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Relatore
Note di presentazione
Thank for the kind introduction, and I would like to thank the committee to give me the possibility to be here and present my work
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In 2015 the plastic production exceeded 322 million tons all over the world,
with packaging covering the 26%. However, due to the specific function it
rapidly becomes waste.

INTRODUCTION AND MOTIVATION
PLASTICS
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Plastic Production

Recycling and incineration are not always practicable and still a huge
amount of plastic is disposed into the environment.

Relatore
Note di presentazione
Plastics during the last 50 years has started to substitute natural materials in every aspect of life. During 2014 the plastic production reached over 300  milliontons all over the world, which 59 only in europe. A major portion of plastic produced each year is used to make disposable items of packaging or other short-lived products that are discarded within a year of manufacture. These two observations alone indicate that our current use of plastics is not sustainable. While recycling and incineration represent alternatives to landfill disposal of plastic products, they understandably have also their own weaknesses, because of the possible contamination with organic matter and properties degradation which restrict their further recycling, or the possible production of toxic gases derived from the combustion process. Consequently, thousands of tons of plastic packaging are disposed in landfills every year, causing a continuous pollution increment.
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PLASTICS

Recently great concern has risen about the
health and environmental effects caused
by plastic waste.

Relatore
Note di presentazione
Recently, different publications try to make people aware of the effects of plastic pollution on people and animals health. One example are the publications about microplastics that have been found also in tap water and in sea fish. 
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PLASTIC BOTTLE

450 years

PLASTIC BEVERAGE 
HOLDER

400 years

PLASTIC BAGS 

1 - 20 years

PLASTIC CUP

50 years

With time, plastic does not decompose… 

it only becomes smaller generating microplastics
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Cause of environmental pollution

INTRODUCTION
PLASTICS

How to enhance plastic
degradability?

No chemical, physical or biological processes can 

efficiently enhance plastics degradation. 

Relatore
Note di presentazione
Plastic degrades with time but it does not decompose totally, it becomes smaller and smaller, thus generating microplastics. Microplastics inside oceans becomes food for fishes and they can be assimilated, they degrade and release toxic substances and contaminants that enter the food chain. This picture shows the time to complete degradation of some common plastic objects that mostly contaminates oceans. The plastic pollution issue is known since many years and has made people think about how to enhance plastic degradability. Up to now, no chemical physical or biological process can efficiently enhance plastic degradation.
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Creation of new polymeric materials satisfying the conditions of
BIODEGRADABILITY, BIOCOMPATIBILITY and release of LOW TOXICITY
degradation products.

BIO-PLASTICS
Biodegradable

Bio-based

NY 11

bio-PVC
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starch
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INTRODUCTION
PLASTICS

BIODEGRADATION
is a surface erosion

process which is solely

dependent on the chemical

structure of the polymer.

… other metabolic
products
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Relatore
Note di presentazione
For these reasons the replacement of long lasting polymers with biodegradable/compostable polymeric materials, especially for short-term applications is of major interest. These new materials should be environmental-friendly, biodegradable, biocompatible and that release low toxicity degradation products: these are called bioplastic. Bioplastics could be either bio-based, made from renewable resources, or biodegradable, which degrade under the influence of biotic factors. Biodegradation depend only on the chemical structure of the material and it doesn’t mean that the polymer is made from renewable resources. Biodegradation is a surface erosion process In the first step occurs fragmentation, during which the material mechanically disintegrates under the influence of both living and non-living factors. The shorter water soluble intermediates then mineralize under the action of microorganisms. 
divided in fragmentation and mineralization and Biodegradable polymers in the final stage are converted in water, carbon dioxide and biomass under aerobic conditions, or into methane water and biomass under anaerobic conditions. The products are non-toxic . One of the biodegradable polymers is polybutylene succinate.
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Ionizing radiation is widely used on polymers and it can also modify their 
properties:
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Radiation processing 

Sterilization of medical supply

Packaging for food irradiation

Nuclear and aerospace applications 

RESEARCH THEME
IRRADIATION OF POLYMERS

Irradiation causes the creation of very reactive radicals and leads to two 
competing phenomena:

Crosslink Degradation

Relatore
Note di presentazione
Since many years, ionizing radiation are used on polymers for many applications. For example they are used for the sterilization of medical supply. There is also the radiation processing, where ionizing radiation are used to modify materials and their properties. Radiation crosslinking it is possible to creates new materials, it is possible to synthesize hydrogels,  functionalize packaging in order to enhance plastic durability.
Radiation interaction with polymers generates a shower of secondary electrons that lead to the creation of very reactive intermediates, radicals. The ultimate effects on the polymer can either be the crosslink, that creates new inter or intra molecular bonds, or degradation, that breaks the polymer chains and thus lower the length of the polymer chains. The final effects on the polymer depend upon which of the two phenomena prevails. 
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• Effects of gamma radiation on aliphatic biopolymers

• Characterization of Chemical and Physical modifications

• Impact of ionizing radiations on the rate of biodegradation

• Evaluate if a radiation treatment could enhance the 
biodegradability of conventional and new plastics

UNIVERSITÀ DI BOLOGNA
Department of Civil, Chemical, Environmental, and Materials Engineering

Irradiation facility

POLITECNICO DI MILANO
Department of Aerospace Science and Technology

Positron Spectroscopy and Thermal Analysis Laboratory
Chemistry, Material and Chemical Engineering Department "Giulio Natta"

COLLABORATIONS

OBJECTIVES

Relatore
Note di presentazione
In this work we want to evaluate the effect of gamma radiation on aliphatic biopolymers, investigating the changes at macroscopic and microscopic scale, and, in particular, evaluating the impact of the radiation treatment on their rate of biodegradation. This work has been done in collaboration with the lab of spectroscopy and thermal analysis for some characterization after irradiation, and with the university of bologna, which sensitized the new biopolymers. Irradiation has been carried out to an industrial sterilization facility. 
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SELECTED SYSTEMS

Poly(Thiodiethylene Glycol Succinate)

PTDGS
Poly(Butylene Succinate)
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 Poly(Neopentyl Cyclohexanedicarboxylate)

PNCE
Poly(Propylene Cyclohexanedicarboxylate)

PPCE

PPCE-PNCE copolymers
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Newly synthesized and conventional aliphatic polymers for packaging: 

NEWLY SYNTHESISED

Film   200 µm 
Sheet 1 mm

P(BSxPTDSy) y= 10-40 

NEWLY SYNTHESISED

Film   200 µm 
Sheet 1 mm 

P(PCExNCEy) y= 5-20 

COMMERCIAL

Relatore
Note di presentazione
Three systems, characterized by a different degradability has been considered, with a time to complete degradation of months, years and decades. The first two systems are polyesters, they are potentially degradable thanks to the presence of the carboxyl group that allows the hydrolysis of the system and favor the biodegradation. They are both newly synthesized at Università di bologna. The first system is based on polybutylene succinate, a commercial polymer since 1993 and biodegradable. Its properties are similar to polyethylene, used mostly for agricultural applications. The present works considered the system of copolymers with the introduction of a Sulphur sub-unit that tailor the system properties, increasing mechanical and barrier properties for its application as food packaging. 
The second intermediate system is characterized by the present of a cycloaliphatic sub-unit that confers optimal thermal and mechanical properties and a good resistance to environmental degradation. This lowers its environmental degradation. In this case the copolymerization with poly neopentyl cyclohexanedicarboxylate insert a neopentyl unit for tailor barrier and mechanical propertes for packaging applications. Finally, polyethilene has been selected as recalcitrant system. In this case, films of HDPE and LDPE has been bought by sigma aldrich. 
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IRRADIATION
Source γ: Co-60

Environment: Air / Oxygen / Water / Hydrogen Peroxide 2% - 15%  
Dose Rate: 2.5 kGy/h

Absorbed Dose: up to 1 MGy

Physical and 
chemical 

modifications 
of polymers

Polymer 
degradation 

Disintegration 
in compost 
ISO 20200

GPC

DSC

TGA

WCA

Weight Loss

SEM

FTIR-ATR

PALS

MOULDING
films 200 µm (Thermo-hydraulic press 5 min @ Tm+30°C)

CHARACTERIZATION

METHODS
EXPERIMENTAL ACTIVITY

Relatore
Note di presentazione
After the preparation of the 200 microns films with a thermohydraulic press, they have been irradiated with a co-60 gamma source, in air, water, oxygen and water dioxide solutions environment and with absorbed doses up to 1 MGy. samples have been characterized by different techniques in order to understand completely the chemical and physical changes of these systems, and the impact of the radiation treatment on the rate of biodegradation.
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EXPERIMENTAL ACTIVITY

FIRST ORDER
STRUCTURE

• Molecular weight distribution

• Chemical structure

HIGHER
ORDER

STRUCTURE

• Thermal properties

• Crystallinity

• Elastic Modulus

SURFACE
PROPERTIES

• Wettability

• Surphace morphology

BIODEGRADABILITY

The rate of biodegradability depends on both physical and chemical 
properties:

Relatore
Note di presentazione
The biodegradability of polymers depends on different properties that can enhance or slow down polymer biodegradability. The chemical structure for example, gives information on the polymer biodegradability: the presence of oxygen allows hydrolysis.  Shorter chains are easier to degrade and polymer crystallinity slow down the process since microorganism’s attack starts in the amorphous zones. An higher hydrophilicity favor degradation. 
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MOLECULAR WEIGHT: BIODEGRADABLE SYSTEM

Irradiation in Air
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Yields of intermolecular crosslink Gx
and scissioning Gs:

Polymer Dose 
(kGy)

200 μm
Gs Gx Gs/Gx

PBS 50 1.84 0.35 5.24
100 1.57 0.28 5.55
200 1.82 0.29 6.35
500 2.53 0.51 5.00

P(BS60TDGS40) 50 8.76 0.52 16.73
100 4.39 0.53 8.28
200 3.95 0.52 7.62
500 5.05 0.71 7.08

lower ionization potential and 
weakness of the C-S bond 
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Ionization and excitation 

Formation alkyl free radicals 

degradation

Hydrogen abstraction  
increase of crosslink

200 µm films
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PBS

PTDGS

Degradation higher for the copolymers

Relatore
Note di presentazione
The variation of the molecular weight has been investigated by gel permeation chromatography. The graph shows the mean molecular weight in function of the absorbed dose with the respective polydispersity index, that shows the width of the molecular weight distribution. Polymers are characterized by an high number of molecular chains which length can vary: if the molecular chains have all the same length the polydispersity would be 1. The molecular data allow to calculate the yield of crosslink and scissioning, in order to evaluate which of the two phenomena prevails. The table shows the value calculated for PBS and one copolymer. The degradation is faster for the copolymers, showing that the introduction of the sulphur co-unit insert a weakness point in the polymer.  This is confirmed by an higher value of yield of scissioning. The damage is homogenous on the system since the polidispersity index is constant. The decrese of molecular weight is faster at low absorbed doses, since ionisation and excitation phenomena is concentrated on carbon – carbon bonds. Proceeding with irradiaton, the polymer chains becomes shorter and degradation by hydrogen anstraction prevails, favoring crosslink, as can be seen from the table: Gs/Gx becomes lower. 

 
Peso molecolare medio, peso molecolare medio ponderato sulla lunghezza delle catene.

spettroscopia IR- riflettanza totale attenuata ma questa non ha evidenziato la formazione di nuovi gruppi funzionali. 
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12RESULTS
MOLECULAR WEIGHT: INTERMEDIATE SYSTEM

Irradiation in Air
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PPCE
The introduction of NCE co-unit does not 
affect the stability of the system.

POLYMER Dose 200 µm
(kGy) Gs Gx Gs/Gx

PPCE 50 3.93 0.79 4.94
100 3.45 0.72 4.80
200 2.70 0.54 5.02
500 3.68 0.76 4.87

P(PCE80NCE20) 50 2.61 0.58 4.50
100 3.01 0.67 4.50
200 2.12 0.46 4.62
500 3.19 0.63 5.03

Gs/Gx ≈ 4 indicates an higher presence of
crosslink

Not remarkable differences with the
samples irradiated in water up to 200 kGy

PPCE

PNCE

Favors homolytic chain scission
Steric hindrance limits recombination

200 µm films
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Relatore
Note di presentazione
The same analysis of PPCE shows that the neopentyl co-unit does not increase radiation sensibility. The degradability of the system is lower, and this is confirmed by a lower value of Gs on Gx. The crosslink is higher and this is evidenced by an increase of polydispersity index. 





Maddalena Negrin 

13RESULTS
CHEMICAL MODIFICATIONS

carbonyl 
band

CH2 bending 
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LDPE
● FTIR-ATR: increase

of oxidation at
absorbed doses
above 200 kGy.

HDPE
● increase of oxidation with

increasing the absorbed
dose.

● Absorbed doses higher than
100 kGy evidenced higher
oxidation.

● hydrogen peroxide solutions
and oxygen atmosphere
enhances the oxidation with
respect to air.
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Relatore
Note di presentazione
Polyethylene is known to be non biodegradable and its resistance to irradiation has been investigated by different literature works but the effect on its biodegradablity has not been investigated. this work has been concentrated on evaluating the effect of irradiation environment that has been investigated by Fourier transform infrared spectroscopy. The image shows the spectra acquired for the sample irradiated in air up to 1 MGy. It is clear that oxidation increases with the absorbed dose. The picture shows also the spectra of the sample irradiated in water at 1 MGy which oxidation is much lower. The comparison between the different environments at 200 kGy shows that oxygen and hydrogen peroxide solutions favor degradation. 
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14RESULTS
THERMAL PROPERTIES

PBS
- Melting temperature constant
- Increse of melting enthalpy
- No differences air/water

PPCE
- Slight decrease of melting

temperature
- Constant melting enthalpy
- No relevant differences

air/water
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Second melting peak at lower temperature 
was observed for the treated samples, in 
particular for copolymers of PBS and PPCE.
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200 µm films
The thermal stability of all the systems is affected:

Relatore
Note di presentazione
The thermal properties has been investigated by differential scanning calorimetry and thermogravimetric analysis. The graphs shows the melting temperature and enthalpy at increasing absorbed dose. The melting enthalpy is connected to the crystallinity of the sample. The dashed lines show the value of the pristine sample. The melting temperature for PBS is constant and there is an increase of melting enthalpy. The results of PBS irradiated in water do not show remarkable differences between the two environments. In the case of PPCE, the system thermal stability is increased and the melting enthalpy is almost constant with the absorbed dose. Moreover, the treated sample show the formation of a second melting peak at lower temperatures due to the formation of less perfect crystallites. 
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Crystallinity increases for all the irradiation environments and remains constant
above 200 kGy

.

RESULTS
THERMAL PROPERTIES: ENVIRONMENT
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Relatore
Note di presentazione
The thermal behavior of HDPE and LDPE show that there are not remarkable differences between the different irradiation environments. The thermogram of the 200 kGy samples shows that, even if the changes are not remarkable, the shape of the melting peak changes and thus the crystallinity of the samples id different. 
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PBS
- Irradiation in air does not increase PBS 

hydrohilicity
- Positive effect for irradiation in water
- Irradiation enhanced copolymers wettability

PPCE
- Wettability increased only for absorbed doses

over 200 kGy
- No improvement for the copolymers
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Water Contact Angle measurements show a
different effect of radiations:

RESULTS
WETTABILITY

PRISTINE 100 kGy
AIR

100 kGy
WATER

PBS

SU
R

FA
C

E 
PR

O
PE

R
TI

ES
 –

W
AT

ER
 C

O
N

TA
C

T 
AN

G
LE

Relatore
Note di presentazione
The water contact angle is the measurement of the wettability of the polymer and it is one of the characteristic highly related to biodegradability. The shape of the water drop of PBS before and after irradiation, in air and water is shown in this picture. In the case of PBS, an the two environments show an opposite behavior. The hydrophilicity is enhanced when the sample is irradiated in water. The copolymer shows higher hydrophilicity also when irradiated in air at low absorbed doses. In the case of PPCE, the hydrophilicity is enhanced only at high absorbed doses. 
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HDPE
● hydrophilicity is strongly 

enhanced, especially when 
irradiated in water and oxygen 

LDPE
● wettability is slightly enhanced 
● relevant decrease at 

1 MGy in water

RESULTS
WETTABILITY
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Relatore
Note di presentazione
HDPE shows always an ehanced hydrophilicity, increasing with the absorbed dose. Sample irradiated in oxygen show the lower contact angle values. In the case of LDPE, the differences are similar but with a lower extent. 



Maddalena Negrin 

RESULTS
BIODEGRADABILITY

18

Pristine samples
From literature… SEM images on films of 200 µm.
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The degree of disintegration in compost of the irradiated samples were
investigated with a procedure based on the standard ISO 20200
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Relatore
Note di presentazione
The samples were then analyzed with a procedure based on the ISO 20200 standard to investigate the rate of disintegration in compost. A sample is defined disintegratable if it undergoes a 70% weight loss after an incubation period of 45 days. In particular after determining the initial weight of the samples, these are inserted between two layers of compost, respecting a specific ratio between sample weight and quantity of compost. The vials are then immersed in a thermostatic bath at the fixed temperature 58 ° C, keeping the humidity fixed at 90% of the Water Holding Capacity system. After the incubation period, the samples are appropriately sifted, washed and analyzed to determine weight loss and the changes of the surface.
The colleagues of bologna have determined the compost degradation of the pristine polymer. The PBS system is more biodegradable, the copolymer shows higher degradation while PBS, due to its high crystallinity, does not exceed 10% in 140 days. We can see that the PPCE system has a slower degradation and after 140 the losses are at most 10% in the case of the copolymer with the highest percentage of NCE.
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Relatore
Note di presentazione
These are the results obtained for PBS system after irradiation in air. We can easily see that the compostability of the copolymer is facilitated with irradiation, while irradiated PBS appears more resistant for the analyzed absorbed doses. Despite the marked decrease in molecular weight, this indicates an effective crosslink that caused the crystallinity to increase. This slows down the assimilation by micro-organisms.
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Relatore
Note di presentazione
The rate of disintegration of PPCE was also determined. In this case the incubation period was extended to 70 days. We can see that the untreated sample does not show any degradation while, for those irradiated, the disintegration increases with increasing absorbed dose. The degradation of the copolymer also in this case appears to be more accentuated, in particular over 200 kGy. However, the system did not achieve weight losses that would define it disintegrable.
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Relatore
Note di presentazione
The SEM images of HDPE samples, that showed the highest weight losses after 180 days in compost, are shown. Despite the changes of the samples after compost are not evident, the degradation process is started. An increase of the melting enthalpy and changes in the carbonyl band has been evidenced. In the case of the sample irradiated at 200 kGy in oxygen, the percentage of sample recovered after the composting test is much lower than the previous ones due to the increase fragility induced also by irradiation. 
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• According to the polymer structure, different absorbed doses and/or irradiation 

environments could be required to affect biodegradation;

• Radio-induced decrease of molecular weight and increase of surface wettability 

enhance biodegradability, even in the case of slow degrading polymers;

• The radiation induced modifications of the crystalline fraction seem not to produce 

a negative effect on biodegradability;

• It is worth noting that irradiations in oxidative conditions at relatively low absorbed 

doses strongly affect PE wettability.

Future activities

• Assess the time to complete degradation;

• Optimize the composting steps: enzymes/composting strategy;

• Combination with other degradation process: thermal degradation, .. ;

• From biodegradation to compostability.

CONCLUSIONS

Can ionizing radiation enhance plastic biodegradability?

Relatore
Note di presentazione
The question at the base of this work is if ionizing radiation can somehow influence plastic biodegradability.
The results obtained showed that depending on the polymer considered, the degradation rate can be varied by suitably varying the absorbed dose or the irradiation environment. The decrease in molecular weight and the increase in hydrophilicity are two factors that increase the degradation of polymers. Although irradiation induces changes in crystallinity, these have not caused a negative effect on biodegradability due to other changes induced by irradiation. It is interesting to note that oxidative environments have allowed to change the hydrophilicity of a recalcitrant polymer such as polyethylene, which has begun to show a beginning of biodegradation.
The treatment has therefore shown itself to be promising but to have a more complete view of the effects of irradiation, it will be necessary to determine the time of complete degradation. The composting test could also be optimized by selecting specific enzymes for the type of plastics considered. To increase the effect, one could also try to combine irradiation with other degradation processes, such as thermal degradation. In order to complete the treatment even more, it will also be necessary to evaluate the compostability, for example to characterize the complete effects on the compost.
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