come from a variety of renewable and non-renewable sources
such as plants, bacteria as well as petroleum [4, 5]. Biodegradable materials are classified
accordingly as natural or synthetic depending on their origin, but bioplastic materials can
be divided into three main categories according to their origin as shown in figure L.1.

I.2.1. Category 1 (bio-based)

Biopolymers are directly extracted from biomass. Like polysaccharides (starch and
cellulose). They are polymers that are produced by biological systems such as micro-
organisms, plants, and animals, through metabolic reactions. These are nature’s

polymers, also called biological polymers or simply biopolymers [6].
1.2.2. Category 2 (Bio-derived Polymers)

Polymers are produced by classical chemical synthesis using renewable bio-based
monomers. A good example is the poly (lactic acid), a bio-polyester polymerized from

lactic acid monomers.

Polymers whose monomers are sourced from biological starting materials such as
sugar, natural fats, or oils but are manufactured chemically. This category excludes fossil
carbon sources such as crude oil and coal. Bio-derived materials mean materials derived
from replenishable natural resources. Inherently bio-derived material has the principal
that supply will always meet the demand; a situation that is unlikely to occur in the case
of fossil carbon. Bio-derived polymers include aliphatic polyesters which is the center of
interest nowadays. Poly (lactic acid) or PLA is the most promising polymers in this group.
PLA is an important example of a bio-derived polymer. The monomer, lactic acid, is

derived from the fermentation of sugar.
I.2.3. Category 3

Polymers are produced by micro-organisms or genetically modified bacteria. To date,

this group of bioplastics consists mainly of the poly-hydroxyalkonoates.
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