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Abstract 

The gowth of most of the vegetables in greenhouses needs to be supported by polymeric 

twines. More recently, the biodegradable polymer, poly (lactic acid) (PLA) started to substitute 

polypropylene (PP) in this application, in order to decrease the waste in the landfills at the end 

of the season. The actual problem of the growers is the waste management, because they have 

to deal with the mixture of residues composed of: green waste and the twines. Thus, the best 

solution of this problem is to send these residues without segregation directly to the  

composting tunnel. In order to achieve this, the degradation of PLA twines has to be  

accelerated to reach the same composting time as that of the green waste.  

In this regard, the present project is focused on finding the right catalyst to speed up 

the hydrolytic degradation of PLA twines in the composting conditions. Hence, four commercial 

catalysts and zinc oxide were chosen to be tested for the degradation of PLA in compost. It  

should be noted that there are plenty of studies dealing with application of similar type of 

catalysts in the decomposition of the PLA films. However, the crystallinity of PLA films is much 

different from that of PLA twines, in a way that the former ones are mostly amorphous. As a 

result, the decomposition of PLA films is much easier than the decomposition of PLA twines 

studied in the present work. Importantly, there are no previous studies dealing with the 

decomposition of crystalline PLA in the form of fibers or twines.   

The properties of the selected materials as: thermal stability, pHpzc, specific surface 

area and surface chemistry were characterized to find the main differences between them. 

Subsequently, PLA fibers were produced using these catalysts (PLA+catalyst). The influence of 

the UV radiation on the mechanical properties of PLA+catalyst was measured by tensile tests 

(changes in tenacity and elongation) and resulted to be not significant. The humidity was 

measured to evaluate the influence of water in these samples on the extrusion process. Sample 

D  showed the highest humidity of over 7%. The degradation of PLA+catalysts was evaluated 

under real composting conditions at Lipor. The best result was found for catalyst F with a 79 % 

decrease in the molecular weight of PLA, however the results were very similar for samples F, 

B and C and for the controls. 

Concluding, the humidity tests showed that the catalysts contained significant amounts 

of water, thus the production of PLA+catalysts with larger amounts of catalyst was not 

successful. As a result, too low amount of catalyst was added, which lead to inconclusive 

results. Thus, for the future work, dry catalyst should be used in larger amounts in order to see 

greater changes in the samples mechanical properties and in the degradation process. 

Keywords (theme): Poly(lactic acid); Composting; Catalysts; PLA fibers; PLA 

twines 
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1 Introduction 

1.1 Framework and Presentation of the Project 

This project is a follow up investigation focused on finding the most suitable catalyst to 

degrade polylactic acid (PLA) twines by accelerating the hydrolysis stage during the compost 

process. The exploratory part of this study which was finished in June 2018, compared several 

types of catalysts (oxides, clays, carbons, zeolites and polymers) and linked the activity of 

these materials with their chemical composition, surface chemistry and their structure.[1] 

The materials which gave the best performance were zinc oxide and the used catalysts, 

however there is still some vital information missing concerning about the characterization of 

them and the behavior when added to the final product (i.e. PLA twines) and applied under 

real conditions, in the greenhouses, during the whole season which is followed by degradation 

in a compost. 

This research will be an important step towards reduction of polymeric waste 

components in the landfill, namely yarns and decreasing the cost of waste managing for the 

growers. This goal will be achieved by adding a catalyst that will accelerate the composting 

process of PLA in the tunnels, resulting in PLA twines being treated along the green waste. 

In the exploratory part of this work[1], samples in the form of PLA monofilaments with 

incorporated catalysts were used, whereas in the present work, the study will be performed 

using the final product, the PLA twine with the most suitable catalyst added. 

The fiber production from the PLA pellets to be used in the current work, will be made 

in two steps. Initially the catalyst will be added by hand with the help of an additive that will 

be able to fix the powder to the pellet. Once the process turns industrially viable, the company 

will impregnate the catalyst in the pellet of PLA. 

In this study several characteristics of the catalyst, such as surface chemistry texture 

and composition, were studied in order to establish their influence on the mechanical 

properties in the final product under its working conditions (such as exposure to UV light). 

Moreover, the influence of the physicochemical properties of the catalysts on the degradation 

rate of the PLA twines will be studied under composting conditions. 

The conclusions will guide the company in selecting the best catalyst for degradation of 

PLA twines at the end of their lifetime in the greenhouses. Importantly, the presence of the 

catalyst should not drastically affect the performance or properties of the PLA twine in the 

greenhouse conditions, thus it should remain inactive before the composting. 
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1.2 Presentation of the Company 

Lankhorst Euronete Portugal S.A. is the company where this project originated and 

where part of the experiments was performed, namely, in their yarns division. This division is 

responsible for development, production and commercialization of technical and industrial 

yarns. 

The company was started in 1803 as Lankhorst Touwfabrieken in the Netherlands and 

by the year of 2012 it was acquired by the WireCo Group and the actual Royal Lankhorst 

Euronete Group BV was created. 

The company has different divisions such as, Maritime & Offshore Rope, Yarns, Euronete 

Fishing and Engineered Products..[2, 3] 

1.3 Contributions of the Work  

PLA is the most common biodegradable polymer and currently it is used by Lankhorst to 

produce yarns for supporting the vegetables application in the greenhouses. The main goal of 

this project is reduction of the composting time of the polymer to achieve the same degradation 

time as that of the green waste (approximately two weeks). PLA twines are slowly replacing 

the traditional ones produced from polypropylene (PP), however the former is still much more 

expensive. The decreased time in compost is targeted at increasing the interest of the growers 

in biodegradable twines. 

The company wants to find the most suitable catalyst for decomposition of PLA yarns in 

the composting conditions in order to reduce the costs of waste management and the polymeric 

trash in the landfill. It is important to point out that the catalytic activity of the chosen catalyst 

cannot affect the mechanical properties of the yarn during its lifetime neither be UV active 

under the conditions present inside the greenhouse. 

1.4 Organization of the Thesis  

Chapter 2 have the Context and State of the Art related to the poly(lactic acid) (PLA) 

composition and production process, including the synthesis and extrusion. The most important 

part for this project is the degradation of this PLA under composting conditions. Here it is 

possible to see the previous study regarding the catalyst that will be used during this study. 

The last part is a brief presentation of the PLA applications in the market. 

Chapter 3 is composed by the Materials and Methods used during current study. The 

methodologies and the chosen conditions are presented of the materials characterization (i.e. 

catalysts) as well as the evaluation of the UV light influence in the mechanical properties and 

the composting process in the PLA fibers. 
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The Results and Discussion of the project is in Chapter 4 where is possible to see what 

these experiments gave, and it is possible to take conclusions. 

The main conclusions can be found in Chapter 5 and in Chapter 6 the limitations that 

appeared during the process. 

The last part is composed by the appendix that has complementary information 

regarding the results such as: the pH curves, the FTIR graphs that was performed in DRIFT, TPD 

attempts in order to obtain the optimal conditions, pressure lines of the extrusion process in 

the PLA fiber production, temperature and humidity curves of the composting tunnel and the 

data of the GPC samples weight. 
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2 Context and State of the Art 

2.1 Poly(lactic acid) (PLA) 

2.1.1 PLA Fibers- Description and Production 

2.1.1.1 Description 

Polylactic acid (PLA), Poly(glycolic acid) (PGA) and Poly(e-caprolactone) (PCL) are three 

different types of biodegradable polymers. Most importantly, they are an environmentally 

friendly solution to substitute conventional petroleum-based plastics, which is related to the 

decreasing of greenhouse gas emissions and the fossil energy consumption.[4, 5] 

PLA has been used in several different areas as it will be demonstrated in this research, 

and it has been studied for the past 25 years. 

2.1.1.2 Structure 

The monomer of PLA is lactic acid (2-hydroxypropionic acid), which has two 

stereoisomers: L-lactic acid and D-lactic acid. These two isomers confer different properties to 

the final polymer. A PLA polymer that only contains  L-isomer is a homopolymer and it’s 

crystalline.[6] 

The structure of the monomer and the schematic representation of the two isomers are 

shown in Figure 2.1 and Figure 2.2 respectively. 

 

Figure 2.1. Monomer of PLA representation adopted from[7] 
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Figure 2.2. L- and D- isomer representation adopted from[5] 

Regarding the crystallinity of the polymer, it affects the melting temperature and the 

biodegradation process. 

L-isomer compose the crystalline part and D-isomer is responsible for the amorphous 

part of the polymer. The more crystalline the polymer is, the more difficult its degradation is, 

once it occurs much easier in the amorphous part rather than in the crystalline one.[8] 

Generally, crystalline PLA is used in the medical field and it is non-degradable when 

placed inside the body. PLLA (poly_L_lactide) is a poly(lactic acid) chain with only L-isomer 

present in its constitution, which means that it shows a highly crystalline structure. 

2.1.1.3 Synthesis 

PLA is a bio-based aliphatic polyester that can be produced using renewable natural 

resources by fermentation of starch or sugar. The end product of conversion of these 

bioresources is lactic acid which after polymerization provides polylactic acid (PLA). This 

biopolymer has a hydrolysable backbone that leads to its easier biodegradation. 

There are different pathways of polymerization process, such as direct 

polycondensation, azeotropic dehydrative condensation and ring-opening polymerization, as 

shown in Figure 2.3. 
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Figure 2.3. Different pathways of polymerization of lactic acid adopted from[9] 

The PLA used in the present study to make yarns, which was resourced externally, was 

obtained by ring-opening polymerization. 

Extrusion 

The resin enters in the cylinder through the inlet opening to be taken up by the channel 

of the rotating screw. Several actions occur until the “ready to use” material appears at the 

exit. 

Physically the extrusion can be explained picturing the material slipping on the screw 

and adhering to the cylinder. While it is going through the cylinder the resin is compacted, 

heated, melted and compressed. The extrusion process is carried out at 200 ºC 

Different areas inside the extruder can be identified, such as solid material transport 

area, melting area, homogenization area and compression area. 

• Solid material transport: In the solid form, the material is taken through the 

feeding zone. It is assumed that the resin is conveyed in the plug form, as a block of material 

compacted by the forces carrying it out (thrusting forces and counterpressure forces). By the 

action-reaction forces the slipping of the resin generates the heat that is usually overheating 

the cylinder. 

• Melting area: Where the material changes its phase, from solid to liquid, and it 

is extended up to the point in which all the material is melted. This area, usually, goes beyond 

the compression zone. 
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Figure 2.4.Representation  of the melting step in the extruder adopted from[10] 

• Homogenization: In this zone the material is completely melted and the fluid 

flows in a constant passage section increasing the success of the homogenization. This part can 

be favored by high compression ratio values, tending to increase the pressure flow and the 

recycling of the resin. 

• Compression: With the rotation of the screw, the resin has a pressure variation 

depending on the position (distance from the beginning of the channel). The pressure increases 

as the position in number of diameters increases according to a trend. 

 

Figure 2.5.Trend of the pressure of the resin in the extruder adopted from[10] 

Stretch 

This process consists in the elongational deformation that is applied continuously to 

spun filaments, it also can be represented qualitatively by the stretch ratio.  
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In Figure 2.6 L and H are rotating rolls that pick up and drag the spun filament. T is the 

counterroll and prevents the slipping of the filament. C is the thermoregulated filament heating 

system.[10] 

 

Figure 2.6. Stretch process representation adopted from[10] 

2.1.2 Degradation of PLA in Composting Process 

The degradation of PLA under composting conditions involves two subsequent steps, 

namely: the hydrolysis of PLA to smaller dimers or even monomers, followed by the microbial 

digestion that is done by enzymes produced by several microorganisms, mainly bacteria and/or 

fungi. 

Chemically there are different pathways to degrade a polymer: scission of the main 

chains, scission of the side chains or scission of the intersectional chains. The degradation 

occurs mainly via scission of the ester bonds.[11] 

There are several aspects to be considered regarding biodegradation of PLA such as: 

• The first order structure of the polymer (chemical structure, molecular weight 

and its distribution); 

• Higher order structure factor (glass transition temperature, melting temperature 

(Tm), crystallinity, crystal structure and modulus of elasticity); 

• Factors related to surface conditions (surface area, hydrophilic and/or 

hydrophobic conditions).[8] 

The PLA degradation process is influenced by environmental factors such as pH, 

humidity, temperature, oxygen and UV light. The ultimate factor plays a very important role 

because it decreases the physical integrity of the polymer and thus increases the rate of its 

degradation.[11] 
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(1) 

2.1.2.1 Hydrolysis 

Hydrolysis occurs in the presence of water at elevated temperatures mainly in the bulk 

of the material[12] and is recurrent in PLA due to the hydrolysable functional groups existent in 

its backbone. 

The reaction can be written as follows in Equation (1): 

−𝐶𝑂𝑂 −  + 𝐻2𝑂 →  −𝐶𝑂𝑂𝐻 + 𝐻𝑂 

There is a cleavage of the ester groups of the main chain when the PLA is exposed to 

moisture, which results in a decrease in the molecular weight and release of monomers and 

oligomers. The diffusion of water present in the environment starts inside the amorphous part 

of the polymer and after that continues to the crystalline region.[5] 

With a glass transition temperature of 55-62ºC (specifically 58 ºC, according to ASTM 

and ISO standards)[13] and with a high relative humidity (>60%), the hydrolysis is faster.[6, 14] 

The cleavage of PLA chain will provide shorter polymeric chains and an increasing 

carboxylic end-group concentration. The value of the acid dissociation constant (pKa) of 

oligomeric PLA is 3.1 which  is a lower value compared to many carboxylic acids. The 

dissociation of the acid end-group contributes to acid-catalyzed hydrolysis because it provides 

an acidic environment.[15] 

2.1.2.2 Microbial Degradation 

After the hydrolysis is accomplished, PLA degrading microorganisms excrete 

extracellular depolymerase of PLA, this material needs to be stimulated, for this purpose some 

inducers such as some peptides and amino acids are necessary. 

The microorganisms involved in PLA degradation mechanism can only degrade smaller 

parts of the polymer and for this reason, the end products of the hydrolysis process have a very 

low molecular weight. They enter in the microbial membrane and with intercellular enzymes 

decompose into different end products, depending on the process conditions (e.g. aerobic or 

anaerobic). If the conditions are aerobic, the result is carbon dioxide, water and biomass, on 

the other hand, anaerobically the end products are hydrocarbons, methane and biomass.[11] 

The composting tunnel has air being injected in constant flow during the whole 

experiment (aerobic conditions) and the sample is expected to remain under the same 

environment until the end of the decomposition procedure. 
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2.1.2.3 Thermal degradation 

Thermal processing is another way of degradation of PLA as well as other aliphatic 

polyesters, which causes a decreasing in molecular weight and consequently affects the main 

mechanical properties of a final product.[16] 

The thermal degradation is related to several reasons, such as, random main-chain 

scission reaction, unzipping depolymerization reaction, oxidative degradation and  intra- and 

intermolecular transesterification reactions. These different mechanisms are shown in Figure 

2.7.[5] 

 

Figure 2.7. Mechanisms of thermal degradation adopted from[5] 

Several other factors can influence the thermal degradation of the material, such as: 

reactive end groups, residual catalyst, unreacted starting monomer and the presence of 

impurities.[16] 

Large amount of studies has been carried out on this subject up to the date[17, 18], 

investigations about the control of temperature effect on PLA, still remains a challenge for the 

researchers and for the industry due to the fact that can improve the degradation of PLA. 

Nowadays there are studies reporting the attempts to decrease the degradation using chain 

extenders. The researchers concluded that the presence of organically modified clays 

intensifies the rate of PLA degradation.[19] 
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2.1.2.4 Degradation Under Composting Conditions 

Composting process is used for recycling organic materials and turned it into valuable 

end products. 

Usually the compost where the process occurs, is rich in organic and biological 

compounds, which means that one diverse microbial population exists in this environment. The 

compost is a versatile system for processing solid wastes and it is a controlled biological way of 

decomposition in aerobic conditions.[20] 

There are two main steps in composting that have to take place before the complex 

organic polymers break down to simpler compounds.[21, 22] 

1. Mesophilic and thermophilic phase, when the temperatures are up to 45ºC, the 

mesophilic microorganisms break down simple molecules and in the following phase the 

temperature increases to 60 ºC and the mesophilic microorganisms are replaced with 

thermophilic ones and degradation of the polymer occurs in a fast rate. 

2. Cooling phase, where ambient temperature is achieved and there is production 

of some humus-like substances. This degradation occurs slower than in the first step and it is 

ended when all of the biodegradable carbon content is converted into carbon dioxide. 

Composting process is affected by several factors such as oxygen, pH, moisture content 

and nutrients. Some studies prove that the optimum value is around 50-60 % of water holding 

capacity in the compost.[21] 

PLA biodegradability depends strongly on the environment where it takes place. Inside 

the human or animal body, the PLA is believed to be firstly degraded by hydrolysis and later 

the oligomers are metabolized by cells. In a composting environment PLA is degraded in a range 

of 45-60 days at 50-60 ºC.[23] 

2.2 Catalysts 

The catalyst is a material that accelerates the conversion of reactants into products by 

a series of elementary steps and at the end of the reaction is regenerated to its original form. 

This material changes the kinetics of the reaction, but does not affect the thermodynamic 

properties.[24] 

2.2.1 Catalyst E 

Is a semiconductor material synthesized, for example, by precipitation of a sulfate and 

sodium hydroxide. This material can be produced by laser ablation, hydrothermal method, 

electrochemical deposition, sol-gel method, chemical vapor deposition and combustion 

method.[25] 
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The nanostructures (nanocombs, nanorings, nanohelixes/nanosprings, nanobows, 

nanobelts, nanowires and nanocages)[26] related to E have a great advantage in catalytic 

reactions once they have a large surface area and a good catalytic activity. 

This type of materials turned to be very important in several applications such as 

catalysts, sensors, photoelectron devices and highly functional and effective devices such as, 

acoustic wave devices, devices using nanowires (biosensors and gas sensors) and solar cells.[27-

29] 

E plays an important role as well in catalysis. For example, methanol synthesis and 

methanol steam reforming are two different process where E has been studied, in both, it is 

used as a support for Pd and Cu based alloys.[30] 

Methanol reforms at 200-300ºC, which is a low temperature comparing with other fuels. 

The main roles of the catalysts are: to produce the largest amount of hydrogen possible, be 

selective in order to minimize the production of carbon monoxide and have a great stability. In 

these studies, E is used as support of these catalysts. Cu/E and Cu/E/Al2O3 were the ones with 

large metallic cooper surface areas and highly dispersed Cu metal species.[31] 

E has been also successfully applied as photocatalyst, in organic reactions and for 

hydrogenation and dehydrogenation of organic functional groups.[29] 

2.2.2 Other catalysts 

A simple definition of clay is a natural rock present in soil that have in its composition: 

quartz (SiO2), metal oxides (Al2O3, MgO) or/and organic matter. The catalytic activity of each 

material will be different depending on its composition. 

Polymer with the nanocomposites of these materials have shown interesting properties, 

low cost and an easy availability.[32] 

This combination can improve durability, thermal and chemical stability as well as 

mechanical, optical and barrier properties. Durability is achieved by the limited release of 

water into the bulk of the matrix of the polymer, which will promote the hydrolysis process. 

The mechanical properties enhancement is obtained because of the introduction of a nanofilter 

into a polymer matrix and can be observed only with a good homogenization of the material. 

The addition of this catalysts to the polymer matrix provide new materials with broader 

range of application such as in electronic, coating, aerospace, biomedical and packaging 

industries.[32] 

The influence of some specific incorporation of the material in PLA based 

nanocomposites has been reported previously. The rate of biodegradation process  was 

increased due to the high relative hydrophobicity of them because there is easier permeability 



Catalysts for decomposition of PLA twines by hydrolytic degradation in composting conditions 

Context and State of the Art 14 

of water into the polymer matrix, which increase polymer hydrolysis.[33] Several families of 

these type of materials were studied regarding the influence on PLA and PCL and in PLA, and 

they were found to catalyze the biodegradation of the polymers.[34] 

Nevertheless another study found that the materials in this study  are able to delay the 

biodegradation of the material.[35] 

2.2.3 Key Role of Catalysts in Composting Process of Yarns 

A catalyst, by definition, has the function to accelerate one reaction. In this study, in 

particular, the goal is to by accelerate the hydrolysis reaction of PLA with the addition of a 

proper catalyst, under real composting conditions. Once PLA is a biodegradable material, it will 

decompose on its own, with time, but this time can be shortened. The target is to achieve a 

decomposition time of PLA yarns that is equal to that of the green waste (present in the compost 

together with twines) with the addition of the catalyst. This will lead to simplification of the 

current procedure in which the green waste containing PLA needs a longer maturation time, 

with the ultimate goal to decrease the waste treatment costs. 

2.3 Applications of PLA 

In the past decades several studies were focused on PLA and its potential application. 

The major impact of the discovery of PLA was the substitution of the conventional 

commercial oil-derived polymers, such as: polypropylene (PP), polyethylene (PE), 

poly(ethylene terephthalate) (PET).[13] 

In the beginning, PLA was not very attractive due to its high costs of production, 

however this has changed with the discovery of lactic acid production by fermentation, which 

allowed to solve this problem and increase the impact of this biodegradable polymer on the 

market.[21] 

First of all, PLA was used for a long time only in the biomedical field, once it has shown 

a great biocompatibility with the body. The PLA was used for production of  medical implants, 

surgical structures (i.e. orthopedic supports) and medical devices.[15] 

When it turned easier and cheaper to be produced, the market of PLA clearly changed, 

with this packaging and automotive industries started using this polymer. It started to be used 

in the fibers production, textiles, plasticulture, serviceware and environmental remediation 

films.[11]  
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The main areas of biodegradable polymers applications around the Europe is 

represented in Figure 2.8. 

Figure 2.8  

Figure 2.8. Graphic representative of the European application of bioplastics in 2018 adopted from[36] 

Meso-lactide is a monomer that normally is desirable in low concentrations in PLA. 

Refined meso-lactide has various applications, as chemical intermediate in production of 

various surfactants, coatings and copolymers.[5] 

For this study, the main application of PLA is to make biodegradable yarns. These yarns 

can be used in agriculture, artificial grass, fences, geo-textiles and other industrial markets.[2] 

Regarding all the research already done in the literature, there are many studies about 

the decomposition of the PLA films which are mostly amorphous material. On the other hand, 

the present work is focused on the PLA fibers and twines, which are in crystalline form.  
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3 Materials and Methods 

3.1 Materials 

3.1.1 Polylactic acid (PLA) 

The PLA used  in the project was an Ingeo Biopolymer 6400D supplied by NatureWorks. 

The Technical Data Sheet provides all the  relevant information about this polymer.[37] 

3.1.2 Oligomer of PLA  

Oligomer of PLA was used as bonding agent between the PLA pellets and the catalyst in 

order to produce the PLA samples for the current work. 0.25 wt % was added in order to improve 

the adhesion and the homogenization before the introduction of the pellets in the extruder 

hopper. 

3.1.3 Catalysts 

The materials tested as potential catalysts in this study were all commercially produced. 

As previously referred, two different classes of materials were analyzed: all of them provided 

by the company. 

Catalyst A and B belong to the same family of the materials (same supplier) and C and 

D belong to another family. 

3.1.3.1 Production 

The extruder used in the experiments was from Dr. Collin type E30M, and the extrusion 

was carried out at 200ºC. 

Monofilament form: It follows the fundamental operations of the production process of 

fibers: extrusion, draw and quenching, stretch, thermal fixing and take-up of the monofilament 

on a bobbin. After the melted material got out the spinning, the cooling step was made in cold 

water, followed by the monofilament motorized rolls stretching in a thermoregulated oven. 

Finally, the monofilament was separately enrolled in bobbins.[10] 

Fibers: By subdividing a film, the fibers were obtained after the following steps: 

formation of the film, stretch, subdivision and thermal fixing. The subdivision defines various 

types of fibrous manufacturers into two groups, oriented taped and split film yarns.[10] 
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3.2 Methods 

All the techniques regarding the characterization of the catalysts were performed in 

order to know which type of material the company has available regarding the chemical 

composition and the main differences between them. 

3.2.1 pH Point Zero Charge (pHpzc) 

To perform this experiment, 3 solutions were prepared: Sodium chloride (NaCl) 1M, 

Hydrochloric acid (HCl) 0.1M and Sodium hydroxide (NaOH) 0.1 M. The equipment required was 

a water bath shaker from VWR. 

Five flasks were used as blank, only containing 20 mL of NaCl solution, and other five 

containing 50 mg of the catalyst each and 20 mL of NaCl solution. 

The flasks with suspensions with initial a pH between 4 and 10 the flasks were placed in 

the bath shaker for 48 hours and the pH initial and pH final were registered in order to analyze 

the results. 

The crossing point between the listed curves gave the pHpzc of the catalyst: 

1. pHinitial=pHfinal 

2. pHwith material vs pHblank 

3.2.2 Thermogravimetry Analysis (TGA) 

In order to see the thermal stability of the catalysts thermogravimetric tests were done. 

The experiments were made with nitrogen (N2) and the conditions for this type of 

materials were heating of the sample at 25ºC/min until 900ºC. 

The equipment used to perform the analysis was a NETZCH STA 409 PC/PG from Luxx. 

3.2.3 Brunauer-Emmett-Teller (BET) Method- Nitrogen Adsorption 

The isotherms of the materials can be used to obtain the Brunauer-Emmett-Teller (BET) 

surface area. 

NOVA 4200e was used for the determination of the isotherms and the software used to 

analyze the data was Quantachrome NovaWin. 

The sample preparation was made according with the laboratory instructions: weight 

the empty glass cell with a cap and glass wool (0.04-0.06 g) three times until obtaining 

concordant values. Weight about 100 mg of material and insert in the glass cell. Clean the walls 

of the cell and put the cap and the wool. 

The N2 adsorption surface area measurements were performed in two parts:  
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Part 1: degassing of the sample with a heating up to 150ºC by raising the temperature 

by 20ºC every 30 minutes. The sample was left at final temperature for 3 hours. 

Part 2: The sample was introduced in a liquid nitrogen bath and the isotherm was 

obtained with the equipment working automatically. The specific volume of micropores and 

the specific area of mesopores were calculated by the t-method using the appropriate standard 

isotherm. The pressure interval chosen for calculation of the BET surface area was 0.02 to 0.3. 

3.2.4 Fourier-Transform Infrared Spectroscopy (FTIR) 

Recording a spectrum of the material, provides the necessary information about the 

bonding and functional groups that are present in the catalyst. With this information and 

comparing with the existing literature of standard materials it is possible to assign the 

functional groups present in the material (e.g molecular structure, chemical bonding and 

molecular environment). The main applications of this method are in compound identification, 

structural elucidation, quantitative analysis of one or several species and measurement of the 

fundamental properties of organic and inorganic materials.[38] 

The absorption of the radiation is related to the energy of the radiation that is equal to 

the energy of a vibrational transition of the molecule. The overall band shape of the infra-red 

absorption bands is given by the vibrational energy transition and the number of rotational 

energy states.[38] 

The experiments were performed using a Jasco 6800 spectrometer and the peaks 

analysis was executed in a wavenumber range of 600 to 4000 cm-1 using the Attenuated Total 

Reflectance (ATR) accessory. For lower values of wavelength (400-600 cm-1) Diffuse Reflectance 

Infra-red (DRIFT) accessory was applied. 

3.2.5 Temperature-Programmed Desorption (TPD) of Ammonia 

This method was used to characterize the acid sites on the catalysts surface. The 

experiments were made using an Altamira Instruments (AMI-200). 

In short, about 150 mg of material was placed in a U-shaped quartz cell together with 

quartz wool. The experiment and cell preparation were carried out according to the LSRE-LCM 

procedure. The optimized experimental conditions were: 

1. Heat up from 25 ºC to 700 ºC under He flow, soaking time of 2 hours, in order to 

clean the surface of adsorbed gasses, other impurities or organic layer introduced by the 

manufacturer 

2. Cool down to 100ºC with a ramp of 20ºC/min under He flow 

3. Changing the flow to 5% NH3/He, keeping 100ºC for 2 hours to adsorb ammonia 
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4. At 100ºC change the flow to He and maintain this temperature for 1 hour to 

remove the physiosorbed ammonia 

5. Heat up from 100ºC to 700ºC at 10ºC/min to desorb chemisorbed ammonia and 

obtain  a signal from desorption of the ammonia from acid sites of the material (if present) 

6. Cool down to 50ºC. 

The acid sites can be obtained knowing the temperature at which ammonia desorbed 

from the material. 

3.2.6 X-Ray Powder Powder Diffraction (XRD) 

This method is used to analyze the d-spacing of the materials, the goal is to identify 

unknown substances recording the diffraction lines. The basis of XRD is the elastic scattering 

of x-ray photons by atoms in a periodic lattice.[39] 

A cupper bulb was used with a CuKafla radiation with the following wavelengths ( Kα1 

(Å): 1.540598; Kα2 (Å): 1.544426; Kα2 / Kα1 intensity ratio: 0.50; Kα (Å): 1.541874 (mean 

value). 

The trial acquisition was performed at 100s/step of 0.0167º. The equipment 

PAN’Alytical Expert Pro MPD was used in UTAD with a X’Celerator detector and a secondary 

monochromator. 

Samples with lower quantity: they were placed on a silicon sample holder with aid of a 

dispersing liquid (ethanol). Samples with higher quantity: they were placed in the sample 

holder, lightly pressed and removing the excess. 

3.2.7 Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM/EDS) 

For SEM, using a focused beam of high-energy electrons to generate a variety of signals 

at the surface of solid specimens, it reveals information about the sample external morphology, 

chemical composition, the crystalline structure and the orientation of the materials present.[40] 

EDS is a qualitative technique capable of a semi-quantitative analysis. It is used to obtain 

the chemical composition. Typically, SEM instrumentation is equipped with an EDS system to 

allow a chemical analysis.[41] These two techniques combined give a practical and effective local 

composition of very thin materials.[42] 

This analysis was performed in UTAD with a FEI Quanta 400 equipment with a W filament 

and an Everhart-Thornley detector. 

The equipment for EDS was an EDAX, with an acquisition at 30 kV for 300 or 500s 

(depending on the spectrum). The system has 4000 channels with a 10eV/channel. 
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For the sample preparation, the powder was placed on an aluminum pin covered with 

four layers of double-sliced carbon tape (to prevent the signal of aluminum). The quantification 

was done using a ZAF model without resource to standards. 

3.2.8 Humidity 

Once PLA has affinity to water, to evaluate the influence of water in the overall process 

of PLA fiber production with catalyst, the humidity of each one of the catalysts was measured. 

Water can have a high influence on the PLA degradation by hydrolysis is faster in contact with 

water because it is hydrophilic. The objective is to know if there is any possibility to increase 

the amount of catalyst in the product without compromising the production process. 

The equipment used was a scale from RADWAG (model MAC 50/1/WH). The temperature 

was 200ºC, the same used in the extrusion process. Approximately 10 g of material were 

inserted in the scale and after the temperature is settled the measurement starts 

automatically. 

Tensile Tests were carried out for analysis of the influence of UV light on the mechanical 

properties of PLA yarns. 

After the characterization of the catalysts it is important to test their influence in the 

final product. One of the most important parameters to take into account, according the 

application of the material, is the degradation of the mechanical properties of PLA yarns when 

submitted to UV radiation. 

The behavior of the material was analyzed in the monofilament form of the PLA fiber 

once the results are more visible in a shorter period of time as compared to those in twine 

form, which are more complex. 

The UV experiments were carried out by placing the PLA yarn bobbins on the top of the 

company’s roof. The samples were placed there on 19th November 2018 and remained there 

until 4th January 2019 and the samples were taken each 15 days and tenacity and elongation 

were measured. 

The orientation of the samples was North-South: 21ºN and a vertical slope:18º, as shown 

below in Figure 3.1. Representation of the bobbins orientation during the UV influence 

experiment. 
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Figure 3.1. Representation of the bobbins orientation during the UV influence experiment. 

Tensile tests were performed using a Zwick tensile tester with a strain gauge of 500mm 

and a strain rate of 500 mm/min. The relevant characteristics were the strength of the twine 

or fiber and the elongation at break. Considering that the material being tested is a textile, 

the strength was expressed as textile units in grams force per denier. The denier is a unit of 

linear density defined as one gram of fiber per nine thousand meters of fiber length. The linear 

density was determined using a jig measuring nine meters of fiber, this length is then placed in 

a scale and the observed weight is multiplied by one thousand, in order to reach the linear 

density in denier units. 

3.2.9 Composting Process 

This is one of the most valuable information obtained once it determines the final step 

of the study. The samples were submitted to the real conditions of the composting process of 

organic waste in a real composting tunnel. 

Approximately 10 g of material were placed in bags where the contact with the compost 

is still possible. In the end of every step, one of the bags was taken and in the end all the 

samples were analyzed by GPC. 

Lipor was the company chosen to be a partner in the project once they have a very good 

infrastructures for composting solid organic wastes. They can give the precise information 

about the process conditions. 

The composting process consists of four different stages as it is descripted bellow.[43] 

1. Preparation of the sample and first phase of the composting process: The 

organic waste is mixed with the green waste (after a previous wrecking process in the pre-

mechanical treatment) and then the mixture stays in an aerated floor in order to maintain the 

aerobic conditions. The material is then sent to the hopper and goes through a sieve with 150 
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mm of diameter, which means that all the material with higher dimensions is rejected and sent 

again to the first step. There is one magnetic separator responsible for the elimination of the 

metallic materials before the mixture goes to the tunnel. The biological degradation occurs 

inside the tunnel (with a capacity of 300 tons) with a controlled system of oxygen, humidity 

and temperature for 12 to15 days. The first phase of composting starts, the compost remains 

in a ventilated and thermally controlled space until the temperature reaches 50ºC. Before the 

beginning of the process in the tunnel there is a pasteurization of the material at 60ºC for 48 

hours. 

2. Mechanical treatment and post-composting: The mixture from the previous 

step goes through a transporting platform where it is exposed to the magnetic separator again. 

The sieve in this stage has 60mm and this way smaller particles are selected to go inside the 

tunnel for the second phase, bigger particles are rejected and go to another section to be 

treated again. As in the previous stage, the waste will be maintained under control conditions 

regarding temperature, oxygen amount and humidity for another period of 12 to 15 days. 

3. Adjustment: Repeating the previous stages, the material is placed in a 

transporting platform that goes through a sieve, this time with 10 mm, and has contact with 

another magnetic separator. By a ventilator, some plastics and other lighter particles are 

removed and some stones, glass and metallic materials that were not previously eliminated are 

removed by a ballistic separator. 

4. Maturation, storage and packaging: The compost starts at 50 ºC and stays in a 

thermally and ventilated controlled place at 35 ºC. The storage is done in a warehouse where 

it is possible to store six months of production. At the end of this process the product is 

packaged, and it is ready to be sold for example as fertilizer. 

The temperature inside the tunnel is controlled following a theoretical curve settled by 

the company in order to check if there was something that could be wrong. When the trial was 

finished, there was a comparison between the theoretical curve and the one that was obtained 

in the experiment. These two curves can be seen in Appendix D. 

3.2.10 Gel Permeation Chromatography (GPC) 

The sample preparation for this experiment consists of diluting 10 mg of material in one 

vial with 1 mL of solvent and filtering the remaining solution. The chosen solvent was 

Tetrahydrofuran (THF) (99.9%). 

The experiment conditions were as follows: a flow of 1 mL/min of pure THF and an 

injected volume of 100 μL of each sample. The injector and detector temperature were 25 and 

35ºC, respectively. The running time was 37 min per sample. 

The molecular weights were derived from a calibration curve based on narrow 

polystyrene standards. 
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Equipment used was Waters Alliance GPC Model 2695, equipped with 3 PLgel MIXED-B 

columns (inner diameter of 7.5 mm, length of 30 mm and particle size of 10 μm) connected to 

Waters 2410 Differential Refractometer detector. 
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4 Results and Discussion 

4.1 Catalysts characterization 

4.1.1 pH Point Zero Charge (pHpzc) 

In order to know which one of the materials is more acidic or basic, the pHpzc was 

measured. The results are shown in Table 4. 1. 

Table 4. 1. pH at the point of zero charge measurements for the catalysts used in this study. 

Material A B C D E F 

pHpzc 7.2 7.3 7.3 7.5 8.3 6.5 

The representation of the curves that led to the interpretation of the results is in 

Appendix 1. 

All of the materials have a pHpzc between 7 and 8, and E shows the most basic surface 

while F has the most acidic one. 

Once all of them are commercially produced and the pHpzc is similar, the possible 

justification is that a surface treatment was applied that turned the surface materials almost 

neutral. 

4.1.2 Thermogravimetric Analysis (TGA) 

This technique is applied to analyze the thermal stability of the catalysts. 

Table 4. 2 shows the results regarding the mass loss from 50 to 900 ºC, of each catalyst. 

Table 4. 2. Thermogravimetric analysis results performed to all of the materials. 

Material A B* C D E F 

Mass loss (%) 46 37 18 17 35 0 

It should be noted that the result of the B sample was obtained in a previous project.[1] 

The weight loss of F was zero. 

The temperatures of maximum weight loss (Tmax) were obtained from DTG experiments 

and are depicted in Table 4. 3. 

The results provided the information about the minimum temperature that should be 

used for pretreatment of each of the samples prior to TPD experiments. 
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Table 4. 3 Tmax from the DTG curve for each of the itcatalysts. 

Material A B* C D E F 

Tmax (ºC) 350 350 400 400 800 - 

F does not have an associated value because it did not lose any mass in the experiment, 

as it was mentioned before. The material which showed the second most stable behavior 

regarding the temperature was E, once it only lost some weight at 800ºC. There was only a 

slight difference between the materials. 

Figure 4. 1 and Figure 4. 2 represent the TGA and DTG graphs, respectively, of the 

catalysts. A presents the most significant mass loss, while E is the most thermally stable 

material. 

 

Figure 4. 1.Thermogravimetric Analysis of the catalysts. 

 

Figure 4. 2.DTG results of the catalysts. 

C and D, when heat treated up to 500 ºC implies the loss of four molecules of water 

coordinated to magnesium. Two are lost around 300 ºC and the other two at 500 ºC.[44] Heating 

the material up to 250 ºC will change the catalyst properties by the loss of water and collapse 

of the layered structure.[45] 

A has a first mass loss due to the desorption of water and another one in the region 

between 200 ºC and 500 ºC that is attributed to the dihydroxylation of the montmorillonite 

phase.[46] This catalyst had a major loss of material than the one published maybe because of 

its purity. 

Due to the composition of the commercial E there is not a literature correspondence for 

this behavior regarding the thermal stability that starts to lose the mass at approximately 

400ºC.[47, 48] 

Generally, these materials can be easily compared with zeolites for their similar 

characteristics and the weight loss of them can be explained for the usage of these materials 

as adsorbents, water and gases adsorbed from the surrounding environment are released in the 

first part of the experiment.[49, 50] 

40

50

60

70

80

90

100

50 250 450 650 850

M
as

s 
lo

ss
 (

%
)

Temperature (ºC)

A
C
D
E

-2.2

-1.7

-1.2

-0.7

-0.2

50 150 250 350 450 550 650 750 850

D
TG

 (
m

g/
m

in
)

Temperature (ºC)

A

C

D

E



Catalysts for decomposition of PLA twines by hydrolytic degradation in composting conditions 

Results and Discussion 27 

Regarding the results and the analysis of both techniques is possible to see that none of 

the materials will be degraded in the extrusion process once the loss weight, for A to D it is 

around 400 ºC, more than the temperature of the extrusion (200 ºC). This loss of material can 

be associated to surface treatment (organic components). 

4.1.3 BET Method Nitrogen Adsorption 

The specific surface area of the catalysts was determined using the BET method and the 

results are presented in Table 4. 4. 

Table 4. 4. BET specific surface area. 

Material A B C D E F 

SBET (m
2/g) <5 12 65 71 <5 10 

All of the materials are mostly mesoporous, with a volume of micropores of zero. 

Regarding the results from Figure 4. 3 ,catalysts C and D present the highest surface 

area and the rest of the samples have very similar low values. 

These values were calculated according the NovaWin software regarding all the 

necessary parameters and the adequate t-method used for the micropores determination 

referred in Section 3.2.3. 

Two of the samples, A and present a very low surface area, less than 5 m2/g. 

The obtained N2 isotherms of the catalysts are shown below, in Figure 4. 3. 

 

Figure 4. 3. Isotherms for all the catalysts determined by BET method. 
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These materials present a Type IV isotherm. There is an adsorption on mesoporous solids 

via multilayer adsorption followed by capillary condensation. The hysteresis loop is associated 

with capillary condensation taking place in mesopores and the limiting uptake over range of 

high P/P0 .
[51] 

F surface area is close to the one reported by Mgbemena C. et al (13.1 m2/g).[52] E has 

a lower value than that presented in the literature (9.6 m2/g)[53], this could be justified by the 

lower purity of the material or different synthesis methods followed by suppliers. For the 

sepiolite and MMT samples the literature values are around 150 m2/g[54] and 46 m2/g[55], 

respectively, what is a significant difference comparing with the commercial ones studied here. 

The specific surface area was measured in order to compare the different catalysts 

once, by the literature, a bigger surface area lead to a bigger catalytic activity mainly in a gas 

liquid phase. 

4.1.4 Fourier-Transform Infrared Spectroscopy (FTIR)  

To compare the composition of the materials the FTIR spectra were obtained, which 

showed the absorption bands corresponding to characteristic bonds present in the material. 

Two different techniques were applied due to the material composition. The FTIR 

measurements using ATR accessory are known to be more precise in the lower wavenumber 

values specifically (400-600 cm-1), thus it was used, specifically because of the position Al-O at 

525 cm-1. [56] This band was expected to be present in this type of materials. 

In Figure 4. 4, Figure 4. 5, Figure 4. 6 and Figure 4. 7 are the spectra of MMT clays, 

sepiolite clays, F and E respectively, measured by ATR. In and Figure 4. 8 and Figure 4. 9 F and 

E spectrums are respectively presented. 
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Figure 4. 4. FTIR spectra of both catalysts, A and B, by 

ATR technique. 

 

Figure 4. 5. FTIR spectra of both catalysts, C and D, by 

ATR technique. 

 

Figure 4. 6. FTIR spectrum of F clay by ATR technique. 

 

Figure 4. 7. FTIR spectrum of E by ATR technique. 
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Figure 4. 8. FTIR spectra of both catalysts, A and B, by 

DRIFT technique. 

 

Figure 4. 9. FTIR spectra of both catalysts, C and D, by 

DRIFT technique. 

In order to understand the bonding and functional groups present in each material, the 

respective assignment of the peaks was done, which is shown in Table 4. 5,Table 4. 6 and Table 

4. 7 for MMT and sepiolite clays, F and E, respectively. 

Table 4. 5. Analysis of FTIR spectrum for MMT and sepiolite clays and the assignment peaks. 

Sample Wavenumber (cm-1) Assignment 

A, B, C and D 

3616-3564 Al-OH stretching[57, 58] 

2916-2923 C-H stretching[57] 

2848-2852 C-H stretching[57] 

2364-2359 
CO2

[59] 
2327 

1635-1621 O-H bending of adsorbed water[57, 58, 60] 

1467-1456 C-H stretching[57] 

1193 Si-O stretching[58] 

1000-964 Si-O-Si stretching[58, 60] 

912 Al-OH bending[58] 

776-793 Si-O stretching of quartz[57, 58] 

637-620 Coupled Al-O and Si-O out of plane[58] 

492 Mg-O[56] 
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These two types of materials were analyzed together once they have very similar 

spectra. However, there are some differences between them, as the 1193 cm-1 peak related to 

Si-O stretching that is present in C and D but not in A and B. At 912 cm-1 there is an Al-OH 

bending in only present in A and B. The last difference is at lower wavenumber, 492 cm-1, and 

detected by DRIFT technique related to Mg-O presented in this specific family. 

Table 4. 6. Analysis of FTIR spectrum for F and the assignment peaks. 

Sample Wavenumber (cm-1) Assignment 

F 

2922 C-H stretching[57] 

2852 C-H stretching[57] 

2368-2328 CO2
[59] 

1652 O-H bending of adsorbed water[57, 58, 60] 

1507 CaMg(CO3)2 

1057 Si-O-Si stretching[58, 60] 

778 Si-O stretching of quartz[57, 58] 

Analyzing the F spectra there is not significant differences observed when compared to 

the other materials, there is just a peak at 1507 cm-1 related to dolomite. 

Table 4. 7. Analysis of FTIR spectrum for E and the assignment peaks. 

Sample Wavenumber (cm-1) Assignment 

E 

3628 KCl[61], PbCl(OH)[62, 63]  

2917 C-H stretching[57] 

2847 C-H stretching[57] 

2510 Ca(CO3)
[64] 

2346-2327 CO2
[59] 

1634 O-H bending of adsorbed water[57, 58, 60] 

1391 O-H vibration[65] 

1002 CaMg(CO3)2
[66] 

867 CaMg(CO3)2
[66], Ca(CO3)

[64] 

794 CaMg(CO3)2
[66], Ca(CO3)

[64] 

709 Ca(CO3)
[64], PBCl(OH)[62] 
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In some of the peaks there are an overlap regarding the literature analysis, with two 

peaks assigned. 

It is important to underline that the E used in this study has a big quantity of impurities 

and unknown components, as showed in the XRD spectrum in comparison with pure E, where 

there are a lot of peaks without a correspondence. 

E has three peaks that are not present in any of the clays, at 2510, 1391 and 709 cm-1 

related to calcite, O-H vibration and laurionite, respectively. 

This technique is combined with XRD and EDS (Section 4.1.6 and Section 4.1.7) in order 

to achieve the best characterization of the materials regarding the composition of them. 

With this analysis it was possible to know the functional groups of each of the materials 

as well as the differences and similarities between them. 

4.1.5 Temperature-Programmed Desorption (TPD) of Ammonia 

In order to determine the acid sites of the materials, TPD of ammonia was performed. 

After three attempts, it was obtained the best result for this method. These results are 

shown in Figure 4. 10. 

 

Figure 4. 10. TPD results for catalysts C and D. 
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600ºC, with a significant difference from the studied material.[67] There are other solid catalysts 

with similar peaks, such as 3% sulfate promoted zirconia.[68] 

In this samples the peak is not clear and has a very low signal, the rest of the materials 

did not present any peak regarding the acid sites, because of the fact of being commercial 
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4.1.6 X-Ray Powder Diffraction (XRD) 

XRD was performed at UTAD for four samples: E provided by Lankhorst, E from Sigma 

Aldrich, A and B. The XRD of the materials were done in order to compare their compositions. 

The results are shown in Figure 4. 11 and Figure 4. 12, respectively. 

The low purity of the E from Lankhorst will influence the analysis showing more peaks. 

Regarding the identification of the phases in E samples, the one from Sigma Aldrich has 

a single phase, zincite, with a particle size of 144 nm. 

Concerning the commercial material, several phases were found such as: Calcite 

(Ca(CO3)) 56%, Dolomite (CaMg(CO3)2) 24%, Zincite (E) 13%, Sylvite (KCl) 3% and Laurionite 

(PbCl(OH)) <1%). 

 

Figure 4. 11.XRD results for E from Sigma Aldrich and E from the Lankhorst. 

 

Figure 4. 12. XRD results for A and B. 

The diffraction peaks related to the E samples are located at 31.77º, 34.36º, 36.26º, 

47.62º, 56.66º, 62.92º, 66.57º, 68.02º, 69.26º, 72.78º, 77.31º that are assigned as hexagonal 

wurtzite phase of E.[69] 
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The peaks intensity depends on the amount of phase present and also on the amount of 

material that is been analyzed. E from Lankhorst has clearly a lower intensity of the peaks 

characteristic of E due to the lower percentage of this phase in the sample. 

Regarding the A and B samples, it is hard to find a correct assignment of the peaks due 

to the industrial purity they have. The closest behavior found shows a composition of some 

minerals.[46] At 2θ=19.73º there is a specific peak corresponding to a basal spacing, and at 68.82º 

indicates a dioctahedral structure of the mineral.[70] 

XRD results gave information about the specific composition of A and B and the 

similarities between them. The results regarding the E material was important to see the 

impurities present in its industrial counterpart (from Lankhorst). 

4.1.7 Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM/EDS) 

SEM and EDS together can give information about the composition of the materials, the 

respective composition and also give a microscopic image of the particles in order to see the 

particles dispersion and size. This is useful to compare different materials and, in this case, 

different materials of the same type. 

The results of this type of analysis will depend on the area of the sample analyzed, 

different areas may differ, that way, is better to evaluate the ratio between the components. 

In this case, C to Al and O to Si will be compared once it will not vary so much with the 

experimental  area as an amount of a single element. 

In Figure 4. 13, Figure 4. 14 and Figure 4. 15 it is presented the results from SEM and 

EDS obtained. 

 

Figure 4. 13. SEM-EDS spectrum for E from Lankhorst. 
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Figure 4. 14. SEM-EDS spectrum for catalyst A. 

 

Figure 4. 15. SEM-EDS spectrum for catalyst B. 

 

The particle size was measured using the Image J and the histograms were made are presented 

in Figure 4. 16, Figure 4. 17 and Figure 4. 18. The clays have bigger particles in higher amount 

comparing with E. 
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Figure 4. 16. Particle diameter histogram of E from Lankhorst. 

 

Figure 4. 17. Particle diameter histogram of catalyst A. 

 

Figure 4. 18. Particle diameter histogram of catalyst B. 
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4.1.8 Humidity 

The content of water present in the catalyst formulation can have impact in the 

degradation of PLA, once they can influence the hydrolysis and crystallization. The results are 

shown in Table 4. 8. The humidity was calculated regarding the amount of catalyst used in the 

fiber formulation. 

Table 4. 8. Humidity results in ppm of all catalysts. 

Catalyst A B C D E F 

Humidity (%) 3.55 2.24 7.03 7.48 0.631 0.487 

Maximum theoretical 

loading (%) 
1.13 1.79 0.57 0.53 6.35 8.16 

The materials with the higher quantity of water released at 200ºC belongs to sepiolite 

clays, on the other hand F has a very low amount of water. 

Regarding these values and knowing that the catalyst’s supplier recommends working 

with a total humidity of 400 ppm, drying the material before the extrusion allows its use in 

higher amount in the formulation of PLA. This is possible to see by the maximum theoretical 

load of the catalysts that is higher than the amount used in the extrusion process (Section 

4.2.1). 

4.2 PLA fibers and PLA twines experiments 

4.2.1 Fiber production 

The UV light influence in the material (PLA and PLA+catalyst) was evaluated performing 

tensile tests in the fiber that were placed in the roof as bobbins. 

The PLA fiber was produced in the company and using the system implemented in the 

machine. Several factors were taken into account but the most important in the fabrication of 

the fiber with the catalyst is the pressure inside the extruder. 

This can be monitored in real time in order to make the necessary changes during the 

process, such as a variation of the concentration of the catalyst in case it would be too active 

inside the extruder. 

Regarding Figure 4. 19, once the material is inside the extruder there is a variation in 

the pressure in the head of the machine. Several pressures are measured by the system but the 

one which needs attention is the one after the filter in order to check if the material is degraded 

or not. The base-line is light blue, and the variation in the pressure in the head of the extruder 

is the dark blue, as bigger as the difference between both lines the more mechanically degraded 
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is the material. This way is important to keep these two lines as close as possible. One example 

of the pressure variation with different amounts of catalyst can be seen in Figure 4. 19. 

 

Figure 4. 19. Overview of the production program of fibers process conditions changes. 

This graph is representative of A but all of the materials with the exception of F had the 

same behavior. The colored lines that are important for this study are the light and dark blue, 

the dark blue is related to the pressure in the head of the extruder and the light blue is the 

standard  

In this case it is possible to see a considerable decreasing in the pressure with a 

concentration of 1 %. A dilution to 0.3 wt % of catalyst was made, but the result was still not 

good enough considering the mechanical properties, the light blue line was too low, and it was 

necessary to decrease the concentration of catalyst to 0.1 wt % to keep the fiber in the best 

conditions to the trial. This concentration is related to the total weight of material. 

Regarding different materials, they do not have the same behavior and for that reason 

different concentration was used, presented in Table 4. 9. 

Table 4. 9.Concentration of each catalyst in PLA+catalyst fibers production. 

Catalyst A B C D E F 

Concentration (wt %) 0.1 0.1 0.1 0.1 0.01 1 

E was used in small concentration once it presents the most active behavior inside the 

extruder, what is not a good point regarding the industrial process considering the difficulty to 

do a homogenized mixture with a very low amount of powder. The exception was catalyst F, 
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which presented a regular activity (non-decreasing pressure in the extrusion process) with 1 wt 

% of material comparing with the others that needed a dilution to 0.1 wt %. 

4.2.2 Tensile Tests for the influence of UV light on the mechanical properties 

The influence of the UV light was studied regarding its effect on the mechanical 

properties of the fiber, namely the tenacity and elongation. The degradation of the PLA with 

catalyst versus control sample (only PLA) while exposed to the UV radiation was studied. 

Tensile tests were performed placing the bobbins in the roof of the company, as showed 

in Figure 4. 20. 

 

Figure 4. 20. Samples placed in the roof to test UV light influence. 

In Figure 4. 21 and Figure 4. 22 the retained mechanical properties are represented. 

This means that if between the different periods of time the mechanical properties remains at 

100% there was no change in the studied property. 

T1 is associated with the difference of the tenacity value between day zero and day 

fifteen of the experiment, tensile tests were performed every fifteen days. 
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Figure 4. 21.Retained tenacity during the time of the experiment. 

 

Figure 4. 22. Retained elongation during the experiment. 
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There was no significant impact, which leads to the conclusion that all of the materials 

with these concentrations does not have a significant influence of the UV light. 

The same behavior was observed in the elongation experiment, which reveals that with 

these concentrations of catalyst there is no significant impact of the photocatalytic activity. 

4.2.3 Composting Process 

In Figure 4. 23and Figure 4. 24 the samples that were inserted in the composting tunnel 

are showed. 

In each phase of the composting process it is not possible to reach any conclusions 

concerning the degradation of the material, only a slightly visual comparison can be made 

between each of the phases of the process. There was a significant decrease in the mechanical 

resistance in the fibers between each phase, in the last phase of the process all of the materials 

were very degraded and fragile. 

4.2.4 Gel Permeation Chromatography (GPC) 

This GPC analysis was performed in Universidade do Minho, and the main goal was to 

analyze the results of the composting process, the degradation of PLA. 

In this section only the graph related to the maturation part will be presented once is 

the one where the variation on the molecular weight is more significant, the rest of the graphs 

are presented in Appendix E. 

Besides the plots it is necessary to pay attention to the analytical results related to the 

polidespersity (Mw/Mn), the average molecular weight number (Mn), the average molecular 

weight (Mw) and the higher average molecular weight (Mz). These parameters will help to 

analyze the performance of the materials after composting process once the graphs cannot, in 

this case, give a very clear conclusion.[71] 

 

Figure 4. 23. Single sample to composting process. 

 

Figure 4. 24. Samples for one phase. 
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For the composting process some samples were prepared. The numbers are 

representative of one of the studied samples in the UV. (0) bench mark of day 1, (1) bench 

mark of day 2, (2) PLA+OL 0.25 wt% of day 1, (3) PLA+OL 0.25 wt% of day 2, (4) PLA+OL 0.25 

wt% + A 0.01 wt%, (5) PLA+OL 0.25 wt% + B 0.01 wt%, (6) PLA+OL 0.25 wt% + C 0.01 wt%, (7) 

PLA+OL 0.25 wt% + D 0.01 wt%, (8) PLA+OL 0.25 wt% + F 1 wt%, (9) PLA+OL 0.25 wt% + E 0.001 

wt%. 

None of the graphs before the maturation has a significant improvement on the 

degradation of PLA, comparing all the samples they have a similar behavior. 

Analyzing Figure 4. 25 (maturation phase) taking into account the parameters referred 

above the one that presented the best result was F. 

This material comparing with the other regarding the Mz parameter had a decreasing on 

the molecular weight in 21% that was the lower value seen in the experiment. 

 

Figure 4. 25. GPC result of the maturation phase of composting process. 
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5 Conclusions 

Poly (lactic acid) is one biodegradable polymer that can be used in replacement of the 

traditional polymers (e.g PP) applied in greenhouses as twines to support the growth of various 

vegetables (e.g tomatoes). The problem remains if the composting time of the polymer is longer 

than that of the organic waste. For this reason, the main goal of this project, is to find the 

most suitable catalyst to shorten the time of PLA twines decomposition to match the one of a 

green waste. The catalyst needs to be active enough to catalyze the composting process of the 

polymer, but at the same time it cannot compromise the twine performance (mainly its 

mechanical properties) during the season. 

The studied catalysts were characterized in order to know the differences between 

them and to discover their properties by several techniques. Comparing the materials, 

thermally the catalysts A and B showed a bigger weight loss but the maximum temperature is 

similar in all of them. On the other hand, E is more temperature resistant, losing the major 

percentage of its mass at higher temperatures. 

Exceptionally, F does not present any loss of mass. The specific surface area was found 

to be significantly higher for C and D. In terms of the composition, the majority of the 

components have a low purity due to the fact of being industrial grade materials. This evidence 

is clear comparing the XRD results for the E from Lankhorst and the one from Sigma Aldrich, 

that the former has a big content of other components that we were unable to identify in the 

scope of the current project.  

The influence of UV light in the material (PLA+catalyst) was performed in the fiber form 

once it is less complex and the results are easier to observe in a shorter period of time. During 

the fibers production it was necessary to adjust the quantity of the catalyst inserted in the 

extrusion process once at high concentration (of the catalyst) some of the fibers started the 

degradation inside the extruder (during sample production). The concentration of the catalysts 

was optimized by changing the pressure on the head of the extruder. The materials were used 

at concentration of 0.1 wt %, except F that was used in higher amount (i.e.1 wt %), E was used 

at 0.01 wt % once it was very active in PLA degradation.  

The bobbins (of PLA+catalysts) were placed in the roof of the company. The tensile tests 

were performed every fifteen days (of exposure to UV light) in order to evaluate the influence 

of the solar light on the degradation of the materials. Due to the lower percentage of catalyst 

used, the conclusions are not very clear and for this reason it will be necessary to increase the 

amount of catalyst used in the future work. 
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The problem of increasing the amount of catalyst in the PLA twines is the humidity of 

the materials. The suppliers do not recommend a value above 400 ppm, which means that the 

material needs to be dried before the production of PLA fibers. In the future work, increasing 

the amount of catalyst in these tests will not be performed in fiber but in twine form due to 

the structure of the material. The fiber is too thin to sustain bigger amounts of material. 

Composting tests were made in Lipor and samples were taken at the end of each phase, 

two tunnels of composting and after maturation. At the end of the experiment it was only 

possible to take conclusions performing GPC analysis in order to evaluate drop of the molecular 

weight of the PLA in each of the samples. With the help of Universidade do Minho it was possible 

to analyze the results that appointed to F as the most active with a decreasing of 21% in the 

Mz parameter comparing the maturation phase with the end of the first composting tunnel. 

F presented the most promising properties and was found to be the most suitable 

catalyst under the conditions studied. It has more thermal stability, the lowest pHpzc even with 

the possibility of having a surface treatment, showed the lower value of humidity which gives 

the opportunity to work with higher concentrations of this catalysts in the PLA twines (i.e. 

easier extrusion). Moreover, this catalyst in a real composting conditions had the most active 

performance. 

Nevertheless, it is necessary to test the other catalysts, after drying and possibly with 

higher concentrations added in the PLA twine, in order to see better their catalytic effect in 

the PLA decomposition under composting conditions. 
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6 Assessment of the Work  

6.1 Objectives Achieved  

Six different commercial materials were characterized in order to evaluate the 

differences among them using different techniques. They were introduced into the PLA fibers 

and analyze the influence of UV light and the behavior in real composting conditions were 

analyzed. That way, the main goal of this project was achieved. 

6.2 Other Work Carried Out  

During all this work, a manuscript was prepared with the title ‘Catalysts for Hydrolytic 

Degradation of Poly(lactic acid)- A review’. A partnership with Filipa Miranda who worked in 

the previous part of this project and my supervisors, Dr. Katarzyna Morawa Eblagon, and Prof. 

Manuel Fernando Pereira. 

6.3 Limitations and Future Work  

Regarding the measurement of the pHpzc, the location of the shaker bath is not the best 

one regarding the stability of the temperature, once there are some equipments dissipating 

heat and increasing the temperature in the room, as well as it is heated by the sun (because it 

is placed next to the window), some factors that maybe had a slightly influence in the results. 

TPD of ammonia was not a very efficient technique to measure the acidity of these 

samples. A trial was performed treating the samples at high temperature under N2 or air in 

order to remove a possible surface treatment, testing different temperatures the samples 

changed colour suggesting partial carbonization (black color). 

In the fiber production process due to the high  particle sizes of the materials, the filter 

was caught up with D, it was necessary change the filter and decrease the concentration. In 

this experiment E showed a very high activity which resulted in a use of lower concentration of 

this material. 

Once the fibers are so thin there are some problems with increasing the amount of 

catalyst in the formulation. Therefore, for future work, the amount of catalyst, previously 

dried, will be increased in order to have a clearer idea of their influence in PLA. Samples will 

be produced in twine form, which requires more work and more time to analyze once it takes 

more time to show a significant change. 
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Appendix A.  pH Point Zero Charge Curves 

 

Figure A. 1. E 

 

Figure A. 2. C 

 

Figure A. 3. D 

 

Figure A. 4. F 

 

Figure A. 5. A 

 

Figure A. 6. B 
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Appendix B.  Fourier-Transform Infrared Spectroscopy 

(FTIR) 

 

Figure B. 1.FTIR spectrum of F on DRIFT technique. 

 

Figure B. 2. FTIR spectrum of E on DRIFT technique 
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Appendix C. Tensile tests 

 

Figure C. 1 Overview of the production program of fibers process conditions changes with B catalyst. 

 

Figure C. 2. Overview of the production program of fibers process conditions changes with C and D catalyst. 
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Figure C. 3. Overview of the production program of fibers process conditions changes with D catalyst. 

 

Figure C. 4. Overview of the production program of fibers process conditions changes with E. 
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Appendix D. Composting Process 

 

 

Figure D. 1 Humidity and temperature curve of the first composting tunnel. 

 

Figure D. 2. Humidity and temperature curve of the second composting tunnel. 
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Appendix E.  Gel Permeation Chromatography (GPC) 

 

 

Figure E. 1. GPC results of a BM of each composting phase. 
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Figure E. 2. GPC results related to the non-composted samples. 

 

Figure E. 3. GPC results of the samples in the final of the first phase of decomposition 
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Figure E. 4. GPC results of the samples in the final of the second phase of decomposition 

 


