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Abstract 

L'estrazione e la produzione di risorse materiali hanno un impatto 

significativo sull'ambiente e sulla salute umana, oltre che sull'economia. 

Pertanto, ora, la salvaguardia e il risparmio delle risorse necessarie per il 

pianeta sta diventando sempre più importante nel campo dell'ingegneria e 

delle tecnologie. 

L’ingegneria della materia, grazie allo sviluppo di materiali innovativi 

tramite il riutilizzo di vecchie risorse, offre diversi spunti per la realizzazione 

di materiali durevoli, multifunzionali e, soprattutto, attenti al consumo. 

Difatti, il settore della ricerca sui materiali si sta focalizzando sempre più 

sulla valorizzazione di materie prime riciclate, ottenute da sottoprodotti 

industriali, per un'industria più sostenibile, a minore impatto ecologico, così 

da garantire un’economia circolare. 

La presente ricerca si propone di supportare queste esigenze attraverso lo 

sviluppo e lo studio di materiali a base di sottoprodotti industriali a matrice 

biologica al fine di convertirli nuovamente in risorse per nuove applicazioni.  

Lo studio si è focalizzato su vari materiali recuperabili da scarti industriali 

come derivati amidacei da industrie alimentari, fibre di cellulosa di carta 

igienica e poliidrossialcanoati (PHA) dal trattamento di acque reflue urbane, 

fibre di legno, di gusci di macadamia e da fondi di caffè e sulle loro possibili 

applicazioni.  

In particolare, sono state realizzate e testate malte a base di calce idraulica 

rinforzate con fibre di cellulosa di scarto, in termini di proprietà meccaniche 

e di durabilità, per diminuire l’impatto ambientale dei materiali nel campo 

dell’ingegneria edile. 

Sono state studiate le proprietà disinquinanti di alcuni derivati dell’amido 

(ciclodestrine) in termini di capacità di rimozione di COVs e del particolato 

per la creazione di filtri innovativi per il trattamento dell’aria. 
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Riguardo i PHA, sono state sperimentate diverse condizioni estrattive 

(convenzionali, in continuo e con Paar Reactor), includendo anche vari 

pretrattamenti (chimici e fisici) per valutarne le influenze sulle rese di 

estrazione. I polimeri estratti sono stati caratterizzati dal punto di vista 

meccanico, morfologico, chimico e termico.  

Sono stati inoltre realizzati compositi a base di fibre di legno, di macadamia 

e di fondi di caffè, per produrre manufatti per il design tramite estrusione e 

stampaggio a compressione. 

I risultati mostrano che la valorizzazione di queste materie secondarie è 

possibile, ottenendo risultati positivi in ogni campo proposto. 

L'aggiunta di fibre di cellulosa recuperata nelle malte apporta benefici in 

termini di comportamento a flessione e capacità di tampone igrometrico.  

L'aggiunta di ciclodestrine aumenta l'efficienza di rimozione di COVs e della 

frazione dimensionale PM1 dei filtri.  

Si è dimostrato che i pretrattamenti sulla biomassa influenzano 

significativamente le proprietà dei polimeri estratti.  

Infine, i compositi a base di PHA e fibre di legno si sono mostrati i più 

promettenti per lo stampaggio a compressione, presentando caratteristiche 

meccaniche e termiche comparabili a quelle di compositi contenenti PHA 

commerciale.  
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The extraction and production of material resources have a significant impact 

on the environment and human health, as well as on the economy. Even today, 

quality is synonymous with newness, for which a linear economic growth 

model is established, which has characterized history in the last century. 

Nowadays, safeguarding and saving the resources needed for the planet is 

becoming more and more important in the field of engineering and 

technologies.  

Materials science and engineering, thanks to the development of innovative 

materials through the reuse of old resources, offers various ideas for the 

creation of durable, multifunctional and, above all, consumption-friendly 

materials. 

In fact, the materials research sector is increasingly focusing on the 

enhancement of recycled raw materials, obtained from industrial by-

products, for a more sustainable industry with a lower ecological impact, so 

as to ensure a circular economy. 

The present research aims to support these needs through the development 

and study of materials based on biological matrix industrial by-products in 

order to convert them back into resources for new applications. 

The study focused on various materials recoverable from industrial waste 

such as starch derivatives from food industries, cellulose fibers from toilet 

paper and polyhydroxyalkanoates (PHA) from the treatment of urban 

wastewater, wood fibers, macadamia shells and coffee grounds and their 

possible applications. 

In particular, hydraulic lime-based mortars reinforced with recovered 

cellulose fibers were made and tested, in terms of mechanical properties and 

durability, to reduce the environmental impact of materials in the field of 

construction engineering. 
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The depolluting properties of some starch derivatives (cyclodextrins) were 

studied in terms of the ability to remove VOCs and particulate matter for the 

production of innovative filters for air treatment 

Regarding the PHAs, various extraction conditions (conventional, continuous 

and with Paar Reactor) were tested, including various pre-treatments 

(chemical and physical) to evaluate their influences on extraction yields. The 

extracted polymers were characterized from a mechanical, morphological, 

chemical and thermal point of view. 

Furthermore, composites based on wood fibers, macadamia and coffee 

grounds have been made to produce designer products by extrusion and 

compression moulding. 

The results show that the exploitation of these secondary subjects is possible, 

obtaining positive results in each proposed field. 

The addition of recovered cellulose fibers in mortars brings benefits in terms 

of flexural performance and hygrometric buffer capacity. 

The addition of cyclodextrins increases the efficiency of removing VOCs and 

the PM1 dimensional fraction of the filters. 

Biomass pre-treatments have significant influence on the properties of the 

extracted polymers. 

Lastly, composites based on PHA and wood fibers have demonstrate to be the 

most promising composite for compression moulding, presenting mechanical 

and thermal characteristics comparable to those containing commercial 

PHA. 

 

Keywords: By-products Valorisation, Waste, Wastewater, Bio-based 

fibers/fillers, Polyhydroxyalkanoates, Cyclodextrins, Mortar, Extraction, Air 

Filtration, Composites, Sustainability, Circular economy. 
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1.1 Preface 

 

“Waste is a waste only if you waste it. Otherwise it is a resource” 

Ancona, T. Naik 

 

Nowadays Europe relies heavily on material resources for almost all of the companies' 

activities. The extraction and production of material resources has a significant impact on 

the environment and human health, as well as on the economy. Even today, quality is 

synonymous of newness, for which a linear economic growth model is established, which 

has characterized the history in the last century. This model is founded on a market 

economy based on the extraction of raw materials, their production, consumption and on 

the disposal of waste, once the end-life has been reached. It is essential to reuse these 

resources in world economies, keeping their value high, offering value for longer periods 

and reducing the need to use virgin materials. While progress is being made in Europe by 

implementing an ambitious waste policy and the Circular Economy Framework, 

significant quantities of valuable resources are still being lost due to inefficient waste 

management practices. 

A ‘circular economy’ approach would turn goods at the end of their service life into 

resources for others, closing loops in industrial ecosystems and minimizing waste. It 

would change economic logic because it replaces production with sufficiency: reuse what 

you can, recycle what cannot be reused, repair what is broken, remanufacture what cannot 

be repaired. Circular-economy business models fall in two groups: those that foster reuse 

and extend service life through repair, remanufacture, upgrades and retrofits; and those 

that turn old goods into as-new resources by recycling the materials1. 

In recent years, innovations in the field of materials science have transformed waste 

materials from the industrial sector into a complex tool for the reduction not only of the 

gas emissions due to the production of new goods, but also of the their disposal at their 

end of life, promoting their recovery and reuse for new applications. 

This work has the propose of “closing the loop” for funding possible solutions for 

different kind of wastes coming from industrial sectors, recovering those materials and 

studying their characteristics and properties to enhance and valorise them in a new 

possible application.  

Each chapter of my thesis is focused on a different wasted material: its source, its 

properties and a new possible application are investigated. 
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1.2 Scientific field and problems 

Beyond climate change, the main challenges the world is facing today, as previously 

exposed, are the substantial increase in energy demand, food and material unsustainable 

consumption and production, and anthropogenic wastes generation. According to World 

Resources Institution, the planet is projected to hold 9.6 billion people by 2050, 

consuming the equivalent of 1.6 planet's resources, with a consequent high amount of 

wastes generated2. Consequences of the unsustainable consumption and production 

patterns are resource depletion, climate change, air and water pollution, loss of 

biodiversity and of fertile soil, amongst other environmental, social, and economic 

challenges3,4,5. Almost 30% of the food produced globally is lost or wasted at some point 

along the food supply chain4,6 causing all these serious issues7,8. 

Referring to the circular economy, the fields of application are varied and vast, so to 

define an application target9 is necessary. In literature, in fact, the circular economy issue 

is tackled from different points of view: from the economic one10 to the implementation 

method3. Therefore, to define the action target is essential: Figure 1.2.1 summarizes the 

main known targets9. 

 

Figure 1.2.1 Main existing Circular Economy targets by areas of application 9 

This study is focused on the section of recovery of waste materials in order to enhance 

by-products promoting the reduction of human footprint and the reuse, recycling and 

recovery of various wastes.  
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1.2.1 Decreasing the human footprint on the environment by enhancing 

secondary products 

The development of new approaches in supply chain management research are addressed 

at the promotion of efficient resource use and the reduction of environmental impacts, all 

while considering the profitability and productivity of all stages of the supply chain. This 

perspective, aims at reducing the ecological impacts of anthropic activities without 

sacrificing quality, cost, reliability and performance, balancing the relationships between 

supply chain management and the natural environment. 

Reducing environmental impacts and getting economic benefits by recovering by-

products, and by reducing both water consumption and organic load, is the aim of the 

implementation of an eco-efficiency process. 

In this context, it is important not only the recovery of the material itself, but also the 

demand for it in the market: from the beginning of its process as raw material up to its 

disposal. On the one hand, there is a need to reduce the consumption of raw materials, 

raising awareness among the population and a more conscious use of the resource, 

promoting recycling, reuse and avoiding the purchase of disposable materials; on the 

other side there is the market that offers non-reusable products even if eco-sustainable.  

Nowadays the consumer pays much more attention to the eco-sustainability of the product 

than in previous years, looking for biodegradable plastics or taking advantage of the 

purchase of products from intensive farming. Nevertheless, terms such as 

biodegradability are still confused or wrongly understood: in fact, the population often 

misunderstands the fact that a product is biodegradable or eco-sustainable with the 

possibility of being released into the environment rather than properly disposed of. This 

attitude, wrong for any kind of economy (both linear and circular), leads to an 

accumulation of waste that has a huge environmental footprint. It is important that the 

consumer clearly understands the durability of the various products, so that they can be 

disposed of in the most suitable way reducing the environmental impact. 

The market should cooperate by moving towards this perspective, enhancing recycled 

and recovered products, facilitating companies in production and encouraging 

consumption to purchase.  

 

1.2.2 Recycling of bio-based industrial by products 

The disposal of wastes is one of the main costs for a company. The addition of value in a 

recycled or recovered material can be increased creating a communication between 

companies. In fact, some company have the possibility to use the waste of another 

industry to produce their own goods: many textile companies utilize recycled PET for 
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making fleece clothing. For example, the US-based company Patagonia began making 

recycled polyester from PET bottle waste in 1993. 

Another interesting example is the Colombia-based Diseclar, which developed a 

manufacturing process that turns recycled plastic and agro-industrial waste into durable 

furniture suitable for indoor and outdoor use. By combining non-degradable plastic waste 

and agro-industrial waste, such as sugarcane pulp, coffee residues, and rice chaff, the 

company creates furniture with the look and feel of solid wood. In their first year of 

production, Diseclar aimed to recycle 300,000 kg of plastic and 192,000 kg of agro-

industrial waste.  

The use of plastics in association with other materials permit to create new composites 

and to reduce the amount different wastes. Association of two (or more) different 

materials permits to create a composite: an innovative material, with the combination of 

the chemical and physical properties of the single components. Recently, the use of 

plastics in association with wood-based materials to make Wood Plastic Composites 

(WPCs) represents one option for recycling, which is explored in the present work. WPCs 

have gained a substantial market in the last decade, due to transformative technological 

advancements in compounding and processing. The WPC global market was as high as 

3.0 million tonnes/year in 2014, and is forecast to double by 202011,12.  

In the present work, wood flour, macadamia shell flour and coffee grounds coming from 

industrial wastes were used as reinforcing materials to make composites in association 

with polyhydroxyalkanoates, to be used in design manufacture (as furniture and auto 

interior parts). These three materials came from three different industries of the Australian 

market and represents a large piece of the global market concerning since 2012 (Figure 

1.2.2). 

 

Figure 1.2.2 Market segment of Wood Plastic Composites (WPC) in Europe (2012)11 
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The recovery of particular waste materials, mainly from urban wastewater treatment 

plants and industrial wastes is the core of this dissertation, which is the result of a 

collaboration with SMART-Plant Innovation Action (www.smart-plant.eu). SMART-

Plant includes the whole train of wastewater and sewage sludge treatment within any type 

of wastewater treatment plant. These have emerged through the implementation of the 

EU funded Horizon 2020 Innovation Project of SMART-Plant. The full-title of SMART-

Plant project is “Scale-up of low-carbon footprint material recovery techniques in existing 

wastewater treatment plants”. 

1.2.3 Wastewater Treatment Plants  

During the last years, wastewater treatment plants (WWTPs) have moved from the 

concept of ‘waste treatment’, aimed at discharging treated wastewaters, to a much broader 

concept: wastewater contains important resources that should be recovered in wastewater 

treatment plants to generate value-added products such as renewable energy, biofertilizers 

and water for different purposes. The recycling of resources through innovative recovery 

processes is only a recent objective in wastewater treatment systems: it makes the 

processes of the plants more efficient, it reduces the amount of waste and it provides 

environmental and economic benefits13.  

The ultimate aim for the plant would be to become energy self-sufficient with zero 

external energy supply. Sustainability in wastewater management needs to consider not 

only treatment of sewage, but also the potential for resource recovery from the 

treatment14. 

For these reasons, WWTPs moved into a new concept of ‘water resource recovery 

facility’: this transformation from pollutants removal to valuable resources frames 

wastewater management in the broader context of the circular economy13,14.  

In this new concept of plants, the energy recovery is interpreted in a wider sense. To 

achieve the aim of Zero Energy WWTPs, the objective is not only the already known 

water reuse, which can be one of the methods of recycling treated wastewater for 

beneficial purposes (such as agricultural or industrial processes), but also to invest on the 

other sub-products present in the plants13–15.  

Biogas production (the main resource of anaerobic treatment systems) is widely diffused 

as an alternative source of energy, for the recovery of thermal, electrical and mechanical 

energy, to be consumed either inside (also achieving energy self-sufficiency) or outside 

the plant. 

Also recovered nutrients from the wastewater are particularly interesting: in fact, they can 

be utilized as soil amendments or fertilizers for beneficial uses in agriculture. In 

particular, substances as Ammonium (NH4
+) and Phosphorous (P) are advantageous 
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because NH4
+ predominates in anaerobic reactor effluents and can be useful for 

fertigation purposes; whereas P (recovered as struvite or salts) becomes essential for 

preventing eutrophication in the aquatic environment14,16. 

Furthermore, this new generations plants permits to recover also other precious materials 

that can be originated from cellulosic primary sludge and biopolymers rich sludge.  

The cellulosic sludge can be separated by upstream dynamic sieving15. The Cellulosic 

Primary Sludge can be anaerobically digested to produce biogas, or, under optimal 

acidogenic fermenting conditions it produces Volatile Fatty Acids (VFAs)16. 

For what concerns biopolymers recovery (polyhydroxyalkanoates), primary and 

secondary sewage sludges are potential feedstock17. Polyhydroxyalkanoates have 

comparable properties to petrochemical plastics and can also serve as biofuel or building 

blocks for the synthesis of various chemicals18. 

While some of the above-mentioned reuse and recovery approaches towards wastewater 

are already efficiently implemented, some of them still lack the convenient technology 

together with social-technological planning and design methodology to identify their 

potential end-use and market requirements. This study treats the last two materials, 

cellulose fibres and polyhydroxyalkanoates, recovered from the WWTP of Carbonera, 

Treviso Province, Italy. These recovered materials and this work are part of SMART-

Plant European project, and they directly come from one of the partners of the project. 

1.2.3.1 Cellulose fibres from Cellulose Primary Sludge 

Cellulosic material in the toilet paper, which is the major organic component in the urban 

influent that enters the municipal treatment plants 15, holds a great potential as one of the 

most recoverable products from wastewater flows. The potential recovery of cellulose 

strictly depends to the daily use of toilet paper: this means that the consumption is 

extremely variable, heterogeneous and closely related to the degrees of urbanization, 

sanitation, sewage infrastructures and waste transport. The potential recovery has to be 

referred to specific territorial scale: variable ranges of data are reported in the scientific 

literature basing on the country, equal to 49 ± 23 g toilet paper p-1d-1 in America, to 31 ± 

21 g toilet paper p-1d-1 in Europe, to 5 g toilet paper p-1d-1 in Asia and to 1 toilet paper g 

p-1d-1 in Africa19–21. 

Assuming that toilet paper contains approximately 85% of cellulosic compounds22, the 

maximum potential recovery of cellulose varies in a range between 42 g toilet paper p-1d-

1 in the most industrialized countries and 1 g toilet paper p-1d-1 in developing countries. 

Several research activities and European projects have focused on the recovery of 

resources from wastewaters (Pioneer_STP, SMART-Plant and INCOVER are only some 
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examples). Specifically, projects such as SMART-Plant, have implemented the recovery 

of cellulosic fraction in wastewater treatment plants (WWTPs) through the integration of 

the dynamic separation technology into conventional treatment flow schemes. This unit 

easily allows to separate a greater fraction of solids and to retain the cellulose fibers more 

efficiently while replacing the traditional primary sedimentation15. The separated 

material; on the other hand, needs to be industrially washed and dried to extract the 

recovered cellulose fibers (Figure 1.2.2).  

 

Figure 1.2.3 Recovered Cellulose Fibres 

CirTec (a SMART-Plant partner) has developed a flow scheme with filter for primary 

treatment (Salsnes FilterTM) and separation of cellulosic fibres to produce a highly 

concentrated sludge. The produced fine sieved fraction has a very heterogeneous 

composition containing mainly cellulosic fibres originating from toilet paper. The result 

is a market-ready cellulose that has been cleaned, dried and disinfected. Some of the 

cellulose fibres used in this study have been gently provided by CirTec. 

1.2.3.2 Polyhydroxyalkanoates  

Rapid depletion of petroleum reserves and persistence of conventional synthetic plastics 

in the environment are considered important ecological problems. Thus, alternatives to 

petroleum-based plastics are needed. Biopolymers are a group of polymers with similar 

properties to petroleum-based plastics, produced from renewable sources also by different 

types of bacteria using carbon as substrate23. 

Polyhydroxyalkanoates (PHAs) are an example of biopolymer. They are commonly 

known as bioplastic and have the advantage to be biodegradable and biocompatible.  

It has been estimated that globally, production capacities of bioplastics till 2025 is going 

to increase from around 2.11 million tonnes in 2020 to approximately 2.87 million tonnes 
17,24,25. However, the main obstacle to the growth of bioplastic market is its high 

production cost, poor recycling facilities and inefficient waste handling technology17,26. 
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The production of PHA from pure bacterial cultures is extremely studied, but until few 

years ago it was very limited because of the high costs. In fact, for pure cultures the major 

portion of the production cost is spent on media sterilization and maintenance of reactor27. 

Hence, to search for worthwhile and cost-effective feedstock alternatives for PHA 

production has become imperative.  

Wastewater treatment sludge containing mixed microbial cultures is a potential feedstock 

for PHA production. In fact, the use of wastewater treatment sludge for producing PHA 

will also reduce the environmental burden of sludge disposal permitting an advantage not 

only for the environment, but also for the valorisation of a sub-product14,17,28,29. Rapidly 

increasing population, urbanization and industrialization leads to production of excess 

amount of sludge, making it readily available. PHA-storing bacteria, that store these 

polymers as carbon source and energy reserve30, are well-known to grow in activated 

sludge processes of WWTPs. The series of operations needed for microbial production of 

PHAs are well known in the literature27,31–36. 

On-going pilot-scale and new technologies developed in recent years offer fundamental 

experience to produce PHA from waste materials in enough quantities to inspire value 

chains and investment within first bio-based value chains17,29,45,46,37–44. The disadvantages 

on these plastics recycling and recovery concerns the limits in applications: products 

coming from wastewater resources have strict standards to guarantee the safety of those 

materials for some applications. Those standards are determined by the European 

Committee for Standardization (CEN), the European Committee for Electrotechnical 

Standardization (CENELEC) and the European Telecommunications Standards Institute 

(ETSI). For these reasons, applications in hygienic fields or in foods fields (such as food 

packaging or biomedical engineering) can not be considered in this work. 

Basing on the feedstock and on the growing conditions of the cultures, the chemical 

structure of the polymer might change29,40,47,48, therefore to control them constantly is 

determinant. The most common structures of PHAs are homopolymers of 3-

polyhydroxybutyrate (PHB) and copolymers with 3-hydroxyvalerate (HV). Other PHA 

monomers comprise, 3-hydroxybutyrate, 3-hydroxy-2-methylbutyrate, 3-

hydroxyvalerate, and 3-hydroxy-2-methylvalerate, and 3-hydroxyhexanoate. PHA, as 

insoluble corpuscles in the cytoplasm, are a widespread microbial mechanism in nature 

to store carbon and energy within the cells under unfavourable growth and nutrient 

conditions. The metabolism of PHA synthesis is encoded by phaC gene, characteristic of 

microbes with PHA-storing capacity. 

In the wastewater treatment plant of Carbonera, a town in the Province of Treviso (Italy), 

there is a pilot plant (Figure 1.2.3) working on the biological nitrogen removal and P-

bioaccumulation via-nitrite during the treatment of anaerobic supernatant.  
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The full-scale plant has a treatment capacity of 40,000 PE and it treats around 15,000 

m3/day of municipal wastewater without any industrial contribution. The water line is 

composed by preliminary treatments, primary sedimentation, biological reactor 

(Schreiber process), secondary sedimentation, disinfection and final filtration49.  

The sludge line is composed by a static pre-thickener followed by dynamic thickening 

(installed during the experimental period) of mixed primary and secondary sludge, 

equalization tank for thickened sludge, anaerobic digester and the Short-Cut Enhanced 

Nutrients Abatement (S.C.E.N.A.) system for the treatment of sludge reject water.  

It accounts of the following subprocesses: (i) cellulosic primary sludge fermentation to 

enhance the production of Volatile Fatty Acids and release nitrogen and phosphorus (i.e. 

ammonia and phosphate); (ii) solid and liquid separation of the fermentation products and 

recovery of struvite form the sewage sludge fermentation liquid by the addition of 

Mg(OH)2 to facilitate the precipitation; (iii) ammonium conversion to nitrite 

accomplished in a sequencing batch reactor; (iv) selection of PHA storing biomass in a 

sequencing batch reactor by the alternation of aerobic feast conditions and followed by 

anoxic famine conditions for denitritation driven by internally stored PHA as carbon 

source; (v) PHA accumulation using a fed-batch reactor to maximize the cellular PHA 

content of the biomass harvested from the selection stage49. 

Figure 1.2.4 Schematic representation of Carbonera pilot plant (www.smart-plant.eu). 
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1.2.4 Foods waste 

Food waste has been recognized as a global issue due to its environmental, economic, and 

social impacts with global consequences, requiring a change in political actions50,51,3.  

Food waste and losses mobilize a remarkable amount of natural resources. It consumes 

around 25% of all water used by agriculture each year, 23% of all cropland, equivalent to 

all cropland in Africa, while it generates around 8% of annual global greenhouse gases 

emissions 3,7,8.  

In previous studies reported in literature3,4,52,53, the amount of food wasted per capita by 

consumers in Europe and North America is 95-115 kg\year, while in Africa and Asia is 

only 6-11 kg\year. Indeed, Food Loss is equally serious in industrialized countries as in 

the developing one. The two terms “Food Waste” and “Food Loss” are usually used with 

the same intention, but the meanings are different. “Food Loss” refers to food lost in 

earlier stages of production (for instance during storage or transportations); “Food Waste” 

refers to items thrown away (usually by supermarkets or consumers).in the step of 

consumption.  

The European Commission acknowledged the importance of foods loss and waste 

prevention and included it as a part of Circular Economy Package8. Foods loss and waste 

management within the Circular Economy framework represents a new stream of 

research oriented towards understanding food loss in the initial stages of supply chains3, 
6. To our best knowledge, to date, few studies focused on foods loss and waste according 

to the Circular Economy perspective. In recent years, various studies are focused on 

transforming food waste into energy and on implementing food sharing models to reduce 

the waste without defining an explicit Circular Economy framework.  

In a recent study6, the Italian company Barilla, one of the world’s main pasta producer, 

provided its data to analyze pasta losses, waste and its causes along the entire life cycle, 

from field to table (Figure 1.2.4), showing that most of the waste and loss that occur in 

this supply chain could be reused or recycled under the Circular Economy perspective.  
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Figure 1.2.5 Total Food loss and waste per stage 6 

 

In this study, according to the Circular Economy perspective, waste management should 

not focus only on waste prevention but, since Food Loss and Waste are inevitable, also 

on the energy recovery, recycling and reusing in other materials.  

The European Commission encourage all countries to a change their approach in 

production, consumption, processing, storage, recycling, and disposal of biological 

resources. In this light, developments in bio-economy research and innovation will 

improve the management of the biological resources. 

Regarding the potentially marketable components present in foods wastes and co-

products, the aim is to exploit high value components present in foods such as proteins, 

polysaccharides, fibers, flavor compounds, and phytochemicals as nutritionally and 

pharmacologically functional ingredients. This valorization can be achieved through the 

extraction of high-value components which can be recycled as nutritionally and 

pharmacologically functional ingredients, as fillers for composites, or can be chemically 

transformed to improve their qualities. The Waste Framework Directive (2008/98/EC) 

defines recycling and recovery: “Recycling” means any recovery operation by which 

waste “materials are reprocessed into products, materials or substances” whether for the 

original or other purposes. It includes the reprocessing of organic material but does not 

include energy recovery and the reprocessing into materials that are to be used as fuels or 

for backfilling operations. “Recovery” means any operation ”the principal result of which 
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is waste” serving a useful purpose by replacing other materials which would otherwise 

have been used to fulfil a particular function, or waste being prepared to fulfil that 

function, in the plant or in the wider economy. The European Commission is also 

promoting the term “Reuse” which refers to using products more than once, for the same 

purpose. Reusing products is a good way to reduce the amount of waste generated, and 

ultimately landfilled. 

The next chapters propose explorative applications for wastes derived from WWTPs and 

foods found in literature for industrial sectors such as air filtration systems for indoor 

environments, building construction and bioplastic processing. 

1.2.4.1 Starch 

Starch (Figure 1.2.6) is the most significant form of carbon reserve in plants in terms of 

amount, universality of its distribution among different plant species, and its commercial 

importance. Corn, tapioca, wheat, rice, and potato are some of the most consumed foods 

and just the most common sources of starch. According to an investigation of the Global 

Industry Analysis Inc54, the global starch consumption reached 133.5 million metric tons 

in 2018, driven primarily by the diversity and sheer number of end-use applications in 

both food and non-food industries. The application of non-conventional raw materials as 

complementary sources provides a possible solution for the cost reduction of raw material 

in industries, besides offering new products with differentiated characteristics. 

Starch extraction from roots and tubers uses grating with water and sieves to separate the 

starch slurry from residual mass. The starch is recovered by decantation or centrifugation; 

usually this type of extraction has a yield of around 60-70% in weight55. 

 

Figure 1.2.6 Starch source and chemical structure structure 

The agro-food industry provides interesting opportunities for the application of this 

concept, due to the water consumption levels and wastes involved. Crispy chips are a 
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practical example: the general flow process includes potato discharge, washing, peeling, 

slicing, blanching, frying, quality control and packaging. For all these processes, food 

industries (as pasta or crispy chips producer) needs high water consumption, for washing, 

peeling, slicing, blanching or in mixing operations generated wastewaters and other 

wastes with high content in starch56. 

Many industries in the food production sectors are already recovering starch and other 

nutrients from their plants, permitting the valorisation of these secondary products in 

different fields57–60. 

1.3 Objectives 

1.3.1 New materials for old sectors 

In this thesis, different materials are presented, applicable in various sectors of industrial 

engineering. Cellulose, starch and polyhydroxyalkanoates have been studied and, if 

necessary, modified to be inserted within a specific industrial sector in order to transform 

waste into a resource and, when possible, suggest a possible change to reduce the 

environmental impact of some materials. 

The industrial sectors suggested for the application of these new materials are some of 

the most common and impactful in the world of engineering: the building materials, the 

air treatment systems and lastly, the bioplastic extraction and processing sector. 

1.3.1.1 Building Materials 

Concrete is the fundamental materials for contemporary construction techniques. Since 

its invention (thousands of years ago) this material has undergone many technological 

developments, but it is still mainly used for its effective structural properties and for its 

ease of processing. 

The construction industry represents the productive sector with the greatest number of 

human and technological resources employed and in which the highest number of raw 

materials are used61. Concrete, the most used material in construction, is the most 

employed human-made product in the world62,63 

However, concrete and other cement-based composites are porous materials64, and 

therefore they are subject to wear due to the infiltration of pathogens from the external 

environment. This requires constant and demanding maintenance work, aimed at 

preserving the functionality of the structure. For this reason, civil and infrastructural 

engineering are increasingly focusing on innovative control systems for reinforced 

concrete structures, that guarantee safety in their use and efficient operation65 
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In addition to improving durability, another goal that encourages the technological 

evolution of cement-based materials is the introduction of multiple functions in the same 

constructive element, in addition to the simple structural use. The needs of modern society 

have become more complex compared to the past, and a wide range of studies aims to 

improve the quality of life in buildings through the pollutant’s removal and the 

enhancement of structural safety. 

An interesting solution to these different problems is the production of innovative and 

multifunctional cement-based materials and mortars, characterized by different 

performance, thanks to the insertion of specific admixtures into the composites. 

The present dissertation is integrated into this field of study, through the development of 

non-structural composites realized with the addition of cellulose fibers from different 

origins (pure cellulose, recycled cellulose and recovered cellulose fibers), in order to 

decrease the amount of binder in the mixture, but increasing the other performances (as 

insulation or indoor comfort). A significant increase in sustainability of mortars/concretes 

production can be achieved by replacing virgin raw materials with renewable and/or so- 

called ‘‘waste ones”66–68. Although recovered cellulose fibers from other industrial 

activities are often used in the building engineering applications69, the cellulose recovered 

from municipal wastewater have never been considered until now. The use of this 

recovered resource will be a relevant change not only from the economic but also 

environmental since cellulose coming from WWTPs can substitute virgin cellulose. 

The effect of the addition of recovered cellulosic fibers at different percentages on the 

properties of hydraulic lime-based mortars is tested for non-structural applications. The 

properties of mortars that are manufactured with the same dosages of pure cellulose fibers 

and of recycled cellulose from newspapers are further compared. Finally, technical 

feasibility and economic considerations are discussed to promote the valorization of 

recovered cellulose and its economic assessment in the building sector. 

1.3.1.2 Air filtration sector 

Each year, more than 4 million people die early because of outdoor air pollution, 

according to the World Health Organization (WHO). The main culprits are fine particles 

with diameters of 2.5 micrometers or less (PM2.5) which can penetrate deep into the 

lungs, heart and bloodstream, causing diseases and cancer60. 

The mix and toxicity vary from place to place and over time: for example, in Asia, soot 

from residential heating and cooking is the biggest source of PM2.5 and VOCs. In 

European countries, Russia, Turkey, South Korea, Japan and the eastern United States, 

agricultural emissions such as ammonia are the leading source. Desert dust boosts air 
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pollution in northern Africa, the Middle East and central Asia. It is not clear which source 

is the most dangerous61. 

The association between various air pollutants (from SO2 and PM 2.5-10 to NO2) seems 

to support a negative effect not only on cardiovascular and respiratory health systems, but 

also as a mental wellbeing. In fact, the subjective perception of air pollution - that is the 

assessment of levels of air pollution made by individuals in their near environment - is 

also found to be associated with wellbeing. From smog hanging over cities to smoke 

inside the home, air pollution poses a major threat to health and climate. The combined 

effects of ambient (outdoor) and household air pollution cause about seven million 

premature deaths every year (Figure 1.3.2), as a result of increased mortality from stroke, 

heart disease, chronic obstructive pulmonary disease, lung cancer and acute respiratory 

infections70,71,72. 

 

Figure 1.3.1 Total deaths attributable to the joint effects of household and ambient air pollution 

in 2016 by region and incomes countries (low and middle (LMIC) and high (HIC) 60 

More than 80% of people living in urban areas that monitor air pollution are exposed to 

air quality levels that exceed WHO guideline limits, with low- and middle-income 

countries suffering from the highest exposures, both indoors and outdoors71,72.  

Air filtration industry has evolved tremendously since the introduction of the first air 

filters in the 1930s. Now, with a variety of filtration technologies and styles to choose and 

industry standard criteria to judge filtration performance, filter media designed to 

maintain system cleanliness, improve indoor air quality, and reduce energy consumption 

simultaneously can be adopted. Attention to the entire lifecycle cost of filters, and not just 

their initial purchase price, is crucial. 

In this dissertation a preliminary study of a new type of filter based on modified starch 

and polylactic acid polymer produced and characterized for the filtration of particulate 

matter (PM) and enhanced adsorption of Volatile Organic Compounds (VOCs) is 

reported. The study is based on the possibility of transforming starch in cyclodextrins73–
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76 and on the application of cyclodextrins coming from wasted sources in air filtration 

system. The study is inspired by the possibility of transforming starch in cyclodextrins 

and on the application of cyclodextrins coming from wasted sources of starch in air 

filtration system. However, this study has been limited to the use of pure cyclodextrins 

for two reasons: the first one is to have a blank line and to understand if the project could 

it be applicable, avoiding uncertainties coming from secondary cyclodextrines; the 

second one is to optimize the project road map reserving the time required to prepare 

cyclodextrins coming from wasted starch sources only to further studies explicitly 

focused on the impact and efficiency of not pure cyclodextrins. 

 

1.3.1.3 Bioplastic extraction and processing 

At the moment the chemical industry is divided between continuing the production of 

traditional plastics, and developing a broad range of biodegradable and compostable 

plastics77. 

Today bioplastics have been considered as a better solution to the increasing demands for 

truly sustainable growth. In developing the new generation of plastic products made from 

renewable feedstock, the ability of biodegradability, compost-ability should be taken into 

account to evaluate the contributions to the environmental impacts of bioplastics78,79 by 

Life Cycle Analysis (LCA). 

Biopolymers are classified according to their source:  

1. Natural biopolymers: These biopolymers are extracted from natural raw 

materials. The first type of biopolymer includes polysaccharide (starch, cellulose, 

alginate, carrageenan, and chitosan), protein (wheat gluten, soy protein, collagen, 

and gelatin), and lipids (waxes, glycerides)78. 

 

2. Synthetic biodegradable polymer: Polymers produced by chemical synthesis 

from biomass monomers, such as PLA. Others can be derived from petroleum 

resources; examples of petroleum-based biodegradable polymers include PCL 

and PVA78. 

 

3.  Produced by microorganisms: Produced directly by natural or genetically 

modified microorganisms, such as polyhydroxyalkanoates (PHA), including poly-

3-hydroxybutyrate (PHB) and poly-3-hydroxybutyrate-co-3-hydroxyvalerate 

(PHBV)78. 

 

Thanks to its characteristics (biodegradability, biocompatibility, chemical-diversity), 

PHA has attracted much commercial and research interests, especially for its manufacture 

from renewable carbon resources41,42. 
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At present, PHA is not cost competitive compared to fossil-derived products. For this 

reason, in recent years, researchers are trying to reduce the cost of this biopolymer 

working on its production and extraction. For what concerns PHA production, as 

previously exposed in section 1.2.1.2, it is possible to produce it using microorganism 

present in WWTPs, which make the entire process extremely relevant. Nevertheless, 

regarding the extraction process, the cost is still too high because of the difficulties on the 

recovery and on the purification process. 

This dissertation proposes different pre-treatment (physical and chemical) and different 

extraction techniques (conventional, in continuous and in more extreme conditions) to 

estimate their influence in the recovery. This aspect is studied not only in the perspective 

of yield, but also analyzing the performances of the extracted product. Moreover, PHA 

coming from two types of biomasses: one comes from wastewater sludge (mixed culture) 

and another from a selected culture composed by purple phototrophic bacteria (PPB) is 

also presented.  

Lastly, being the WPCs’ market in growing, the realization of composites made with the 

addition of wood flour, macadamia shell and coffee grounds (coming from common 

wastes of Australian industries) to PHA have been realized and presented. These 

composites are manufactured with two of the commonest techniques in polymer 

processing: extrusion and compression moulding.  

1.4 Research methods 

Given the vastness of the studied materials and the different fields of application, to base 

the research method directly on the single studied material is necessary. This choice 

allows not only to model the research method on the chosen material, but also to identify 

the field of the possible applicability based on the characteristics of the material, thus 

facilitating the process of "transformation" of the secondary product from waste to 

resource.  

The research method has been modelled in two parts: the initial phase involves the 

preliminary study of the material and its origin, researching in literature how this is 

usually present and where it is normally expected. The chemical-physical characteristics 

have been analysed and the standards regulating the various applications proposed are 

therefore sought. Furthermore, an important part of the research is dedicated to the study 

of the fundamental properties of polymers, in order to evaluate their potential use and 

behaviors in multifunctional materials. 

 

In each chapter of this dissertation, a secondary product will be presented with: 
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• an introduction with the state of the art of the single material and the possible 

applications,  

• the methods used for its characterization  

• the discussion of test results 

• the conclusions of the work, resuming the key points and the limits of the study. 
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Fundamentals of polymers chemistry and polymer processing to 

understand and correlate their structure with their chemical-

physical properties and applications.  
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2.1 Introduction 

The continuous development of the modern process industries gives great importance to 

the properties of materials, including many new chemical substances whose physical 

properties have never been measured experimentally. This is especially true for polymeric 

substances. The design of manufacturing and processing equipment requires considerable 

knowledge of the processed materials and related compounds. Also for the application 

and final use of these materials this knowledge is essential.  

The major aim of the present chapter is twofold: 

1. To correlate the properties of known polymers with their chemical structure, 

establishing structure–properties relationships. 

2. Introduce two of the main techniques for the processing of polymers in industries, 

presenting the different variables that may influence the final product80–83. 

 

Macromolecules are giant molecules in which more atoms are linked together by covalent 

bonds. They may be linear, as branched chains or as three-dimensional networks. 

There are thousands of chemical compounds of interest in science and practice; however, 

the number of structural and functional groups, which constitute all these compounds, is 

much smaller.  

Physical property of a compound is determined by a sum of contributions made by the 

structural and functional groups in the molecule. These group contributions are often 

called increments. Such a group contribution is necessarily an approximation, because it 

is not necessarily the same in another environment. The fundamental assumption of the 

group-contribution technique is additivity. This assumption is valid only when the 

influence of any one group in a molecule or in a structural unit of a polymer is not affected 

by the nature of the other groups.  

In this chapter, basic concepts of polymer chemistry will be introduced, presenting the 

typologies of polymers and their characteristics. Successively, the attention will be 

focused on the thermophysical and thermochemical properties80. In the last part of the 

chapter the polymer processing parameters will be analyzed, and the two processing 

methods used in this dissertation (extrusion and compression moulding) will be presented  

in order to describe all the variables considered during the studies presented in Chapters 

6 and 7. 
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2.2 Basic concepts of polymer chemistry 

Macromolecules ad polymers may be linear, slightly branched, or highly interconnected. 

In the latter case the structure develops into a large three-dimensional network. 

The small molecules used as the basic building blocks for these large molecules are 

known as monomers. 

The size of a polymer molecule may be defined either by its mass or by the number of 

repeat units in the molecule. This latter indicator of size is called the degree of 

polymerization (DP or DPI). The relative molar mass of a polymer is thus the product of 

the relative molar mass of the repeat unit and the DP. 

Usually, molecules of relative molar mass of at least 1000 or a DP of at least 100 are 

considered to fall into the domain of polymer chemistry. The vast majority of polymers 

in commercial use are organic in nature, that is they are based on covalent compounds of 

carbon. The other elements involved include hydrogen, oxygen, chlorine, fluorine, 

phosphorus, and sulfur. 

Polymer molecules are also subjected to various secondary intermolecular forces such as 

dipole forces between oppositely charged ends of polar bonds and dispersion forces, 

which arise due to perturbations of the electron clouds about individual atoms within the 

polymer molecule. Hydrogen bonding, which arises from the particularly intense dipoles 

associated with hydrogen atoms attached to electronegative elements such as oxygen or 

nitrogen, is important in certain polymers, notably proteins. Hydrogen bonds have the 

effect of fixing the molecule in a particular orientation83.  

In polymer science is essential to understand the chemical structure of a compound to 

predict its behavior in certain conditions. For this propose, the study of the polymer starts 

from the monomers that form the molecule. 

The first step in this analysis is the check of the basic units: if the they are identical, it is 

homo-polymer; if there are more kinds of basic units (e.g. two or three) it is a copolymer. 

In that case the composition of the macro- molecule may vary from ordered repetition to 

random distribution. 

In essence, there are only two really fundamental characteristics of polymers: their 

chemical structure and their molar mass distribution pattern.  

The chemical structure (CS) of a polymer comprises: 

 

1. The nature of the repeating units  
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2. The nature of the end groups  

3. The composition of possible branches and cross links  

4. The nature of defects in the structural sequence 

 

The molecular weight distribution (MWD) or molar mass distribution (MMD) informs us 

about the average molecular size and describes how regular (or irregular) the molecular 

size is.  

CS and MMD are two fundamental characteristics that determine all the properties of the 

polymer. In a direct way they determine the cohesive forces, the packing density (and 

potential crystallinity) and the molecular mobility (with phase transitions). In a more 

indirect way, they control the morphology and the relaxation phenomena, i.e. the total 

behavior of the polymer80. 

In all the molecules atoms arranges in different way, so in polymer chemistry geometrical 

arrangements of chains can be discerned in two categories83: 

a. Arrangements fixed by the chemical bonding, known as configurations. The 

configuration of a chain cannot be altered unless chemical bonds are broken or reformed 

(cis- and trans-isomers for example). 

b. Arrangements arising from rotation about single bonds, known as conformations.  

These concepts are fundamental in the physical state of a material: in fact, in dilute 

solutions the molecules are in continuous motion and assume different conformations in 

rapid succession; in the solid state, many polymers have typical conformations, such as 

folded chains and helical structures.  

The precise arrangement of these asymmetric carbons gives rise to three different possible 

stereochemical arrangements. Firstly, when all asymmetric carbon atoms adopt identical 

configurations, the resulting polymer is isotactic. Secondly, if the arrangement of 

asymmetric carbon atoms is regularly alternated, the polymer is syndiotactic. Lastly, 

where a no regular structure is known as atactic.  

All these configurations are represented in Figure 2.2.180. 
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Figure 2.2.1 Representation of isotactic, syndiotactic and atactic configurations83 

 

2.2.1 Polymer Structure 

The polymer molecule consists of a “skeleton”, which may be a linear or branched chain 

or a network structure, and peripheral atoms or atom groups. Polymers of a finite size 

contain end groups, which do not form part of the repeating structure.  

Usually they do not affect the physical properties, but they can be determinant for the 

chemical ones. 

2.2.1.1 Structural Groups 

Every polymer structure can be considered as a summation of structural groups. A long 

chain may consist mainly of bivalent groups, but any bivalent group may also be replaced 

by a trivalent or tetravalent group and so on80–83. Some of the main structural groups are 

reported in Figure 2.2.2. 
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Figure 2.2.2 Main structural groups83 

2.2.1.2 Chains 

Linear chain polymers can be distinguished into two main classes: 

 

1. Homochain polymers, containing only carbon atoms in the main chain. These polymers 

are normally prepared by addition or chain-reaction polymerization. 

2. Heterochain polymers, which may have other atoms (originating in the monomer 

functional groups) as part of the chain.  

 

Stereoregularity plays a very important role in the structure of polymers, especially on 

proteins, nucleic acids and other substances of biological importance. Stereoregularity is 

the essential requirement for crystallinity in polymers and it is strictly related to structure 

composition: for example, in general atactic polymers cannot crystallize, but if the 

pending group is only small, like OH in polyvinyl alcohol, crystallization is possible. 

Crystalline regions are formed from the stereoregular components of the macromolecules, 

which, given the nature of the polymerization processes from which the macromolecules 

are built up, represent only a proportion of the overall material. It is often possible that an 

essentially isotactic polymer will contain a syndiotactic segment and vice versa. Chain 

branching may also occur, thereby reducing local regularity in structure and inhibiting 
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crystallization. Occasionally co-polymerization is the reason for the co-existence of the 

amorphous regions with the crystalline phases. 

So, the organization and the composition of chains are determinant for the polymer 

structure and properties because they influence the behavior of the polymer80–83. 

2.2.1.3 Co-polymers 

As previously exposed, the presence of two or three different monomers is named 

copolymer. Copolymers can be distinguished into alternating-, random-, graft-, and block 

copolymers (Figure 2.2.3).  

Shortly, alternating copolymers may be considered as homo-polymers with a structural 

unit composed of two different monomers; random copolymers are obtained from two or 

more monomers, which are present simultaneously in one polymerization reactor. In graft 

polymerization a homopolymer is prepared first and in a second step one or two 

monomers are grafted onto this polymer; the final product consists of a polymeric 

backbone with side branches. In block copolymerization one monomer is polymerized, 

after which another monomer is polymerized on to the living ends of the polymeric 

chains; the final block copolymer is a linear chain with a sequence of different segments. 

 

Figure 2.2.3 General copolymer structures 

 

Polymers obtained by condensation polymerisation of purely bifunctional monomers, 

must be linear. The chains produced in addition polymerisations may have a number of 

short or long branches randomly attached along their axes: branching affects the 

properties of a polymer in the molten state and in solution83. 

2.2.2 Polymer Crystallinity 

The polymeric chains are found in two forms: Lamellar crystalline form in which the 

chains fold and make lamellar structure arranged in the regular manner and amorphous 



Chapter 2  Fundamentals of Polymer Science and Processing 

______________________________________________________________________ 

- 28 - 

form in which the chains are in the irregular manner. The lamellae are embedded in the 

amorphous part and can communicate with other lamellae via tie molecules. Polymer may 

be amorphous or semi-crystalline in nature. 

The percentage of crystallinity is given by Equation 1: 

% 𝐶𝑟𝑖𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 =
𝜌𝑐(𝜌𝑠−𝜌𝑎)

𝜌𝑠(𝜌𝑐−𝜌𝑎)
∙100……               ….(Equation 1) 

Where ρc is the density of the completely crystalline polymer, ρa is the density of the 

completely amorphous polymer and ρs is the density of the sample80. 

 

Figure 2.2.4 reports the three possible structures in polymers, whom identify different 

grades of crystallinity. 

 

Figure 2.2.4 Schematic representation of amorphous, semi-crystalline and crystalline structures 

 

A typical range of crystallinity can be defined as amorphous (0%) to highly crystalline 

(>90%). The polymers having simple structural chains as linear chains and slow cooling 

rate will result in good crystallinity.  

In slow cooling, sufficient time is available for crystallization to take place. Polymers 

with high degree of crystallinity are rigid with high melting point, but their impact 

resistance is low. Amorphous polymers are soft with lower melting points. A solvent can 

penetrate the amorphous part more easily than the crystalline part. 

 

When the molten polymer is cooled down, the crystalline lamellae grow in radial direction 

from a nucleus along the three dimensions leading to a spherical structure called 

spherulite (Figure 2.2.5 ). Spherulites diameter depends on various parameters such as 
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the number of nucleation sites, polymer molecule structure and rate of cooling. Due to 

highly ordered lamellae, the spherulite shows higher density, hardness, tensile strength, 

and Young’s modulus. The elasticity and impact resistance are shown, because the 

lamellae are connected to amorphous regions77,84,85. 

 

Figure 2.2.5 Spherulites analysed with SEM 84,85 

It is now generally accepted that the morphology of a polymer depends on the 

contributions of three different macro-conformations: (a) the random coil or irregularly 

folded molecule as found in the glassy state, (b) the folded chain, as found in lamellar 

structures and (c) the extended chain.  

 

A semi-crystalline polymer exhibits a different structure: crystalline regions disturb the 

amorphous phase and reduce its segmental mobility. This reduction is at its maximum in 

the immediate vicinity of the crystallites; at large distances from the crystallites the 

properties of the amorphous phase become equal to those of the bulk amorphous material. 

The main consequence of this reduced mobility is an extension of the glass transition 

region towards the high temperature side. In terms of properties, semi-crystalline 

thermoplastics have good strength, and good chemical resistance, but they typically lack 

in impact resistance80,81,83,86,87. 

2.2.3 Polymer Classification 

The most usual method for polymers classification considers their response to a thermal 

treatment dividing them into thermoplastics, thermosets and elastomers.  

Thermoplastics are polymers which melt when heated and re-solidify when cooled; 

Thermosets are polymers which do not melt when heated but, at sufficiently high 

temperatures, decompose irreversibly.  
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Elastomers are polymeric materials whose dimensions can vary enormously under stress 

conditions and then return to their original values (or almost) when the stress is 

interrupted. Elastomers are usually thermosets (requiring vulcanization) but may also be 

thermoplastic (such as polyolefins or co-polymers of styrene and butadiene). 

There is a useful chemical distinction between the two groups (thermoplastics and 

thermosets), with the elastomers that have properties of both two main groups80,81,83,86,87. 

2.2.3.1 Thermoplastic polymers 

Most thermoplastic polymers are used in high-volume, widely recognized applications, 

and are often called commodity plastics. 

The most common commodity thermoplastics are polyethylene (PE), polypropylene (PP), 

polyvinyl chloride (PVC) and polystyrene (PS). These thermoplastics have in common 

the general repeat unit –(CHX–CH2)–, where –X is –H for PE, –CH3 for PP, –Cl for PVC, 

and a benzene ring for PS. In their simplest forms, the thermoplastics are linear, carbon 

chain polymers. There are methods for creating branches, especially in polyethylene, 

while still maintaining thermo-plasticity. Increased branching tends to decrease the 

density, melting point, and certain mechanical properties of the polymer, but increases 

transparency and impact toughness83.  

2.2.3.2 Thermoset polymers 

There are many important examples of thermoset polymers, sometimes referred to as 

resins. The thermoplastic PE can be treated by electron radiation or chemical means to 

form chemical bonds between adjacent chains called crosslinks. In this process, some of 

the carbon–hydrogen or carbon–carbon bonds in the linear chain are broken, forming 

bridges between the chains. The result is that unlike linear PE, crosslinked PE has no 

distinct melting point due to limited chain mobility and degrade upon heating. This is a 

common characteristic of thermoset polymers. Due to their three-dimensional structure, 

they cannot be reshaped upon heating. Instead, they tend to remain rigid, or soften only 

slightly, until the backbone begins to break, leading to polymer degradation. Generally, 

thermosets are stiffer than thermoplastics. In fact, the crosslinks tend to increase the long-

term thermal and dimensional stability of the polymer, such that thermosets find wide use 

in very large and complex parts where thermal stability is important. The chemical 

structures of thermosets are generally much more diverse than the commodity 

thermoplastics 83. The most common types of thermosets are the epoxies (EP), 

polyurethanes (PU), and polyimides (PI).  
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2.2.3.3 Elastomers 

A related, yet distinctly different, class of crosslinked polymers are the Elastomers. 

Though they are structurally different than the thermosets, they are usually included in 

thermosets because they tend to decompose when heated, rather than flow. The presence 

of crosslinks in some polymers allows them to be stretched, or elongated, by large 

amounts83. Polymers that have more than 200% elastic elongation (three times the 

original length) and can be returned to their original form are termed elastomers. They 

are like thermoplastics in that they readily elongate, but the presence of crosslinks limits 

the elongation prior to breakage and allows the polymer to return to its original shape. 

Natural rubber is an important elastomer. Crosslinks are added to an emulsion of rubber, 

called latex, through the addition of heat and sulphur. The sulphur creates chemical bonds 

between the rubber chains in a process known as vulcanization. Other common 

elastomers are polyisoprene, butadiene rubber and silicones80. 

2.2.4 Mechanical Properties 

It is of great importance to be familiar with some basic mechanical properties of the 

material before its application in any field, such as how much it can be stretched, how 

much it can be bent, how hard or soft it is, how it behaves on the application of repeated 

load and so on. 

2.2.4.1 Strength 

In simple words, the strength is the stress required to break the sample. There are several 

types of strength, namely tensile (stretching of the polymer), compressive (compressing 

the polymer), flexural (bending of the polymer), torsional (twisting of the polymer), 

impact (hammering) and so on. The polymers follow the following order of increasing 

strength: linear < branched < cross-linked < network86.  

Factors Affecting the Strength of Polymers  

1. Molecular Weight (Mw): The tensile strength of the polymer rises with the 

increase in molecular weight and reaches the saturation level at some value of the 

molecular weight. At lower molecular weight, the polymer chains are loosely bonded by 

weak van der Waals forces and the chains can move easily, responsible for low strength, 

although crystallinity is present. In case of large molecular weight polymer, the chains 

become large and hence are entangled, giving strength to the polymer. 

2. Cross-linking: The cross-linking restricts the motion of the chains and increases 

the strength of the polymer. 
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3. Crystallinity: The crystallinity of the polymer increases strength, because in the 

crystalline phase, the intermolecular bonding is more significant. Hence, the polymer 

deformation can result in the higher strength leading to oriented chains86,80. 

 

2.2.4.2 Percent Elongation to Break 

It measures the percentage change in the length of the material before fracture (Figure 

2.2.6). It is a measure of ductility. Thermoplastic have a very high value of elongation to 

break (>100%), whereas thermosets have a very low one (<5%)86,80,83. 

 

Figure 2.2.6 Elongation to break the polymer86. 

2.2.4.3 Young’s Modulus  

Young’s Modulus or Tensile Modulus is the ratio of stress to the strain in the linear elastic 

region (Figure 2.2.7). It is a measure of the stiffness of the material86. 

𝐸 =  
𝜎

𝜀
                                             (Equation 2) 

Where σ is the tensile stress and ε is the tensile strain. 

 

Figure 2.2.7 Young's Modulus of a polymer86 
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2.2.4.4 Toughness  

The toughness of a material is given by the area under a stress–strain curve and it indicates 

the energy absorbed by the material before it breaks. A typical stress–strain curve is 

shown in Figure 2.2.8, which compares the stress–strain behaviour of different types of 

materials86,80,83. 

Rigid polymers possess high Young’s modulus (such as brittle polymers), ductile 

polymers can possess similar elastic modulus, but with higher fracture toughness. 

Elastomers have low values of Young’s modulus and are rubbery in nature. The yield 

strength of the plastic polymer is the stress where the elastic region (linear portion of the 

curve) ends (Figure 2.2.8). The tensile strength is the stress corresponding to the fracture 

of the polymer. The tensile strength may be higher or lower than the yield strength (Figure 

2.2.8a). The mechanical properties of the polymer are strongly affected by the 

temperature. A typical plot of stress versus strain is shown in Figure 2.2.8b. From the 

plot, it is clear that with the increase in temperature, the elastic modulus and tensile 

strength are decreased, but the ductility is enhanced86. 

  

   (a)                                                                     (b) 

Figure 2.2.8 a) Yield strength and Tensile strength of polymers; b) Effect of temperature on the 

mechanical performances of polymers86. 

2.2.4.5 Viscoelasticity 

There are two types of deformations: elastic and viscous. In the elastic deformation, the 

strain is generated when the constant load (or stress) is applied, and this strain is 

maintained until the stress is not released. On removal of the stress, the material recovers 

its original dimensions completely, that is the deformation is reversible86. 

In viscous deformation, the strain generated is not instantaneous but time dependent. The 

strain keeps on increasing with time when a constant load is applied; when the load is 
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removed, the material does not return to its original dimensions completely, causing an 

irreversible deformation. 

2.2.5 Thermal Behaviour 

The study of a polymer can not be complete without a deep analysis of its behaviour under 

the temperature change. The effect of temperature on a polymer can have a determinant 

impact on its structure, and this kind of analysis permits to extrapolate many information 

about the structure (and the nature) of the polymer. 

Three factors affect the essential nature of a polymeric material and determine whether it 

is glassy, rubbery, or fibre-forming under a given set of conditions: the flexibility of the 

macromolecule, the magnitude of the forces between the molecules, and the 

stereoregularity of the macromolecules.  It is possible to shortly describe the glassy state 

as a sort of “frozen state” where the molecules can vibrate slightly but are not able to 

move significantly in the amorphous region of the polymer at lower temperature. In this 

state, the polymer is brittle, hard and rigid analogous to glass86,80,83.  

When the polymer is heated, the polymer chains are able to wiggle around each other, 

and the polymer becomes soft and flexible similar to rubber. This state is called the 

rubbery state.  

The temperature at which the glassy state makes a transition to rubbery state is called the 

glass transition temperature (Tg). Note that the glass transition occurs only in the 

amorphous region, and the crystalline region remains unaffected in the semi-crystalline 

polymer. While Tg is the property of the amorphous region of the polymer, the crystalline 

region is characterized by the melting point86 (Tm).  

The three main temperatures to consider in the study of thermal properties of polymers 

are the glass transition temperature (Tg), the melting temperature (Tm), also known as 

transition temperatures; and the degradation temperature (Td), which indicates a range 

of temperature where the molecule starts to degrade. Before to describe all these 

temperatures and their variation basing on the polymer structure, it is essential to 

introduce the particular case of semi-crystalline polymers. 

As previously reported, semi-crystalline polymers have both amorphous and crystalline 

regions: this means that the study of thermal properties can be more problematic, because 

these polymers will show the transition corresponding to both of the regions. Thus, the 

semi-crystalline polymers have true melting temperatures (Tm) at which the ordered 

phase turns to disordered phase, whereas the amorphous regions soften over a temperature 

range known as the glass transition (Tg)80,83. 

 



Chapter 2  Fundamentals of Polymer Science and Processing 

______________________________________________________________________ 

- 35 - 

Factors affecting transition temperatures 

The Tg is the property of the amorphous region of the polymer, whereas the crystalline 

region is characterized by Tm. In thermodynamics, the transitions are described as first 

and second order transitions. The value of Tg is not unique because the glassy state is not 

in equilibrium. Tg is a second order transition, whereas Tm is a first order transition. 

Transition temperatures are extremely structure-sensitive, partly due to steric effects, 

partly due to intra- and inter-molecular interactions.  

The value of Tg depends on several factors such as molecular weight, measurement 

method, and the rate of heating or cooling80,83. The Tg depends on the mobility and 

flexibility of the polymeric chains. If the polymeric chains can move easily, then the 

glassy state can be converted to the rubbery state at lower temperature, that is, Tg is lower. 

If somehow the mobility of the chains is restricted, then the glassy state is more stable, 

and it is difficult to break the restriction causing the immobility of the polymer chains at 

the lower temperature, because more energy is required to make the chains free. 

The usual factors that influence Tg are summarized in: 

1.  Intermolecular Forces. Strong intermolecular forces cause higher Tg.  

2.  Chain Stiffness. The presence of the stiffening groups (such as amide, sulfone, 

carbonyl, p-phenylene etc.) in the polymer chain reduces the flexibility of the chain, 

leading to higher Tg.  

3. Cross-Linking. The cross-links between chains restrict rotational motion and 

raise Tg. Hence, higher cross-linked molecule will show higher Tg than that with lower 

cross-linked molecule. 

4. Pendant groups. The presence of pendent group can change Tg. Bulky pendant 

groups as a benzene ring, can restrict rotational freedom, leading to higher Tg. Flexible 

pendant groups as aliphatic chains, limits the packing of the chains and hence increases 

the rotational motion, tending to less Tg value.  

5. Plasticizers. Plasticizers increase chain flexibility and reduce the intermolecular 

cohesive forces between the polymer chains, which in turn decrease Tg. 

6. Molecular Weight. Tg is increased with the molecular weight. The molecular 

weight is related to Tg by the Fox–Flory Equation (Equation 3): 

𝑇𝑔 = 𝑇g, ∞ −
𝐾

𝑀𝑛
                             (Equation 3) 
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where Tg, is the glass transition temperature at the molecular weight of infinity, and K is 

the empirical parameter called Fox–Flory parameter related to the free volume inside the 

polymer. It is observed that Tg is increased up to the molecular weight of approximately 

20 000, but after this limit, Tg is not affected appreciably80,83. 

Also Tm is strictly related to the chemical structure of the material. In fact, non-structural-

groups present on the chains of the polymer are determinant for the change in Tm. 

Tm is increased if double bonds, aromatic groups, bulky or large side groups are present 

in the polymer chain, because they restrict the flexibility of the chain. The branching of 

chains causes the reduction of Tm, as defects are produced because of the branching.  

 

2.2.5.1 Decomposition Temperature 

Polymer degradation is a change in the properties – tensile strength, colour, shape, etc. – 

of a polymer under the influence of one or more environmental factors such as heat, light 

or chemicals. The way in which a polymer degrades under the influence of thermal energy 

in a certain atmosphere is determined by the chemical structure of the polymer itself and 

by the presence of traces of unstable structures (impurities or additions)80,83.  

Thermal degradation does not occur until the temperature is so high that primary chemical 

bonds are separated. It begins typically at temperatures around 150–200 °C and the rate 

of degradation increases as the temperature increases.  

For many polymers thermal degradation is characterised by the breaking of the weakest 

bond and is consequently determined by a bond dissociation energy80.  

 

The process of thermal decomposition is characterised by a number of experimental 

indicators80: 

a.  The temperature of initial decomposition (Td0). Temperature at which the loss 

of weight during heating is just measurable (inclination point of the loss of weight/ 

temperature curve). 

b.  The temperature of half decomposition (Td1/2). Temperature at which the loss 

of weight (at a constant rate of temperature rise) reaches 50% of its final value. 

c.  The temperature of the maximum rate of decomposition (Tdmax), it 

corresponds to the inflection point (at a standardised rate of temperature rise) of the 

weight loss curve . 
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d.  The amount of residue char in the case of pyrolysis (normally around 900°C). 

 

The types of polymer degradation can be divided into three general categories: chain 

depolymerisation, random scission and substituent reactions. 

 

Chain depolymerisation is the successive release of monomer units from a chain end or 

at a weak link, which is essentially the reverse of chain polymerisation This 

depolymerisation begins at the ceiling temperature. A “weak link” may be a chain defect, 

such as an initiator fragment, a peroxide or an ether linkage arising as impurities. 

This depolymerisation is characterised by a) the major product is monomer, b) the 

decrease of degree of polymerisation is initially negligible, and accordingly the 

mechanical properties do not deteriorate fast and c) the rate of depolymerisation gradually 

decreases80. 

 

Random degradation occurs by chain rupture at random points along the chain, giving a 

disperse mixture of fragments which are usually large compared with the monomer unit. 

Random scission is characterised by a) the major products are typically fragments with 

molecular weights up to several hundreds (monomers, dimers, trimers, etc.), b) the 

decrease of molecular weight is initially appreciable, and accordingly the mechanical 

properties deteriorate rather fast and c) the rate of degradation is initially rapid and 

approaches a maximum80.  

 

Degradation by substituent reactions occurs by modification or elimination of 

substituents attached to the polymer backbone. This type of polymer undergoes 

degradation reactions in oxygen free circumstances, e.g. during extrusion, at processing 

temperatures of 200 °C80. 

 

Tg, Tm and Td are fundamental not only for the study of materials performances, but also 

to determine the range of processability of those materials. From the thermal study, in 

fact, the manufactory process and conditions80 are decided.  
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2.3 Polymer Processing 

Polymer processing is commonly defined as the activity performed on polymeric 

materials to increase their usefulness. It involves not only the shaping but also the 

synthesis, transformation, compounding, functionalization, and stabilization of materials. 

This part of the chapter introduces the relevant characteristics about morphology of 

polymer structures and its influence on their physical behaviour; analysing the 

relationship between processing routes and the rheology of polymers, also with some 

aspects of heat transfer. The aim of this part is to relate the behaviour of these materials 

to their process in a simple manner. Successively, the processing methods (extrusion and 

compression moulding) examined in this study will be described after an overall 

presentation of the physical basis of polymer processing. 

2.3.1 The physical basis of polymer processing 

As already described in Section 2.2.3, thermoplastics and thermosets have very different 

behaviour under thermal conditions which influence their physical properties. In fact, the 

thermosetting processes is characterized by irreversible chemical change, after shaping, 

in the solidification stage. In practice, the whole process, for resins or rubber products for 

example, is carried out in a mould, to give a shaped and solidified product at the end. 

Usually, the chemical hardening is caused by the formation of chemical cross-links 

between the polymer chains and it depends on additives to promote the development of 

these cross-links85,88,89,86. 

The liquid stage is a polymer melt and this implies a high temperature process. The 

solidification stage is simply to cool/freeze the shaped melt. These are the thermoplastic 

processes, which are characterized by reversibility of the solid-liquid transition. There are 

also some important consequences of this reversibility: there is a ceiling temperature for 

the product in service, which is that at which the materials begin to soften again88. 

Table 2.3-1 compares thermoplastic and thermosets materials basing on materials 

properties and their rheology. 

Table 2.3-1 Comparison of thermoplastics and thermosets88 

Thermoplastic Thermosets 

Use melt in liquid shaping stage Use lower Mw liquid or rubbery polymers 

at shaping stage 

Harden by freezing the melt Harden by chemical reaction, often cross-

linking of chains 

Liquid-solid reversible Liquid goes irreversibly to solid 

Scrap recovery possible Scrap cannot be recovered 
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Ceiling service temperature Often can withstand high temperature 

Processing of melt usually orientates 

polymer chains 

Can be processed with low orientation 

 

2.3.1.1 Viscosity 

The viscosity of a fluid is a measure of its resistance to deformation at a given rate. For 

liquids, it corresponds to the informal concept of "thickness": viscosity is the material 

property which relates the viscous stresses in a material to the rate of change of a 

deformation (the shear rate). Although it applies to general flows, it is easy to visualize 

and define in a simple shearing flow, such as a planar Couette flow (Figure 2.3.1). 

Consider two plates separated by a distance h and the space between them is occupied by 

a fluid. One plate moves to the other with a velocity (U). The movement is resisted by a 

viscous reaction of the fluid. Since the movement is in shear the reaction is the shear 

viscosity. The shear stress can be defined by the force (F) acting on the moving plate (its 

area A) and the shear rate is found from the velocity (U) relative to distance (L). 

 

Figure 2.3.1 Couette flow representation 

Shear stress   𝜏 =
𝐹

𝐴
                                        (Equation 4) 

Shear rate   𝛾 =
𝑈

𝐿
                                       (Equation 5) 

The shear rate is a derivative, it is the rate of change velocity of the shearing fluid through 

the thickness. The velocity is maximum immediately adjacent to the moving plate and 

zero adjacent to the stationary plate. 

From these equations is possible to obtain η, the coefficient of shear viscosity, which is 

proportionally constant between the shear stress and the shear rate. 



Chapter 2  Fundamentals of Polymer Science and Processing 

______________________________________________________________________ 

- 40 - 

𝜏 = 𝜂𝛾                                     (Equation 6) 

In polymer processing, viscosity is a parameter that must be considered because the value 

of the shear stress clearly depends on the rate of shear and the viscosity of the fluid. If the 

fluid is of low viscosity the shear stress needed to distort it will be small. 

Most of the polymeric materials of practical use exhibit “viscoelastic” behaviour during 

flow, meaning that they exhibit not only viscous behaviour but also elastic (rubberlike) 

behaviour in the liquid state.  

The viscosity of a polymer is proportional to its molecular weight (Mw) when it is lower 

than a certain critical value (Mc): the polymer having Mw ≤ Mc is referred to as 

“unentangled” polymer, and the polymer having Mw ≥ Mc is referred to as “entangled” 

polymer88,82,87,90,91.  

Before proceeding with the description of manufacturing processes it is important to 

remember that high rates of shear are not necessarily involved in high processing speeds. 

The shear rate γ is concerned with the rate of distortion of the fluid elements. The shear 

rate depends principally on the nature of shaping, fluid-distorting process, rather than the 

speed at which the process is run. Much less variation in γ will result from running the 

machinery slowly or fast. In Table 2.3-2 there are few examples of shear rates of processes 
88,89. 

Table 2.3-2 Shear rates of processes85 

Process Shear rate (s-1) 

Compression moulding 1-10 

Calendering 10-100 

Extrusion 100-1000 

Injection moulding 1000-105 

Reverse roll coting 3 ˣ103 

 

Viscosity depends strongly on temperature. In liquids it usually decreases with increasing 

temperature, whereas in gases viscosity increases with increasing temperature.  

According to the kinetic theory of gases, viscosity should be proportional to the square 

root of the absolute temperature, in practice, it increases more rapidly (Figure 2.3.2).  

In a liquid molecular interchange are similar to those developed in a gas, but there are 

additional substantial attractive, cohesive forces between the molecules of a liquid (which 

are much closer together than those of a gas). Both cohesion and molecular interchange 

contribute to liquid viscosity. The impact of increasing the temperature of a liquid is to 
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reduce the cohesive forces while simultaneously increasing the rate of molecular 

interchange 84,87,88.  

The former effect causes a decrease in the shear stress while the latter causes it to increase. 

The result is that liquids show a reduction in viscosity with increasing temperature. With 

high temperatures, viscosity increases in gases and decreases in liquids, the drag force 

will do the same.  

The knowledge of solution or melt rheology of polymers is keystone information for the 

polymer processing industry. Understanding the solution rheology of polymers is a key 

factor in developing suitable models for the solution polymerization process88. 

 

 

Figure 2.3.2 Effect of temperature on different polymer viscosity88 

The significance of this appears in high shear rate process, such as injection moulding 

and extrusion, which are carried out at high temperatures.  

Different polymers require different conditions for processing, and standard methods 

specify a driving weight and temperature for each polymer type. This classification is 

based on the melt flow index (MFI), the melting behaviour of the polymer class, the 

thermal capacities and solidification process. 

The MFI is usually used to compare grades within a polymer type. The melt flow rate is 

an indirect measure of molecular weight, with high melt flow rate corresponding to low 

molecular weight. At the same time, melt flow rate is a measure of the ability of the 

material's melt to flow under pressure. It is inversely proportional to viscosity of the melt 

at the conditions of the test, though it should be borne in mind that the viscosity for any 

such material depends on the applied force.  
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The MFI must be treated with caution because it cannot be used to compare polymer 

types, thus MFI values for polyethylene cannot be compared for with those of 

polypropylene or polystyrene88. 

The originally solid polymer must be heated to above its melting or softening point: the 

heat for this propose comes from two sources. The first is the external heat supplied, for 

instance, by electrical resistance heater bands on the barrels of extruders and injection 

moulding machines or steam jacketing on internal mixers. The second source is heat 

generated by viscous dissipation in a highly viscous fluid being sheared at high shear 

rates. Many internal mixing processes use steam heating only for the first two or three 

batches and when the equipment is fully heated, require only the heat generated by 

working the polymer (as happens for the rubber mixing). The total energy to heat a 

polymer from a temperature to another can be found from its specific heat, latent heat of 

fusion and the weight produced. The energy derived from viscous dissipation can be 

found from the power consumption of the machine when loaded compared with its power 

consumption empty. The difference is due to the heater bands88.  

These differences in polymers are important in designing processes: the partially 

crystalline polymers have appreciable latent heats of fusion, which must be supplied 

during melting in addition to the heat needed simply to heat the mass of the polymer. The 

crystalline ones have values for latent heat with the result that these materials require 

greater heating than do the amorphous to raise their temperature from ambient to the 

appropriate processing temperature. Table 2.3-3 reports some examples of thermal 

properties of different polymers88. 

Table 2.3-3 Thermal properties of different polymers 

Polymer Specific heat 

(kJkg-1°C-1) 

Melting latent heat 

(kJkg-1) 

Process 

temperature 

(°C) 

Total heat to 

process (kJkg-1) 

Nylon 6.6 1.67 130 280 570 

Polycarbonate 1.26 - 300 350 

Polyethylene, 

HD 

2.30 209 240 720 

Polypropylene 1.93 100 250 550 

Polystyrene 1.34 - 200 240 

 

The next consideration is the various means of solidifying into the final form. Once again, 

there are two broad division; liquid systems, which solidify by chemical change, and 

thermoplastics, which solidify by freezing. 
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In liquid systems a wide variety of chemical reactions is employed. Often these reactions 

require elevated temperatures to proceed at a reasonable speed and heated plant is thus 

frequently to be found, as static or continuous processing ovens or hot press etc. 

For example, liquid resins have chemical cross-linking, so the introduction of additives 

before shaping promotes or accelerates the reaction; the vulcanization process of rubbers 

is usually conducted at elevated temperatures, under pressure to contain volatile reaction 

products88. Normally, in this technique, sulphur is employed as a cross-linking agent in 

addition to other substances to promote the speed and smoothness of the reaction.  

Instead, in the freezing of melts the two main differences from the melting process are: 

1) There is no contribution from work (W), so all heat must be removed by 

conduction88(heat transmission that occurs from the higher temperature zone to those 

with lower temperature); 

 

2) Usually to return to ambient temperature by the end of the process is not needed. Thus, 

although the moulding or extrudate must be cooled, the target temperature may be 

higher than ambient. This temperature is the eat distortion temperature and it is the 

maximum temperature at which the moulding may be removed from a mould without 

danger of its distortion, either during removal or when completing its cooling ambient 

by natural cooling88. 

2.3.2 Mixing 

The mixing process can alter the physical form of the polymer to be readily handled at 

the final conversion stage of its processing. However, before polymer can be used to make 

products, it is generally added with ingredients to alter the properties of the material 

(making it harder or more flexible) and to prevent the degradation of the polymer in 

service or during processing87,88,90.  

Additives in mixing can be used as reinforcing fillers to toughen polymers, where the 

reinforcement effect depends on the fine particle size of the added filler; as non-

reinforcing filler, added to cheapen the mix or to stiffen it or reduce its tack (such as 

calcium carbonate or limestone); and as protective additives, as antioxidants, heat 

stabilizer, antiozonants, antistatic agents or processing lubricants (internal or external)88. 

The type of plant required for the mix depends on the physical form of the polymer and 

additives. Raw materials are supplied in a large variety of forms which include granules 

and powders of various particle size, liquid medium molecular weight resins or latex. 

Clearly, the machinery required specifics to mix ingredients, reinforcing fillers, 

stabilizers etc without overheating the components. Two basic mixing functions can be 
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identify: blending (or extensive mixing or distributive mixing) and compounding (or 

intensive mixing or dispersive mixing)88. 

The first one consists in stirring together the ingredients: the result is a mixture of powders 

where the individual powder remains and can be separated (although in practice is very 

difficult). Usually blending is necessary when the fabricating process offers some 

compounding actions (as happens for powder prior to extrusion); or when thermosetting 

powders are blends of powders resin and fillers which disperse upon fusion of the resin 

during moulding. 

The compounding involves a more intimate dispersion of the additives into the polymeric 

matrix, requiring generally a physical change in the components, a high shear forces and 

the polymer has to be in the molten state during the mixing procedure. It is used when an 

accurate distribution and dispersion of interactive ingredients is needed or when a large 

amount of modifying ingredients are used. 

Figure 2.3.3 reports as examples a high speed mixer (usually known as Henschel mixer) 

for blending and the internal mixer for compounding, in which a ram operates to keep the 

material between the rotors and the resultant thin layers are alleged to allow better cooling 

thanks to a larger cooling surface88.  

 

(a)                                                                     (b) 

Figure 2.3.3 a)High-Speed mixer for blending; b)Intermix mixer for compounding88 

 

2.3.3 Extrusion 

The extrusion process comprises the forcing of a plastic or molten material through a 

shaped die by means of pressure. In modern process, screws are used to progress the 

polymer in the molten or rubbery state along the barrel of the machine. The most widely 
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used type is the single screw machine (Figure 2.3.4). Twin screw extruders are also used 

when superior mixing or conveying is important87,90,92.  

Basing on the class of polymers (thermoplastic, thermosets and elastomers) some 

considerations are necessary. Thermoplastic materials soften when heated and solidify 

when cooled. If the extrudate does not meet the specifications, the material can generally 

be reground and recycled. Thus, the basic chemical nature of a thermoplastic usually does 

not change significantly as a result of the extrusion process. Thermosets undergo a 

crosslinking reaction when the temperature is raised above a certain temperature. This 

crosslinking bond the polymer molecules together to form a three-dimensional network. 

This network remains intact when the temperature is reduced again. Crosslinking causes 

an irreversible change in the material. Therefore, thermosetting materials cannot be 

recycled as thermoplastic materials88,92..  

2.3.3.1 Basic extrusion process 

Materials can be extruded in the molten state or in the solid state: generally, polymers are 

extruded in the molten state. If the polymer is fed to the extruder in the solid state and the 

material is melted as it is conveyed by the extruder screw from the feed port to the die, 

the process is called plasticating extrusion. In this case, the extruder performs an 

additional function, namely melting, besides the regular extrusion function.  

In melt fed extrusion, the extruder acts purely as a pump, developing the pressure 

necessary to force the polymer melt through the die88,92. 

Screw extruders are divided into single screw and multi screw extruders: the single screw 

extruder is the most important extruder used in the polymer industry. Its key advantages 

are relatively low cost, straightforward design, ruggedness and reliability, and a 

favourable performance/cost ratio92. 

The machine (Figure 2.3.4) consists essentially of an Archimedean screw fitting closely 

in a cylindrical barrel, with just sufficient clearance to allow its rotation. Solid polymer 

is fed in at one end and the profiled molten extrudate emerges from the other. Inside the 

polymer melts and homogenizes. 

Generally, the feed material flows by gravity from the feed hopper down into the extruder 

barrel. Some materials do not flow easily in dry form and special measures have to be 

taken to prevent hang-up (bridging) of the material in the feed hopper. As material falls 

down into the extruder barrel, it goes in the annular space between the extruder screw and 

barrel, and is further bounded by the passive and active flanks of the screw flight: the 

screw channel. The barrel is stationary, and the screw is rotating. As a result, frictional 

forces will act on the material, both on the barrel as well as on the screw surface. These 
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frictional forces are responsible for the forward transport of the material, at least as long 

as the material is in the solid state88,92,93. 

As the material moves forward, it will heat up as a result of frictional heat generation and 

because of heat conducted from the barrel heaters. When the material temperature exceeds 

the melting point, a melt film will form at the barrel surface, where the solids conveying 

zone ends and the plasticating zone starts92.  

 

 

Figure 2.3.4 Main features of a single screw extruder92 

The boundaries of the functional zones will depend on polymer properties, machine 

geometry, and operating conditions. Thus, they can change as operating conditions 

change. However, the geometrical sections of the screw are determined by the design and 

will not change with operating conditions. As the material moves forward, the amount of 

solid material at each location will reduce as a result of melting. When all solid polymer 

disappears, the end of the plasticating zone is reached and the melt conveying zone starts. 

In the melt-conveying zone, the polymer melt is simply pumped to the die. As the polymer 

flows through the die, it adopts the shape of the flow channel of the die. Thus, as the 

polymer leaves the die, its shape more or less corresponds to the cross-sectional shape of 

the final portion of the die flow channel. Since the die exerts a resistance to flow, a 

pressure is required to force the material through the die (diehead pressure)88,92. 

The diehead pressure is determined by the shape of the die (particularly the flow channel), 

the temperature of the polymer melt, the flow rate through the die, and the rheological 
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properties of the polymer melt. It is important to underline that the diehead pressure is 

caused by the die, and not by the extruder.  

The extruder simply has to generate sufficient pressure to force the material through the 

die88.  

The screw of an extruder has one or two flights spiralling along its length. The diameter 

to the outside of the flight is constant along the length to allow the close fit in the barrel. 

The core is of varying diameter and so the spiralling channel varies in depth. In general, 

the channel depth decreases from feed end to die end although variants can be for special 

purposes. A consequence of this decreasing channel is the increasing pressure along the 

extruder that derives the melt through the die88,92.  

The length of the channel can be divided in four zones: feed zone, compression zone, 

metering zone and die zone, which will be examined separately. 

a. Feed zone. The function is to pre-heat the polymer and convey it to the subsequent 

zones. The screw depth is constant and the length of this zone is such as to ensure a 

correct rate of feed88. 

 

b. Compression zone. This zone has decreasing channel depth and several functions: 

firstly, it expels air trapped between the granules; secondly, heat transfer from the 

heated barrel walls is improved as the material thickness decrease; thirdly, the density 

change during melting is accommodated. Basing on polymer the screw design is 

varied to facilitate these operations: if the polymer melts relatively sharper, as 

happens for nylon, a very short compression zone is needed, so design of the screw 

changes (Figure 2.3.5)88,92. 

 

 

Figure 2.3.5 Variations in screw design,92 

c. Metering zone. The screw depth is constant because the function is to homogenize 

the melt and hence to supply a homogeneous material at constant temperature and 

pressure88 to the die region. 
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d. The die zone. This is the final zone of an extruder, which terminates in the die itself. 

Usually it comprises a perforated steel plate (breaker plate) and a sieve pack of two 

or three layers of wire gauze on its screw side. The breaker plate needs to sieve out 

extraneous materials (like ungelled polymer or dirt), to allow head pressure and to 

remove the turning memory from the melt. These last two functions are important 

because the head pressure provides the driving force for the die, and in many cases 

the polymer “remembers” its history of turning along the spiral screw, even after it 

has been through the die and this can result in a twisting distortion in the product. 

When the melt receives a long mechanical treatment as happens with the screw, the 

chain alignment modifies manifesting a tendency towards elastic recovery of this 

alignment as preferred energetic configuration88. 

2.3.3.2  Extruder components 

2.3.3.2.1  Barrel and Feed Throat 

The extruder barrel is the cylinder that surrounds the extruder screw and the feed throat 

is the section of the extruder where material is introduced into the screw channel: it fits 

around the first few flights of the extruder screw92.  

The geometry of the feed port should be such that the material can flow into the extruder 

with minimum restriction. Cross-sections of various feed port designs are shown in Figure 

2.3.6. 

 

 

Figure 2.3.6 Cross-sections of various feed port designs92 

Figure 2.3.6a shows the usual feed port design, Figure 2.3.6b shows an undercut feed port 

often used on melt fed extruders. The danger with this design is the wedging section 

between screw and feed opening. If the melt is relatively stiff and / or highly elastic, 

significant lateral forces will act on the screw. These forces can be high enough to deflect 

the screw and force it against the barrel surface. This problem is more severe when this 

geometry is used for feeding solid polymer powder or pellets. This geometry, therefore, 

should only be used for feeding molten polymers. A better geometry would be the one 

shown in Figure 2.3.6c with an undercut to improve the intake capability, but the 
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pronounced wedge is eliminated by a flat section oriented more or less in the radial 

direction92. 

The shape of the inlet opening is usually circular or square. The smoothest transition from 

feed hopper to feed throat will occur if the cross-sectional shape of the hopper is the same 

as the shape of the feed opening.  

The extruder barrel is simply a flanged cylinder. It must withstand relatively high 

pressures, as high as 70 MPa (10,000 psi), and should possess good structural rigidity to 

minimize sagging or deflection. Many extruder barrels are made with a wear - resistant 

inner surface to increase the service life. The two most common techniques are nitriding 

and bimetallic alloying92. 

 

Some extruders have additional functionalities along the barrel as the vented extruders. 

A vented extruder (Figure 2.3.7) is equipped with one or more openings (vent ports) in 

the extruder barrel, through which volatiles can escape. Instead of the extraction of 

volatiles, the vent port can be used to add certain components to the polymer, such as 

additives, fillers, reactive components, etc. This adds versatility of vented extruders, with 

the benefit that the extruder can be operated as a conventional non-vented extruder by 

simply plugging the vent port and, possibly, changing the screw geometry92.  

 

 

Figure 2.3.7 Vented extruder92 

The feed hopper feeds the granular material to the extruder. In most cases, the material 

will flow by gravity, unaided, from the feed hopper into the extruder. Unfortunately, this 

is not possible with all materials. Some bulk materials have very poor flow characteristics 

and additional devices may be required to ensure steady flow into the extruder. 

Sometimes this can be a vibrating pad attached to the hopper to dislodge any bridges as 

soon as they form. In some cases, stirrers are used in the feed hopper to mix the material 

(and prevent segregation) and /or to wipe material from the hopper wall, if the bulk 

material tends to stick to the wall92. 
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Square feed hoppers with rapid compression usually work well with bulk materials with 

uniform pellet size. Crammer feeders are used for bulk materials difficult to handle. Other 

materials, particularly those with low bulk density, tend to entrap air. If the air cannot 

escape through the feed hopper, it will be carried with the polymer and eventually appear 

at the die exit. In most cases, this will cause surface imperfections as small explosions 

when the air escapes from the die. 

2.3.3.2.2 Screw 

The extruder screw is the heart of the machine. The rotation of the screw causes forward 

transport, contributes to a large extent to the heating of the polymer, and causes 

homogenization of the material. In simple terms, the screw is a cylindrical rod of varying 

diameter with a helical flight(s) wrapped around it. The outside diameter of the screw, 

from flight tip to flight tip, is constant on most extruders. The clearance between screw 

and barrel is usually small. Generally, the ratio of radial clearance to screw diameter is 

around 0.001, with a range of about 0.0005 to 0.002092.  

The proper design of the geometry of the extruder screw is of crucial importance to the 

proper functioning of the extruder. If material transport instabilities occur as a result of 

improper screw geometry, even the most sophisticated computerized control system 

cannot solve the problem. 

Regardless of the details of the screw geometry, it is important that the screw has 

sufficient mechanical strength to withstand the stresses imposed by the conveying process 

in the extruder. 

An important requirement for the extruder screw is the ability to transmit the torque 

required to turn the screw. The most critical area of the screw in this respect is the feed 

section. In fact, in the feed section the cross-sectional area of the root of the screw is 

generally the smallest and the torsional strength the lowest. Furthermore, the entire torque 

has to be transmitted, while further downstream only a fraction of the total torque has to 

be transmitted92. 

Generally, the objective of a screw design is to deliver the largest amount of output at 

acceptable melt quality, considering also all the other parameters that act on the screw (as 

pressure, erosion, flight width, etc.)87,88,90,92,93. The more common types of screw are 

reported and classified. 

a.  The Standard Extruder Screw (Figure 2.3.8) 

Total length: 20–30 D  

Length of feed section: 4–8 D   
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Length of metering section: 6–10 D   

Number of parallel flights: 1   

Flight pitch: 1 D (helix angle 17.66°)  

Flight width: 0.1 D  

Channel depth in feed section: 0.15–0.20 D  

Channel depth ratio: 2–4 

 

Figure 2.3.8 Standard extruder screw 92 

The standard extruder screw is still the most used, but significant improvements have 

been made on the screw design basing on the designed performances.  

There are a large number of modifications of the standard extruder screw in use today 

basing on the model proposed in Figure 2.3.8. 

An example is the standard screw with additional flight in the feed section (Figure 2.3.9) 

 

 

Figure 2.3.9 Standard screw with additional flight in the feed section92 

The additional flight is intended to smooth out the pressure fluctuation caused by the 

flight interrupting the in-flow of material from the feed hopper every revolution of the 

screw. An additional benefit of the double-flighted geometry is that the forces acting on 

the screw are balanced; thus, screw deflection is less likely to occur. On the negative side, 

the additional flight reduces the open cross-sectional channel area and increases the 

contact area between solid bed and screw92.  

 

b. Devolatilizing extruder screws 
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Devolatilizing extruder screws (Figure 2.3.10) are used to extract volatiles from the 

polymer in a continuous fashion. Such extruders have one or more vent ports along the 

length of the extruder through which volatiles escape. Some of the applications of vented 

extruders are: removal of monomers and oligomers in the production of polymers; 

removal of reaction products of condensation polymerization (e. g., water, methanol) and 

oligomers from nylon and polyesters; removal of air with filled polymers, particularly 

with glass fibre reinforced polymers; and the removal of water from hygroscopic 

polymers or other solvents. 

The screw consists of at least five distinct geometrical sections. The first three sections, 

feed, compression, and metering are the same as on a conventional screw. After the 

metering section there is a rapid decompression followed by the extraction section, which, 

in turn, is followed by a rapid compression and a pump section. Two important functional 

requirements for good devolatilization are zero pressure in the polymer under the vent 

port and completely molten polymer under the vent port92. 

 

Figure 2.3.10 Two-stage devolatizing extruder screw92 

 

c. Vented extruder screw 

The conventional vented extruder screw is shown in Figure 2.3.11. In many cases, mixing 

sections are incorporated into the metering section of the screw to improve the 

homogeneity of the melt entering the extraction section. The volatiles travel with the 

polymer up to the vent port. This type of venting is referred to as forward devolatilization. 

The length of the extraction zone is usually 2 to 5 D. The channel depth in the extraction 

section is large, particularly if the polymer foams in the extraction section. In this case, 

the helix angle is often increased from the conventional 17.66° to 40°92.  
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Figure 2.3.11 Extraction section with multiple flight92 

 

2.3.3.2.3 Dies 

The objective of an extrusion die is to distribute the polymer melt in the flow channel 

such that the material exits from the die with a uniform velocity. The actual distribution 

will be determined by the flow properties of the polymer, the flow channel geometry, the 

flow rate through the die, and the temperature field in the die85,87,89. 

If the flow channel geometry is optimized for one polymer under one set of conditions, a 

simple change in flow rate or in temperature can make the geometry non-optimum. 

Except for circular dies, to obtain a usable flow channel geometry for a wide range of 

polymers and for a wide range of operating conditions is essentially impossible. For this 

reason, adjustment capabilities into the die are often incorporates in order to change the 

distribution externally while the extruder is running. The flow distribution is generally 

changed in two ways: by changing the flow channel geometry (by means of choker bars, 

restrictor bars, valves, etc.) and by changing the local die temperature. Mechanical 

adjustment capabilities complicate the design of the die but enhance its flexibility and 

controllability. 

The die, where the forming of the polymer takes place, is one of the most critical parts of 

the extruder. The rest of the extruder basically has only one task: to deliver the polymer 

melt to the die at the required pressure and consistency. Thus, the die forming function is 

a very important part of the entire extrusion process. Some of the more common types of 

dies are reported and classified85,89. 

 

a. Film and Sheet Dies 

Dies for flat film are essentially the same as dies for sheet extrusion. The difference 

between sheet and film is primarily the thickness. Webs with a thickness of less than 0.5 

mm are generally referred to as film, while webs with a thickness of more than 0.5 mm 

are generally referred to as sheet.  
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Some example of dies for films and sheets are reported in Figure 2.3.12. The flow can be 

adjusted adding the flex lip adjustment, that allows fine adjustments of the extrudate 

thickness; and the choker bar, which can be locally deformed by a number of bolts located 

along the width of the die. The deformation of the choker bar causes a change in the height 

of the flow channel and, thus, allows an adjustment of the flow distribution in the die. A 

third adjustment possibility is the die temperature. Local heating or cooling of certain die 

sections enhance or restrict flow: temperature adjustment will be more effective with 

polymers whose viscosity is quite sensitive to temperature as most amorphous 

polymers89. 

 

 

Figure 2.3.12 a) T-die; b) Fishtail die; c) Coat hanger die 

 

b. Pipe and Tubing Dies 

The difference between pipe and tubing is mainly determined by size. Small diameter 

products (less than 10 mm) are generally referred to as tubing, while large products are 

generally referred to as pipe. Annular products can be extruded on in- line dies and 

crosshead dies. In the crosshead die the polymer melt makes a turn as it flows through the 

die (Figure 2.3.13). The direction of the inlet flow is perpendicular to the outlet flow. The 

polymer melt makes a 90° turn and splits at the same time over the core tube. The polymer 

melt recombines below the core tube; this is where a weld line forms. After the 90° turn, 

the polymer melt flows through the annular flow channel where it adopts more or less the 

shape of the final land region89. 
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Figure 2.3.13 Crosshead die89 

In most crosshead dies, the location of the die relative to the tip can be adjusted by means 

of centring bolts. This allows adjustment of the wall thickness distribution and 

concentricity89. 

2.3.3.3 General flow mechanism 

The flow can be divided in three phases that start with the melting. As the polymer is 

conveyed along the screw a thin film melts at the barrel wall. The screw scrapes off the 

melted film during the rotation and the molten polymer move down to the core and sweep 

up again to establish a rotary motion in front of the leading edge of the flight. The entire 

process is progressive until all the polymer is melted. The conveying is the second phase 

where with a friction with both screw and barrel, leading to the principal transport 

mechanism (drag flow). This is literally dragging along by the screw of the melt as the 

result of frictional forces and it is the equivalent to the viscous drag between stationary 

and moving plates separated by a viscous medium. Pressure is high at the output end, low 

at the feed end and a pressure gradient opposes the drag flow. So, the pressure acts only 

as an opposition. The final component of the conveying is a leak flow that opposes to the 

drag flow because there is a finite space between screw and barrel through the material 

can leak backwards85. 

Therefore the total conveying flow can be sum in: 

 

TOTAL CONVEYING FLOW= DRAG FLOW – PRESSURE FLOW – LEAK FLOW 
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The final part of the flow mechanism is the heating and cooling phase. The whole system 

is thermostatically controlled to give precise control of the melt temperature. The length 

of the machine is divided into sections to allow variation of temperature for optimum 

processing. The running condition may be regarded as lying between the extremes of 

adiabatic running (with heat coming only from viscous dissipation) and isothermal 

running (when the temperature is constant in all the sections and heat is supplied by 

heaters or removed by coolers to compensate changes in melt temperature)85. 

 

To fully understand the entire process, one also has to know and appreciate the properties 

of the material being extruded. The characteristics of the polymer determine, to a large 

extent, the proper design of the machine and the behaviour of the process.  

2.3.3.4 Influence of polymer properties 

Some of the most important properties of the bulk material are the bulk density, the 

coefficient of friction, and particle size and shape. From these properties, the transport 

behaviour of the bulk material can be described with reasonable accuracy.  

2.3.3.4.1 Bulk density 

The bulk density is the density of the polymeric particles, including the voids between 

the particles. 

Low bulk density materials (ρ< 0.2 g /cc) tend to cause solids conveying problems, either 

in the feed hopper or in the feed section of the extruder. Materials with irregularly shaped 

particles tend to have a low bulk density; examples are fibre scrap or film scrap (flakes). 

When the bulk density is low, the mass flow rate will be low as well. Thus, the solids 

conveying rate may be insufficient to supply the downstream zones with enough material. 

Special devices and special extruders have been designed to deal with these low bulk 

density materials. A crammer feeder (Figure 2.3.14) is a device used to improve the solids 

transport from the feed hopper into the extruder barrel88,93. 
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Figure 2.3.14 Crammer feeder,89 

2.3.3.4.2 Coefficient of friction 

The coefficient of friction of the bulk material is another very important property. Internal 

and external coefficient of friction can be distinguished. The internal coefficient of 

friction is a measure of the resistance present when one layer of particles slides over 

another layer of particles of the same material. The external coefficient of friction is a 

measure of the resistance present at an interface between the polymeric particles and a 

wall of a different material of construction. The coefficient of friction is simply the ratio 

of the shear stress at the interface to the normal stress at the interface. Friction itself is the 

tangential resistance offered to the sliding of one solid over another. 

Some of the variables that affect the coefficient of friction are temperature, sliding speed, 

contact pressure, metal surface conditions, particle size of polymer, degree of 

compaction, time, relative humidity, polymer hardness, etc. The coefficient of friction is 

very sensitive to the condition of the metal surface. The coefficient of friction of a 

polymer against an entirely clean metal surface is very low initially, as low as 0.05 or 

less. However, after the polymer has been sliding on the surface for some time, the 

coefficient of friction will increase substantially and may stabilize at a value about an 

order of magnitude higher than the initial value85. 

 

a. Particle size and shape 
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The range of polymeric particles used in extrusion is quite wide, from about 1 micron to 

about 10 mm. Particle size can be determined by a variety of techniques, microscopic 

measurement being one of the most common techniques. 

The transport characteristics of particulate solids are quite sensitive to the particle shape. 

Both the internal and external coefficient of friction can change substantially with 

variations in particle shape even if the major particle dimensions remain unchanged. 

Small differences in the pelletizing process can cause major problems in a downstream 

extrusion process. Variations in the ratio of regrind to virgin polymer can cause variations 

in the extrusion process. 

The ease of solids transport is often determined by the particle size. Pellets are generally 

free-flowing and do not have a strong tendency to entrap air. From a solid conveying 

point of view, pelletized materials are the easiest to work with. Granules are often free-

flowing, sometimes semi-free-flowing; they are more likely to entrap air. Semi-free-

flowing granules may require special feeding devices (such as a vibrating pad on the 

hopper) to ensure steady flow. Powders tend to be cohesive and also tend to entrap air. 

Therefore, in most cases, special precautions have to be taken to successfully extrude 

powder material85,89,90,93.  

 

b. Newtonian Fluid 

A fluid whose viscosity is independent from the shear rate. Most low viscosity liquids 

and gases behave as a Newtonian fluid. In a plot of shear stress versus shear rate, a 

Newtonian fluid will exhibit a linear relationship; therefore, Newtonian fluids are also 

referred to as linear fluids85,90,93.  

 

c. Non-Newtonian Fluid  

A fluid whose viscosity is dependent on the shear rate. High viscosity polymer melts 

behave as non-Newtonian fluids, with the viscosity reducing with increase shear rate. 

Another type of non-Newtonian fluid is a dilatant fluid. The viscosity of a dilatant fluid 

increases with the shear rate increase (pseudo-plastic behaviour). The shear stress-shear 

rate relationship of non- Newtonian fluids is non-linear. The concepts of shear rate, shear 

stress, and viscosity are extremely important in developing a thorough understanding of 

the extrusion process (and other polymer processing operations)85,89,90,93.  

2.3.4 Compression Moulding 

Compression moulding is the oldest mass production process for polymer products.  
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Compression moulding encompasses different techniques in processing plastics such as 

the basic arc compression moulding process (Figure 2.3.15), the transfer moulding 

process, resin transfer moulding process, compression-transfer moulding process, and 

other moulding processes. These compression moulding methods provide different 

capabilities to fabricate products meeting performance requirements using different 

materials. 

 

Figure 2.3.15 Schematics of compression moulding plastic materials 

In this processing method of moulding, the moulding material, generally preheated, is 

first placed in an open, heated mould cavity. The mould is closed with a top force or plug 

member, pressure is applied to force the material into contact with all mould areas, while 

heat and pressure are maintained until the moulding material has cured. The process 

employs thermosetting resins in a partially cured stage, either in the form of granules, 

putty-like masses, or preforms85. 

Compression moulding is a high-volume, high-pressure method suitable for moulding 

complex, high-strength fiberglass reinforcements. Advanced composite thermoplastics 

can also be compression moulded with unidirectional tapes, woven fabrics, randomly 

oriented fibre mat or chopped strand. 

The advantage of compression moulding is its ability to mould large, fairly intricate parts. 

Furthermore, it is one of the lowest cost moulding methods compared with other methods 

such as transfer moulding and injection moulding; moreover it wastes relatively little 

material, giving it an advantage when working with expensive compounds85,89. 

2.3.4.1 General process 

In the compression moulding process, a thermoplastic or partially polymerized 

thermosetting polymer is placed in a heated cavity (Figure 2.3.16), usually in a preheated 

and preformed shape vaguely corresponding to that of the cavity; the mould begins to 
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close and pressure is applied to the preform, forcing it to further heat up close to the mould 

temperature, and flow to fill the mould cavity.  

After charging the mould, the press is closed bringing the two parts of the mould together. 

This allows the moulding material to melt and flow through filling the cavity between the 

two parts of the mould, and at the same time pushing out any entrapped air ahead of the 

melt so as to fill the mould cavity completely. After holding the plastic in the mould for 

the time specified for a proper cure under the required temperature and pressure, the 

pressure is released, the mould opened, and the solid moulded plastic part discharged. In 

a modern high-speed automatic compression press all the operations are performed 

automatically94. 

The necessary preheating and mould heating temperatures and mould pressure may vary 

considerably depending upon the thermal and theological (refers to the deformation and 

flow properties of the plastic) properties of the plastic. 

In the process, the polymer undergoes complete polymerization (cross linking). Then the 

mould is opened, the part is ejected, and the cycle starts again. This process wastes very 

little material (no runners and sprue) and can produce large parts. However, it is difficult 

to produce parts with very close tolerances because the final size of the compression 

melded article depends on the exact amount of the preform. Furthermore, the process does 

not easily lend itself to moulding of intricate parts with deep undercuts85,89. 

 

(a) (b) 

Figure 2.3.16 Schematic illustration of compression moulding process with mould open (female 

cavity on the bottom)(a) and mould closed (b)89. 

For a typical compression moulding of thermoset material a slight excess of material is 

usually placed in the mould to insure it being completely filled and this excess is squeezed 

out between the mating surfaces of the mould in a thin, easily removed film known as 

flash. As shown in Figure 2.3.17 flash can form in different positions based on how it is 

to be removed. Different methods are used to remove flash such filing, sanding, and/or 
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tumbling. In the case of a thermoplastic, the moulding temperature cycle is from heating 

to plasticizing the plastic, to cooling in the mould under pressure, the pressure released, 

and the moulded article removed. When thermosets are used the mould need not be cooled 

at the end of the moulding operation or cycle, as the plastic will have hardened and can 

no longer flow or distort. 

 

Figure 2.3.17 Example of vertical flash in a mould 

The advantages of compression moulding over other moulding operations are the 

simplicity of the moulds, which makes them less expensive to manufacture and maintain, 

and the relatively small amount of waste produced. Disadvantages include relatively slow 

cycle times and geometrical limitations to the mouldable parts. Moreover, during the 

preform-heating part of the cycle, the main problems to be considered are heat transfer 

and flow (or elastic deformation) of the compressed particulate matter. 

Both compression moulding and injection moulding are used to produce discrete parts of 

widely differing geometries, but the difference in resin type commonly used between the 

two processes dictates very different mould conditions. In compression moulding, the 

mould is heated so that the polymer will cure. In injection moulding, the mould is cold so 

that the molten polymer will freeze. 

Another consequence of making thermoset polymer parts by compression moulding is 

that reject parts cannot be reprocessed. To overcome some of these limitations, transfer 

moulding was developed. Transfer moulding is a hybrid between compression moulding 

and injection moulding, in which the charge is melted in a separate pot, which is part of 

the heated mould, and then transferred under pressure by a ram, through runners and 

gates, into the mould cavity. Transfer moulding cycles tend to be shorter than 

compression moulding cycles85,93,89.  

 

Figure 2.3.18 represents the various stages of the compression moulding cycle from the 

point of view of the plunger force needed to close the mould at a constant rate. 
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Figure 2.3.18 Schematic representation of the plunger force applied during compression 

moulding89. 

In the first region, the force increases rapidly up to the fill time (tf) as the preform is 

squeezed and heated. At tf, the polymer is in the molten state and is forced to flow and 

fill the cavity. Filling terminates at tc, when compression of the polymer melt begins, to 

compensate for the volume contraction that occurs during polymerization. The bulk of 

the curing process takes place after tc. In order to derive relationships for the flow and 

pressure characteristics, the time period tf  < t  < tc, is simply needed to be considered 

since prior to t  the polymer is melt and after tc it is cured. 

During the considered time interval, the polymer is assumed to be heated to a uniform 

temperature, Tw, that is equivalent to the mould wall temperature. 

A knowledge of the temperature, conversion, thermal properties of the polymer and 

molecular weight distribution as a function of thickness and reaction time is essential in 

determining the required compression mould cycle or the time and temperature in the 

post-curing step93,89. 

 

There is also the possibility to use a mould held between the heated platens of a hydraulic 

press: in this case the prepared quantity of moulding compound is placed in the mould 

(usually by hand) and the mould placed in the press (Figure 2.3.19). Usually this is a 

laboratory scale solution. 

In this kind of moulding the cycle starts when the mould reaches the set temperature under 

the decided pressure conditions. 
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Figure 2.3.19 Original compression moulding press89 

 

2.3.4.2 Moulds 

The moulds used in Compression Moulding can be classified in three general types: 

2.3.4.2.1 Flash Moulds 

This type of mould is widely used because simple to construct and holds the part thickness 

and density within close limits. As the mould closes, the excess material escapes over the 

land where it forms a very thin fin.  

This fin hardens first, preventing the escapement of the mould charge. Flash type moulds 

(Figure 2.3.20) can be loaded by volume since excess material is permitted to escape. 

Material lost through flashing is higher than for other types of compression moulds, but 

the original mould cost is relatively low94.  



Chapter 2  Fundamentals of Polymer Science and Processing 

______________________________________________________________________ 

- 64 - 

 

Figure 2.3.20 Flash moulds scheme89 

2.3.4.2.2 Positive Moulds 

The characteristics of positive type mould (Figure 2.3.21). are deep cavity and a plunger 

that compresses the compound at the bottom of the mould. As there is very little 

escapement of material, it is necessary to weight the charge accurately if the size of the 

part is to be controlled. Such moulds are used for high impact materials and parts 

requiring deep draw94.  

 

Figure 2.3.21 Positive Moulds scheme89 

 

2.3.4.2.3 The semipositive mould 

The semipositive mould (Figure 2.3.22) is by far the most popular. It combines the best 

features of the positive and the flash moulds. Since its design includes a plastic material 

well of larger diameter, with a tight-fitting force above the cavity, the material is trapped 

fairly positively and the plastic is forced to flow into all corners of the cavity. As the 
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material picks up more heat and becomes fluid, it escapes between the force and cavity 

sidewalls as flash, allowing the force to scat on the land area94.  

 

Figure 2.3.22 The semi-positive mould scheme89 

 

2.3.4.3 Process defects and remedies 

The defects in compression moulded parts can be classified into two categories: surface 

defects that affect the visual appearance and internal defects that influence the mechanical 

properties. Surface defects can be masked by post-processing such as painting by spray 

coating after moulding. Many defects can be avoided or reduced by optimizing the 

moulding material, process conditions and part design95.  

2.3.4.3.1 Voids 

Voids or porosities are generated if air is entrapped inside the moulded part. These voids 

significantly deteriorate mechanical properties such as interlaminar shear strength and 

flexural strength. Most of the air bubbles are generated during the mixing and 

compounding stages95. 

2.3.4.3.2 Blisters 

As the internal pressure of volatiles or entrapped air is released at the moment of mould 

opening, interlayer cracks may be created near the part surface. These cracks are called 

blisters. They often appear to be dome-shaped bulges. They also can be created at elevated 

temperatures by the expansion of entrapped air. The formation of blisters can be 

decreased either by the vacuum application in the mould to minimize the entrapment of 

air or volatiles or by the use of coupling agents and contaminant reduction in the resin 

formulation to increase the interlaminar shear strength95. 
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2.3.4.3.3 Delamination 

Delamination can result from either poor fibre wetting with resin or residual stress that is 

caused by a non-uniform temperature distribution and/or incomplete curing. Hence, 

delamination is usually observed near the centreline of thick sections. To lessen this 

problem, to use a relatively slow catalyst in order to obtain uniform curing reaction is 

most effective. This remedy, however, can increase the process cycle time95. 

2.3.4.3.4 Knit line and Sink marks 

A knit line is generated when two or multiple flow fronts join or merge to form a single 

flow front (Figure 2.3.23). Along the knit line, the fibre is aligned parallel to the knit line. 

As a result, the strength in the direction normal to the knit line is significantly lower than 

in the parallel direction. If the load is applied in the transverse direction relative to the 

knit line, matrix cracking is easily initiated, and the part can fail. The most common 

location of knit line formation is behind moulded-in holes that are made by core pins in 

the mould93.  

Sink marks are small depressions appearing on the surface usually located opposite to the 

ribs or bosses (Figure 2.3.23). Even though they do not deteriorate the mechanical 

properties, they affect the visual appearance of the final product leading to varying gloss 

on the flat surface. To avoid this problem, a low-profile additive can be added to the resin 

formulation. However, it is more effective to optimize the part design. It is recommended 

to avoid thick sections directly near the rib or boss. If possible, to use a protruding corner 

instead of a square or rounded corner at the rib juncture95 is preferable . 

 

(a)  (b) 

Figure 2.3.23 a) Formation of knit line in two different shaped moulds; b) Illustration of sink 

mark95 
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2.3.4.3.5 Fibre separation 

Fibre separation or fibre segregation takes place when the fibre does not migrate with the 

resin flow in the mould. As a consequence, the fibre content becomes non-uniform 

leading to a higher than nominal fibre content in the upstream and a lower than nominal 

fibre content in the downstream. The fibre separation is more significant as the fibre 

content and fibre length are increased. Moreover, the fibre oriented parallel to the flow 

direction are more susceptible to fibre separation than those oriented normally to the flow 

direction95 (Figure 2.3.24). 

 

 

(a)                                               (b) 

Figure 2.3.24 (a)Homogeneous suspension; b) Fibres separation in a heterogeneous suspension95 
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3.1 Introduction 

Concretes, mortars and other cement-based composites are the most common structural 

materials in the construction industry. 

The hydraulic binders-made composites were discovered and used thousands of years 

ago, and, thanks to their immediate effectiveness, their modern production techniques 

have remained very similar to antiquity. However, the great technological development 

of materials science and nanotechnology in recent decades, has allowed new opportunities 

for the development of cementitious mixtures, through the introduction of new techniques 

and innovative materials. This permit creating composites with many additional 

characteristics (besides structural properties) aimed at improving safety and life quality 

inside buildings. About 40% of the global energy is mainly used for the production of 

mortars and concretes66: therefore, a significant increase in sustainability of 

mortars/concretes production can be achieved by replacing virgin raw materials with 

renewable and/or so called ‘‘waste ones”67,68 . Since recovered cellulose fibres from other 

industrial activities are often used in building applications67, also the cellulose recovered 

from municipal wastewater becomes an attractive possibility to consider in this 

application field. 

This chapter analyses the evolution of hydraulic binders-based materials, with a 

presentation of all the materials considered in this study and their sustainability. 

Successively, composites added with natural fibres are introduced, analysing the effect of 

the type of the fibre on the composite properties. Lastly, the description of the methods 

used for the application of cellulose fibres in mortars and the obtained results are 

discussed. In the last part of this chapter, technical feasibility and economic 

considerations to promote the valorisation of recovered cellulose and its economic 

assessment in the building sector are considered. 

Since the aim of this study is to investigate the possibility of cellulose recovery from 

municipal wastewater and its valorisation in the building sector, the effect of the addition 

of recovered cellulosic fibres at different percentages (0%, 5%, 10%, 15% and 20% added 

by volume) on the properties of hydraulic lime-based mortars was tested for non-

structural applications. Also the properties of mortars manufactured with the same 

dosages of pure cellulose fibers and cellulose fibers recycled from newspapers were 

further compared. This study gives a perspective about the substitution of virgin cellulose 

with recovered one from WWTPs, in order to obtain mortars with better, or at least 

comparable, properties by avoiding the use of virgin resources when it is not necessary. 
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3.2 Cement-based materials: history and evolution 

The most used composite material in construction, in which Portland cement is a key 

component, is concrete. Although modern concrete production techniques have 

developed just in the last two centuries, artificial conglomerates have a very ancient 

origin, given that civilizations such as Assyrians97, Egyptians and, later, Greeks98 used 

similar artificial materials.  

However, it was the Romans who optimized this constructive technique, with the use of 

the Opus caementicium, producing very advanced works and infrastructures for the time 

(Figure 3.2.1)99. 

 

Figure 3.2.1 Example of ancient artefacts: Roman Pantheon, Rome 218AD 

After the fall of the Roman Empire, in the 5th century, these constructive techniques were 

set aside and forgotten, until the humanistic reawakening, after the 14th century, when 

the texts of Pliny the Elder and Vitruvius were rediscovered. In the following centuries, 

the continuous approach to the rediscovery of concrete led to the discovery of hydraulic 

lime, which marks the technological transition from Roman’s Opus caementicium to 

modern concrete100. In these years, the development of the chemistry knowledge and of 

cooking techniques, ed to the manufacture of Portland cement at the beginning of the 19th 

century101. 

The name “Portland” derived from the similarities found between the “artificial stone”, 

obtained by mixing cement with water and aggregates (today called “concrete” or 

“mortar”), and the limestone from the British isle of Portland, extensively used as a 

building stone throughout the British Isles at that time102. 

During the industrial revolution and until the present day, the techniques of production 

and processing of cement have continuously evolved, and innumerable patents have been 

registered63. 
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Today, cement is used as a binder in a wide range of construction products, with particular 

emphasis on concretes and mortars. Both are based in similar compositions, which 

essentially include Portland cement, aggregates and water, being mainly differentiated by 

the size of the aggregates (coarser in concrete). Cement-based products are generally 

considered two-phase materials, constituted by a cementitious matrix and aggregates. The 

matrix consists of a cement paste, resulting from the cement hydration, with the function 

to bind the aggregates together, and create a material similar to an artificial stone (Figure 

3.2.2). 

Several additives can be used to improve or correct workability, setting time, mechanical 

strength or durability of these mixtures. 

 

Figure 3.2.2 Traditional concrete surface. Aggregates are distinguishable from the cement matrix 

 

3.3 Overview of multifunctional binder-based materials 

The technology linked to cementitious materials has certainly reached important 

milestones, but, in recent decades, the needs of the building industry have become 

numerous and increasingly complex. Buildings are no longer required to have a simple 

structural function, but to contribute to the daily well-being of its inhabitants103. 

For this reason, the European Union is very active in the production of laws and standards 

for the regulation of the wholesomeness of living environments and structural safety 104. 

This needs to implement construction materials with new functions, in order to introduce 

new technological systems to improve the use of living space. In the last decades, many 

researchers have been focused on the development of cement-based products capable of 

performing autonomous tasks without the need of external devices, the so-called 

Multifunctional cement-based composites (MCC)105. 
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As already mentioned, cementitious materials such as mortar and concrete can be 

considered "two-phase" materials: the cement matrix consists of the reagent part of the 

mixture, i.e. the hydraulic binder; the inert part is instead represented by the aggregates, 

held together by the cement paste which compose the "backbone" of the material. The 

coarse and fine aggregates traditionally used are gravel and sand, but these can be 

replaced by other materials, depending on the properties sought in the composite. 

Such functionalities are obtained by adding specific admixtures in the compositions, 

resulting into functional cement matrixes. For example, mortars and plasters can be 

realized with artificial or natural lightweight aggregates, in order to increase the porosity 

of the material, obtaining thermal insulation 106, and a similar approach can be used to 

realize sound-absorbing or sound-insulating plasters (Figure 3.3.1)107. 

 

Figure 3.3.1 Hydraulic lime-based plaster realized with natural organic aggregates (cork) for 

thermal insulation and acoustic absorption 

Adsorbent materials (as cork or cellulose), capable of eliminating pollutants108, or 

photocatalyst materials (as TiO2) which decompose harmful products (such as VOCs) can 

be inserted into the mixtures109.  

The mechanical properties of the cement paste can be also improved considerably by 

inserting different types of fibres110–112, with a natural or industrial origin, which can 

improve the mechanical behaviour of the composite, in particular the tensile one through 

the “bridging effect”113. 

Vegetable or cellulose fibres exhibit a set of important advantages, such as wide 

availability at relatively low cost, bio- renewability, ability to be recycled, 

biodegradability, non-hazardous nature, zero carbon footprint, and interesting physical 

and mechanical properties (low density and well-balanced stiffness, toughness and 

strength)114,115. Natural fibres (NF) can be found in a wide variety of morphologies – 

diameter, aspect ratio, length, and surface roughness – and form – mainly strands, pulp 

or staple. Moreover, their surface can be easily modified in order to have a more 

hydrophilic or hydrophobic character or to attach functional groups. Although brittle 

building materials have been reinforced with vegetable fibres since ancient times, the 



Chapter 3   Cellulose-based Mortars 

______________________________________________________________________ 

- 74 - 

concept of NF reinforcement in cement-based materials was developed in 1940s, when 

these fibres were evaluated as potential substitutes for asbestos fibres114,115. 

3.4 Materials for mortars manufacturing 

The study of materials used in mortars production is essential to choose the best 

composition parameters for the mix design, in order to obtain certain mechanical 

properties. For these reasons, it is necessary to describe all the components that take part 

in the mix to evaluate their function and their composition. 

3.4.1 Hydraulic Binders 

The monolithic properties of mortars and concretes derive from the action of a binder 

with “hydraulic behavior”. 

3.4.1.1 Natural Hydraulic Lime 

Hydraulic lime is a hydraulic binder primarily composed of calcium hydroxide 

(Ca(OH)2). The hydraulic lime production differs from Portland cement in the cooking 

time and in the quality of the clay116. Composites made with hydraulic lime show lower 

mechanical strength and a lower elastic modulus than cement-based materials, due to the 

lower reactivity of lime powder. However, the hydraulic lime-based materials are more 

breathable, thanks to their greater porosity. 

In this work, Natural Hydraulic Lime NHL5 provided by Fornace Brigliadori, 

Sant'Arcangelo di Romagna (RN), Italy (Figure 3.4.1), has been used for the realization 

of pastes.according to UNI EN 459-1:2010. 

 

 

Figure 3.4.1 Natural Hydraulic Lime NHL5 
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3.4.2 Aggregates 

The aggregate can be defined as "inert", because it does not contribute to the chemical 

reactions of the hardening process (such as hydraulic binders), but it forms the main 

framework of the material, held together by the binder paste. 

The aggregate used in this research for the realization of mortars, is a Calcareous sand, 

CA 400 (Figure 3.4.2) with a grain size less than 3mm kindly provided by Gola della 

Rossa Mineraria Spa, Serra San Quirico (AN), Italy. 

 

 

Figure 3.4.2 CA 400 calcareous sand and its grain size distribution 

 

The humidity of the aggregate is an important factor for the realization of cement 

composites, because it can modify the composition ratios of the mixture108. For this 

reason, it is advisable to consider an aggregate in a Saturated Surface Dry Surface (SSD 

condition)117,118. 

3.4.3 Fibers 

In this dissertation cellulose fibers of different origins are discussed, in order to evaluate 

their influence in the mixture. The different tested cellulose fibers have been chosen with 

dimensions comparable to the fibers recovered from WWTPs.  

Some properties of fibers are essential for the calculation of the mix design as their 

apparent density and the water absorption.   

3.4.3.1 Pure cellulose fibers (CP) 

Arbocell B400 (Figure 3.4.3) are highly cellulose fibers provided by J. RETTENMAIER 

& SOHNE (JRS). These fibers have an average length of 900 µm and an average 

thickness of 20 µm. 
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(a)                                                              (b) 

Figure 3.4.3 a) Pure Cellulose fibres; b) Fibres distribution 

 

The results obtained by  the Scanning Electron Microscope (SEM) (Figure 3.4.4) 

microstructural analyzes and the EDAX analysis (Table 3.4-1) (performed with a ZEISS 

1530-Carl Zeiss, Oberkochen, Germany equipped with a Schottky emitter) permit to 

evaluate the average diameter, the aspect of the fiber and the elementary composition.. In 

particular, the aim of EDAX analysis is to investigate on the presence of different element 

from carbon (C), hydrogen (H) and oxygen (O) that compose the chemical backbone. The 

aspect of this type of fibers appears smooth and uniform: the average diameter is 11.6 µm 

with  a high presence of calcium (Ca) and sulphur (S). The amount of water absorbed by 

cellulose fibers to reach the Saturated Surface Dry (SSD) is 63% and the calculated 

apparent density is 0.47 g cm-3.  

 

  

Figure 3.4.4 SEM analysis of Pure Cellulose fibres 
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Table 3.4-1 EDAX analysis of Pure Cellulose fibres 

Element Weight [%] 

Al 17.74 

Si - 

S 10.94 

K - 

Ca 71.32 

Fe - 

Total 100 

 

3.4.3.2 Recycled cellulose fibers (CRIC) 

Arbocell ZZC 900 (Figure 3.4.5) are technical raw cellulose fibers coming from the 

recycling process of papers provided by J. RETTENMAIER & SOHNE (JRS). These 

fibers have an average length of 1000 µm and an average thickness of 45 µm. 

 

  
(a)                                                              (b) 

Figure 3.4.5 a) Recycled Cellulose fibres; b) Fibres distribution 

 

The aspect of recycled fibers appears rough and inhomogeneous (Figure 3.4.6), with the 

presence of white ribbons on the structure. This is the usual structure of fibers after 

chemical and physical process, typical of recycling treatments, that cause hornification of 

the fibers structure119–123. The average diameter is 13 µm and, from the EDAX analysis 

(Table 3.4-2), with a very high presence of calcium (Ca) and silicon (Si) probably due to 

the recycling process. The amount of water absorbed by cellulose fibers to reach the 

Saturated Surface Dry (SSD) is 78% and the calculated apparent density is 0.39 g cm-3.  
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Figure 3.4.6 SEM analysis of Recycled Cellulose fibres 

Table 3.4-2 EDAX analysis of Recycled Cellulose fibres 

Element Weight [%] 

Al 7.4 

Si 43.98 

S - 

K - 

Ca 48.61 

Fe - 

Total 100 

 

3.4.3.3 Recovered cellulose fibers (CREC) 

These recovered cellulose fibers (Figure 3.4.7) are provided by CirTec BV. CirTec BV is 

a partner of SMART-Plant Project (smart-plant.eu) and its core business is the recovery 

of cellulosic fibers from WWTPs using Rotating Belt Filtration (RBF) units in industrial 

scale with the same configuration of the demonstrative plants of Falconara and 

Carbonera. The length of CREC is 1000 µm, measured according to literature15.  
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(a)                                                              (b) 

Figure 3.4.7 a) Recovered Cellulose fibres (CREC); b) Fibres distribution 

The aspect of recovered fibers is homogeneous, but with the presence of small impurities 

due to the origin and the recovery process in the WWTP (Figure 3.4.8). In this case, there 

are no white ribbons on the structure, meaning that the recovery process does not change 

the chemical composition in lignin, hemicellulose and cellulose of the fiber, respect to 

the recycled filler119–123. The average diameter is 11.1 µm and, from the EDAX analysis 

(Table 3.4-3), various element because of the recover process are present. Calcium (Ca), 

iron (Fe), potassium (K), sulphur (S) and silicon (Si) are usually present in the effluent in 

form of salts, ions or other inorganic compounds. The amount of water absorbed by these 

cellulose fibers to reach the Saturated Surface Dry (SSD) is 119% and the calculated 

apparent density is 0.46 g cm-3. 

  

Figure 3.4.8 SEM analysis of Recovered Cellulose fibres from WWTPs 

Table 3.4-3 EDAX analysis of Recovered Cellulose fibres from WWTPs. 

Element Weight [%] 

Al 0.88 

Si 2.03 
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S 0.16 

K 1.01 

Ca 94.11 

Fe 1.81 

Total 100 

 

3.4.4 Mortars 

Pastes have been manufactured with a water/cement = 0.63 and an aggregate/cement = 3 

by weight in order to reach a stiff consistency (UNI EN 1015:3-2010) for all the mixes. 

Different mortar mix designs have been compared both by adding increasing dosages of 

CREC fibers and by using pure fibers (CP) and by recycled ones (CRIC) from newspapers 

in the same proportions.As reference (REF), a paste without filler (0%) addition is 

prepared. Fibers have been added in the mortar mix at 5%, 10%, 15% and 20% by mortar 

volume124,125. Mix proportion and workability of pastes are reported in Table 3.5-1. To 

better disperse each fiber addition, fillers are added gradually and in SSD condition to the 

mix.  

 

Table 3.4-4 Mix Design (g/L) and Workability results 

Specimen Units Water NHL5 CA400 CP CRIC CREC Slump(cm) 

Reference g 295 467 1402 0 0 0 118 

CP 5% g 281 445 1335 22 0 0 118 

CRIC 5% g 281 445 1335 0 19 0 117 

CREC 5% g 281 445 1335 0 0 22 117 

CP 10% g 268 425 1274 43 0 0 108 

CRIC 10% g 268 425 1274 0 35 0 115 

CREC 10% g 268 425 1274 0 0 42 115 

CP 15% g 256 406 1219 61 0 0 108 

CRIC 15% g 256 406 1219 0 51 0 107 

CREC 15% g 256 406 1219 0 0 60 111 
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CP 20% g 246 389 1168 78 0 0 107 

CRIC 20% g 246 389 1168 0 65 0 111 

CREC 20% g 246 389 1168 0 0 77 109 

 

NHL5 has been initially mixed with sand and cellulose to obtain a homogeneous matrix, 

water has been subsequently added and the blend mixed for 3 minutes. In all mixes, 

aggregate and fibers have been added in SSD condition. The addition of fibers may cause 

the formation of agglomerates in the paste, for this reason it is extremely important to add 

the fibers gradually, taking care to mix the paste properly, allowing the homogeneous 

dispersion of the fibers in the mix. 

 Mortar specimens have been cured at T = 20 ± 2 °C and RH = 95 ± 3% for 7 days and 

then at T = 20 ± 2 °C and RH = 50 ± 3% for the following 21 days before testing, 

according to UNI EN 1015-11:2007. 

 

All the mortars have been characterized in fresh and hardened conditions in order to 

investigate on the effect of filler additions. 

 

3.5 Methods 

3.5.1 Fresh mortars characterization 

3.5.1.1 Workability 

The workability of the pastes has been evaluated by means of slump test to the flow table, 

according to UNI EN 1015-3:2007 standard. 
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Figure 3.5.1 Schematic structure of the flow table apparatus, UNI EN 1015-3:2007 

The test evaluates the percentage consistency (C%) of the fresh mixture by measuring the 

expanded diameter of the sample after 15 bumps at the flow table, through Equation 7: 

 

𝐶(%) =  
𝑑𝑓−𝑑𝑖

𝑑𝑖
∙ 100                                 (Equation 7) 

 

Where df = sample diameter after 15 bumps; di = initial diameter of the sample (100 mm). 

The results (Table 3.5-2) show that all pastes reach a stiff consistency according to UNI 

EN 1015-3:2010.  

 

Table 3.5-1 Flow values and C% of pastes (UNI EN 1015-3:2007) 

Mixtures Flow value (mm) C (%) 

Reference 118 18 

CP 5% 118 18 

CRIC 5% 117 17 

CREC 5% 117 17 

CP 10% 108 8 

CRIC 10% 115 15 

CREC 10% 115 15 
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CP 15% 108 8 

CRIC 15% 107 7 

CREC 15% 111 11 

CP 20% 107 7 

CRIC 20% 111 11 

CREC 20% 109 9 

 

3.5.2 Hardened mortars characterization 

3.5.2.1 Microstructural characterization 

In order to correlate the obtained results with microstructure, mercury intrusion 

porosimetry (MIP) has been performed using a Thermo Fisher 240 Pascal porosimeter to 

analyse the pore distribution and the total porosity volume (Vp) of pastes (Figure3.5.3a). 

Three small fragments for each composition have been tested after 28 days of curing and 

the average results are reported. Moreover, Scanning Electron Microscopy (SEM) 

observations have been performed using a SEM PHILIPS XL20 equipment (Figure 

3.5.3b) on small pieces of graphite coated paste specimens after 28 days of curing. 

  

                             (a)                                                          (b) 

Figure 3.5.2 Instrumentation for microstructural characterization: a) Mercury intrusion 

porosimeter, b) Scanning electron microscope (SEM) 
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3.5.2.2  Mechanical properties 

After 28 days of curing, the density (ρ, in g dm-3) of hardened mortars has been calculated 

according to UNI EN1015-11:2007.  

Compressive and flexural strength (Rc and Rf) tests have been carried out on at least three 

prisms (40 mm x 40 mm x160 mm) according to the Italian standard UNI EN1015-

11:2007 using a ‘Galdabini’ hydraulic press (Figure 3.5.4) with a precision of 1% and 

equipped with load cells. The average results of three specimens for each mix has been 

reported. 

 

Figure 3.5.3" Gabaldini" Hydraulic press for mechanical tests 

 

3.5.2.3 Hygrometric behavior 

In literature126,127 other cellulose-based fibers, as hemp, have improved the water vapour 

transfer and humidity storage capacities128 of mortars. Therefore, these mortars, if applied 

as renders in indoor applications, have the potential to improve also the indoor 

microclimate, the comfort and health of occupants and allow to reduce the energy demand 

of building129,130,131.  

The mortars manufactured in this study could therefore influence the Indoor Air Quality 

(IAQ) positively in terms of water vapour permeability132 and moisture buffering capacity 

(MBC)110,133.  

The interactions of the mortars with the environmental RH have been studied both in 

static (Water Vapour Permeability) and dynamic (Moisture Buffering Capacity) 

conditions. 
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3.5.2.3.1 Water vapour permeability 

Water vapour permeability measurements have been carried out according to the UNI EN 

1015-19:2007 to assess the water vapour transfer and humidity storage capacities of 

mortars as reported previously126–128,134.  

Cylindrical mortar specimens (d = 12.5 cm; h = 3.0 cm) have been placed on the top of a 

sample-holder with a saturated solution of potassium nitrate (KNO3) inside (RH = 93 ± 

3% at T = 20 ± 2 °C).  

The containers have been placed in a climatic chamber at T = 20 ± 2 °C and RH = 50 ± 

5% and the test started. On the side surface, the specimens have been sealed with a non-

breathable film in order to guarantee the unidirectional flow of the water vapour from 

inside to outside, due to the difference of RHs. 

The mass of the specimens has been monitored day by day until stationary conditions 

were achieved. The average results of the test are reported in terms of the water vapour 

diffusion resistance factor, µ ( defined as the ratio between the vapour permeability of 

stagnant air δa (kg (Pams)-1) and the vapour permeability of the material δp (kg (Pams) -

1) at the same temperature and pressure68,135). 

Furthermore, if applied as renders in indoor applications, these mortars also have the 

potential to improve indoor microclimate and consequently the comfort and health of 

occupants129–131.  

3.5.2.3.2 Moisture Buffering Capacity 

The moisture buffering value (MBV) quantifies the capacity of a material to absorb and 

release moisture from/to the environment where it is placed. 

In this dissertation, the influence of cellulose fibers on MBV of mortars has been assessed 

by a simplified version of the NORDTEST method136 where specimens have been 

cyclically exposed to different relative humidity (RHs) for fixed periods.  

The exposure to different RHs has been carried out by placing the specimens inside two 

boxes containing a saturated solution of magnesium chloride (MgCl2, RH = 33%) and 

sodium chloride (NaCl, RH = 75%), respectively. The boxes have been kept inside a 

climatic chamber to maintain the temperature constant at 20 ± 2 °C. 

 Four cycles have been carried out. The amount of water vapour absorbed or released by 

the specimens during each step has been determined by measuring the weight of the 

specimens before changing boxes. The practical MBV (g (m2% RH)-1) was calculated as 

the amount of moisture changed by the material per surface unit and RH gradient68. 
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3.6 Results and Discussion 

3.6.1 Correlation between microstructural analysis and mechanical 

performances 

The use of fibers coming different types of woods and\or origin in composites, is already 

well investigated in literature, and from these previous studies is evident that the fiber 

composition in terms of presence of cellulose, hemicellulose and lignin is determinant for 

the performances of the composite.  

During processes as purification or paper recycling, the wetting ability of fibers decreases, 

resulting in a decrease in fiber plasticity, paper tensile, burst index and an increase in 

brittleness96,120,122 . This deterioration of the properties is mainly due to the irreversible 

structural changes in the fiber wall caused by the pulping method, drying condition and 

the amount of non-cellulosic concomitants (hemicellulose, lignin and extractives)122.  

For this reason, it is fundamental to consider the microstructural aspect of the fiber, in 

order to understand how its structure may interact with the other components of the 

composite. 

In this case, there are gradual differences between the three different fiber: in fact, 

observing the fibers in Figure 3.6.1, Figure 3.6.2 and Figure 3.6.3, it is evident that CRIC 

is highly different from CREC because of the presence of white ribbons (a specific 

formation that highlights the hornification of the fiber106,107,108), but the structure of CP is 

in an intermediary state between the other two. In fact, CP presents the main fiber 

structure as CREC, but there is also the sporadic presence of white ribbons, probably due 

to the purification process.  

The addition of fibers generally decreases the workability of mortars137 as in this case. 

However, despite the differences in fibers microstructure (Figure 3.6.1, Figure 3.6.2 and 

Figure 3.6.3), all mortars belong to the same workability class equal to stiff (according to 

UNI EN 1015-6:2007) . 
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Figure 3.6.1 Pure Cellulose 

 

Figure 3.6.2 Recycled Cellulose 
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Figure 3.6.3 Recovered Cellulose 

In mortars, agglomerates of fibers may form during the mixing process; however, SEM 

observations of mortars show a good dispersion of cellulose fibers, regardless their origin 

(Figure 3.6.1, Figure 3.6.2 and Figure 3.6.3).  

Moreover, more particles of binder paste are present on the surface of CREC fibers, than 

in CP and CRIC fibers. More adhered paste particles suggest a better adherence between 

fibers and matrix. This gives a better Interfacial Transition Zone (ITZ) as shown in Figure 

3.6.4, Figure 3.6.5 and Figure 3.6.6, where the limit between fibers and paste is less evident 

than in other mortars. 

The best adherence of CREC fibers to the binder paste could be due to their rougher 

surface as observed in Figure 3.6.3. It is well known that a rougher surface gives a better 

adherence of fibers to the binder paste66,115,138–143. Moreover, in CRIC fibers the pulping 

method induces irreversible structural changes in the fibers by reducing the hemicellulose 

and lignin content119,123. Hemicellulose consists of highly hydrophilic polysaccharide 

chains, which are the main contributor to water absorption143. It has been reported120 that, 

as a consequence, also the wetting ability, plasticity, ductility, stiffness and tensile 

strength of fibers decrease and they tend to collapse into ribbons and flocks. 
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Figure 3.6.4 SEM observation of mortars with 20% of CP fibers additions 

Figure 3.6.5 SEM observation of mortars with 20% of CRIC fibers additions 

 

Figure 3.6.6 SEM observation of mortars with 20% of CREC fibers additions 

Higher amount of cellulose fibers causes higher presence of pores and an increase in their 

diameters in mortars. Specifically, the total accessible porosity increases from 31% (REF) 

to 34% (CREC 20%), 36% (CP 20%) and 37% (CRIC 20%). Whereas the REF mortar 
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shows a unimodal pore size distribution, mortars with fibers have a bi-modal pore size 

distribution with the second peak moving to bigger pores, especially for CRIC, as 

reported in Figure 3.6.7. This is due to the porous structure of added cellulosic fibers and 

the additional ITZ between fibers and binder paste143,144.  

 

Figure 3.6.7 Pore size distribution of mortars with 0% and 20% of cellulose fibers addition 

As expected, an increased addition of fibers, the lightest ingredient of the mortars, by 

increasing porosity and reducing the binder paste content, gives a reduction in density as 

reported in Figure 3.6.8.  

 

Figure 3.6.8 Density of different mortars 
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Consequently, an increased addition of fibers gives a reduction of the compressive 

strength of the composites.  

For 20% added cellulose, the compressive strength of mortars reaches the 26% (CP), 32% 

(CRIC) and 46% (CREC) of the value of the reference mortar (REF) (Figure 3.6.9). The 

addition of fibers, by inducing more voids, lighten and weaken the material145.  

Anyway, at the 20% fibers addition the residual Rc is most elevated in CREC mortar 

probably due to the best adhesion of the binder paste on CREC fibers as highlighted in 

the SEM observations (Figure 3.6.4, Figure 3.6.5 and Figure 3.6.6).  

 

Figure 3.6.9 Compressive strength (Rc) of different mortars 

 

Figure 3.6.10 Flexural strength (Rf) of different mortars 
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Usually fibers improve the flexural behavior of mortars thanks to the bridging effect that 

increases the resistance to crack propagation of brittle matrices 134,146. However, in this 

case, the addition of cellulose fibers by reducing the binder content also lighten and 

increase porosity and therefore weak the composite. For these reasons, despite of the type 

of the fiber, beneficial effect in terms of Rf was found until 10% of fibers addition (Figure 

3.6.10) when the bridging effect overcomes the weakening effect. At higher dosages of 

CP and CRIC, Rf starts to decrease and at 20% of cellulosic addition become comparable 

(CRIC) or even lower (CP) compared to REF.  

Differently, despite the reduction in density and in Rc values, for CREC mortars the 

flexural strength (Figure 3.6.10) always increases with fiber additions, up to 200% at 20% 

of cellulose addition. This is due to their higher aspect ratio and better adherence between 

the binder paste and CREC fibers compared to CRIC and CP fibers, as already observed 

and discussed, respectively. It is well known that both a higher aspect ratio and higher 

adherence of fibers enhance their bridging effect against cracks propagation in mortars. 

3.6.2 Hygrometric behavior: Water Vapour Permeability and Moisture 

Buffering Capacity 

Reduced water vapor permeability is a negative factor in mortars since it does not allow 

proper drying of penetrating water and impairs the elimination of water vapor that occurs 

within buildings. In Table 3.6-1 water vapor resistance factor (µ) of all the mixes has been 

reported: REF has the highest value of µ and the addition of cellulose fibers always 

decreases, even if slightly, the µ of mortars. A low value of µ indicate higher values of 

permeability. The cellulose fibers addition in mortar implies an increase in critical pore 

size and total open porosity. According to Poiseuille's law, permeability depends on open 

porosity and connected pores size147. For these reasons, the most permeable mix is CRIC 

20%, that has the highest open porosity and shifted to highest diameters.  

Table 3.6-1 Comparison of μ̅ and MBV results of different mortars 

Specimen µ MBV [g/m²∙%UR] 

REF  11.2 0.07 

CP 5% 11.0 0.11 

 CP10% 10.9 0.13 

CP 15% 10.0 0.13 

CP20% 9.5 0.15 
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CRIC 5% 10.7 0.10 

CRIC 10% 10.0 0.11 

CRIC 15% 9.9 0.11 

CRIC 20% 8.9 0.11 

CREC 5% 10.2 0.12 

CREC 10% 10.1 0.13 

CREC 15% 10.0 0.15 

CREC 20% 9.7 0.17 

 

The higher transpiration of mortar gives a higher moisture penetration depth148 that 

implies a higher MBV149,150 ; which improves the human health in indoor applications. 

MBV increases also with hygroscopic materials as those cellulose based136,148 thanks to 

their structure composition. Regardless the type of cellulose fibers considered in this 

study, MBV of mortars slightly increase with their addition. This is true especially for 

CREC mortars perhaps due to their higher affinity to water compared to CP and CRIC 

fibers where the submitted previous treatments have decreased their wetting ability as 

already discussed in Section 3.6.1.  

3.7 Sustainability and assessment of cellulose recovery 

In the last years, the recovery and reuse of cellulosic material interest new and emerging 

economic sectors. In general, nine categories of cellulose-based products could be 

identified as textile, non-woven, wood and timber, pulp/paper and board, cellulose dis- 

solving pulp, cellulosic films, building materials, cellulosic fiber composites and green 

chemicals. Considering the characteristics of the cellulose in the wastewater and the 

market possibilities, fine sieved fraction separated by dynamic filter represents an 

innovative opportunity 14. Several international projects were developed in this direction 

highlighting that the fine-screening of influent would provide specific operative cost of 

53W/m3 with significant positive contribution to WWTPs processes further along the 

treatment chain by making wastewater treatment more efficient and result in a product 

(mainly cellulose) that could be recovered and valorized (i.e. EU Screencap 

(screencap.eu), H2020 SMART-Plant (smart-plant.eu)). The recovered cellulose can be 

used as raw material for new paper products, adhesion binders for asphalts or as fibrous 

reinforcement material in bricks after properly separation and refining16,113,151. The use of 
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natural fibers as the adsorbent is another emerging trend in environmental 

engineering152,153. However, the choice of the specific applications and the recovery 

market sectors request inlet materials with diverse standards based on the available 

amounts and the final productive application. Therefore, the sustainability of the recovery 

needs to be supported both by global mass balance of the recovered potentiality and by 

functional tests for the final reuse. Given the promising results obtained from the 

experimentation and, given the eco-sustainable structure of this work, it is decided to 

consider also the impact that these pre-mixed mortars could have on the market. This 

point of view is necessary to understand the feasibility of a possible start-up of this 

product, for this reason, the preliminary study is carried out referring to plants and 

companies in the Italian territory and, more specifically, from the Marche region. 

The experimental results show that CP fibers can be replaced by CREC fibers in mortars 

to improve their lightweight, flexural behavior, hygrometric properties and to reduce their 

capillary water absorption. The use of recovered cellulose in mortars not only permits the 

waste-resource valorization, but also limits the environmental impact derived using pure 

cellulose. The CREC fibers production is experimentally determined and fitted in a 

previous experimental study based on the WWTPs of Falconara and Carbonera (province 

of Ancona and Treviso , Italy)154. Consequently, considering the data reported by this 

study on real scale, based on the same technology used by CirTec B.V., the potential 

recovering of cellulose fibers coming from this plant could be predicted equal to 9.2 

grams of cellulosic material for m3 of influent wastewater. Indeed, in a territorial 

application with medium size wastewater treatment plant (50.000 PE) and large size 

wastewater treatment plant (150.000 PE), the recoverable theoretical material is estimated 

respectively in the range from 110 kg per day to 331 kg per day.  To obtain 1 ton of mortar 

with 5% of cellulose fibers by volume, 7.80 kg of CP, 6.18 kg of RIC and 5.82 kg of REC 

are needed. From this point of view, a hypothetical medium size WWTP (50.000 PE) 

plant could supply a daily production from 102 to 356 sacks per day of pre-mixed mortar 

with respectively 20% and 5% of REC fibers by volume; whereas a large size WWTP 

(150.000 PE) plant from 305 to 1069 sacks per day, respectively. Referring to a small-

medium company producing cementitious products, such as Diasen srl (Sassoferrato, 

Province of Ancona, Italy), 800 sacks per day of 25 kg pre-mixed mortar are produced, 

so it is possible to satisfy this type of need. 

This preliminary investigation on the production of pre-mixed mortars shows very 

promising results and it seems to be practicable not only for the recovering of cellulose 

from WWTPs, but also for the production of the pre-mix in a middle size company for 

both of the considered mixes. The use of this pre-mixed mortars would permit a more 

ecological and sustainable choice for the environment transforming a waste in a resource 

and the production of a renewed product on the market, giving benefits to WWTPs and 

building construction companies. 
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Moreover, in indoor applications the improved lightweight, flexural behavior and 

hygrometric properties of CREC mortars enhance the IAQ with increased comfort and 

healthy for occupants: this permits to limit the use of conventional active systems as 

dehumidifiers or air-conditioning system which consume energy.  

3.8 Conclusion 

To investigate the possibility of valorising CREC coming from RBF of municipal 

wastewater in the building sector, CREC fibres have been characterized and added in 

hydraulic lime-based mortars at the amount of 0%, 5%, 10%, 15%, 20% by volume. 

 Meanwhile, the properties of mortars manufactured with the same dosages of CP and 

CRIC fibers have been compared. The results showed that the use of CREC fibres in 

mortars not only allows to valorise a waste but even limits the environmental impact of 

adding CP fibre. 

The obtained results further indicated that CREC fibers, as CP and CRIC fibers, slightly 

increased the water vapor permeability and the moisture buffering capacity of mortars. 

This implies an improvement in the human comfort and health if these mortars are applied 

as renders in indoor applications and a reduction in the use of conventional active systems, 

as dehumidifiers or air- conditioning systems, which consume energy.  

As expected, all cellulose fibers, regardless their origin, lightened the mortars and reduced 

their compressive strength. However, thanks to their higher aspect ratio and better 

adherence to the binder paste, the residual compressive strength is most elevated in 

mortars with CREC fibers. Moreover, for the same reasons, the flexural strength increases 

with the addition of fibers only in mortars with CREC fibers. 

Finally, a preliminary balance showed that a large size WWTP (150.000 PE) plant can 

supply a daily production from 305 to 1069 sacks per day of pre-mixed mortar with 20% 

and 5% of REC fibers by volume, respectively, that is the average production of a small-

medium company producing cementitious products 
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4.1 Introduction 

In section 1.2.2.1 starch is introduced as one of the main components pin the waste water 

of many agri-foods-industries, and company as Barilla or others corporations are 

investing on the recovery of this secondary material to reduce the food losses and wastes.  

This chapter considers the possibility to use a well-known starch derivate called 

Cyclodextrin (CyD) as a component for air filtration systems with the purpose of blocking 

particulate matters and also molecules as volatile organic compounds (VOCs). This 

chapter is a preliminary step on the use of new materials as air filtrating systems. 

In literature, previous researches have already worked on the synthesis of cyclodextrin 

and starch based polymers for sorption of azo dyes and other pollutants from aqueous 

solutions71-74, 159–165.. The results have demonstrated that they can be used for the removal 

of those pollutants, thanks to their particular structure which permits to block very small 

molecules155,161. Until now, cyclodextrins have been used as pharmaceutical carriers or 

for the removal of pollutants in wastewater161,162, but never in indoor air treatments. For 

this reason, the attention has been focused on the possible applicability of CyDs in indoor 

air treatments and pure CyDs have been used in this preliminary step also to avoid the 

addition of other variables as the presence of impurities. 

In particular, the attention is focused on the production of a filter made with electrospun 

fibres of polylactic acid (PLA) functionalized with cyclodextrins (CyD) in order to realize 

a new type of filter for the air pollution reduction in indoor environments. This type of 

filter has been designed to join the filtration of particulate matter (PM) with the adsorption 

of VOCs to increase the IAQ. Thanks to the electrospinning technique, the diameters of 

the produced fibres can be controlled, increasing the filtration area of the filter. The 

designing process of this innovative filtration system considers not only the needs in 

terms of low-cost materials for the replacement of the filter, but also the design 

requirements creating a hexagonal filter that can be modulable on panels for applications 

of different scales. 

However, in this preliminary work for indoor air treatments, commercial cyclodextrins 

have been used. The obtained results, if promising, could be useful for further studies 

focusing on the actual use of cyclodextrins coming from wasted starch sources and on the 

evaluation of their purity level. 

In the following sections, the fundamental concepts about the indoor air quality and the 

air filtration theory are presented, with a short description about why and how pollutants 

are dangerous for human health. Moreover, also the different categories of pollutants are 

introduced shortly. 
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4.2 The Indoor Air Quality 

The Global Burden of Disease project puts air pollution as the fourth greatest risk after 

high blood pressure, dietary risks and smoking.  

The risk is more linked to the concentration of pollutants integrated over time more than 

to the concentration of pollutants that can be detected. Since nowadays, most of the time 

is spent indoors, the presence of contaminants in indoor environments have an important 

impact on human health as in the “sick building syndrome” (SBS). 

However, it might not be easy to achieve high level indoor air quality. The pollutants that 

spread into indoor environments come from a series of possible sources that are not easily 

recognizable, such as furniture, interior surfaces, paints, detergents, air fresheners, 

appliances, combustion, in addition to cigarette smoke, which is the source of a great 

variety of pollutants such as organic substances, formaldehyde and particulate matter of 

all sizes.  

Furthermore, special emphasis placed on building “airtightness” by the building 

construction industry in order to improve the energy efficiency of buildings has made 

more difficult to obtain better indoor air quality through natural ventilation. 

The air quality of the indoor environment is capable of affecting human comfort in a 

multitude of ways, depending on the contaminant. Airborne contaminants range from 

toxic substances such as carbon monoxide to nuisance matter such as large dust particles. 

The body is a complex interaction of numerous functions such as inhalation, digestion of 

food, and excretion of wastes. While all these functions are being performed, the human 

body fights off armies of pollutants through built-in defence mechanisms. Throughout 

this daily body functioning, the human body remains in a state of balance, known as 

homeostasis. Disease or illness occurs when the body’s homeostasis is disrupted. 

Becoming ill is dependent on the interrelation of a variety of factors, such as the body’s 

genetic makeup, the environment to which the body is exposed, and the degree of stress 

exerted on the body. 

The most significant paths for air contaminants to enter the body are through: 

• Inhalation; 

• Skin absorption;  

• Ingestion. 
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Most air contaminants enter the human body through the process of inhalation. The main 

function of inhalation is to provide oxygen to the body’s cells and to remove excess 

carbon dioxide. It is easily understandable that, if the air reaches the alveoli (where the 

exchange between oxygen and carbon dioxide occurs) also some of the contaminants 

present in the air can reach them.  

In 2009 the European Environment Agency reported a study about the expected changes 

on the health because of the impact of air pollution caused by particulate matter in terms 

of loss in statistical life expectancy (months), that can be attributed to anthropogenic 

contributions to PM2.5 for the year 2000 and for 2020163. 

This survey, reported in Figure 4.2.1, showed a reduction in months life losses from 

2000 for all the European states, where almost all the countries with a reduction from 2 

to 9 months changed to 2-4 months in 2020 with the maximum loss up to 6-9 months of 

loss163 

 

 

Figure 4.2.1 Estimated losses in life expectancy caused by the exposure of PM2.5 emissions for 

2000 (left) and 2020 (right) 

Fibres and particles greater than 5 µm (microns) in aerodynamic diameter which enter the 

respiratory system are generally intercepted by mucous, nose hair and cilia in the trachea. 
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Once trapped by these mechanisms, the particles are expelled from the body by coughing 

and sneezing.  

Fibres and particles smaller than 5 µm in aerodynamic diameter are too small to be filtered 

by the respiratory defence systems. Particulate matter falling into this category are of 

concern due to their ability to by-pass the human defences and enter the lungs. The 

smaller the particle, the easier the passage into the human respiratory system and the 

greater possibility to cause harm164. 

4.3 Pollutant categories 

The main change in the atmospheric composition is primarily due to the combustion of 

fossil fuels, used for the generation of energy and transportation. Air pollutants differ for 

their chemical composition, reaction properties, emission, persistence in the environment, 

ability to be transported in long or short distances and their eventual impacts on human 

and/or animal health60,164.  

4.3.1 Gaseous pollutants  

Sulphur dioxide (SO2), nitric oxide (NOx), carbon monoxide (CO), ozone and Volatile 

Organic Compounds (VOCs) are some of the main pollutants present in the atmosphere. 

Nitrogen oxides are emitted as NO, which rapidly reacts with ozone or radicals in the 

atmosphere forming NO2. The main anthropogenic sources are mobile and stationary 

combustion sources. Moreover, ozone in the lower atmospheric layers is formed by a 

series of reactions involving NO2 and VOCs, a process initiated by sun light. CO, on the 

other hand, is a product of incomplete combustion, majorly caused by road transport. 

While the anthropogenic SO2 results from the combustion of sulphur-containing fossil 

fuels (principally coal and heavy oils) and the smelting of sulphur containing ores, 

volcanoes and oceans are its major natural sources165. 

Lastly, a major class are the Volatile Organic Compounds (VOCs) as Polycyclic Aromatic 

Hydrocarbons (PAHs). This class of molecules have multiple cycles, precluding benzene 

from being considered a PAH165. Benzene is a widely present volatile organic compound, 

the main source of which in the outside air is constituted by automotive gasoline. In 

indoor environments, benzene can be emitted by cigarette smoke and various possibly 

contaminated products, such as glues, adhesives, solvents, varnishes and paints. Benzene 

is one of those pollutants for which the policies adopted over the years have been 

successful, greatly reducing emissions and levels in the air. The fundamental actions 

carried out for the reduction of benzene are in the road transport sector, namely the 

introduction of the catalytic converter of the car fleet and the reduction of the benzene 
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content in fuels. Also in other sectors the reductions are evident, even if their relative 

weight on the total is in any case not very significant. 

Figure 4.3.1 shows the trend of industrial emissions from 2007 to 2016 for the 33 member 

countries (including the EU-28 Member States, Iceland, Liechtenstein, Norway and 

Switzerland) reported by the European Environment Agency (EEA). In 10 years, the 

emissions from the industries have been considerably reduced, but the levels are still high 

due to the wide presence of these pollutants in every single sector. 

 

 

Figure 4.3.1 European industrial air pollutant and emissions in 2007 to 2016 by industry 

sector166. 

The World Health Organization (WHO), through the IARC (International Agency for 

Research on Cancer), classifies the exposing agents, assessing their degree of risk, 

according to general criteria shared by the international scientific community167.  
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UNI EN ISO 16000-5 and UNI EN ISO 16017 are the norms regulating the VOCs 

concentrations. The WHO set the limits for the human exposure to benzene, its derivates 

(toluene, ethylbenzene and xylene) and other pollutants in order to prevent the health risk. 

These limits are reported in Table 4.3-1 referring to the WHO guidelines for indoor air 

quality167. 

Table 4.3-1 WHO limits71,167 

Contaminant WHO limit 

Benzene 1.7 μg/m3 

Formaldehyde 0.1 mg/m3 for 30 min 

exposure 

CO 7 mg/m3 for 24 hours 

exposure 

NO2 200 μg/m3 for 1 hour indoor 

PAHs (benzo(a)pyrene) 8.7 × 10–5 per ng/m3 indoor 

 

4.3.2 Persistent organic pollutants  

This term is used to classify a toxic group of chemicals that can persist in the environment 

for long periods of time, with effects that can affect the food chain. This includes 

pesticides, dioxins, furans and polychlorinated biphenyls (PCBs). Dioxins are formed 

during incomplete combustion and whenever materials containing chlorine (e.g. plastics) 

are burned. Emitted in the atmosphere, dioxins tend to deposit on soil and water but, being 

water insoluble, they do not contaminate ground water sources. Most dioxins in plants 

come from air and dust or pesticides and enter the food chain where they bio-accumulate 

due to their ability to be stably bound to lipids165. 

4.3.3 Heavy metals  

Heavy metals include basic metal elements such as lead, mercury, cadmium silver nickel, 

vanadium, chromium and manganese. They are natural components of the earth’s crust; 

they cannot be degraded or destroyed, and can be transported by air, and enter water and 

human food supply. 

The risk of this contaminant is strictly dependant on their concentration: in fact, the 

presence of this metals in low concentration is essential to maintain the normal metabolic 

reaction in the human body but, in high, they can cause the bio-accumulation process in 

the human body165. Bioaccumulation means an increase in the concentration of a chemical 

in a biological organism over time, compared to the chemical’s concentration in the 
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environment. It occurs when an organism absorbs a substance at a rate faster than that at 

which the substance is lost or eliminated by catabolism and excretion. 

4.3.4 Particulate Matter 

Major sources of particulate pollution are factories, power plants, re-fuse incinerators, 

motor vehicles, construction activity, fires, and natural windblown dust. This is the 

generic term used for a type of air pollutants, consisting of complex and varying mixtures 

of particles suspended in the breathing air, with various size (Figure 4.3.4) and 

compositions. 

Among the parameters that play an important role for eliciting health effects are the size 

and surface of particles, their number and their composition. The composition of PM 

varies, as they can absorb and transfer a multitude of pollutants: their major components 

are metals, organic compounds, material of biologic origin, ions, reactive gases, and the 

particle carbon core.  

The size of the particles varies and different categories have been defined: Ultra-fine 

particles, smaller than 0.1 mm in aerodynamic diameter, Fine particles, smaller than 1 

mm, and Coarse particles, larger than 1 mm. The size of the particles determines the site 

in the respiratory tract that they will deposit (Figure 4.3.3): PM10 particles deposit mainly 

in the upper respiratory tract while fine and ultra-fine particles are able to reach lung 

alveoli. PM10 is the fraction of particles collected with a selection system having an 

efficiency established by the standard (UNI EN12341 / 2001) and equal to 50% for the 

aerodynamic diameter of 10 µm. Similar considerations apply to PM2.5 (UNI EN14907 

/ 2005).  

 

 

Figure 4.3.2 Affection of PM size on the respiratory tract. 
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4.3.5 Biological contaminants 

Biological contaminants include bacteria, viruses, animal dander and cat saliva, house 

dust, mites, cockroaches, and pollen. There are many sources of these pollutants. By 

controlling the relative humidity level in a home, the growth of some sources of 

biologicals can be minimized. A relative humidity of 30-50 percent is generally 

recommended for homes. Standing water, water-damaged materials or wet surfaces also 

serve as a breeding ground for molds, mildews, bacteria and insects. House dust mites, 

the source of one of the most powerful biological allergens, grow in damp, warm 

environments. Some biological contaminants trigger allergic reactions, including 

hypersensitivity pneumonitis, allergic rhinitis, asthma. Some diseases, like humidifier 

fever, are associated with exposure to toxins from microorganisms that can grow in large 

building ventilation systems.  

However, these diseases can also be traced to microorganisms that grow in home heating 

and cooling systems and humidifiers. Mold, dust mites, pet dander and pest droppings or 

body parts can trigger asthma. Biological contaminants, including molds and pollens can 

cause allergic reactions for a significant portion of the population. 

 

 
Figure 4.3.3 Representation of the dimensions of various contaminants 
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4.3.6 The importance of Air Filtration 

Air filtration is the most effective and widespread method to remove particulate matters 

(PM) and other pollutants from the air stream and now the engineering sector is investing 

their resource on the study of technologies and parameters to control the indoor 

environment to follow the WHO guidelines for IAQ.  

Nowadays, with a variety of filtration technologies and styles to choose and industry-

standard criteria by which to judge filtration performance, it's possible and practical to 

specify air filters with filter media designed to maintain Heating, Ventilation and Air 

Conditioning (HVAC) system cleanliness, improve indoor air quality, and reduce energy 

consumption simultaneously. Attention to the entire lifecycle cost of filters168 and on the 

selection of materials, and not just their initial purchase price, is crucial. 

However, ventilation systems can also be major sources of airborne pollutants as a result 

of inadequate system design, distribution, cross-contamination, etc.  

 

4.4 Overview on collection air filters  

Ensuring clean indoor air quality requires the assistance of effective air filtration systems. 

Understanding how the different filtration systems perform is critical when designing for 

a certain degree of air cleanliness, because different variables have to be considered in 

order to facilitate the air flow and to achieve the expected removal efficiency.  

4.4.1 High Efficiency Particle Arresting  

HEPA (High Efficiency Particle Arresting) filters are known to be amongst the most 

efficient filters available for trapping particles of different diameter. They are designed to 

be over 99.99% efficient, and are routinely used for air filtering in locations such as 

hospital operating theatres, respirators, vehicles etc.  

Their mechanism of air filtration essentially consists of a pleated sheet of fibre with high 

surface area. Particles being forced through this sheet are trapped through three major 

mechanisms called diffusion, interception and impaction, each of which becomes more 

remarkable depending on the particle sizes (Figure 4.4.1). 
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Figure 4.4.1 HEPA filter representation 

4.4.2 Polyurethane Foams 

Polyurethane is a synthetic polymer which forms from the re-action of a polyol (a long-

chained alcohol) with a diisocyanate. Depending on the type of polyol used, different 

types of poly- urethane can be formed. The reticulated type polyurethane foam is a 

porous, low-density type of foam characterised by a three-dimensional skeletal structure 

lacking membrane between the strands. The porosity of the foam is typically 95% but it 

can be as high as 98%. Each foam has a nominal number of Pores Per Inch (PPI), which 

determines how dense the foam is. Increasing the PPI of the foam will make it denser. 

Currently reticulated foam is used in water filters and air filters in air-conditioning units.  

As HEPA filters, they are physical filters since they trap particles on the surface of their 

fibres. As particles travel through the foam, with a very elevated internal surface area, 

they alikely adhere to it. The random arrangement of the ribs and nodes in open-cell foams 

makes the flow of air or water inside it necessarily non-laminar, increasing the probability 

that particles in the flow come into contact with it.  

Polyurethane foams filters (Figure 4.4.2) are not nearly as efficient as HEPA filters. 

Nevertheless, they have the advantage of being adaptable to specific needs. The PPI and 

thickness of the polyurethane foam filter can be fine-tuned to find the optimal 

compromise between efficiency and pressure drop. Increasing the PPI makes the foam 

more efficient as a filter. Similarly, increasing the thickness of the foam filter will also 

increase the efficiency. At the same time however, increasing the PPI or the thickness the 

pressure drop will also increase. Because of this, the efficiency and pressure drop of foam 

filters can be tuned to some optimal value. 
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Figure 4.4.2 Polyurethane Foam filters 

4.4.3 Nano-fibres filters 

Non-woven nano-fibre mats are an emerging technology. The most common process for 

nanofiber production involves electrospinning169, an innovative technology where 

polymers are extruded through a very thin nozzle and sprayed onto a collector170. The 

plastic fibers thus produced are normally between 1 mm and 50 nm thick. The large 

number of fibers produced using this method form a mat, which can be used as a filter. 

The efficiency of these filters is extremely high being comparable to HEPA filters or even 

superior at smaller particle sizes.  

An enormous advantage, widely studied in literature, for nanofiber mats can be the 

functionalization with a wide variety of components both during and after production to 

increase the filtration efficiency of the filter171–175. For example, nanofibers have been 

functionalized with fungicidal or bactericidal materials176.Very low concentrations of 

functionalization are required to obtain fungicidal and bactericidal activity.  

As for HEPA filters, the mats need to be replaced on a yearly basis. The very high 

efficiency of these mats at very small particle size might be a disadvantage since it implies 

that the filter would become fully loaded more quickly, so the low cost of the filter is 

essential. 

4.4.4 Electrostatic precipitation  

Its air filtration mechanism consists of a number of wide parallel plates charged to very 

high voltages. A particle charger, which is often a thin series of wires charged with an 

opposite polarity with respect to the plates, is often placed up- stream of the plates177. 

When the air is forced to flow through the charged plates, corona discharges occur which 

charge the particles, cause them to become attracted to the plates and deposit on them as 

dust. Small amounts of ozone are generated as a by-product178 by the high voltage plates.  
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The voltage on the Electrostatic Precipitators (ESPs) plates can be positive or negative, 

or alternating.  

This technology is used regularly in smoke stacks and other scenarios where fine particles 

present in the air need to be deposited to clean the air. ESPs are not used in hospitals since 

the technology works best at particle sizes above 0.03 mm or 0.1 mm, so they are useless 

for virus174 or other pollutants smaller than 0.03 mm. Nevertheless, the overall efficiency 

is much lower than that of HEPA filters and fibre mats178. 

 

 

Figure 4.4.3 Schematic representation of ESPs composition. 

 

4.4.5 Wet scrubbing  

Wet scrubbers (Figure 4.4.4) are not normally used as standalone filters, but in 

conjunction with other technologies178,179 .They operate by making small particles heavier 

by the addition of water, making it easier for the secondary filter to collect the liquid 

droplets, much easier to collect than the original particles. The gas being filtered is first 

made to come into contact with a very fine mist of liquid droplets which have either been 

formed previously (using, for example, a very fine nozzle and high water pressure) or 

which are formed by impaction of the gas being filtered itself, travelling at high speeds. 

The fine mist of water traps the offending particles, increasing their weight substantially. 

The mist can then be removed from the air by passing it through a fine cloth, through a 

cyclonic separator184. 
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Figure 4.4.4 Wet Scrubber 

All these filters are designed for different engineering applications: a study on the air 

composition and the application field for the filter’s design permits to improve not only 

the filtration efficiency, but also to prevent an excessive energy consumption becoming 

even a more sustainable solution. 

A recent study180 on the influence of the filter morphology for the removal of pollutants 

highlights that to reduce exposure to indoor PM2.5, high efficiency particulate air 

(HEPA) filters are commonly installed in air-handling units. In traditional HEPA filters, 

the fibres diameters are normally micrometric, and the filters usually consist of many 

layers. Although high particle removal efficiency can be achieved with such filters, the 

large air resistance can significantly increase energy consumption in heating, ventilation, 

and air-conditioning systems. Figure 4.4.5 represents the difference between a traditional 

filter composed by micrometre scale-fibres and an innovative filter with fibers at 

nanometric scale.  

 

 

Figure 4.4.5 Schematic of (a) Traditional HEPA filter for capturing particles with large air 

resistance, and (b) a nanofiber air filter for capturing particles with low air resistance180 
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Due to the gas slip effect, the pressure drop across nanofiber filters tends to be lower than 

that across the traditional filters180,181. Therefore, nanofiber air filters can potentially be 

applied in indoor environments to lessen exposure to PM2.5 of both indoor and outdoor 

origin with reduced energy consumption. 

4.5 Overview on the Collection Mechanism 

4.5.1 Impaction, Interception and Diffusion 

Consider a particle in a gas stream moving toward or being carried toward a target. If the 

particle touches the target, it will likely stick to the target due to inter-surface forces. The 

target may be a liquid droplet, as in the case of wet scrubbers, or a fibre, as in a fabric 

filter baghouse.  

The three mechanisms by which the particle touches the target are illustrated in Figure 

4.5.1. In each mechanisms, a large number of targets will increase the probability that a 

particle will touch a target182.  

 

 

Figure 4.5.1 Representation of the impaction, interception and diffusion182 collection mechanism 
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4.5.1.1 Impaction 

Large particles moving toward the target have mass, and therefore momentum, which 

causes each particle to travel in a straight line toward the target. The particle leaves the 

streamline as the streamline bends to move around the target. The greater the mass of the 

particle, the more likely that it will travel in a straight line. Also, as the velocity difference 

between the particle and the target increases, the particle will have increased momentum 

and will be more likely to be carried into the target. The smaller the radius of curvature, 

the less likely that a particle will follow the streamline. Therefore, small targets are more 

likely to be impacted than large targets182. 

4.5.1.2 Interception  

Particles of roughly 0.1–1 μm diameter are carried by the gas streamline sufficiently close 

to the surface of the target in order to touch it. These particles have insufficient inertia to 

leave the gas streamline and are carried with the streamline182. Interception is a relatively 

weak mechanism for particle collection compared to impaction. The impact between the 

path of the streamline and the particle happens randomly, and this is why particles in this 

size range are difficult to collect compared to larger and smaller particles188.  

4.5.1.3 Diffusion  

Diffusion of extremely small, submicron particles is a result of Brownian motion. The 

mass of the particles is very small and the number of collisions with air molecules is low. 

Therefore, random collisions with air molecules cause the particle to bounce around182.  

4.5.2 Electrostatic Attraction 

If particles acquire a charge and are placed in an electric field, the electrostatic force will 

move the particles across gas flow streamlines. Electrostatic forces on small particles can 

be quite large, making this a very effective mechanism for particle collection. This 

mechanism is utilized in electrostatic precipitators177,178,182. 

4.5.3 Gravity 

The force of gravity is sufficient to pull very large particles out of a gas stream. Some 

mechanical separators are designed to slow a gas stream to allow particles to settle, but 

this type of collection mechanism is very weak, especially for light particles. 
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4.6 Fundamentals of Electrospinning Process 

Electrospinning is currently the only technique that allows the fabrication of continuous 

fibers with diameters down to few nanometres. The method can be applied to synthetic 

and natural polymers, polymer alloys, and polymers loaded with chromophores, 

nanoparticles, or active agents, as well as to metals and ceramics. Fibers with complex 

architectures, such as core–shell fibers or hollow fibers, can be produced by special 

electrospinning methods. It is also possible to produce structures ranging from single 

fibers to ordered arrangements of fibers. Electrospinning is not only employed in 

university laboratories, but also in industry183, 192.  

Electrospinning of functional polymeric nanofibers has attracted considerable attention 

in the past decade due to the simplicity of the process and the enhanced properties 

associated with the size of the fibers184–186.  

One potential application for electrospun nanofibers is in the field of filtration where the 

nanowebs can provide separation of tiny particles due to the different interception 

mechanism.  

 

4.6.1 Theory of Electrospinning 

The most common electrospinning process is the needle- based technique; improved 

variations of this process will be depicted later (Figure 4.6.1). This simple system consists 

of a metal-tip extrusion system, a high-voltage supply and a grounded collector. When a 

liquid is slowly pushed through a needle, a droplet of liquid is formed, exhibiting a 

hemispherical surface. Then the droplet can be subjected to different forces: if the 

pressure applied on the liquid in the syringe is continuous, a liquid jet is ejected from the 

needle169,183,187,188. 

 

Figure 4.6.1 Electrospinning process representation. 
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If the filament formation is only governed by capillary through the needle/spinneret, even 

if a mechanical stretching is subsequently applied to the extruded filament, naturally by 

gravity or with the assistance of a mechanical setup, the resulting fibre diameter is usually 

in the range of mm or μm, not below187.  

The breakthrough, which enables to come down to the nanoscale, is the contribution of 

electrostatics. Due to the effect of the high electric field and surface tension, the 

hemispherical surface of the extruded droplet is extended to create a conical shape, known 

as the Taylor cone188,187. When this value is reached, the rounded tip inverts and emits a 

liquid jet. This fluid electrodynamics phenomenon is the first step of the electrospinning 

and electro- spraying processes. 

During the flight from the needle to the collector, solvent evaporation occurs, which 

permits to collect solid fibers. The longitudinal forces induced by the external electric 

field are responsible for a straight path during the first part of the flight. Then, when the 

solvent evaporates, the fibre diameter is slowly reduced thus generating lateral repulsive 

forces187. 

4.6.2 Morphology of electrospun fibres 

The morphology of the electrospun fibers is strongly affected by solution and 

electrospinning parameters such as polymer concentration, solvent, capillary size, flow 

rate, working distance, and applied potential169,183,187–190. Among these parameters, 

solution concentration and viscosity have been found to be the most important factors 

affecting fibre diameter189. 

Studies with various polymer systems demonstrate that the fibre diameter increases 

significantly as the solution concentration increases and this increase follows a power law 

relationship171,174,184,188,189,191,192. The solution viscosity is related to the extent of polymer 

chain entanglement and thus plays a critical role not only in the fibre size but also in its 

homogeneity. Below a certain critical value, the electrospinning jet breaks up and electro-

spraying occurs, where beads or droplets are formed187, as shown in Figure 4.6.2. 
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Figure 4.6.2 Example of beads structure in electrospun fibres 

Other parameters such as the dielectric constant and boiling point of the used solvent may 

also play a significant role in the homogeneity of electrospun fibres; however, to isolate 

these parameters and study their effect on fibre morphology187 is more difficult. Figure 

4.6.3 represents some of the parameters affecting the morphology. 

 

 

Figure 4.6.3 Schematic representation of relationship between electrospinning parameters and 

morphology of the fibres. 



Chapter 4  PLA-Cyclodextrins composites for air filtration system 

______________________________________________________________________ 

- 116 - 

4.7 Materials 

4.7.1 Polylactide Acid (PLA) 

Polylactide (Figure 4.7.1) or polylactic acid (PLA) is a synthetic, aliphatic polyester from 

lactic acid (LA). For industrial applications, such as fibers, films, and bottles, the chain 

length n should be between 700 and 1400.  

PLA is made from Lactide Acid, found in plants and animals as a by-product or 

intermediate product of metabolism. Therefore, LA and the hydrolytic degradation 

products of PLA are non-toxic by its nature. After hydrolysis, PLA is biologically 

degradable by common microorganisms. Only in an industrial composting facility the 

high temperature (60 °C) and humidity required for the hydrolysis is achieved. At 

temperatures below its glass transition point (e.g., 55 °C, depending on co-monomer 

content), PLA is as stable as Polyethylene terephthalate (PET) or Polybutylene 

terephthalate (PBT). 

 

Figure 4.7.1 PLA granules 

4.7.1.1 Chemical Structure 

Lactide is a chiral molecule that exists in two optical forms: L-lactide and D-lactide 

(Figure 4.7.2). There are many different ways to synthesize PLA, but ring-opening 

polymerization of lactide is the most common193. 

 

Figure 4.7.2 From Lactide acid to Polylactide194 
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 The polymerization of lactide leads to the formation of semi-crystalline PLA polymers. 

PLA has three different structures: poly(L-lactide) (PLLA), poly(D-lactide) (PDLA), and 

poly(D,L-lactide). 

In packaging applications, poly(D,L-lactide) with 90% L-lactide has been widely used. 

Increasing the D-lactide concentration produces PLA polymers with a more crystalline 

structure and PLA films with better thermal stability, mechanical strength, and barrier 

properties195.  

4.7.1.2 Physical Properties 

Polylactic acid can be processed by injection moulding, film extrusion, blow moulding, 

thermoforming, fibre spinning, and film forming196–201. It has better thermal 

processability compared to other bioplastics, such as PHA, polyethylene glycol (PEG), 

or poly(ε-caprolactone) (PCL).  

Figure 4.7.3 compares the glass transition temperature (Tg) and melting temperature (Tm) 

of PLA with those of other polymers.  

 

Figure 4.7.3 Comparison of Tg and Tm of polylactic acid (PLA) with other thermoplastics195. 

PLA has relatively high Tg and low Tm as compared to other thermoplastics202. PLA has 

properties similar to those of cellophane, PS, oriented polypropylene (OPP), and oriented 

polyethylene. The tensile strength and elastic modulus of PLA are comparable to those 

of PET.  

Its manufacture results in 44% less carbon dioxide production and consumes 36% less 

energy compared to the production of a PET bottle202. PLA is a very brittle material, 

however, with less than 10% elongation at break. Its low deformation at break, high 
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modulus, and hydrophilic properties have limited its application primarily to rigid 

thermoformed packaging203.  

Also, the low melt strength of PLA creates limitations during melt processing. High melt 

strength is needed in the processing of PLA, such as film and sheet extrusion, blown film, 

and foam195. 

4.7.1.3 Modification of PLA and its effect on physical properties  

To overcome the current issues with PLA, other ingredients have been incorporated into 

the PLA structure. Good distribution of additives or fillers in a PLA matrix is essential to 

produce PLA composite films.  

Various materials such as plasticizers, polymers, nanoclays, carbon, and starch have been 

blended into the PLA matrix to modify its properties in order to improve mechanical and 

thermal properties 201–193. PLA has been copolymerized also with other bio-polyesters and 

the copolymers showed excellent elongation and elastomeric properties205,207,208,203. PLA 

has also been blended with other bioplastics such as thermoplastic starch (TPS), PHA, 

Polycaprolactone or poly (butylene adipate-co-terephthalate) (PBAT) to exhibit 

improved ductility and toughness206,208,209. 

4.7.2 Cyclodextrins (CyD) 

The first work on cyclodextrins was published in 1891 by a French scientist A. Villiers, 

who described the isolation of 3 g of crystalline substance from bacterial digest of 1000 

g of starch. The substance appeared to be resistant towards acid hydrolysis and, like 

cellulose, did not show reducing properties. His experimental results indicated that the 

substance was a dextrin. He determined its composition as (C6H10O5)2·3H2O and named 

it “cellulosine”. It is now thought that Villiers detected both α- and β-cyclodextrin in the 

digest160.  

The early treatment of starch with amylase from Bacillus macerans gave a crude mixture 

of α-cyclodextrin (∼60%), β-cyclodextrin (∼20%) and γ-cyclodextrin (∼20%) together 

with small amounts of cyclodextrins with more than eight glucose units. 

The biotechnological advances that occurred in the 1970s lead to dramatic improvements 

in their production. Genetic engineering made different types of CGTases available, more 

active and more specific towards production of α-, β- or γ-cyclodextrin than the 

previously used enzymes. Their increased purity let them used also as pharmaceutical 

excipients160. 

Thanks to their peculiar chemical structure, CyDs can include various guest molecules, 

and nowadays they are widely employed in biomedical applications as drug carriers, in 
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food, cosmetics, textile, agricultural industries, in enantiomeric separations, and in other 

areas. 

4.7.2.1 Chemical Structure 

Cyclodextrins are macrocyclic oligosaccharides most commonly composed of 6, 7, or 8 

glucosidic units bearing the names α-, β- or γ-cyclodextrins, in Figure 4.7.4, respectively. 

Other, usually smaller, molecules (called guests) can enter their cavity forming inclusion 

complexes with these hosts. After more than 50 years the structure of CyDs can be 

confirmed. 

 

 

Figure 4.7.4 Chemical structure of CyDs structures. 

They are environmentally friendly and deserve attention for their valuable properties: 

CyDs bind covalently or supramolecularly with other species to give a great number of 

products. The CyD molecule has a hydrophobic cavity and a hydrophilic outer part. The 

inclusion complexation of CyDs involves the supramolecular self-assembly having a 

crucial role in the creation of non-conventional, intelligent, often self-healing novel 

materials. The viscosity of aqueous solutions is not very different from that of pure water; 

the dependence of viscosity on temperature and concentration is the same as that shown 

by linear polysaccharides. 

Various modifications of CyDs have been made to improve their properties expecially 

for the environmental field155,210–213. Indeed, they are potentially useful sorbents for 



Chapter 4  PLA-Cyclodextrins composites for air filtration system 

______________________________________________________________________ 

- 120 - 

aromatic hydrocarbons. CyDs have a low-polarity cavity in which organic compounds of 

appropriate shape and size can form inclusion complexes 160,214–217. This unique property 

provides CyDs with a capacity to significantly increase the apparent solubility of low 

polarity organic compounds. As a consequence, they can play a major role in 

environmental science in terms of solubilisation of organic contaminants, enrichment and 

removal of organic pollutants and heavy metals from soil, water and atmosphere160,214–

217. 

In this study, β-cyclodextrins are added in different physical forms (in powder and 

solubilized) to PLA fibres in order to produce air filters for blocking VOCs and PMs. 

4.7.2.2 Synthesis of CyDs 

Cyclodextrins are usually prepared by enzymatic treatment of starch by a cyclising 

enzyme, cycloglycosyltransferase (CGTase). CGTase is produced by approximately 16 

bacterial species, such as Klebsiella pneumonia, Bacilllus macerans or Bacillus 

circulans218. 

In general, two different types of CyD production processes can be distinguished: in 

“Solvent Processes”, an organic complexing agent precipitates one type of CyD 

selectively and as such directs the enzyme reaction to produce mainly this type of CyD. 

In the “Non-Solvent Process” no complexing agent is added and therefore a mixture of 

different CyDs is formed. The ratio of CyDs produced depends only on the CGTase used 

and on the reaction conditions74. 

4.7.2.2.1 Solvent process 

Figure 4.7.55a shows a typical flowsheet of a solvent process. On an industrial scale, most 

CyD is produced in solvent processes, where an organic solvent – mainly toluene, ethyl 

alcohol or acetone – acts as a complexing agent. The procedure starts with starch 

liquefaction (typical starch concentration 20–30%). The liquefaction is carried out using 

either heat-stable α-amylase, acids (e.g. HCl), mechanical disintegration or thermostable 

CGTases. 

After liquefaction, the starch solution is cooled down to the enzyme reaction temperature, 

and CGTase and organic complexing agent are added. CyDs are enzymatically produced 

and the desired type of CyD forms a complex with the complexing agent and precipitates. 

After the conversion stops, the CyD-agent complex is separated from the reaction solution 

by centrifugation or filtration74.  

The remaining solution contains unused starch, linear dextrins, glucose, maltose, 

CGTase, unused organic complexing agent, some other by-products and water. The 

separated complex is washed, and the filtrate is distilled to recover excess complexing 
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agent. In the next step, the CyD-complex is suspended in water and cleaved by heating. 

The downstream process only separates the CyDs from the rest of the reaction solution, 

but does not separate different CyDs from each other74.  

4.7.2.2.2 Non-solvent process 

Figure 4.7.5b shows a flowsheet of a typical non-solvent process. CyDs produced without 

an organic complexing agent can be applied in the food industry without restriction, in 

contrast to CyDs produced in solvent processes. 

 β-CD production starts with starch liquefaction and enzymatic conversion identical to 

that used in solvent process, but with the exception that no complexing agent is used. At 

the end of the reaction, CGTase is inactivated, the pH is reduced and glucoamylase is 

added. The glucoamylase converts unused starch and other non-cyclic dextrins, which 

may disturb purification, to glucose and maltose74. The solution is then cleared using 

activated carbon, filtered and concentrated under reduced pressure to about 60% (w/v) 

dissolved solids. After crystallisation and recrystallisation, the precipitated β-CyD is 

isolated, washed, centrifuged and dried. The rest, consisting of glucose, maltose, α- and 

γ-CyD, is concentrated to a syrup and can be used as a food additive74. 

 



Chapter 4  PLA-Cyclodextrins composites for air filtration system 

______________________________________________________________________ 

- 122 - 

 

Figure 4.7.5 a) Solvent Process for CyDs synthesis; b) Non-Solvent Process for CyDs synthesis74 

4.7.2.2.3 Purification 

Using the typical solvent process purification procedures, purities of 98% can be 

achieved. Most impurities are non-cyclic dextrins, the content of the organic complexing 

agent is often less than 1 ppm 74. However, solvent process purification only isolates the 

CyDs from the rest of the reaction mixture, but not the different CyD types from each 

other. Purification of the three types of cyclodextrins takes advantage of the different 

water solubility of the molecules: α-cyclodextrin 14.5 g / 100 mL; β-cyclodextrin 1.85 g 

/ 100ml; γ-cyclodextrin 23.2 g / 100 mL. 

Overall, the solubility of cyclodextrins is lower than that of acyclic oligosaccharides and 

the presence of organic substances reduces their solubility due to the formation of 

complexes. The solubility in ethanol and propanol solution is higher than in water. 

4.7.2.2.4 Factors influencing the industrial production of cyclodextrins 

a. Starch Concentration  
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High starch concentrations reduce production costs but also lead to a low yield of 

cyclodextrin. The optimal concentration is 30%. 

b. Hydrolysis Time: 

CGTase produces three major cyclodextrins. The ratio depends on the time taken for the 

conversion; time that can be controlled with suitable reaction conditions. 

c. Origin CGTase 

Bacilllus macerans or bacillus circulans species mainly produce β-cyclodextrin, while 

that produced by Klebsiella pneumonia mainly produces α-cyclodextrin. 

d. Presence of organic substances in the reaction mixture 

The addition of medium and long chain alcohols, benzene, toluene, etc. alters the relative 

yield to the different types of cyclodextrins. 

 

4.7.2.3 Complex of Inclusion 

Cyclodextrins can form complexes of inclusion with numerous poorly soluble molecules, 

this is why they are commonly used in pharmaceutical chemistry as carriers. Hydrophobic 

molecules are maintained in the cavity of the cyclodextrin with the outer surface of the 

complex maintaining its hydrophilic characteristics217,219. Wen173 incorporated cinnamon 

essential oil/beta-cyclodextrin into PLA nanofilm to give better antimicrobial activity 

compared to conventional nanofilm, to prolong the shelf life of food, as an active food 

packaging.  

The formed structure, in which the host molecule spatially includes the guest molecule is 

defined as an adduct structure and the drug-cyclodextrin set is defined as an inclusion 

complex (Figure 4.7.6). When CyD is in aqueous solution (Figure 4.7.6), the water 

molecules occupy the cavity, giving rise to a thermodynamically un-favourable polar-

apolar interaction73,74,159,216,220,221.  

If a drug, a VOCs or other lipophilic molecule is present in solution, it will displace the 

water molecules and take their place, creating an energetically more stable situation 

(apolar-apolar interaction)211. The driving force of the complexation is to obtain an 

energetically more stable system than that made up of the single components. No covalent 

bond is formed between the host molecule and the guest molecule but a simple 

association-dissociation equilibrium. The interaction between host molecule is optimal 

when the binding sites of the two molecules are stereoelectronically complementary216. 
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Figure 4.7.6 Representation of the Inclusion complex process 

 

4.7.2.3.1 Prerequisites for the formation of complexes 

a. Geometric compatibility 

Cyclodextrins can form inclusion complexes with molecules that have a size compatible 

with their cavity. In some cases, even molecules larger than the cyclodextrin cavity can 

be complexed but, in this case, only a part of the host molecule penetrates inside the 

cyclodextrin cavity. Several cyclodextrins can complex a single molecule or a single Cyd 

can complex several molecules. 

b. Polarity and charge 

Molecules with high hydrophilicity or with ionic groups hardly form a complex. Only 

molecules with a polarity lower than that of water can be included. The stability of a 

complex is proportional to the hydrophobic character of any substituents. 

c. Reaction environment 

The complex could also form in the absence of solvent, but the times would be very long. 

Even in water the times are relatively long, in proportion to the solubility of the molecules 

to be included. The times for the complex formation are sufficiently short, when both the 

host molecule and the guest molecule are in solution. At the same time, however, the use 

of organic solvents which would prevent the formation or lead to the breakdown of the 

complex itself should be avoided. 

4.8 Methods 

The three phases of the filter development includes: the study of the formulation, which 

include the setting up of all the electrospinning parameters and the design of the support 

for the nanofibers; the characterization of the electrospun fibres and the filter before the 

tests; the PM generation and efficiency tests. 
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4.8.1 Formulations  

Dichloromethane (DCM) and N,N-Dimethylformamide (DMF) of analytical grade are 

purchased from Sigma-Aldrich. PLA (Total Corbion Luminy LX930) has been used to 

prepare a polymeric solution of 8% w/V solubilized in DCM/DMF (80:20).  

The electrospinning setup consists of a syringe pump, which needle is connected to the 

high potential (16kV). The flow rate is 0.5 ml/h and the needle/collector distance equal 

to 10 cm. Nanofibers are electrospun over a PLA-based 3D printed support, placed on a 

grounded aluminum foil, (1 mm thick) with large voids (60% fill). The dimensions of 

each side are 2.2 cm, with a length of 3.9 cm between the opposite sides and 4.9 cm 

between the two opposite angles. The design of the support is reported in Figure 4.8.1.  

This hexagonal shape has been chosen because it makes the filter easy-modulable for 

panels of different sizes; furthermore, both support and nanofibers produced with 

electrospinning technique are made by the same polymer to improve the affinity, 

permitting a better adhesion between them 222,160,217. 

 
Figure 4.8.1 PLA 3D-printed support and its dimensions. 

In this study β-methyl-cyclodextrins (Carbosynth) have been also used either in 

association with fibers as such (in powder) or solubilized in the minimum necessary 

quantity of methanol (Sigma-Aldrich) and electrospun.  

 

Three different formulations are proposed:  

 

4.8.1.1 PLA-series 

In this series, as reference, PLA samples (8% w/V) are solubilized in the solvent 

(DCM/DMF 80:20) and then electrospun at 0.5 mL/h, 16 kV, with a needle/collector 

distance equal to 10cm.  

Figure 4.8.2 reports a sample of this series. 
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Figure 4.8.2 PLA filter 

 

4.8.1.2 PLA/CyD-series 

This formulation presents a three levels configuration where a layer of cyclodextrins in 

powder is placed in the middle of a bilayer of electrospun PLA (PLA/CyD). 

Also in this case samples PLA (8% w/V) is solubilized in the solvent (DCM/DMF 80:20) 

and then electrospun at 0.5 ml/h, 16kV, with a needle/collector distance equal to 10cm.  

 

In this series of samples, the electrospinning process is executed in two steps: the first 

one is directly on the support to realize the first layer of fibers; the second step is after the 

deposition of the CyDs powder (15%w/w).  

In the second step attention should be payed in the homogenization of the process because 

the presence of powder makes the substrate thicker, causing a possible reduction in the 

conductivity between that part of the aluminum foil and the needle. 

Figure 4.8.3 reports a picture of a sample of this series. 

 

 
Figure 4.8.3 PLA/CyD filter 
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4.8.1.3 PLA+CyD-series 

This series (PLA+CyD) of samples have CyDs (1.5% w/w) solubilized in few droplets of 

methanol (Sigma-Aldrich) and added in the same solution of PLA (8% w/V). The solution 

has been well mixed with an IKA Vortex 2 for 2 minutes and then electrospun at 0.5 

mL/h, 16 kV, with needle/collector distance equal to 10cm.  

Figure 4.8.4 reports a sample of this series. 

 

 
Figure 4.8.4 Picture of the PLA+CyD filter. 

 

4.8.2 Scanning Electron Microscope  

All the specimens have been analyzed with a ZEISS Scanning electron microscope for 

the characterization of the morphological aspect and to evaluate the interaction between 

PLA and CyDs. 

 

4.8.3 PM generation and efficiency tests 

In the filtration efficiency tests, PM particles are generated by burning incense in an 82 L 

box (Figure 4.8.5). The incense stick is a perfect source of PM and VOCs, because mainly 

composed by particles, metals (e.g. Al, As, Cd, Co, Cr) and various ions (as K+, Ca2+,F−, 

Cl−, NO2
−, NO3

−,SO4
2−and PO4

3−)223. 

The smoke PM particles have a wide size distribution from <300 nm to 4 μm, with the 

majority of particles being <1 μm.  

The so-generated particle stream is controlled by dilution with air. The PM particle 

number is measured with a GRIMM 1.108 particle counter. The removal efficiency is 

calculated by comparing the number before and after filtration, while the pressure drop 

in the filter medium is measured by a differential pressure meter (Honeywell 160 PC). 
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The wind velocity, measured in absence of the filter with a hot-wire anemometer, is equal 

to 1.4 m s−1. 

VOCs removal tests are performed in the same box environments, with the injection of 

100 μl Toluene, the test starts when its full vaporization occurred. VOCs concentration is 

measured with a ppb RAE 3000 with 1-min sample time, and the VOCs removal 

efficiency is calculated, likewise for PM, by comparing the number before and after 

filtration. All the tests are performed at T = 27±2°C and RH equal to 50±10%.  

 

 
Figure 4.8.5 Model box for the efficiency tests. 

 

4.8.4 Fourier-transform infrared spectroscopy (FTIR) 

A Perkin-Elmer Spectrum GX1 spectrometer (PerkinElmer, Inc, Waltham, MA, USA) 

equipped with U-ATR accessory for the analysis of solid samples in reflectance mode has 

been used. On each sample, 5 spectra are acquired in the range between 4000 - 500 cm-1, 

with a spectral resolution of 4 cm-1 and recording 64 scans. A background adsorption 

spectrum is recorded before each acquisition. Raw IR spectra are converted in 

absorbance, interpolated in the 1800-500 cm-1 spectral range and vector normalized in the 

same interval. An automatic baseline correction algorithm is used in all spectra to avoid 

errors due to baseline shifts. Atmospheric compensation is also performed. The average 

absorbance spectra of all samples are also calculated, and curve fitted in the 1800-800 

cm-1 upon two-points baseline correction and vector normalization (Grams AI 9.1 

software, Galactic Industries, Inc., Salem, NH). A Gaussian algorithm is adopted. For 

each underlying band, the positions in terms of wavenumbers, height and integrated area 

are calculated. Spectrum 5.3.1 (Perkin-Elmer) are used as the operating software. 
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4.9 Results and Discussion  

4.9.1 Analysis of the morphology of the electrospun fibres 

The morphological analysis at the SEM of the different samples shows very interesting 

results. As expected, the three series present a very different morphological aspect due to 

the different formulation. Two series, PLA and PLA/CyD, present very similar nanofibers 

in terms of shape, but their diameters are slightly different even if they have exactly the 

same polymer solution. In fact, PLA/CyD-series present a slightly thicker fibers, probably 

due to the presence of the powder in the bilayer, which can make a bit more difficult the 

migration of the polymer from the needle of the syringe to the collector causing a lower 

conductivity of the aluminum foil respect to the PLA-series. As previously reported, the 

size of the fiber is dependent by the conductivity level: higher conductivity permits to 

obtain fibers with a smaller diameter183,185,189,190. 

 

The SEM images of PLA filter are reported in Figure 4.9.1, Figure 4.9.2 and Figure 4.9.3. 

 

 
Figure 4.9.1 PLA overall view of the filter 
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Figure 4.9.2 Enlargement of PLA fibres. 

 
Figure 4.9.3 Measurement of the diameters of the fibre in PLA filter. 
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From Figure 4.9.1 the sample appears uniform, with thin fibers well overlapped. In Figure 

4.9.2, the enlargement of the fibers shows very thin fibers and the homogeneity of the 

sample is confirmed. Figure 4.9.3 reports their size and the average diameter for PLA-

series fibers is 350 nm. 

 

Comparing this series with PLA/CyD-series previously mentioned, it is clear the 

difference in terms of size. In fact, with the same enlargement, the fibers appear thicker 

also in the overall view in Figure 4.9.4. Figure 4.9.5 show not only the shape of the fiber, 

but also how the powder interacts with the fiber in this particular bilayer configuration. 

Cyclodextrins are deposited on the fibers and well adhered thanks to the second layer of 

nanofibers. They tend to form agglomerates, which may or may not affect the filtration 

efficiency. At this stage, this aspect has not been studied yet, but it would be part of future 

studies. The average diameter for this series of samples is 530 nm (Figure 4.9.6) and also 

in this case the sample is uniform. 

 

 

 
Figure 4.9.4 Overall view of the PLA/CyD filter. 
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Figure 4.9.5 Enlargement of PLA/CyD filter 

 
Figure 4.9.6 Measurement of the diameters of the fibre of PLA/CyD filter with the support in 

background. 
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The last series of filters present the most different shape and size due to the different 

formulation. In fact, adding the CyD directly in the solution, even if only by 1.5% w/w, 

increases the concentration of the polymeric solution, causing also the increase in size of 

the fibers (Figure 4.9.7). 

 

 
Figure 4.9.7 Overall view of PLA+CyD filter. 

 

Extremely interesting is the shape of the fibers, which is clear in Figure 4.9.8: these fibers 

are still homogeneous, but the addition of CyD to the PLA totally changes their 

morphology, making them more attached to each other and with a surface that seems 

porous. 

In this case the range of the diameters is larger, from 400 nm up to 1 µm, so the average 

diameter results to be 990 nm (Figure 4.9.9). 
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Figure 4.9.8 Enlargement of PLA+CyD filter. 

 
Figure 4.9.9 Measurement of the diameters of the fibre of PLA+CyD fibres 
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In Figure 4.9.10 the diameters distributions of the three series of samples are reported. 

 

Figure 4.9.10 Fibre diameter distribution for (a) PLA, (b) PLA/CyD and (c) PLA+CyD 

electrospun nanofibers. 

The morphological aspect is strictly related to the fibrous filter pressure drops, which 

have been measured at low face velocity. Pressure drop and outlet air velocity, as a 

function of the fiber type and fiber loading values, have been reported in Table 4.9-1. 

 

Table 4.9-1 Composition and characterization of the electrospun filter media 

Filter 

solution 

CyD 
v outlet 

(m/s) 

ΔP 

(Pa) 

Filter loading 

(mg/cm2) PLA CyD 

PLA 100% 0 - 0.25 24.4 1.43 

PLA/CyD 98.5% 1.5% - 0.41 33.9 2.47 

PLA+CyD 100% - 1.5% 0.24 29.9 4.05 

 

Crossing these data with the images analyses the correlations between dimensions and 

morphology of the fibers can be found.  

 

Observing the three types of filters, the presence of cyclodextrins influences the result of 

electrospinning and the overall measured pressure drop (Table 4.9-1, ΔP 24.4, 33.9, and 

29.9 respectively).  

The pressure drop of air filters is an essential parameter to consider in the air filtration 

field because a high pressure drop means that the air handler has to work harder and 

consume more energy in order to maintain proper airflow. 

Filters with the PLA/CyD formulation show apparently more bulky fibers (Table 4.9-1,  

filter loading (mg/cm2), 1.43, 2.47, and 4.05) than the ones of PLA and PLA+CyD filters.  

This comparison justifies a higher drop pressure for this filter (33.9 Pa).  
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Furthermore, crossing fibers enhance thickness determining a probably augmented 

capacity of sieving phenomena, particularly for the PMs.  

 

4.9.2 PM and VOC removal tests 

The PM1, PM2.5 and PM10 removal by different fibrous filters is shown in Figure 4.9.11. 

From the PM efficiency removal comparison, it is possible to observe that the PLA+Cyd 

has the highest removal for smallest particles, while all the other samples exhibit an 

efficiency higher than 97% for particles having diameter greater than 2.5 μm. This 

contribution in the efficiency of filtration is due to the presence of CyDs. 

 

 
Figure 4.9.11 PM removal efficiency 

The characteristic conical configuration of cyclodextrins217, in fact, is suitable for the 

formation of complexes of inclusion through non-covalent interactions: for this reason, 

hydrophobic molecules are maintained in the cavity, blocking their passage through the 

filter.  

This mechanism of filtration should be added, according to classical filtration theory, to 

the other five mechanism effects to catch particles (interception, inertial, diffusion, 

gravity, and static electricity effect)170 to catch also other smaller molecules as VOCs. 

In this way, CyD plays a role both in affecting the fiber morphology, resulting in thicker 

fibers and reduced cavities, and, actively, as surface centers for the capture of PM and 

VOCs, due to their dual hydrophilic/hydrophobic nature.  

The presence of CyD molecules at the surface of the fibers has a large influence on the 

molecular filtration capability224. The presence of more CyDs on the surface of the fibers 

implies a higher availability of sites for the bond with the pollutants, so it is reasonable 

to assume that higher concentration of CyDs are beneficial for the overall filtration 
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efficiency.  Nevertheless, the superficial availability of adsorption centers will affect also 

the blocking capacity of PMs and the resulting pressure drop. 

For all these reasons, the amount of CyDs must be enough both to be bonded to the 

polymer and to have the possibility to create hydrogen bond with the pollutants.  

 

During the electrospinning, CyD molecules could separate from PLA matrix and form 

heterogeneous dispersion during solvent evaporation in the electrospinning process: this 

is likely because CyD has a hydrophilic characteristic and PLA is a hydrophobic 

polymer224. A heterogenic solution may cause a not homogeneous presence of CyDs on 

the fiber surface, causing a not homogenous filter, not in terms of fibers but in terms of 

area with the presence of CyD. 

 

VOCs removal curve is shown in Figure 4.9.12 where the three different tested filters are 

compared after two subsequent injections of certain quantities of toluene in the box in 

two different moments.  

 

 
Figure 4.9.12 Normalized VOC concentration versus time in the presence of different 

fibrous filters 

 

The curve 1 is the behavior with 100 µl of Toluene (in Figure 4.9.12 labelled with 1). 

After about 30 minutes and as curves reach a plateau or their background concentration, 

the second injection of Toluene has been carried out (20 µl). This second injection (in 

Figure 4.9.12 labelled with 2) is sufficient to obtain an initial concentration of Toluene 

comparable to the first one.  
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The purpose of this method consists in investigating repeatability of tests and in the first 

evaluation of the durability of filters. As expected, filters with cyclodextrins allow quicker 

removal of VOCs, referred to PLA only fibers. 

Besides, it can be observed that the two normalized curves are almost overlapped, 

highlighting a factual constant behavior, for two subsequent tests at high concentration at 

least. The presence of cyclodextrins in filters points out an increased capacity in the 

removal of VOCs. This condition suggests that VOCs removal tests highlight the 

contribution of the CyD on adsorption.  

A previous study225 on the inclusion complex formation of benzene with β-cyclodextrin, 

demonstrates that, due to specific geometry, the aromatics and β-CyD in aqueous solution 

could form inclusion complexes with 1:1, 1:2, and 2:1 stoichiometry. The study of the 

values of stability constant (Ks) for 1:1 stoichiometry inclusion complex at different 

temperatures (in the range of 291–303 K) are rather small, and stability constant increases 

with diminishing of temperature. Therefore, it could be concluded, that interactions 

between β-CyD and benzene or its derivates are rather weak. Such interactions are typical 

for non-specific forces or inclusion complexes with VOCs. 

Thermodynamic values in the study225  of complex formation between b-cyclodextrin and 

benzene231 demonstrates that the complex formation is the spontaneous and 

thermodynamically favored process. Formation of 1:1 ‘‘β-cyclo- dextrin-benzene’’ 

inclusion complex is an exothermal process, accompanied by the release of high-enthalpy 

water molecules and the decrease of entropy as a result of guest-molecule restriction in 

the cavity of β-CyD molecule.  

In the case of this study, the bond between the two molecules is preferred because it 

respects the usual temperature present in indoor environments, so the stability constant 

could be compared to the one at 298K proposed in225.  

 

The exact nature of the driving force of complexation of cyclodextrins with guest 

molecules is not known. It is a combination of CyD-ring strain release upon 

complexation, geometrical compatibility, van der Waals forces, electrostatic, and 

hydrophobic interactions and, in some cases, hydrogen bonding between the cyclodextrin 

and the guest molecule226. 

Thus, the CyD can empower the removal of VOCs in two different ways. It is probable 

that in PLA/CyD filters VOCs are removed when CyD have their hole available. In 

PLA+CyD filters, VOCs are removed when they collide with CyD powder with an 

enhanced capacity of removal because of entire exposure to air, with a higher number of 

available sites. 

A non-exhaustive comparison of the obtained results with the one reported in the literature 

is reported in Table 4.9-2. 
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Table 4.9-2 Comparison of the obtained filtration results with the ones reported in the literature 

Electrospun 

Polymer  

Efficiency Comments Ref 

PLA 99.997% 

(165.3 Pa) 

Small fiber diameter and the presence of additional 

mesopores on the beads were conducive to the capture 

and adsorption of particulates. 

227 

PLA/TiO2 99.996% (128.7 

Pa) 

Relative humidity of 45% and face velocity of 5.3 cm/s 

and a high antibacterial activity of 99.5% 

228 

PLA/CNPs 98.99% 

(147.60 Pa) 

Air flow rate of 14 cm/s. PLA/chitosan fibers show a 

highly porous structure 

175 

PVA/CNCs 99.1% 

(91 Pa) 

Tests with PM2.5 and airflow velocity of 0.2 m/s 192 

Hierarchical 

structured nano-

sized/porous PLA 

99.999% 

(93.3 Pa) 

PLA-N/PLA-P double-layer structured membrane with 

a mass ratio of 1/5. Face velocity equal to 5.3 cm/s 

171 

PAN >99%  

(27 Pa) 

Nanobeads are useful for reducing the packing density 

and the pressure drop through the filter. Ultrafine 

nanofibers guarantee the PM removal efficiency. 

Airflow rate e 4.2 cm/s 

174 

PLA/CyD > 98%  

(30Pa) 

 This 

study 

DMAC: dimethylacetamide; CNPs: Chitosan nanoparticles; CNCs: cellulose nanocrystals 

 

 

4.9.3 FTIR Spectroscopy 

FTIR spectroscopy has been used to determine the interaction between both PLA and 

CyD and the composite and pollutants229. Obviously, due to a large number of functional 

groups present due not only to the variability of the compounds in the polluting source 

used for the tests but also to the polymeric ones of the filter, the filtered molecules can 

not be identified with certainty.  

It is instead possible to determine by difference the presence or absence of pollutants. In 

this regard, it has been necessary to outline a spectroscopic profile of the materials used 

to make the filter itself, to also study the interaction between the polymer and the CyDs. 

 

Figure 4.9.13 reports a comparison between the untested (PLA_pre) and the tested 

(PLA_post) PLA filter (samples without CyDs). The spectra of the pristine filter show 

the main peaks attributable to the PLA: at 2997-2944cm-1 are related to the symmetrical 

and the asymmetrical stretching of CH2 and CH3; the characteristic peak of a carbonyl 
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group is at 1753 cm-1; at 1453 cm-1 is the pick of methyl in α position respect to the 

carbonyl group and the region of 1380-1000cm-1 is related to the bending signals of CH2 

and CH3.  

 

 
Figure 4.9.13 FTIR spectra of untested (PLA_pre) and tested (PLA_post) PLA filters. 

In the other spectra, the different peaks caused by the interaction of the polymer with 

pollutants can be easily individuated: at 1644, 1541, 1514, 1301 cm-1 and 953 cm-1. 

Confronting the peak of the carbonyl group at 1753 cm-1 of the no-tested and tested filter, 

the tested filter reports a shift caused by the interaction between the polymer and the 

pollutant. It is possible to suppose the presence of nitro groups, reported by the peaks in 

the range of 1541cm-1 and 1514 cm-1; the presence of aldehydes because of the shift at 

1754 cm-1 and the peak at 1644cm-1; and a carbon-nitrogen bound, due to the presence of 

a peak at 1301cm-1. The peak at 1514cm-1 is very sharp respect to the other spectra, it is 

reasonable to assume that this is due to the concentration of pollutant adsorbed. A peak 

at 1514cm-1 can be attributed or to a NO or a CN group. Moreover, it presents a series of 

peaks at 2601, 2385, 2263 and 1976cm-1. Usually, in this range, signals from inorganic 

contaminants as, for example, thiocyanate fall.  

Considering the CN at 1514cm-1, at the level of bands’ ratio, the signal of the triple bonds 

is present at 2200cm-1; the -SH group is at 2600 cm-1 and the signal of SCN is at 2100 

cm-1.  
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The peak at 1209cm-1 is different in terms of height, therefore the concentration of the 

respective group increases after the filtration meaning that a pollutant containing this 

group is attached to the filter. Lastly, at 921 cm-1 a new peak appears, which was absent 

in the pristine filter, again probably relative to the deposited pollutant.  

For what concerns the filters made with cyclodextrins (PLA/CyD and PLA+CyD), it is 

important to determinate the possible interaction between the polymer and the CyD 

molecules, because during the electrospinning process these two compounds could 

interact causing the presence of new peaks.  

It is necessary to determine the shifts and the new peaks on a no-tested filter, not only to 

have a reference standard for the identification of the pollutant, but also to estimate the 

level of the bond between the two compounds.  

Figure 4.9.14 reports the spectra of the untested filter, made by adding CyD not only in 

the between of two layers of the polymer (PLA/CyD), but also in the polymer solution 

(PLA+CyD).  

 
Figure 4.9.14 Comparison between the spectrum of pure CyD, the untested PLA filter and the 

spectra of untested filter containing PLA and CyDs (PLA/CyD). 

 

Analyzing this spectrum, it is immediately notable the absence of the characteristic peak 

of the hydroxylic group at 3400cm-1, because a large quantity of these groups is bonded 
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with PLA in hydrogen bonds; however the peak at 1654cm-1 indicates that there are still 

some free.  

All the values at 1000, 1021, 1077 and 1151 cm-1 are shifted to 1040, 1082, 1124 and 

1182 cm-1 because of the hydrogen bonds between the two compounds. Also, the peak at 

850cm-1, typical of C-C bond, is shifted to 916 cm-1.  

The shift of the signal can be caused not only by the formation of new bonds but also by 

the sum of two different signals in the same region. 

 

After the reference spectra for the filters containing CyD, also the tested spectra were 

examined (Figure 4.9.15). 

 
Figure 4.9.15 Comparison between the FT-IR spectra of all the filters containing cyclodextrins. 

 

In these samples the presence of contaminates is represented by two main behaviors: the 

most important is the split of the carbonyl peak (Figure 4.9.16) and its slightly shift; the 

other is the shift of all the characteristic bands in the range from 1220 cm-1 to 1000cm-1 

(Figure 4.9.17). The split of the carbonyl group can indicate the presence of another 

molecule with a similar configuration (for instance an aldehyde or a ketone). Moreover, 

these kinds of pollutants may cause also the shoulder at 1736cm-1.  

 



Chapter 4  PLA-Cyclodextrins composites for air filtration system 

______________________________________________________________________ 

- 143 - 

Other particular peaks (Figure 4.9.15) are present at 3377cm-1 for PLA/Cyd: the peak at 

3377cm-1 can be attributed to a compound with NH group, there are also peaks at 1615 

and 1514 cm-1, which usually indicate the presence of NH2 and of a carbon bonded to 

nitrogen.  

The series of peaks in the range from 870 to 700cm-1 are typical of CH groups: in these 

cases, they are different from the reference because of their shape and their shift, 

indicating the presence of another compound different from Cyclodextrins or PLA. 

 

 

Figure 4.9.16 Enlargement on carbonyl group of the FTIR spectra in Figure 4.9.15 

 

Figure 4.9.17 Enlargement of peaks in the range of 1200cm-1 -1000cm-1 of the FTIR spectra in 

Figure 4.9.15 
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4.10 Conclusions 

The addition of CyD both in bulk and powder determines an increase of removal 

efficiency of VOCs and PM1 size fraction, due to two different effects: the CyD in bulk 

affects the PLA fibers morphology, while the superficially deposited CyD directly affects 

the removal of VOCs.  

Efficiency tests highlight enhanced VOCs removal efficiency in PLA/CyD and 

PLA+CyD filters; the FTIR analysis confirms that in filters containing CyDs the traces 

of the interaction between the pollutants and the filter are more evident, showing shifted 

and larger bands, split and sharper peaks. 

The use of this innovative air filtration system, combined with technology such as 

electrospinning, makes CyD-based filters a new resource for use in indoor air filtration 

applications. 

This study, although preliminary, demonstrates that the reduction of pollutants such as 

VOCs is possible and proposes a solution to a problem already well known as harmful 

and dangerous to human health.  

The next step of this preliminary study is focused on the perfecting of formulations, 

involving also the electrospray of a solution of cyclodextrins directly on PLA nanofibers, 

in order to increase the surface area of contact between the two components. Moreover, 

also the recovering of the solvents used for the formulation is going to be studied in order 

to make the procedure more green as possible.  

After this step, further studies will involve the investigation of the VOCs type on the 

adsorption property, with the simultaneous addition of functional composites and the aim 

of synthesizing such composite from starch-food wastes.  

The use of CyDs from food wastes, such as processing wastes and starch-rich wastewater, 

in air filtration systems will improve their positive environmental impact in a circular 

economy perspective and it will be the core of this project.  
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5 . Chapter 

PHAs  

coming from 

WWTPs 
 

Study on the effect of mechanical pre-treatments on the properties 

of polyhydroxyalkanoates extracted from a mixed culture biomass 

coming from wastewater treatment plants. 
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5.1 Introduction 

One of the main problem nowadays is the production and the use of petroleum based 

plastics because of their non-biodegradable nature230 that generates non-degradable 

wastes31 during their processing and at the end of their service life.  

For this reason, researchers are experimenting and studying substitutes for common 

plastics derived from petroleum, in order to develop more sustainable products.  

The term “Bioplastic” comprises of a whole family of materials with different properties 

and applications. According to European Bioplastics24, a plastic material is defined as a 

bioplastic if it is either biobased, biodegradable, or features both properties. There are two 

major advantages of biobased plastic products compared to their conventional versions: 

they save fossil resources by using biomass which regenerates (annually) and provides 

the unique potential of carbon neutrality. Furthermore, biodegradability is an add-on 

property of certain types of bioplastics. It offers additional means of recovery at the end 

of a product’s life24. 

Bioplastics are largely classified on the basis of their biodegradability, type of monomer 

structure and source of raw materials used. It should be noted that biodegradability is an 

inherent property of a material and is not the same as being biobased. Biobased materials 

can be non-biodegradable while petroleum-based plastics can be biodegradable231. 

 

5.2 Polyhydroxyalkanoates: the new frontier for plastic 

5.2.1 Polyhydroxyalkanoates 

A green, eco-friendly and biodegradable alternative to petroleum based plastic are those 

based on Polyhydroxyalkanoates (PHAs)41.  

These are polyesters widely distributed in nature, accumulated intracellularly in 

microorganisms in the form of storage granules, with physical-chemical properties 

resembling petrochemical plastics.  

PHA plays a pivotal role in priming microorganisms for stress survival and promotes the 

long-term survival of bacteria under nutrients-scarce conditions by acting as carbon and 

energy reserves for both non-sporulating and sporulating bacteria79,232. In particular, 

Poly(3-hydroxyalkanoates) (PHAs) are structurally simple macromolecules 

(biopolymers) synthesized by many gram-positive and gram- negative bacteria233 in 

granular forms as lipid inclusions for energy storage within the cellular structure234.  

Once PHAs are extracted from the bacterial cell, these molecules show properties similar 

to polypropylene ones. The bacterial origin of the PHAs make these polyesters a natural 
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material: most of them are biodegradable and biocompatible, which makes them 

extremely interesting from the biotechnological point of view79. PHAs are recyclable like 

the petrochemical thermoplasts231,235. 

The number and size of the granules, the monomer composition, macro- molecular 

structure and physical-chemical properties vary, depending on the producer organism236. 

The presence of the polyester in the bacteria can be observed intracellularly as light-

refracting granules or as electron-lucent bodies as previous studies reported79 (Figure 

5.2.1). 

 

Figure 5.2.1 Scanning (a) and transmission (b) electron microphotographs of P. putida U 

cultured in a chemically defined solid medium containing 7-phenylheptanoic acid (5 mM) as a 

source of aromatic PHAs and 4-hydroxyphenylacetic acid (5 mM) as an energy source. Bar =1 

µm79 

5.2.2 PHA biosynthesis 

The biosynthetic pathways of PHAs are intricately linked with the bacterium’s central 

metabolic pathways including glycolysis, Krebs Cycle, β-oxidation, de novo fatty acids 

synthesis, amino acid catabolism, Calvin Cycle, and serine pathway237,233. 

Many common intermediates are also shared between PHA and these metabolic 

pathways, most notably being acetyl-CoA. In some PHA-producing microbes such as 

Cupriavidus necator, Chromatium vinosum, and Pseudomonas aeruginosa, the metabolic 

flux from acetyl-CoA to PHA is greatly-dependent on nutrient conditions238. Under 

nutrient-rich conditions, the production of high amounts of coenzyme A from Krebs 

Cycle blocks PHA synthesis by inhibiting 3-ketothiolase (PhaA) such that acetyl-CoA is 

channeled into the Krebs Cycle for energy production and cell growth35.  

Conversely, under unbalanced nutrient conditions (i.e. when an essential nutrient such as 

nitrogen and phosphorus is limiting in the presence of excess carbon), coenzyme A levels 

are non-inhibitory allowing acetyl-CoA to be directed towards PHA synthetic pathways 

for PHA accumulation238,239. This metabolic regulation strategy in turn enables the PHA-
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accumulating microbes to maximize nutrient resources in their adaptation to 

environmental conditions240. 

In order to synthesize PHB, two molecules of acetyl-CoA condense to form acetoacetyl-

CoA. This reaction is catalysed by β- ketoacyl-COA thiolase. Subsequently an enzyme 

named acetoacetyl-CoA reductase reduces acetoacetyl-CoA to (R)-3-hydroxybutyryl-

CoA which is then used as a monomer to polymerize PHB by PHB synthase240 (Figure 

5.2.2). 

A possible explanation to the accumulation of PHA under nutrient limiting conditions can 

be attributed to the inhibition of enzyme β-ketothiolase by CoA-SH. In conditions of 

oxygen limitation, the final electron acceptor is lacking, leading to an increased 

NADH/NADH+ ratio. As a result, many acetyl-CoA molecules cannot enter the 

TriCarboxylic Acid (TCA) cycle resulting in a decreased CoA-SH concentration. 

Moreover, nitrogen or phosphate limitation results in a reduced activity of anabolic 

pathways leading to ATP excess which causes acetyl CoA accumulation leading to PHA 

production in a manner similar to that for oxygen limitation. It has however been observed 

that complete depletion of a nutrient causes growth cessation resulting in a decreased 

PHA storage capacity237,231 

 

Figure 5.2.2 Biosynthesis of polyhydroxybutirrate 231 

 

Composition of the culture, specially the substrate, influences the polymer characteristics 

(e.g., side chains, range of polymers formed, molecular weight, crystallinity), which 

affects some of their chemical- physical properties (e.g., mechanical and tensile 

strength)241.  
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5.2.3 Chemical structure 

PHAs are classified into three classes based on their chain lengths: short (scl), medium 

(mcl) or long chain (lcl) (Figure 5.2.3). Different chain lengths give different properties 

to the polymer especially in terms of thermo-mechanical behaviour (as reported in 

Chapter 2). PHAs are insoluble in water, resistant to UV, biocompatible, biodegradable 

and have good resistance to hydrolytic attack230.  

In these polymers, the carboxyl group of one monomer forms an ester bond with the 

hydroxyl group of the neighbouring monomer (Figure 5.2.3). 

In all PHAs that have been characterized so far, the hydroxyl-substituted carbon atom is 

of the R configuration, except in some special cases where there is no chirality. At the 

same C-3 or β position, an alkyl group which can vary from methyl to tridecyl is 

positioned. 

Substituents in the side chains of PHAs can be modified chemically, for instance by cross-

linking of unsaturated bonds242. This variation in the length and composition of the side 

chains and the ability to modify their reactive substituents is the basis for the diversity of 

the PHA polymer family233. 

P(3HB) is the most common type of PHA, and the ability of bacteria to accumulate 

P(3HB) is often used as a taxonomic characteristic243–245. Copolymers of P(3HB) can be 

formed by cofeeding of substrates and may result in the formation of polymers containing 

3-hydroxyvalerate (3HV) or 4-hydroxybutyrate (4HB) monomers. Together, polymers 

containing such monomers form a class of PHAs typically referred to as short-side-chain 

PHAs (scl-PHAs)233.  

The vast majority of microbes synthesize either scl-PHAs containing primarily 3HB units 

or mcl-PHAs containing 3-hydroxyoctanoate (3HO) and 3-hydroxydecanoate (3HD) as 

the major monomers239,233. 
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Figure 5.2.3 Polyhydroxyalkanoates (PHA) chemical structure. The nomenclature and carbon 

number for PHA compounds is determined by the functional alkyl R group. Asterisk denotes 

chiral centre of PHA-building block239. 

 

5.2.4 Physical properties 

The molecular mass of PHAs varies per PHA producer but is generally on the order of 

50,000 to 1,000,000 Da. During the early research on aliphatic polyesters, their properties 

were not remarkable due to the use of relatively impure substrates at the time, which 

limited the molecular masses of these polymers to 20,000 to 30,000 Da233. 

Bacterially produced P(3HB) and other PHAs, however, have a sufficiently high 

molecular mass to have polymer characteristics similar to conventional plastics (such as 

polypropylene). Within the cell, P(3HB) exists in a fluid, amorphous state. After 

extraction from the cell with solvents, P(3HB) becomes highly crystalline246 and in this 

state is a stiff but brittle material. Because of its brittleness, P(3HB) is not very stress 

resistant. Also, the relatively high melting temperature of P(3HB) (around 170°C) is close 

to the temperature where this polymer thermally decomposes and thus limits the ability 

to process the homopolymer. Initial biotechnological developments were therefore aimed 

at making PHAs easier to process233. The incorporation of 3HV into the P(3HB) resulted 

in a poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-3HV)] copolymer that is less 

stiff and brittle than P(3HB). It can be used to prepare films with excellent water and gas 

barrier properties reminiscent of polypropylene, that can be processed at a lower 

temperature while retaining most of the other excellent mechanical properties of P(3HB). 

In contrast to P(3HB) and P(3HB-3HV), mcl- PHAs have a much lower level of 

crystallinity and are more elastic245,247,248. These mcl-PHAs potentially have a different 

range of applications from the scl-PHAs233. 
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5.3 Overview of PHB production from Industrial residues 

The growing concern about the harmful effects of plastics has given impetus to the search 

of biodegradable alternatives which can compete with the petrochemical based plastics 

being used worldwide currently. However to produce an economically viable 

biodegradable plastic, cost efficiency and yield properties should be focused: the substrate 

and recovery costs in PHB production by fermentation are very high, making their use 

unattractive232. Carbon source for PHB production accounts for up to 50% of the total 

production costs249. One of the ways to cut down the production cost for bioplastic is the 

use of cheap, readily available industrial and agricultural waste as carbon and nitrogen 

source231.  

All the extracted polymers coming from different resources can be applied again in 

different fields34,250,251. Urban wastewater treatment and agricultural waste plants permit 

to obtain different kind of biomass, which allow to recover diversified products (as 

cellulose154, phosphorous or fatty acids16).  

The following section discusses some industrial residues already used in the production 

of PHB’s: 

5.3.1 Molasses 

It is a viscous by-product produced during refining of sugarcane, grapes, or sugar beets 

into sugar. It is extensively used as a carbon source in industrial scale fermentations due 

to its relatively low price and abundance252. The production of PHB using molasses is 

well known in literature, in fact different kind of molasses have been used (soy, sugar 

cane or sugar beet). The difference in sugar content and the growth conditions influence 

the percentage of accumulation in the bacteria231. For example, the production of mcl-

PHA from soy molasses using Pseudomonas corrugate achieved a yield of 5-17% of 

PHA’s such as 3-hydroxyl-dodecanoate, 3-hydroxyl-octanoate and 3-

hydroxytetradecenoate253.  

5.3.2 Whey and whey hydrolysate 

It is a by-product of diary and cheese industry, constituing the watery portion collected 

after the separation of fat and casein from whole milk. Cheese whey is normally produced 

in volumes almost equal to the milk processed in cheese manufactories. The disposal of 

whey therefore causes serious pollution problems in the surrounding environment due to 

its enormous biochemical oxygen demand231.  

5.3.3 Lignocellulosic material 

Lignocellulosic biomass consists of 30-50% cellulose, 20-50% hemicellulose and 15-

35% lignin. Cellulosic biomass is inedible therefore its usage is not in direct competition 
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with food or animal feed production. But one of the main drawbacks in the use of 

lignocellulosic raw materials for the production of PHAs are the pre-treatment/hydrolysis 

steps required to generate the sugar feed stocks that can be metabolized by microbes to 

produce the bioplastics231.  

5.3.4 Wastewater 

Production of PHAs from wastewater provides an economically viable alternative. 

Various organic wastewaters, such as municipal wastewater17,254, biodiesel wastewater255, 

food processing waste effluent6,56and other wastewater29,256 have been already tested for 

PHAs biosynthesis in previous studies. Most of the cases involve conversion of organic 

carbon into volatile fatty acids in aerobic activated sludge in the first step, followed by 

PHA production using mixing cell cultures in the second step. Although the final PHAs 

concentrations are still low at the current investigated conditions, PHAs could accumulate 

to around or even over 50% of the cell dry weight in some cases231.  

In a recent study257, the selection of PHA storing bacteria was integrated with the side 

stream treatment of nitrogen removal via nitrite from sewage sludge reject water. A novel 

process was developed and applied where the alternation of aerobic-feast and anoxic-

famine conditions accomplished the selection of PHA storing biomass and nitrogen 

removal via nitrite. The results showed that the selection of PHA storing biomass was 

successful either when the ammonium conversion to nitrite occurred in the same reactor 

in which the PHA selection process occurred, and when two separate reactors were used. 

On the contrary, the nitrogen removal efficiency was affected by the process 

configuration, in fact the efficiency was much higher (almost 90%) when two separate 

reactors were used257. 

Among the many advantages associated with the use of PHAs, one of the most interesting 

concerns the possibility to be produced from renewable resources as mixed culture and 

renewable organic waste30,40,258. In particular, activated sludge from wastewater treatment 

plants (WWTPs) is a well-known source of PHAs where organisms store these polymers 

as carbon and energy reserve for biomass growth30,259. 

Literature already reports the extraction of PHAs from different type of biomass77,41 and 

from mixed culture47,260, but the extraction from activated sludge from wastewater 

treatment plants is the more interesting for its environmental impact, since this impact 

concerns not only the production of bioplastic, but also the depuration of waste 

water254,257,261,262.  

5.4 Upstream Processing 

A number of fermentation strategies have been reported for the production of PHAs75,270–

273 from municipal wastewater. Process selection depends upon the type of culture used, 
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substrates, physiological conditions, fermentation processes and methods employed for 

the recovery of the final products. This section highlights the various upstream and 

downstream processes used in PHA production231. 

5.4.1 PHA from pure culture 

Pure cultures of PHA producing bacteria can be divided into two groups: Non-growth 

associated and Growth associated PHA producing bacteria. 

The non-growth associated PHA producing bacteria, for example C. necator and 

Pseudomonas species require nutrient limitation to accumulate PHA. Biomass growth 

and PHA accumulation are typically performed in two separate stages: The first stage is 

associated with biomass growth due to the availability of nutrients. In the second stage, 

due to the limitation or depletion of one nutrient PHA production prevails231. 

In the second group, organisms such as Alcaligenes latus and recombinant Escherichia 

coli do not require nutrient limitation and PHA accumulation and growth occur 

simultaneously231. 

In fed-batch cultures of growth-associated PHA producing bacteria, a nutrient feeding 

strategy is essential for obtaining high PHA production yields. This is because both cell 

growth and PHA synthesis can be enhanced as both processes occur at the same time. The 

two processes need to be balanced in order to avoid low PHA levels237. 

5.4.2 PHA from mixed culture 

Mixed Microbial Cultures (MMC) are defined as group of different micro-organisms 

growing together on the same substrate. At present, PHAs usually come from pure 

substrates, which require sterile conditions and therefore high costs260. This is the main 

reason why interest on the use of mixed culture and on the study of possible extraction 

and purification processes is high.  

Three main processes are used to produce PHA from a mixed culture: 

5.4.2.1 Anaerobic-aerobic (AN/AE) process  

PHA production using the AN/AE system comprises of three steps. In the first Activated 

Sludge Treatment Plant (ASTP) is used for culture enrichment. This is followed by 

fermentations of industrial wastewater and agro-industrial residues through acidogenesis 

into substrate containing Volatile Fatty Acids (VFAs). These VFAs are then used for PHA 

production231.  
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5.4.2.2 Aerobic dynamic feeding (ADF) system (feast and famine)  

ADF is the strategy of transient carbon supply where long periods of substrate shortage 

(famine period) are alternated with short periods of substrate excess (feast period) in a 

fully aerobic reactor. The PHA production occurs due to an intracellular component 

limitation. In the long periods of carbon limitation (famine), the macromolecular 

composition of the cells changes. As a consequence, the micro-organisms need a 

physiological adaptation when they are exposed to high substrate concentrations (feast). 

Although product is only formed during the feast phase, the famine phase is also very 

important for the process feasibility. The famine periods should be short in order to obtain 

high volumetric productivities but on the other hand, they should be long enough to 

guarantee high and stable PHA storage capacities on the long term231,235. 

5.4.2.3 Fed-batch process under nutrient growth limitation 

In this strategy, carbon substrate from industrial wastewater and organic wastes is 

fermented through acidogenesis into substrate containing VFAs which are used for PHA 

production in a fed-batch reactor. The sludge present in the PHA production reactor 

originates from ASTP in which AN/AE or ADF conditions are established. This strategy 

can only be applied if the cells are previously formed and PHA accumulation is the only 

goal231.  

In this work the attention has been focused on the recovery of PHAs coming from 

activated sludge of a wastewater treatment plants with a multistage process49, as 

schematized in Figure 5.4.1. PHAs production integrated with the via-nitrite nitrogen 

removal from anaerobic reject water was investigated at pilot scale at long-term period.  

The pilot plant is located inside of the Carbonera WWTP (Treviso, northern Italy). The 

main water line is composed by preliminary treatments, primary sedimentation, biological 

reactor (Schreiber process), secondary sedimentation, disinfection and final filtration. The 

sludge line is composed by a static pre-thickener followed by dynamic thickening 

(installed during the experimental period) of mixed primary and secondary sludge, 

equalization tank for thickened sludge, anaerobic digester and the Short-Cut Enhanced 

Nutrients Abatement (S.C.E.N.A.) system for the treatment of sludge reject water49,267.  

The pilot plant treated around 10% (1.5–3.0 m3/day) of the daily produced anaerobic 

reject water, while the system comprised of six different units, as reported below: 1) 

rotating belt dynamic filter (RBDF) for the recovery of CPS; 2) sequencing batch 

fermentation reactor (SBFR) for the production of VFAs by acidogenic fermentation;3) 

ultrafiltration (UF) unit for S/L; 4) Nitration-SBR; 5) Selection-SBR; 6) Fed-batch 

accumulation reactor (A-SBR). The flowchart of the process is reported in Figure 5.4.149. 
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Figure 5.4.1 Schematic representation of the pilot plant in Carbonera (Treviso, Italy)49 

The production of PHAs via-nitrogen is part of a project aimed to validate the long-term 

operation of an innovative pilot-scale plant integrating the via-nitrite nitrogen removal 

with PHAs production from the sidestream of Carbonera WWTP. A novel substrate 

derived from fermentation of CPS has been used as carbon source to evaluate the impacts 

on PHAs production. Each process unit has been investigated in Carbonera to assess the 

long-term stability of the process and to define the parameters required for the full-scale 

implementation. 

5.5 Downstream Processing 

Since PHA is an intracellular product, the method applicable for the effective separation 

of PHA from other biomass components can be complex and costly268–270. Various 

methods have been studied and reported in literature for the recovery and purification of 

PHAs from biomass. The steps of a proper downstream process are integrated with each 

other’s and with the bioreaction stage to yield an optimal recovery scheme268–270. The 

principal approaches are based on the affinity with the polymer and the cell lysis.  

5.5.1 Solvent Extraction  

Solvent extraction is the most extensively adopted method to recover PHA from the cell 

biomass. Among various solvents, chloroform is the most preferred solvent to carry out 

PHA extraction without its degradation271,269. Other halogenated hydrocarbon solvents 

such as dichloromethane, dichloroethane and chloropropane can be also used to extract 

and purify PHA from the cell biomass though these solvents can be potentially hazardous 

to health and environment271.  
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This method is also used routinely in the laboratory because of its simplicity and rapidity. 

Two main steps are involved, first is the modification of cell membrane permeability thus 

allowing release and solubilization of PHA. This is then followed by non-solvent 

precipitation271. Precipitation of PHA is commonly induced by non-solvent such as 

methanol and ethanol. Solvent extraction has undoubted advantages over the other 

extraction methods of PHA in terms of efficiency. This method is also able to remove 

bacterial endotoxin and causes negligible degradation to the polymers272. So, very pure 

PHA with high molecular weights can be obtained. Unfortunately, large-scale application 

of solvent extraction is generally viewed as not environmentally friendly273. In addition, 

several other factors discourage the use of solvents such as high capital and operational 

costs.  

5.5.2 Digestion methods 

While solvent extraction techniques involve the solubilization of the PHA granules, 

digestion methods involve the solubilization of the cellular materials surrounding the 

PHA granules. Digestion methods are well established approaches developed as an 

alternative to solvent extraction and can be classified into either chemical digestion or 

enzymatic digestion. Because of the ready availability of various chemicals with known 

properties many studies have been directed towards the development of chemical 

digestion methods compared to enzymatic digestion29,43,274. 

The approach of chemical digestion is based on the solubilization of non-PHA cellular 

mass and mainly utilizes sodium hypochlorite or surfactants. Nevertheless, the quality of 

the extracted PHA can be reduced, which is a very important disadvantage272.  

Recovery process of PHA using enzymatic digestion involves a rather complex procedure 

where solubilization of cell components other than PHA typically consists of heat 

treatment, enzymatic hydrolysis and surfactant washing. The enzyme technique is 

attractive because of its mild operation conditions, but because enzymes are very specific 

with respect to the reactions they catalyse, recovery of PHA with good quality could be 

expected. Nevertheless, the high cost of enzymes and complexity of the recovery process 

outweigh its advantages55,274 . 

5.5.3 Mechanical and physical disruption 

Mechanical cell disruption is widely used to liberate intracellular products275. The concept 

has been tested in different studies to recover PHA from bacterial cells34,77,269,270,276. 

Among the various mechanical disruption methods, bead milling and high-pressure 

homogenization dominate the large scale cell disruption in pharmaceutical and 

biotechnology industries270,277. Unlike other recovery methods, mechanical disruption is 

favoured mainly due to economic advantageous and because it causes mild damage to the 

products269,270 
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Mechanical disruption of cells does not involve any chemicals, so it minimizes 

environmental pollution and contamination to the products. In general, the drawbacks of 

mechanical disruption method are, high capital investment cost, long processing time and 

difficulty in scaling up272. Physical pre-treatment is classified based on the nature of the 

forces causing cell wall disruption and could be sub- divided into thermal and mechanical 

(solid and liquid share forces, waves, and currents) methods. All these methods are pre-

treatments applied directly on the biomass. 

5.5.3.1 Bead mill 

The principle of bead mills is based on the shearing action and energy transfer from beads 

to cells in the contact zones. The key parameters that affect the disruption process are the 

bead loading and bead diameter270,278,279.  

The extent of cell disruption also depends on numerous parameters such as residence time 

distribution, shear forces, type of microorganisms, cell concentration, feed rate of the 

suspension, agitator speed, geometry of the grinding chamber and design of the stirrer.  

Bead mills disruption is recommended for PHA recovery as it requires less power supply, 

not susceptible to blockages and different diameter of beads did not significantly affect 

the disruption rate although micronization of P(3HB) is possible with smaller bead 

size269,270,272.  

5.5.3.2 High pressure and high speed homogenization  

With high pressure homogenization, disruption of cell suspension occurs under high 

pressure through an adjustable, restricted orifice discharge valve276–278 . 

Process parameters such as operating pressure, number of passes, suspension and 

homogenizer valve design must be care- fully scrutinized for efficient disruption270,274. 

The high-speed homogenizer combines hydrodynamic cavitation generated by stirring at 

high rpm and mechanical forces such as shear for cell wall disruption280. Process 

parameters are not the only factors that influence the cell disruption but microbial 

physiological parameters, namely type and growth phase of the microorganisms as well 

as cell concentration also affect the disruption efficiency. Generally, Gram-positive 

bacteria are more difficult to be disrupted compared to Gram-negative bacteria. Among 

the drawbacks associated with high pressure homogenization include the possibility of 

thermal degradation of desired products and formation of fine cellular debris that would 

interfere with the further downstream processing of PHA granules270,274,280. 

5.5.3.3 Freeze-drying 

The freeze-fracture method involves a series of freezing-defrost cycles, and cell 

disruption is achieved due to ice crystal formation and cell expansion upon thawing. 

During freeze-drying (lyophilization) a pressure of about 1 kPa and temperatures of less 
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than -40°C are applied to slowly frozen samples. Cell walls become more porous due to 

formation of large ice crystals during slow freezing, and these crystals sublime in the 

lyophilization process270,281,269.  

5.5.3.4 High temperature 

High-temperature methods are generally applied in biocrude oil and biogas production 

and are among the most per- formant cell wall disruption methods269,270,274. The use of 

steam improves heat transfer, and less energy is required to break the hydrogen bonds, 

provoking structural changes269. The pre-treatment is unspecific, promoting reactions on 

the different components of cell: under these conditions, lipids can release fatty acids, 

which are able to decompose into hydrocarbons282. The main operational parameters are 

the type of micro-organism, temperature, pressure, and time. Other advantages of thermal 

pre-treatments are cost-effectiveness, wide availability, and no use of chemicals270.  

5.5.3.5 Microwaves 

Microwaves have been broadly applied as an alternative thermal pre-treatment of biomass 

feedstocks, including lignocellulosic, microalgae, and macroalgae biomass283. The 

frequency ranges from 0.3 to 300 GHz, of which 2450 MHz waves are typically used for 

microalgae cell wall disruption280. The mechanism is based on the interaction of 

electromagnetic waves with dielectric and polar molecules provoking local heating and 

an internal pressure increase. High concentrations of biomass benefit the specific energy 

consumption by increasing the energy directed to biomass. Apart from biomass 

concentration, pre- treatment time and power of microwaves are the main operation 

parameters270.  

5.5.3.6 Ultrasonication 

Ultrasonication waves induce alternations of high- and low-pressure cycles in the liquid. 

Microbubbles created during low-pressure cycles ultimately implode in high-pressure 

cycles and produce local shock waves (cavitation) creating acoustic vibrations, extreme 

temperature peaks, and thermolysis of water around the bubbles forming highly reactive 

free radicals. Ultrasonic cavitation at low (18–40 kHz) frequency is much stronger than 

at high frequency (400–800 kHz). Nevertheless, its efficiency depends on the micro-

organism (shape, size, intracellular structure), operational conditions (temperature, time, 

power, number of cycles), and biomass concentration270,274,277,278 . 

 

5.6 Scope of the study 

Considering all these methods for the downstream process, 4 mechanical pre-treatments 

were chosen and applied to the biomass for the extraction of PHA in chloroform. 
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The first part of the work is focused on the extraction of the polymer and on the evaluation 

of the influence of various pre-treatments on the final extraction yield.  

The second part deals with the realization of films with the polymer deriving from the 

various extractions, their characterization and comparison of relative properties.  

To these aims, in particular, the procedure proposed in this work is:  

(a) The selection and application of different pre-treatments to the biomass before 

extraction;  

▪ Fourier transform infrared (FTIR) spectroscopy, to quantify the extractive 

efficiency;  

(b) The application of hot extraction (classical technique) and in continuous extraction 

(Soxhlet) to evaluate the corresponding extraction yields;  

(c) The characterization of the different polymeric films by: 

▪ Tensile test to study the mechanical behaviour and to calculate the relative 

parameters; 

▪ Optical and electronic microscopy with the elemental distribution analysis 

(EDAX), to observe the morphology and to evidence the presence of elements 

different from C, H and O coming from possible impurities;  

▪ 1H-NMR analysis, to investigate the monomer’s composition of the polymers; 

▪ Thermogravimetrical analysis (TGA) and differential scanning calorimetry 

(DSC), to investigate the thermal behaviour of the polymeric films;  

 

5.7 Materials 

5.7.1 PHA extraction from biomass  

5.7.1.1 Biomass preparation 

The used biomass (Figure 5.7.1) comes directly from an urban wastewater treatment plant 

located in Carbonera (Province of Treviso, Italy). The supplied biomass is stabilized at a 

pH = 2, at concentration of 1% (w/V), with the total solids (TS) = 14.9% and total volatile 

solids (TVS)/TS = 86.9%.  

The biomass used in this study has an initial hydroxybutyrate (HB) component in content 

is 60%, while the hydroxyvalerate (HV) is found to be between 40%, as reported by 

Smart-Plant project (https://cordis.europa.eu/project/id/690323/results/it). 

25 kg of biomass is centrifuged (REMI XS R-10) at 6000 rpm for 4 minutes in 50 ml 

flasks to allow the separation of the two phases. The solid phase (wet biomass or biomass 
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at time zero) is collected and stored in the fridge at T = 5°C before to be used for 

extractions. The PHA quantity in the biomass represents the 100% of the yield. 

 

 

Figure 5.7.1 Biomass abserved at optical microscoscopy at time zero 

 

5.7.1.2 Biomass Pre-treatments 

The biomass is submitted to the following pre-treatments before the extraction 

procedures: (a) reference (without pre-treatment); (b) sonication; (c) homogenization 

with pressure (high-pressure homogenization); (d) homogenization with blades (high 

speed homogenization) and (e) glass spheres (bead mill); according to the procedures 

presented below. 

These pre-treatments are chosen with the intention of destroying, or at least stressing, the 

bacterial cell wall so as to facilitate extraction270,276–278. The efficiency of different pre-

treatments was evaluated according to the availability of the PHA present in the biomass 

at time zero. 

5.7.1.3 Sonication (Sonic) 

The disruption efficiency of sonication is strongly dependent on the ultrasonic strength 

(the power and frequency), the cell characteristics and the operation time277. In this case, 

the wet biomass is collected in a backer and put into a sonication bath for 15 minutes, 120 

W and 40 KHz. 
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In this study, two samples following this pre-treatment are considered with the difference 

in the final drying method after classical extraction (Section 5.7.2.1): one sample is 

recovered by mechanical filtration (Sonic_mc) and subsequently dried at room 

conditions; the other is recovered and dried by rotavapor (Sonic_rt). 

5.7.1.4 Homogenization for pressure (Homo) 

High pressure homogenisation is one of the most widely known methods for large scale 

cell disruption. A positive displacement piston pump was used to draw the cell suspension 

through a check valve into the pump cylinder. On the return of the piston, the suspension 

was forced through the adjustable annular gap of a discharge valve and impinges on an 

impact ring. The discharge pressure, regulated by a spring-loaded valve rod, controlled 

the position of the valve in relation to the valve seat274. 

The wet biomass underwent this pre-treatment (American Instrument Company, 

AMINCO, Maryland) for 4 consecutive cycles at 1379 bar (20000 psi). Despite this, a 

complete break of the cell wall is not reached, as observed by optical microscopy (Figure 

5.7.2) where the presence of intact cell walls is still visible. It is known that the 

performance of the homogenizer depends on the biomass concentration274 that in this case 

is likely not sufficient. 

 

Figure 5.7.2 Biomass after 4 cycles at 1379 bar observed at optical microscope 

 

5.7.1.5 Homogenization with blades (Ultra) 

The high-speed homogenizer combines hydrodynamic cavitation generated by stirring at 

high rpm and mechanical forces such as the shear force for cell wall disruption270. In this 

study an ULTRA-TURRAX T25 basic IKA-WERKE is used on the wet biomass for 15 
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minutes at 9500 rpm, taking care that the blades passed over the whole sample uniformly. 

As for homogenization by pressure, also in this case a total disruption of the wall cell is 

not reached as observed by optical microscope (Figure 5.7.3). 

 

Figure 5.7.3 Biomass after 15 minutes of homogenization with blades at 9500 rpm observed at 

optical microscope 

5.7.1.6 Glass Spheres (Spheres) 

Studies of cell rupture using high speed bead mills have been carried out on yeast, Gram-

positive and Gram-negative bacteria279,284,285. This complex process is influenced by a 

wide range of parameters such as relating to the number and energy of impacts, the energy 

transfer to the grinding elements, the liquid shear, the hydrodynamics, and the mixing as 

well as the bead diameter, density and loading, cell concentration in the feed, flow rate of 

the feed, agitator speed and configuration, geometry of the grinding chamber and 

temperature276.  

Glass spheres are mixed to the wet biomass (diluted 1:1 with water) with a vortex (IKA 

Vortex 2) for 5 minutes at room temperature. 

 

5.7.2 PHA Extraction  

The different extraction techniques that are applied to the non-pre-treated (used as a 

reference) and pre-treated biomass are compared in terms of yield and extract quality. All 

the extractions are also characterized in terms of the residual PHA’s content by FTIR 

analysis to quantify the efficiency of extraction. The results are expressed in percentage 

(%) based on the maximum quantity of the PHA present (biomass at time zero).  
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The extraction methods studied in this work are two: (a) the conventional method or hot 

extraction; (b) Soxhlet or in continuous extraction. 

5.7.2.1 Conventional extraction 

Conventional extraction241, based on the protocol already used in the Carbonera plant, is 

applied to all the samples. This method involves the use of 50 ml of chlorinated solvent 

(chloroform) (d= 1,49 g/cm³) for each gram of biomass. The solution is heated to the 

boiling point of the solvent for two hours. Then the solution is filtered to separate the 

liquid phase from the solid phase. FTIR spectroscopic analysis is performed on the 

residual biomass to evaluate the residual quantity of PHA present and then to calculate 

the extraction efficiency. Cold methanol (d=0.792 g/cm3) is added to the liquid phase to 

promote polymer precipitation42,77,266,271,274,286 and to purify the polymer. 

Following precipitation, the polymer is collected by filtration (except for the “Sonic_rt” 

sample, which is dried by rotavapor) and dried at room conditions. 

5.7.2.2 Soxhlet extraction 

In a Soxhlet extraction the sample is repeatedly brought into contact with fresh portions 

of solvent, in order to facilitates displacement of the transfer equilibrium. This permits 

the system to remain at high temperature thanks to the effect of the heat applied to the 

distillation flask287–289. In addition, the extracted is completely separated from the 

biomass, therefore no filtration is required. Typically this technique has a higher 

efficiency than conventional extraction because it permits a superior number of parallel 

extractions in 2 hours extraction (as for the conventional extraction described in Section 

5.7.2.1). As aim is only to choose the extractive method to be adopted, the Soxhlet 

extraction is considered and compared to the conventional method only for the non-pre-

treated sample (biomass t0). 

5.7.2.3 PHA Extraction Yield 

To evaluate the efficiency of each single extraction, the exact quantity of PHA present in 

the biomass batch should be known.  

One of the biggest problems in working with by-products from wastewater treatment 

plants is the enormous variability among different biomass batches. Therefore, a method 

to easily calculate the percentage of PHA present in the biomass at time zero in order to 

define the various extractive efficiencies was necessary.  
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5.8 Methods 

5.8.1 PHA films preparation 

PHA-films are prepared by dispersing the polymer into chloroform. The total solid 

content is 4% (w/v). The polymer solutions are cast onto glass Petri dishes, and films are 

obtained after solvent evaporation at room temperature.  

The PHA-films are kept at room temperature in dry conditions for 1 day before 

characterization.  

5.8.2 Tensile Test 

The tensile properties of the films are measured using a dynamometer INSTRON 5543 

according to UNI EN 527: 1997. For each type of film, 5 samples are tested and the 

average results reported. The test specimen is extended along its major longitudinal axis 

at a constant speed until the specimen fractured or until the stress (load) or the strain 

(elongation) reached some predetermined value. Tests carried out on specimens of 

different dimensions, or prepared under different conditions, may produce results that are 

not comparable. Other factors, as the speed of testing and the specimens conditioning, 

can also influence the results. Consequently, samples 6 × 300 mm in dimensions are 

prepared and placed at controlled temperature (23±2) °C and RH (50±10) % before 

testing. During testing, the specimens are placed between the grip heads of the testing 

machine following the same procedure. The tensile strength (σM), Young’s modulus (E), 

deformation at maximum load (e M %), ductility, resilience and toughness, are calculated 

from the resulting stress-strain curves.  

5.8.3 Micro-structural analysis  

After the tensile test, the microstructure of the films is observed by using a Macroscopy 

(Wild Makroskop M420) at 10X and a Scanning Electron Microscope (SEM) (VEGA3 

TESCAN) at 25.0 kV equipped with elemental distribution analysis (EDAX). In this way, 

the morphological analysis is carried out, but also, the presence of possible impurities is 

estimated, which might affect the film’s mechanical properties. 

5.8.4 1H-NMR Analysis 

1H NMR spectra are recorded on a Bruker 400 MHz spectrometer with CDCl3 as solvent. 

Chemical shifts (δ in p.p.m.) are referred to TMS and coupling constants (J) are given in 

Hz. 
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5.8.5 Thermal analysis 

5.8.5.1 TG Analysis 

As PHA undergoes rapidly decomposes with volatile products at T > 180 °C 290, thermal 

analysis is useful to investigate the thermal stability of different PHA films extracted from 

the biomass 291.In this case, TGA is conducted with a Mettler Toledo TGA/SDTA 851 

under air atmosphere at the T = 25 - 500 °C with a heating rate of 20 °C/min.  

5.8.5.2 DSC Analysis 

Differential scanning calorimetry (DSC) measurements are conducted with a DSC Seiko 

Exstar 6000 to identify the phase transition temperatures of different PHA films extracted 

from biomass. A heating rate of 20 °C/min is used. Firstly, the polymer sample is 

equilibrated at 25 ◦C, heated at 20 ◦C/min to 200 ◦C. Then, the sample is cooled at 30 

◦C/min to −70 ◦C and heated again from -70°C to 200°C at 20°C/min. This method 

ensures the removal of the previous thermo-mechanical history of the sample. The third 

heating is used for the determination of the different phase transition temperatures 

according to UNI EN ISO 11357-1:2016. Also the associated crystallization (ΔHc) and 

melting enthalpies (ΔHm) are measured and the percentage of crystallinity is 

calculated292,293. 

5.8.6 ATR-FTIR measurements 

Previous studies294,295,296 have investigated the use of Fourier transform infrared (FTIR) 

spectroscopy as a method for a rapid quantification of the intracellular PHA in a mixed 

culture during the polymer accumulation phases in the bacterium. Attenuated Total 

Reflection Fourier Transform IR (ATR-FTIR) spectroscopy is the technique of choice for 

spectrum acquisition because of it ensures a short optical path for measurement without 

putting restraints on the geometry of the unit hosting the ATR element. In this study, ATR 

technique was performed at first to acquire the spectra of pure PHA and biomass at time 

zero, as reference spectra, then to investigate the biomass samples submitted to the above 

extraction procedures and to evaluate the percentage of the extracted polymer from each 

of them. A small amount of each sample was placed on the ATR crystal and 

measurements were carried out immediately without requiring any preparation. 

The samples are analysed by using a Perkin-Elmer Spectrum GX1 spectrometer 

(PerkinElmer, Inc, Waltham, MA, USA) equipped with U-ATR accessory for the analysis 

of solid samples in reflectance mode. On each sample, 5 spectra are acquired in the range 

between 4000 - 500 cm-1, with a spectral resolution of 4 cm-1 and recording 64 scans. A 

background adsorption spectrum is recorded before each acquisition. Raw IR spectra 

are converted in absorbance, interpolated in the 1800-500 cm-1 spectral range and 

vector normalized in the same interval. An automatic baseline correction algorithm is 

used in all spectra to avoid errors due to baseline shifts. Atmospheric compensation is 
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also performed. The average absorbance spectra of all samples are also calculated, and 

curve fitted in the 1800-800 cm-1 upon two-points baseline correction and vector 

normalization (Grams AI 9.1 software, Galactic Industries, Inc., Salem, NH). A Gaussian 

algorithm is adopted. For each underlying band, the positions in terms of wavenumbers 

(cm-1), height (H) and integrated area (A) are calculated. Spectrum 5.3.1 (Perkin-Elmer) 

are used as the operating software. 

 

5.9 Results and Discussion 

5.9.1 PHA extraction yields  

The representative ATR-FTIR spectra of pure PHA (Goodfellow BV340) and the 

biomass samples are reported in Figure 5.9.1. The wavenumbers of the most significant 

IR peaks are identified by the curve fitting procedure and listed in Table 5.9-1 with the 

corresponding chemical assignments.  

In the biomass spectrum, the bands related to the organic matter are detected at 1623, 

1530 and 1382 cm-1 (respectively proteins and collagen). The bands of carbonate and 

phosphate groups are found in both of spectra (PHA and biomass) at 1458, 826 cm -1 

and 1099, 1084 cm-1 respectively. The characteristic band of the carbonyl group is at 

1732 cm-1 in the biomass spectrum and at 1721 cm-1 in the PHA spectrum, because it 

could shift according to the crystallinity degree of the polymer.  
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Figure 5.9.1 Comparison between the ATR-FTIR representative absorbance spectra of 

Commercial PHA polymer and biomass at zero time in the spectral range 1900-800 cm-1. From 

this analysis, 72% of PHA is present within the biomass at time zero 

  

Table 5.9-1 Position (in terms of wavenumbers, cm-1) and chemical assignment of the IR peaks 

identified by curve fitting analysis of pure polymer and biomass spectra 

Wavenumber (cm-1) Chemical assignment 

1721 Carbonyl group 

1623, 1530 Amide I and Amide II of 

proteins 

1458 Carbonate groups 

1382 Collagen 

1250-1300 Amide III of proteins 

1176, 1127 Inorganic and Organic 

groups 

1099, 1084 Phosphate groups 
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1045 Carbohydrate groups 

978 PHA crystalline phase 

 

All the residual biomass spectra obtained following the various extraction procedures 

are compared with the spectra of Commercial PHA and biomass at time zero (Figure 

5.9.2).  

 

Figure 5.9.2 Comparison of ATR-FTIR representative absorbance spectra of PHA pure polymer 

and biomass together with the residual biomass spectra obtained following the various 

extraction procedures (spectral range 1900-800 cm-1) 

 

Considering the bands at 1721 cm-1 and 1530 cm-1 as characteristic for the Commercial 

PHA and the biomass, respectively, the band area ratio A1721/A1530 is calculated for 

each representative spectra in order to investigate the residual percentage of PHA 

inside of the biomass and to evaluate the efficiency of the various extraction procedures 

adopted. All extraction yields are calculated considering the 72% of PHA available in 

the biomass as the maximum extractable quantity, so 100% of the possible yield (Table 

5.9-2). 
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Table 5.9-2 Residual amount of PHA in the biomass and extracted amount of PHA (%) following 

the different extraction procedures. 

 Residual PHA 

[%] 

Extracted 

PHA 

[%] 

Commercial 

PHA 

100 - 

Biomass (t0) 72* - 

Ex_Std 50 31 

Soxhlet 47 35 

Sonication 67 7 

Spheres 55 24 

Homo 35 51 

Ultra 40 44 

*Maximum amount of PHA that can be extracted from the biomass, therefore all the extracted PHA percentages 

are calculated assuming this value as the 100% of available PHA. 

 

As shown, the homogenization pre-treatment gives the best extraction yields; in fact, 

the use of the French press (Homo) allows the extraction of 51% of the polymer 

contained in the biomass at time zero, whereas the blades (Ultra) extract the 44%. 

Instead, the pre-treatment by sonication is rather inefficient, allowing to obtain a yield 

of only 7%.   

Regarding the influence of the extraction methods on yield, the two methods have 

almost the same efficiency since continuous extraction with Soxhlet (35%) is only 2% 

more efficient than conventional one (31%). 

 

5.9.2 Characterization of the films 

5.9.2.1 Tensile Test 

The average stress strain curves of the different PHA films are compared in Figure 

5.9.3. From the average stress strain curves, the maximum tensile strength (σM), the 



Chapter 5   PHAs coming from WWTPs 

______________________________________________________________________ 

- 171 - 

elastic modulus (E), the ductility (%), the deformation at the maximum load (e%M), 

the resilience (R) and the toughness (T) are measured and reported in Table 5.9-3 

together with the thickness and cross-sectional area of the tested samples, since they 

affect the mechanical performances297297,298. 

 

Figure 5.9.3 Average stress strain curves for different PHA films. 

 

Table 5.9-3 Dimensions and mechanical properties of different PHA films characterized by 

tensile test. 

Sample Thickness  

[µm] 

Cross-

sectional 

area  

[mm2] 

 σM  

[MPa] 

εM 

[%] 

E 

[MPa] 

R  

[MPa] 

T  

[MPa] 

Ductility 

[%] 

Commercial 

PHA 

55 0.03 8 7 137 0.2 0.2 10 

Ex_Std 64 0.04 5 12 77 0.2 1.6 38 

Soxhlet 66 0.04 14 3.4 252 0.4 1.0 14 

Sonic_mc 75 0.04 8 3.6 147 0.1 0.1 4 
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Sonic_rt 62 0.04 7 9 158 0.2 0.1 10 

Spheres 56 0.03 8 10 205 0.2 2.0 42 

Homo 60 0.04 9 11 150 0.3 1.4 33 

Ultra 61 0.04 11 20 230 0.5 1.8 29 

 

Under a tensile stress, at first the elastic deformation occurs when the primary covalent 

chemical bonds inside the polymeric chains stretch but do not break. Once the limit of 

the elastic deformation (yield point) is reached, a polymer breaks or continues to 

deform depending on its fragility or ductility. In fragile materials, the inability of the 

atoms to flow causes the catastrophic breaking when the applied force exceeds the 

primary strong covalent bond strength. In ductile materials, including most 

thermoplastic polymers, such as PHA, the material undergoes a plastic permanent 

deformation since the molecular chains are stretched and flow over each other so as to 

align in the direction of the effort (the degree of crystallization of the polymer also 

influences these properties). The flow of atoms over each other’s occurs thanks to the 

rupture of the weak secondary chemical bonds inside the same macromolecular chain 

or among different macromolecular chains. Only subsequently, when the applied force 

exceeds the primary strong covalent bond strength, does the rupture occurs298,299.  

Before breaking, a material absorbs energy: the energy absorbed during elastic 

deformation is R, which depends on the E and yield strength. The total energy absorbed 

before breaking, including that under the plastic behaviour, corresponds to T of the 

material which depends on ductility and σM. 

The two extraction techniques and the different pre-treatments affect a lot the 

mechanical performances of the obtained PHA films.  

In particular, regarding the two extraction techniques (Ex_std and Soxhlet), Soxhlet 

extraction gives PHA films with significantly higher mechanical performances in terms 

of σM (14 MPa), E (252 MPa) and R compared with conventional extraction. σM is 

proportional to the elastic modulus even if fragile materials are also sensitive also to 

the surface properties298. Ex_std sample shows a much higher ductility (and 

consequently T) than the Soxhlet sample. The Commercial PHA film used as reference, 

which has not undergone a hot extraction process but only a filming process at room 

temperature (solvent casting), shows an average σM of 8 MPa and an E of 137 MPa. 

When conventional extraction has been used, the ductility is very variable, from 4% 

(Sonic_mc) to 42 % (Spheres), as well as R from 0.1MPa (Sonic_mc) to 0.5 MPa 

(Ultra) and T from 0.1 MPa (Sonic) to 1.9 MPa (Spheres). In particular, in comparing 

the effect of different pre-treatments on mechanical performances, sonication, 
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regardless of the filtration type, gives PHA films with the worst mechanical 

performances in terms of σM (~ 7 MPa), E, R, T and ductility, with values similar to 

those of reference PHA (Commercial PHA). On the other hand, the two 

homogenizations give films with the best mechanical performances in terms of the 

highest σM: 9 MPa (Homo) and 11 MPa (Ultra) and very high R, T and ductility. For 

what concerns E, homogenization using blades (Ultra) gives stiffer films (E = 230 

MPa) than using pressure (Homo) (E = 147 MPa). E depends on the ability of atomic 

bonds to deform, the higher the bonding force, the greater the rigidity of the material. 

During homogenization with blades, the sample undergoes heating276, which is not the 

case with pressure treatment. It is well known the effect of temperature on the 

mechanical properties of a polymer298,300,301,302; heating can lead to a change in the 

polymer structure by breaking some chemical bounds46 and forming new ones during 

cooling. If the number of new formed bonds prevails over the number of broken bonds, 

the polymer becomes stiffer. The ductility and tenacity of PHA films obtained by 

homogenizations are overcame only by Ex_Std and Spheres even if with a lower σM. 

The mechanical properties of the analysed PHAs are comparable with those found in 

literature 303 for similar polymers. In particular, the elongation of these films is 

comparable with that of PHBV analysed by Martin et all303 (15-20%), but the Young’s 

Modulus is much lower (252 MPa for Soxhlet and 900 MPa for PHBV). For what 

concerns E, the obtained PHAs are much more similar to polycaprolactone considered 

in the same study (260 MPa). The chemical composition of the polymer, in particular 

the ratio between the monomers of the copolymer, is determinant on its properties83. 

5.9.2.2 Microstructural analysis  

The percentage of purity of the polymer largely affects its mechanical behaviour38,296. 

In particular, when defects act as stress concentrators, the process leading to the 

formation of voids at defects304,305,306,307 begins first decreasing the mechanical 

performances. As the deformation proceeds, these micro-cavities tend to expand and 

merge with each other until an internal fissure is formed.  

The purity is closely related to the pre-treatment type, extraction time and temperature. 

In this case, solvents and extraction time are fixed, therefore purity depends only on 

the type of pre-treatment. 

5.9.2.2.1 Optical macroscopy 

An optical macroscope has been used to observe the morphology of the sample and to 

evidence the presence of impurities. For all pictures the same enlargement was used 

(10X) (Figure 5.9.4). 
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Figure 5.9.4 Morphological observations (10X) of films after the tensile test: a) Commercial 

PHA; b) Ex_std; c) Soxhlet; d) Sonic_mc; e) Sonic_rt, f) Spheres; g) Homo; h) Ultra. 

Concerning the different pre-treatments, certain samples clearly have more macro-

porosities than others. Sonic_mc and Sonic_rt samples appear yellowish in colour and 

spots of macroscopic impurities are well visible on the surface, giving them a wrinkled 

and porous aspect (especially Sonic_mc). It is probable that some impurities have gone 

into solution during the sonication process. The sonication process is considered very 

efficient to destroy the cell walls45,276,308 therefore it can also remove more easily 

impurities270 (based on carbonates groups and/or proteins) from the cell walls . The 

highest presence of impurities in Sonic_mc and Sonic_rt PHA films can explain their 

low mechanical performances as reported above (Figure 5.9.3 and Table 5.9-3). All 

other samples appear purer with a white transparent colour, except for the Ultra sample 

which is transparent but slightly yellowish.  

Concerning different extraction procedures, during conventional extraction, high 

temperatures were constantly maintained, and the biomass was surrounded by the 

polymer and solvent solution. In Soxhlet extraction, the solvent is continuously re-

condensed (therefore T is lower than the boiling point) and made to fall back into the 

sample holder, which is different from the solvent (and extracted polymer) holder. This 

permitted a minor risk of macro and micro-impurities caused by the extraction process 

(Figure 5.9.4) justifying the higher mechanical performances of the Soxhlet PHA film 

than Ex_Std film. Macroscopically, both samples appear with a good purity level, but 

some micro-impurities, possibly coming from cell walls and other biological 

components, unobservable by optical macroscope, could affect their properties. 

By macroscopic observations, the part of the film stretched during the tensile test can 

be easily distinguished thanks to a completely different morphology from the bulk: it 
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appears white opaque in colour, sometimes with streaks, due to the orientation of the 

molecular chains in the direction of the stress before the rupture307,88, which densifies 

the structure. As expected, higher is the ductility of the sample and longer is the 

stretched part of the film, following this decreasing order: Ex_std, Spheres, Ultra, 

Homo, Soxhlet, Commercial PHA and Sonic rt, and finally Sonic_mc.  

5.9.2.2.2 Scanning Electron Microscopy 

SEM analysis allows to investigate the microstructure at higher magnitude than optical 

microscopy. In Figure 5.9.5, Figure 5.9.6, Figure 5.9.7, Figure 5.9.8, Figure 5.9.9, Figure 

5.9.10, Figure 5.9.11 and Figure 5.9.12 three images of every sample after the tensile 

test are reported and compared: the first reports the break zone, the second and the 

third give details of the stretched and not stretched area (where it has been possible to 

identify them) at greater enlargements.  

 

(a)                                (b)                                        (c) 

Figure 5.9.5 SEM analysis of Commercial PHA: a) cut section; b) stressed area; c) surface. 

 

(a)                                (b)                                        (c) 

Figure 5.9.6 SEM analysis of Ex_Std: a) cut section; b) stressed area; c) surface 
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(a)                                (b)                                        (c) 

Figure 5.9.7 SEM analysis of Sonic_mc: a) cut section; b) stressed area; c) surface 

 

(a)                                (b)                                        (c) 

Figure 5.9.8 SEM analysis of Sonic_rt: a) cut section; b) stressed area; c) surface 

 

(a)                                (b)                                        (c) 

Figure 5.9.9 SEM analysis of Soxhlet: a) cut section; b) stressed area; c) surface 



Chapter 5   PHAs coming from WWTPs 

______________________________________________________________________ 

- 177 - 

 

(a)                                (b)                                        (c) 

Figure 5.9.10 SEM analysis of Spheres: a) cut section; b) stressed area; c) surface 

 

(a)                                (b)                                        (c) 

Figure 5.9.11 SEM analysis of Homo: a) cut section; b) stressed area; c) surface 

 

(a)                                (b)                                        (c) 

Figure 5.9.12 SEM analysis of Ultra: a) cut section; b) stressed area; c) surface 
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When a cast film is deformed, the randomly oriented molecules tend to orient towards 

the deformation direction. Especially when the sample is deformed quickly and at low 

temperatures, possible defects act as stress concentration and cracks are created giving 

the ultimate sample failure309.  

Comparing the morphology of the stretched and not stretched area, the formation of 

stripes due to the sample deformation during the tensile test is clearly visible. As 

expected, more ductile is the sample, as Ultra, Homo, Spheres, Ex_Std, and wider is 

the PHA film zone with stripes; more fragile is the sample, as Sonic_mc and Sonic_rt, 

and more restricted is the PHA film zone with stripes. 

The high fragility of both Sonic samples is confirmed to be due to the high presence of 

impurities, already observed by optical macroscopy, that give high roughness to the 

surfaces observed by SEM.  

Moreover, particularly Ultra, and both Sonic samples have a porous appearance: this 

morphology is found in literature 310,311 for co-polyester consisting of 3-

hydroxybutyrate, 3-hydroxyhexanoate and PHB blended with salts. The presence of 

salts as impurities, especially in these polymeric films, is confirmed by the EDAX 

analysis (Table 4) which evidences the presence of elements, other than carbon (C) and 

oxygen (O) which are the main components of polymers. Table 5.9-4 reports the results 

of EDAX analysis of PHA films in terms of weight %. 

 

Table 5.9-4 EDAX analysis of PHA films 

 Commercial 

PHA 
Ex_Std Soxhlet Sonic_mc Sonic_rt Spheres Homo Ultra 

Element Weight [%] 

C 70.23 57.92 62.5 58.35 58.03 61.62 58.55 59.22 

O 26.55 39.85 34.85 38.84 32.32 35.85 38.26 34.88 

Si 3.02 2.22 2.41 1.24 7.69 1.95 1.7 4.14 

Ca 0.2 - - 0.56 0.22 0.28 - 0.2 

Cl - - 0.24 - 0.6 - 0.28 0.32 

P - - - 0.26 - - - - 

S - - - 0.74 0.27 0.31 - 0.25 
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Na - - - - 0.73 - 1.21 1 

K - - - - 0.13 - - - 

 

After C e O, in every film Silicon (Si) is the third most present element with an amount 

ranging from 2 to 8% by weight; probably some particles were scratched from the Petri 

dish used to cast the polymer solution during the removal of the film from the support 

and they adhered to the film surface.  

Some films (Soxhlet, Sonic_rt, Homo and Ultra) contain also small traces of chlorine 

(Cl), ranging from 0.24 to 0.6% by weight probably as residual of the solvent (CHCl3) 

used for the extraction process and the filmation procedure.  

Sulphur (S) ranging from 0.25% and 0.74% in Sonic_mc, Sonic_rt, Spheres and Ultra, 

and Phosphorus (P) 0.26% by weight in Sonic_mc are typical contaminants present in 

wastewater treatment plants254,257.  

Lastly, Calcium (Ca), Sodium (Na) and Potassium (K) are the most common cations 

of salts usually present in waste waters29. 

The formation of pores in the micro-structure can be caused also by the molecular 

composition of the PHA film and by the filmation process: when the polymer 

crystallizes after the casting, stresses are generated inside the polymer giving an 

irregular and porous film surface. A low crystallization degree produces less stress as 

well as a slow and mild crystallization process provides the polymer enough time to 

rearrange the molecules for releasing the stress produced by crystallization310. 

5.9.2.3 1H-NMR Analysis 

The 1H-NMR analysis was carried out taking into account the typical signal of these 

kind of polymers as reported in the literature312,313 . For comparison, a 1H-NMR 

spectrum of the commercial sample has been recorded (Figure 5.9.13) and all the signal 

have been analized basing on the following points: 

- the methyl doublets (J=7.12 Hz) at 1.28, accompanied by the multiplet at δ=2.47 ppm 

(corresponding coupled α proton) and by the multiplet at δ=5.19 ppm (the more 

deshielded proton close to oxygen), could be considered as “markers” of Me-PHB 

(methyl butyrate); 

- the methyl doublet (J=7.12 Hz) at δ=1.58 accompanied by the multiplet at δ =2.60 

ppm (two coupled α protons) the multiplets at δ = 5.27 ppm are typical of PHB. 

- the -CH3 1: 2: 1 triplet (J=7.32 Hz) at δ = 0.9, attributed to the methyl split by the -

CH2- in α position at δ= 1.62 ppm, are typical PHV resonances. 
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Upon these bases, the commercial sample (Figure 5.9.13) is mainly composed by Me-

PHB (methyl butyrate), although contaminated by a very small amount of PHB. 

Soxhlet (Figure 5.9.14) and Sonic_rt (Figure 5.9.15) appeared identical to that of the 

commercial PHA but contaminated by more impurities. However, the-CH3 integration 

ratio for Soxhlet suggested an increase in the PHB content with respect to the 

commercial sample. 

 

 

Figure 5.9.13 1H-NMR spectra of Commercial PHA 
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Figure 5.9.14  1H-NMR spectra of Soxhlet 

 

Figure 5.9.15 1H-NMR spectra of Sonic_rt 
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Sonic_mc (Figure 5.9.16) shows a different composition for the presence of PHV, 

recognizable by the typical -CH3 1: 2: 1 triplet (J=7.32 Hz) at δ = 0.9, splitted by the -

CH2- in α position at δ= 1.58 ppm, partially superimposed with the PHB -CH3 doublet 

signal. As a consequence, the low field multiplet pattern at δ= 5.2 ppm slightly changes 

due to the PHV resonances. In this sample, the integration of the two methyl doublets 

at δ = 1.28 and 0.9 ppm allow the estimation of a PHB/PHV ratio of about 4.5 to 1.0 

such a behaviour let hypothesize a composition dependence from the extraction 

method. 

Spheres (Figure 5.9.18), Homo (Figure 5.9.19), Ultra (Figure 5.9.20) and Ex_Std 

(Figure 5.9.17) show a similar spectrum with respect to Sonic_mc, but with a different 

PHB/PHV ratio, which in the case of Ex_Std is about 1.0 to 2.9. 

 

 

Figure 5.9.16 1H-NMR spectrum of Sonic_mc 



Chapter 5   PHAs coming from WWTPs 

______________________________________________________________________ 

- 183 - 

 

Figure 5.9.17 1HNMR spectrum of Ex_Std 

 

Figure 5.9.18  1H-NMR spectra of Spheres 
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Figure 5.9.19 1H-NMR spectra of Homo 

 

Figure 5.9.20 1H-NMR spectra of Ultra 
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5.9.2.4 Thermal analysis 

5.9.2.4.1 TG Analysis 

TG curves of the different PHA films, carried out to investigate the thermal stability 

of the polymer, are reported in Figure 5.9.21, Figure 5.9.22, Figure 5.9.23, Figure 5.9.24, 

Figure 5.9.25, Figure 5.9.26, Figure 5.9.27 and Figure 5.9.28. 

 

 

Figure 5.9.21 TGA curves obtained by Commercial PHA 



Chapter 5   PHAs coming from WWTPs 

______________________________________________________________________ 

- 186 - 

 

Figure 5.9.22 TGA curves obtained by Ex_Std 

 

Figure 5.9.23 TGA curves obtained by Soxhlet 
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Figure 5.9.24 TGA curves obtained by Sonic_mc 

 

Figure 5.9.25 TGA curves obtained by Sonic_rt 
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Figure 5.9.26 TGA curves obtained by Spheres 

 

Figure 5.9.27 TGA curves obtained by Homo 
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Figure 5.9.28 TGA curves obtained by Ultra 

In air, the TG curves of polymers have a two-stage weight decrease. Firstly, thermal 

decomposition occurs with an endothermic pack; then oxidative decomposition occurs 

with an exothermic peak. However, during the first weight decrease, it is likely that 

endothermic and exothermic peaks overlap, and thermal and oxidative decomposition 

occur back to back. From TG curves, the decomposition temperature (Td), defined as 

the temperature at which the polymer loses the 5% of its weight, and the temperatures 

of maximum degradation (T1 and T2) were measured for each sample. 

The rapid nature of PHA thermal decomposition generates well-defined peaks in 

dW/dT 290. TGA measurements (Figure 5.9.21, Figure 5.9.22, Figure 5.9.23, Figure 

5.9.24, Figure 5.9.25, Figure 5.9.26, Figure 5.9.27 and Figure 5.9.28) show that PHA 

films are generally thermally stable up to 250°C with a weight loss < 1.5 wt% at this 

temperature exception for Sphere (-2%), Soxhlet (-2.5%), Sonic_mc, Ultra (-3%) and 

Sonic_rt (-4%). Then PHA films degrade in two main steps37 at around T = 270 ± 10 

° C and around Y = 340 ± 10 °C, respectively. During the first step the decomposition 

of the sample begins and most of the mass loss occurs, on average 75%, whereas in the 

second step the mass loss is only about 20%. The weight loss during heating ranges 

from 95% for Homo to 88% for Sonic_rt; in particular the presence of remaining 

impurities from the process of PHA extraction314 is higher in Ultra (22%), Sonic_rt 

(14%) and Sonic_mc (10%) than in other samples confirming the conclusions obtained 

by EDAX analysis (Table 5.9-4) where these PHA films appear those with the highest 
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percentages of elements different from C, and O. These impurities give a rough and 

porous surface to Ultra and both Sonic samples under SEM observations (Figure 5.9.5, 

Figure 5.9.6, Figure 5.9.7, Figure 5.9.8, Figure 5.9.9, Figure 5.9.10, Figure 5.9.11 and 

Figure 5.9.12), a yellowish wrinkled and porous aspect under optical macroscopy 

observations (Figure 5.9.4) and, in particular for Sonic_mc and Sonic_rt samples, very 

low mechanical properties (Figure 5.9.3 ). 

Table 5.9-5 reports the thermal properties of PHA films measured by TGA in terms of 

mass loss, decomposition temperature (Td) and the temperatures of maximum 

degradation of different PHA films (T1 and T2). 

 

Table 5.9-5 Thermal properties of PHA films measured by TGA 

 

Mass 

loss [%] 

Total 

Mass 

Loss 

Td 

[°C] 

T1 

[°C] 

T2 

[°C] 

Commercial 

PHA 

60  245 265 - 

34 94  - 334 

Ex_Std 87  253 274 - 

 7 94  - 339 

Soxhlet 

 

65 94 246 266 - 

29   - 331 

Sonic_Mc 72 90 271 297 - 

18   - 362 

Sonic_Rt 72 86 258 276 - 

14   - 336 

Spheres 82 93 271 288 - 

11   - 359 

Homo 74 95 269 286 - 

21   - 350 
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Ultra 

 

79 88 265 280 - 

9   - 345 

 

Td, related to a random degradation of the chain80, varied from 245°C to 271°C for the 

different PHA films.  

Concerning the different extraction processes, Td of Ex_std sample is 7°C higher than 

that of Soxhlet sample. After the beginning of thermal decomposition, T1 and T2 of 

Ex_std film remain 8°C higher than those of Soxhlet one.  

Concerning the effect of the different pre-treatments on the thermal behaviour of the 

PHA films, Spheres, Sonic_mc, Homo, Ultra (Td = 271°C, 271°C, 269°C, 265°C, 

respectively), followed by Sonic_rt and Ex_std (Td = 258 and 253 °C, respectively) 

are the most resistant to thermal decomposition. Soxhlet and Commercial PHA films 

appear the less resistant to thermal decomposition with a Td = 266°C and 265°C, 

respectively. It is well known that the thermal stability of polyesters strongly depends 

on the length of the chains. An increase in thermal stability is related to an increase in 

molecular weight since if the molecular weight is higher, a higher number of bond 

breaking events are necessary to generate volatile oligomers which cause weight loss. 

After the beginning of thermal decomposition, the differences in T1 and T2 for 

different PHA films are of about 30°C, again with higher values for Spheres, 

Sonic_mc, Homo, Ultra and lower values for Commercial PHA and Soxhlet samples.  

It is worth to underline that all the 4 pre-treatments give PHA films with higher thermal 

stability (Td) than the not pre-treated polymer (Ex_std). A higher thermal stability 

means a wider fields of applications33 since a higher decomposition temperature 

provides a broader separation between the required melting temperature for injection 

moulding and thermal degradation of the polymers315.  

Moreover, generally, the more thermally stable films are also those with the best 

mechanical properties in terms of high T coupled with high R, M and E (Table 5.9-5, 

Figure 5.9.3). The only exception is the Sonic_mc film where the very high degree of 

impurities, as visually observed (Figure 5.9.4), probably affects its low mechanical 

performances. 

5.9.2.4.2 DSC Analysis 

Differential scanning calorimetry (DSC) measurements are carried out to identify the 

phase transition temperatures of different PHA films extracted from biomass. Figure 

5.9.29 reports the DSC curves of the different samples.  
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Figure 5.9.29 DSC curves of the obtained polymers 

From these curves, the crystallization temperature (Tc) and melting temperature (Tm) 

are taken at the maximum peak of the exotherm (downward in the TGA figures) and 

endotherm (upward in the Figure 5.9.29) transition phase, respectively. The glass 

transition temperature (Tg) is taken at the mid-point of the specific heat increment. The 

crystallization and melting enthalpies (UNI EN ISO 11357-3), ∆Hc and ∆Hm 

respectively, are obtained by measuring the area of the corresponding peaks (Table 

5.9-6). Also the corresponding crystallization degree is calculated by the equation:  

 

𝑋𝑐(%) =
𝛥𝐻𝑚−𝛥𝐻𝑐

𝛥100%𝐻𝑚
                               (Equation 8) 

 

where Xc (%) is the percentage crystallinity; ΔHm is the measured melting enthalpy 

(J/g); and the ΔH100%m is the melting enthalpy for fully crystalline PHB (146 J/g)292.  
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Table 5.9-6 Thermal properties of PHA films measured by DSC. 

 

Tg Cp Tc ∆Hc Tm1 Tm2 ∆Hm Xc 
 

[°C] [mJ/°C∙mg] [°C] [mJ\mg] [°C] [°C] [mJ\mg] [%] 

Commercial 

PHA 

-5 0.095 58 17 139 - 19 1 

Ex_std -11 0.171 - - 138 - 25 17 

Soxhlet -4 0.060 59 4 140 151 40 25 

Sonic_mc 0.4 0.050 55 12 148 157 22 7 

Sonic_rt -4 0.033 - - 134 151 40 27 

Spheres -2 0.130 65 16 - 156 20 3 

Homo 0.6 0.055 60 9 - 154 12 2 

Ultra 0.6 0.130 48 31 143 156 36 3 

 

From literature data, the thermal characteristics of PHA vary considerably with the 

molecular weight and the length of chains. In particular, Tg of P3HB varies between -

3 and 5 °C316 according with the Tg values found in this work.  

The different extraction methods and the different pre-treatments give polymers with 

Tg still comparable with that of reference Commercial PHA (- 6°C ± 5°C) even if, 

except for Ex_std, a little bit higher.  

Tg depends on the mobility and flexibility of the polymeric chains81. If the mobility of 

the chains is restricted, then the glassy state is more stable because more energy is 

required to make the chains free reflecting in a higher Tg81. An increase in Tg is caused 

by a higher Mw264 and the presence of more flexible chains80. In Table 5.9-6, Ex_std 

has the lower value of Tg; crossing this result with those obtained by 1H-NMR 

analysis, this is probably due to the ratio between PHB and PHV, which is almost 1:3 

(while in Spheres, Homo, Ultra and Sonic_mc is 4.5:1). Also an increase in the 

amorphous phase might induce an increase of Tg316. On the other hand, side groups, 

increasing the free volume in the molecule, and short polymer chains acting as 

plasticizers, give a Tg decrease316. From 1H-NMR analysis is evident that all samples 

have similar structures and, except for Ex_Std and Soxhlet, similar ratio between the 

two monomers, even if the exact Mw can not be obtained.  
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In Figure 5.9.29, a clear crystallization peak can be easily observed for Ultra, Spheres, 

Homo and Sonic_mc. This indicates that these compounds undergo a small amount of 

crystallization while heating. Tc varies from 55°C for Sonic_mc to 65°C for Spheres; 

higher Tc implies that the crystallisation ability of the polymer is better316.  

As Tg, also Tm is strictly related to the molecular weight293, the polymerization degree, 

side chains and functional groups in PHAs structure80. PHAs with smaller crystals with 

larger imperfections, more side chain structures, less crystallinity and more amorphous 

structure melt at lower temperatures316,317. On the other hand, an increase in Tm 

suggests an increased symmetry in the polymer structure with higher number of 

average molecular weight. In this case, Tm varies from around 139°C for Commercial 

PHA to almost 160°C for Spheres, Sonic_mc, Homo and Ultra. Commercial PHA has 

the lowest Tm very probably because the introduction of inorganic nanoparticles to 

increase the nucleation density and decrease the spherulite size is a common practice 

in commercial PHAs316 (also the presence of Ca in EDAX analysis induces this 

assumption) . 

As expected, PHAs with higher Tm are those with the higher maximum thermal 

degradation temperature (T1 in Table 5.9-5) and the higher thermal stability 

temperature (Td in Table 5.9-5). PHAs with higher Tm and sharper melting peaks also 

show well defined crystallization peaks (Ultra, Spheres, Homo and Sonic_mc).  

Two features characterize polymer during the melting process: polymer melts can 

move in their totality by Brownian motion; the diffusion of chains in a melt may also 

entail the cooperative movement of sub-chains. The behaviour of a polymer during the 

melting process is dependant by the main interactions presented on the structure. 

During flow, chains slip with respect to each other and when the chains are branched 

or when they carry bulky substituents, their relative motion is more difficult. The 

degree of freedom experienced by the polymer during melting depends closely on its 

molecular structure and in particular on its backbone82,318 . In this case, all the chains 

are free to rotate and the structure is flexible and compact as result from 1H-NMR 

analysis. 

As reported in Table 5.9-5, Figure 5.9.23, Figure 5.9.24, Figure 5.9.25 and Figure 5.9.28, 

some samples (Soxhlet, Sonic_mc, Sonic_rt and Ultra) show two melting peaks: this 

behaviour is typical of semi-crystalline polymers and it is related to the rotation of 

chains80 (the 1H-NMR analysis confirmed the presence of more methyl groups thanks 

to the higher ratio PHB/PHV). The phenomenon of multiple melting in semi-crystalline 

polymers is well explained by a new model, where a thermodynamically metastable 

polymer system may start to reorganize to achieve lower states of the free energy when 

it is perturbed by an increase of temperature. Such re-organization can happen through 

recrystallization of the metastable crystals initially formed at a low temperature to form 

thicker and more stable crystals319. 
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The Tm of the analysed PHA ranging from 139°C up to 156°C agree with earlier data 

on polyesters (PHBV) with similar composition303 (Tm = 144°C). The Tm parameter 

(Figure 5.9.21, Figure 5.9.22, Figure 5.9.23, Figure 5.9.24, Figure 5.9.25, Figure 5.9.26, 

Figure 5.9.27 and Figure 5.9.28 and Table 5.9-6) significantly affects potential polymer 

applications because it affects their processings88 and their recycling314. In particular, 

lower Tm makes the polymer processing easier and a decrease of 20°C in Tm is of 

great significance320. The higher Tm for Spheres, Sonic_mc, Homo, Ultra corresponds 

to the higher thermal stability measured by TGA (Table 5.9-5) and to the higher 

mechanical performances in terms of T together with σM and E measured by the stress-

strain curves (Figure 5.9.3). The only exception is Sonic_mc sample for its high 

impurity. Probably, in Ultra, Spheres and Homo PHA films, the plastic deformation 

which contribute to rise the material T is due to the more linear and compact molecular 

structure, with less or short side chains, that facilitates chain movements and the sliding 

of the macromolecules one over the other. Also the presence of methyl groups (typical 

of PHB) may facilitate the rotation of chains. 

The degree of crystallinity Xc is directly related to the processability and the industrial 

applications of PHAs314; crystallinity equal to or above 50% is considered high and 

detrimental for commercial and industrial purposes. Koller321 suggests that a 3-

hydroxyvalerate (3-HV) share of approximately 20% is required to reduce the 

crystallinity of the product (PHA) for most industrial applications. This is not 

necessary in this study once the majority of the PHAs exhibited crystallinity much 

lower than 50%314. 

Crossing all the results obtained by the thermal analysis, it is reasonable to assume that 

Soxhlet, Sonic_rt, Ultra, Spheres, Homo and Sonic_mc PHA films have higher 

molecular weight, more symmetrical and compact structure and side chains that rotates 

during heating than Commercial PHA film80,316,322. The side chains of these samples 

are mainly composed by methyl groups, which can rotate very easily and a higher 

presence of valerate with respect to commercial PHA gives slightly longer chains. In 

these polymers the PHB to PHV ratio is almost 5:1, causing a compact structure with 

a higher Tm value with respect to Commercial PHA ( 150°C). 

On the other hand, the results obtained for Ex_Std PHA films suggest a lower Mw due 

to the higher presence of PHV with respect to PHB (almost 3:1) and flexible side chains 

which reduce the Tm at 138°C80,316,322 . The similar Tm of Commercial PHA and 

Ex_std samples suggests a similar Mw, even if the presence of valerate in the structure 

is very different. 

PHAs are generally thermally stable at temperatures below 160◦C, as found in this 

study (Table 5.9-5). Crossing the results obtained by TGA and DSC, it is clear that 

PHAs begin to melt long before their degradation temperature is reached (Td  200° 

C). Plastic or viscous behaviours, which correspond to the partial or total irreversibility 
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of deformations in response to a mechanical stress, are imperative to apply82 the usual 

techniques of polymer processing. Thus, these polymers are suitable for different 

processing as thermoforming, extrusion or compression88, can be easily moulded by 

injection and are applicable to blown film processing confirming usefulness of 

produced PHA in many industrial applications.  

5.10 Conclusion 

This work has the purpose of comparing the effects of two different extraction methods 

(conventional extraction and Soxhlet extraction) and four different pre-treatments 

(homogenization with pressure and with blades, sonication and impact with glass 

spheres) on the extraction yields and properties of PHA extracted from biomass coming 

from a wastewater treatment plant. 

The obtained results confirm a direct correlation between the adopted pre-treatment 

and extraction method with the extraction yields, impurities content and the mechanical 

and thermal properties of the obtained PHA films.  

The extractive yield has proved to be highly influenced by pre-treatments: 

homogenization gave the best result leading approximately to 15% more extractive 

yield. 

The two different extraction processes affect the crystallization degree of the polymer 

(17% for Ex_Std and 29% for Soxhlet) and the chemical composition (PHB/PHV for 

Ex_std and PHB/Me-PHB for Soxhlet). 

Moreover, compared to standard extraction without pre-treatments, homogenization 

has proved to be the best pre-treatment in terms of purity, tensile strength (about 5 MPa 

higher) and Young’s module (higher 153 MPa) of the obtained PHA films. There were 

not many differences in the PHA films obtained by homogenization with blades or at 

high pressures, except that the first gives films slightly more impure than the second.  

Finally, as regards the thermal behaviour, conventional extraction gives PHA films 

with a Td 10°C higher than those obtained by Soxhlet extraction, whereas the four pre-

treatments give PHA films with higher Td than that of not treated polymer. This means 

a higher thermal stability and therefore a wider field of applications thanks to their 

molecular structure mainly composed by PHB.  

The best compromise among highest thermal degradation (T1 = 290°C), visual 

appearance (transparency and clearness) and mechanical performance (Toughness) are 

reached with pre-treatments based on homogenization and impact with glass spheres 

which give PHAs with the same PHB/PHV ratio equal to 4.5:1. 
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However, all the PHA film begin to melt long before their degradation temperature 

(over 200° C); this hopes for its possible use in the field of extrusion or compression 

moulding. 
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6 . Chapter 

Preliminary  

study on 

PHAs 

Composites  
 

Evaluation of the effect of natural reinforcing materials and 

manufacturing processes on PHA-composites properties. 
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6.1 Introduction 

This part of the dissertation concerns the study of composites process carried out in 

collaboration with The University of Queensland, Brisbane, Australia.  

The first phase of this research, reported in this Chapter, is focused on the properties 

induced by reinforcing filler/fibers and the type of polymer processing on composites 

based on polyhydroxyalkanoates. 

The use of such polymers as the matrix in bio-based composites is one of the growing 

areas of interest because of the expanding Natural fibre-reinforced composites (NFRCs) 

and Wood Plastic Composites (WPCs) market11 and the cost competitiveness achieved 

by taking advantage of cheap, abundant and biodegradable wood fibres or other bio-based 

materials as structural fillers11.  

Green agro-fibre thermoplastic bio-composites, also known as agro-plastics, where agro-

fibres are bond with bioplastics, have been developed in different researches on lab-

scales; rice straw – poly hydroxybutyrate-co-hydroxyvalerate (PHBV) bio-composites, 

rice straw-PLA and rice husk-PLA wheat straw – recycled petrol-based HDPE and rice 

husk bonded by recycled PVC are already available on the market323. 

Natural fibre-reinforced composites offer a unique solution where both the reinforcement 

and the matrix ingredients are entirely bio-sourced and also biodegradable 324. The 

physical and mechanical properties of PHA biopolymers are particularly suitable for the 

manufacture of Natural fibre-reinforced composites; PHAs exhibit a low melt viscosity, 

which makes them suitable for polymer processing323–327. 

In this study, the attention is focused on the realization of composites through two of the 

more common techniques in polymer processing: compression moulding and extrusion.  

The extrusion process comprises the forcing of a plastic or molten material through a 

shaped die by means of pressure. In modern process, different types of screws are used 

to progress the polymer in the molten or rubbery state along the barrel of the machine88. 

In the compression moulding method, the mould (containing the polymer) is closed with 

a top force or plug member, pressure is applied to force the material into contact with all 

mould areas, while heat and pressure are maintained until the moulding material has 

cured. The advantage of compression moulding is its ability to mould large, fairly intricate 

parts. Furthermore, it is one of the lowest cost moulding methods compared with other 

methods such as transfer moulding and injection moulding; moreover it wastes relatively 

little material, giving it an advantage when working with expensive compounds88,89. 
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Formulations containing PHA of commercial source and a single reinforcing material are 

proposed so as to be able to evaluate the effects on the matrix. The considered materials 

(wood flour, macadamia shells and coffee grounds) have different origins and shapes, but 

they are all secondary by-products of Australians industries (Radiata pine wood and 

macadamia shells, by MicroMilling Pty Ltd, Goulburn, NSW, Australia; Coffee grounds 

100% arabica Merlo Coffee®, Brisbane, QLD, Australia). Previous studies323,325 in 

literature have already investigated on the use of different natural fibrous materials in 

association with polypropylene or other thermoplastics, but for author’s knowledge this 

is the first study on the influence of the filler on the PHA-matrix analysed with two 

different processing techniques. 

The final objective of the study is to evaluate how the composite manufacturing process 

and the filler addition can vary the performances (mechanical, thermal and structural) of 

the composite and how the interaction between the two phases changes. Four 

formulations were analysed in both techniques and compared each other’s: a reference 

made with 100% of PHA with three other specimens containing the same amount of 

added filler.  

6.2 Overview on Green reinforced composites 

Over the past few decades, polymers have replaced many of the conventional 

metals/materials in various applications. This is possible because of the advantages that 

polymers offer over conventional materials as the ease of processing, productivity, and 

cost reduction88,93. These composites are finding applications in diverse fields from 

appliances to spacecrafts. In most of these applications, the properties of polymers are 

modified using fillers and fibers to suit the high strength/high modulus requirements. 

Natural fibre–reinforced composites (NFRCs) are increasingly being used in many 

engineering applications339.  

Polymer matrices can be divided into two types; one is synthetic petrochemical- based 

called synthetic matrix (polyester, polypropylene (PP), polyethylene (PE), epoxy, etc.) 

and the other is natural or bio-based called biodegradable matrix (PHA or PLA are some 

examples )328. 

Natural fibers are classified based on their origins, whether from plants, animals, or 

minerals328–330. Plant fibers include leaf fibers (pineapple, sisal, and abaca), core fibers 

(hemp, jute, and kenaf), grass and reed fibers (wheat, corn, and rice), seed fibers (cotton, 

kapok, and coir), bast fibers (flax, jute, hemp, ramie, and kenaf), and all other types (wood 

and roots) 328. Jute, ramie, flax, and sisal are the most commonly used fibers for polymer 

composites. Green Reinforced Composites includes also all the composites reinforced 

with materials that are not in form of fibres, but they are always from natural source (as 

coffee grounds, seeds or starch). 
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A classification of natural fibres and fillers is reported in Figure 6.2.1. 

 

Figure 6.2.1 Classification of reinforcing natural fibres/fillers 

Natural fibers in the form of wood flour have also been often used for preparation of 

natural fiber composites. The properties of these fibers have been investigated in previous 

studies11,115,335–341,140,323,328,330–334 ; the specific modulus of natural fibers 

(modulus/specific gravity) show values comparable to or better than those of glass fibers. 

These higher specific properties are one of the major advantages of using natural fiber 

composites for applications wherein the desired properties also include weight 

reduction329. 

Natural fibers are low-cost, with low density and high specific properties, biodegradable 

and nonabrasive, unlike other reinforcing fibers. Also, they are readily available and their 

specific properties are comparable to those of other fibers used for reinforcements. 

However, certain drawbacks such as incompatibility with the hydrophobic polymer 

matrix, the tendency to form aggregates during processing, and poor resistance to 

moisture greatly reduce the potential of natural fibers to be used as reinforcement in 

polymers. 

Natural fibre–based composites from renewable resources have low cost, lightweight, 

biodegradability342, high thermal and acoustic insulation, and high specific strength and 

stiffness. Synthetic fibre– based composites, instead, have high cost, high energy 

consumption in machining and manufacturing processes, poor recycling and non-

renewability properties, CO2 emissions and health hazards when breathed in328. These 
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shortcomings have caused natural fibre composites to emerge as a promising alternative 

to synthetic fibre composites.  

6.2.1 Fiber Composition 

Natural fibers are cellulose fiber reinforced materials themselves as they consist of 

microfibrils in an amorphous matrix of lignin and hemicellulose with several minor 

components such as pectin, wax, protein, tannins, ash, and inorganic salts. These 

constituents vary depending on the source of the fibers, growing conditions, plant age, 

and digestion processes330. The hydrogen bonds and other linkages provide the necessary 

strength and stiffness to the fibers. A representation of the fiber structure is reported in 

Figure 6.2.2. 

 

Figure 6.2.2 The structure of a single fibre cel 330. 

Generally, the content of cellulose plays the largest role in governing the properties of the 

fibers and dictates the mechanical performance of the fibers when used as reinforcement 

within composites. Unlike the cellulose, increases in non-cellulosic components tend to 

reduce the strength and modulus of the fibers, leading to negative influences on natural 

fiber reinforced composites330. 

Hemicellulose is responsible for the biodegradation, moisture absorption, and thermal 

degradation of the fiber as it shows least resistance whereas lignin is thermally stable but 

it is responsible for the UV degradation. The percentage composition of each of these 

components varies for different fibers. Generally, the fibers contain 60–80% cellulose, 

5–20% lignin, and up to 20% moisture329. 

All the main components are presented in the sections below. 
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6.2.1.1 Cellulose 

Cellulose is the major building block of wood; as in most plants, it makes up between 

40% and 50% of the dry mass of timber.  

Glucose (C6H12O6) is produced in plants and trees by the act of photosynthesis. The 

glucose units are then transported down to the cambial zone where they bond together 

linearly to form cellulose. Chemically, cellulose is the polymer of the hexose, ß-D-

glucopyranose, with the polymer links being between the fourth and the first carbons on 

the molecules. This polymer has a crystalline structure (i.g. it is made up of repeating 

units), therefore it is easier to degrade343. The degree of polymerization (PDI) of wood 

cellulose is between 8000 and 10,000, making each cellulose chain approximately 4-5 

µm and the molecular weight in the order of 1.5∙106.  

The length of a cellulose molecule is approximately 5 µm or 5000 nm. This length is 

higher than the length of the crystallinity area, which is approximately 60 nm344. This 

means that a molecule will pass through areas of high crystallinity as well as regions of 

low crystallinity, in which molecules are only loosely associated with each other343. 

6.2.1.2 Hemicellulose 

Hemicellulose, second to cellulose in abundance, differs greatly from cellulose. The 

molecules are shorter with a PDI of between 150 and 200 and are built up of different 

heteroglycan sugar units, depending upon the species from which they are obtained, i.e., 

hardwood, softwood or angrifies. As well as glucose, hemicellulose can contain primarily 

the mannose and galactose, but they can also contain the pentoses xylose and arabinose.  

In softwoods the majority of the hemicelluloses are known as Galacto-glucomannans; 

these are one to four polymers of glucose and mannose, in which the mannose 

predominates, while the galactose units are borne laterally on this main chain. Previous 

studies estimated that hemicellulose make up 25-40% of dry wood mass119,122,140,344–346. 

Typical components of hemicelluloses are a group of compounds called aldoses and may 

be linked together either in a linear or branched arrangement. Typical components present 

within hemicelluloses include D-xylose, D-mannose, D-glucose, D-galactose, L-

arabinose, L-rhamnose, 4-O-methyl-D-glucuronic acid, D-glucuronic acid and D-

galacturonic acid343. 

6.2.1.3 Lignin 

Lignin is a highly complex non-crystalline molecule comprised of a large number of 

phenyl-propane units344 . 

Lignin is a disordered, cross-linked polymer which gives rigidity to plants. It is an 

amorphous phenolic polymer with aromatic and aliphatic constituents formed by phenyl-
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propane units. The molecular masses of isolated lignin are from 1,000 to 20,000 g/mol. 

The PDI of lignin is difficult to measure, since it easily becomes fragmented during 

extraction and consists of several types of substructures without a regular repeating 

pattern343. During biosynthesis of plant cell walls, lignin is developed between the 

polysaccharide fibers (cellulose and hemicellulose), binding them together. This 

lignification process causes a stiffening of cell walls. As a plant matures, lignin becomes 

more rigid. The structure of lignin depends on the original sources, but the basic 

composition is kept the same. Lignin is highly hydrophobic in nature and is not 

hydrolyzed by acids. It is soluble in hot alkali, readily oxidized, and easily condensable 

with phenol. The mechanical properties of lignin are lower than those of cellulose343,344. 

The large number of bond types in lignin means that the structure is hard to break down. 

About 25% of all the lignin in wood is found in the middle lamella an intercellular layer 

that made of lignin and pectin343,330.  

6.2.1.4 Pectin 

Pectin is a collective name for heteropolysaccharides, which are a major matrix 

component of the cell wall in long non-wood fibers, particularly the important bast fibers. 

Pectin gives flexibility to plants. It is soluble in water only after a partial neutralization 

with alkali or ammonium hydroxide343. 

6.2.1.5 Terpenes, waxes, acids and alcohols 

Due to the biosynthetic pathways of plants, each species is capable of producing its own 

individual range of chemical components. Many of the fragrances recognizable for wood 

and plant species are due to the combination of other compounds as VOCs. 

Terpenoids are a range of compounds based on isoprene units derived naturally from 

mevalonic acid. The presence of terpenoids within a plant has been attributed to a 

protective system against biological attack or stress during growth, with the diverse needs 

of plant protection demonstrated by the more than 20,000 terpenoids known and 

classified. They are produced in cellular organelles, to be stored within a structure until 

needed343. 

In order to maintain an external protective layer, plants use cuticles. These are lipophilic 

structures deposited onto the outer side of epidermal cell walls. Two major components 

of plant cuticles are recognized through their levels of solubility: cuticular wax, 

comprising lipophilic components soluble in organic solvents, and cutin, which comprises 

non-extractable components. The waxes present on plants and tree materials represent a 

water-repellent barrier to aid in the bio-protection of the plant343. 
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Cuticular wax contains a wide range of hydrocarbons from fatty acids, including medium 

to long chain alkanes such as undecane and eicosane. The cuticular waxes can also include 

hydroxy fatty acids, hydroxy fatty acid methyl esters and alkanols343. 

6.2.1.6 Proteins 

Mature wood (both hard and soft types) contains only small amounts of proteins (up to 

max 0.5% of dry matter). These are of the elastin type and are important for cell wall 

growth. They have negligible effects on the mechanical properties of mature wood343 

‘Lignocellulosic’ materials (fibers and fiber bundles/chips) sourced from annual crops 

contain more protein than wood but again the proteins have little influence on fiber/chip 

mechanical properties343. 

6.2.1.7 Inorganic material 

The inorganic content of natural fibers is usually defined only as silica; these levels are 

often determined by thermal degradative processes. A range of metallic species may also 

be found in low concentrations, often linked to local growing conditions343.  

6.3 Coffee Grounds 

Coffee has been consumed for many years, and the resulting coffee production is 

enormous worldwide. At present, significant coffee wastes are generated by its 

production and utilization with drinking water, and large amounts of coffee grounds (CG) 

are discharged worldwide. Brazil is the largest producer of coffee and produces about 

80% of coffee. This corresponds to 28, 590 ,502 tonnes of coffee every year. About 50% 

of the total coffee is used as drinking water347–349.  

They are mainly composed of cellulose, hemicellulose, and lignin. Thus, they are very 

similar to natural fibers for their chemical composition, but their shape and size is totally 

different348,350,351. Nevertheless, they also contain proteins, lipids, fatty acids, tannins, 

polysaccharides, polyphenols and a non-negligible amount of minerals350, which make 

their chemical composition more complex. 

Numerous research studies have been carried out on coffee wastes, where researchers 

studied their composition trying to use it as resource52,347–349,351–353 as “green materials” 

with many potentials uses in a variety of fields, such as bioenergy, biofuels, or 

polysaccharides productions. In some cases, they can be used as reinforcing agent in 

biopolymers to produce sustainable green composites with affordable cost. 

However, their hydrophilicity constitutes a real barrier to their incorporation in polymer 

matrices due to the poor affinity between hydrophobic polymers and hydrophilic CG 

components, thereby leading to limited usage as bio-reinforcement. Currently, numerous 
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studies have been conducted on CG not only for improving their hydrophobicity for 

material applications, but also to reduce the risk related to disposal in landfill 

locations348,350,351. 

Among these studies, some focused on compatibilizers or coupling agents addition to the 

polymer matrix, other on chemical modification of CG by antimicrobial rosin, or by 

torrefaction, which is a mild thermal treatment (200−300 °C) under nitrogen, with the aim 

of obtaining a hydrophobic material349. 

The use of this lignocellulosic material combined with a polymer with low performances 

can enhance its applications as reinforcing agent, which shall be added to improve the 

polymer properties to meet desired applications, and decrease the final price of the 

product 349. 

Nevertheless, the reinforcing effect depends upon microstructure configuration and 

interfacial adhesion between the polymer matrix and the filler. As previously exposed the 

percentage in cellulose, hemicellulose, lignin and other components are crucial on the 

reinforcement effect of a fill due to the influence on the interaction between the polymer 

matrix and the other phase. Moreover, in this case, the CG are a secondary products, 

which means that the percentages of the components can be much different from the usual 

amount 52,347–351,353. 

6.4 Study of the reinforced composite 

The matrix phase plays a crucial role in the performance of polymer composites. Both 

thermosets and thermoplastics are attractive as matrix materials for composites. In 

thermoset composites, formulation is complex because a large number of components are 

involved such as base resin, curing agents, catalysts, flowing agents, and hardeners. These 

composite materials are chemically cured to a highly cross-linked, thus highly solvent 

resistant, tough, and creep resistant. The fiber loading can be as high as 80% and because 

of the alignment of fibers, the enhancement in the properties is remarkable.  

One of the advantages of thermoplastic matrix composites is their low processing costs. 

Another is design flexibility and ease of molding complex parts. Simple methods such as 

extrusion and injection molding are used for processing of these composites88,93. 

This is mainly because the processing temperature is restricted to temperatures below 

200°C to avoid thermal degradation of the natural fibers88,93. 

For thermoplastic composites, the dispersion of the fibers in the composites is also an 

important parameter to achieve consistency in the product. Thermoplastic composites are 

flexible and tough and exhibit good mechanical properties. However, the amount of fibers 

is limited by the processability of the composite: a too high percentage of fibers may 
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induce the formation of voids, which will affect the mechanical properties154,335,343,354. In 

the composites the fiber orientation is random and accordingly the property modification 

is not as high as is observed in thermoset composites88,93. Properties of the fibers, the 

aspect ratio of the fibers, and the fiber–matrix interface decide the properties of the 

composites. The surface adhesion between the fiber and the polymer plays an important 

role in the transmission of stress from matrix to the fiber and, so the performance of the 

composite. Another important aspect is the thermal stability of these fibers 329,343,330.  

Since most thermoplastics are processed at high temperatures, the thermal stability of the 

fibers at processing temperatures is important. Thus the key issues in development of 

natural reinforced composites are (i) thermal stability of the fibers, (ii) surface adhesion 

characteristics of the fibers, and (iii) dispersion of the fibers in the case of thermoplastic 

composites329,343,330. 

In this study, the polymer matrix is composed by polyhydroxyalkanoates (thermoplastic), 

with the addition of three types of filler in the same quantity, coming from industrial 

wastes: Wood Flour (WF), Macadamia nut shells (MS) and spent Coffee Grounds (CG). 

The effect of two processing techniques and the three types of fillers on the mechanical, 

thermal and morphological properties of the composite are evaluated. 

6.5 Materials  

6.5.1 Polyhydroxyalkanoates (PHA) 

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) biopolymer with 1 mol% HV 3- 

(hydroxyvalerate) content is purchased from TianAn Biopolymer, China in powder form 

under the trade name of ENMAT Y1000. ENMAT Y1000 has a density of 1.25 g/cm3, 

and a reported melt flow index (MFI) of 5.2 g/10 min at 180 °C, using a weight of 2.16 

kg, according to ISO 1133. The polymer has a Mn of 590 kDa and the melting temperature 

of 171 °C, as measured by Differential Scanning Calorimetry (DSC) in accordance with 

ASTM D3418-12. The particle size distribution, as provided by the supplier, ranges from 

granules having a diameter d =1 µm to d=80 µm, with the maximum pick at d =20 µm. 

The critical granular diameters, below which 50% (D50) and 90% (D90) of the total 

granules are included, are D50 = 17 µm, and D90 = 45 µm, respectively. 

6.5.2 Wood Flour (WF) 

Wood flour (WF) is hammer-milled and supplied as unbleached thermomechanical pulp 

from Radiata pine wood, by MicroMilling Pty Ltd, Goulburn, NSW, Australia. No 

chemicals are used to treat the fibres. The average length of the wood fibres is 300 µm 

with a density of 340g/L. The aspect of the fibre is fine homogenous, light-biscuit 

coloured powder (Figure 6.5.1). 
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Figure 6.5.1 Wood flour  

The specified particle size distribution of the as-received wood flour is summarised in 

Table 6.5-1. 

Table 6.5-1 Specified particle size distribution of wood flour from manufacturer 

Particle size 

(µm) 

Smaller 

than 75 

75-150 150-250 250-300 Larger 

than 300 

Distribution 35% 30% 30% 5% Max 1% 

 

6.5.3 Macadamia nut shells 

Macadamia nuts come from plants belonging to the family of Proteaceae and are native 

to Australia. The macadamia nut production is increasing annually as the associated waste 

shell generation which is 65% of total nut. Disposal of macadamia nut shells have created 

serious problems for the nut processing industries and hence sustainable recycling 

solution is critically required339. 

Macadamia nut shells (MS) flour are hammer-milled and supplied as unbleached 

thermomechanical pulp from macadamia shell nuts, by MicroMilling Pty Ltd, Goulburn, 

NSW, Australia. No chemicals are used to treat the fibres. The average length of the wood 

fibres is 212 µm with a density of 610 g/L. The aspect of the fibre is a fine homogenous, 

light-chocolate coloured powder (Figure 6.5.2). 
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Figure 6.5.2 Macadamia nut shells 

The specified particle size distribution of the as-received macadamia shells flour is 

summarised in Table 6.5-2 

Table 6.5-2  Specified particle size distribution of Macadamia shells fibres from manufacturer 

Particle size 

(µm) 

Smaller 

than 85 

85-110 110-150 150-180 Larger 

than 250 

Distribution 55% 30% 10% 10% Max 1% 

 

 

6.5.4 Coffee grounds 

Coffee grounds (CG) are supplied as spent secondary product by Merlo Coffee®, 

Brisbane, Queensland. The average size of coffee grounds is 100 µm and the density is 

equal to 1240 g/L. Figure 6.5.3 shows the spent coffee grounds used as filler. 

 



Chapter 6   Preliminary study on PHAs-Composites 

______________________________________________________________________ 

- 211 - 

 

Figure 6.5.3 Spent coffee grounds 

All the materials are dried overnight at 35±5°C before the use to remove all the moisture. 

 

6.6 Methods 

6.6.1 Compression moulding 

The first step of the study is the preparation of 4 formulations: a reference made with 

100% of polymer (CP_Pm) and the specimens containing the reinforcing material (wood 

flour, macadamia shells and coffee grounds). For the other 3 samples, the same amount 

of WF, MS and CG is used: 70% w\w of polymer and 30 % w\w of filler. In Table 6.6-1 

the four formulations are resumed. 

Table 6.6-1 Formulations of compression moulded specimens 

Name of the sample Polymer (%) Filler (%) 

CP_Pm 100 - 

CP_30WF_Pm 70 30 - wood flour (WF) 

CP_30MS_Pm 70 30 - macadamia shells 

(MS) 

CP_30CG_Pm 70 30 - coffee grounds 

(CG) 
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For all the compression moulded composites the polymer is solubilized in 50 mL of 

chloroform (Sigma-Aldrich) with the filler/fibres (when required). The solution is solvent 

casting in glass petri dishes (Figure 6.6.1) to promote the filmation process and, 

successively, the film is cut in pieces for the compression moulding process. 

 

Figure 6.6.1 Filmation process of the three solution of PHA + filler: (from the right to the left) 

PHA +WF; PHA + MS; PHA +CG. 

10 g of cut film was placed in the mould (Figure 6.6.2) and the Rondol Technology press 

(Figure 6.6.3) was closed applying 30kN at 200°C for 15 minutes.  

Two metallic supports were necessary to increase the thickness of the mould because a 

space between the two heated platens of the hydraulic press was remained.  

 

 

(a)                                        (b) 
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(c )  (d) 

Figure 6.6.1 Preparation of the cut film in the mould for the compression moulding process: a) 

100% PHA (CP_Pm); b) 70%PHA +30% WF (CP_30WF_Pm); c) 70%PHA +30% MS 

(CP_30MS_Pm);d) 70%PHA +30% CG (CP_30CG_Pm). 

 

  

(a) (b) 

Figure 6.6.2 a) hydraulic press for compression moulding; b) Detail of the hydraulic press: 

heated plates with the mould and the metallic supports. In the middle it is possible to see the cut 

polymer film before the melting process. 

 

Before to open the press, the specimen should be cooled down slowly, to avoid 

imperfection and cracks88 and then removed from the mould (Figure 6.6.4).  
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(a) (b) 

 

(c )  (d) 

Figure 6.6.3 a)CP_Pm; b) CP_30WF_Pm; c) CP_30MS_Pm and d) CP_30CG_Pm specimens. 

 

6.6.2 Extrusion 

Processing of the extruded specimens is achieved by feeding the polymer powder directly 

into the extruder. For composite specimens, the filler and PHA powder are pre-mixed 



Chapter 6   Preliminary study on PHAs-Composites 

______________________________________________________________________ 

- 215 - 

(without the solvent) according to ratios listed in Table 6.6-2, which are in the same 

percentages of compression moulded specimens. 

Table 6.6-2 Formulations of extruded specimens 

Name of the sample Polymer (%) Filler (%) 

CP_Ex 100 - 

CP_30WF_Ex 70 30 - wood flour 

CP_30MS_Ex 70 30 – macadamia shells 

CP_30CG_Ex 70 30 – coffee grounds 

 

A co-rotating twin screw extruder (EuroLab 16 XL, ThermoFisher Scientific Inc, 

Waltham, USA) with a diameter of 16mm and a length-to-diameter ratio of 40:1 is used 

(Figure 6.6.5). PHBV and Reinforced-PHBV blends are fed at flood feeding (full barrel). 

A volumetric feeding rate has been chosen for this work, to maintain a consistent occupied 

barrel volume across different fibre ratios. Between each extrusion run, the die element 

is removed and cleaned, the barrel is fully purged with PHBV polymer for 10 min, and 

the first 20 g of each run is discarded.  

 

Figure 6.6.4 EuroLab16XL extruder 



Chapter 6   Preliminary study on PHAs-Composites 

______________________________________________________________________ 

- 216 - 

The feed screw elements in zones 2 to 6 ensured a clear feed throat and prevented 

jamming. The elevated temperatures in these zones caused higher melt flow (low 

viscosity).  

Flood feeding and a decreasing temperature profile with a maximum barrel temperature 

of 180 °C and a die temperature of 160 °C are implemented. The screw profile consisted 

of forward conveying elements only with no mixing zones. The screw speed is maintained 

at 100 rpm which resulted in a residence time of around 1 min.  

During extrusion, extrudates are cut and pressed through a roller to produce flat samples. 

All the extrusion details as temperatures (°C) and pression (bar) applied in the different 

zones are reported in Figure 6.6.6. Each extrusion run is exposed to an atmospheric vent 

in zone 5.  

 

 

Figure 6.6.6 Extrusion profile of different zones with temperatures and pressure. 

 

The last functional zone is where the shaping of the polymer takes place: the die forming 

zone is the most important functional zone because the actual shape of the final product 

develops in this zone. As exposed in Chapter 2, the geometry of the flow channel in the 

die, the flow properties of the polymer melt and the temperature distribution in the 

polymer melt are essential in this part of the process92.  

A slit die with cross sectional dimension of 13 by 2 mm is placed at the extruder exit to 

yield sections of rectangular specimens for mechanical testing (Figure 6.6.7).  
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Figure 6.6.5 Slit die with cross sectional dimension of 13 by 2mm during the extrusion of 

CP_30CG_Ex 

 

6.6.3 Composite characterization 

6.6.3.1 Gel permeation chromatography (GPC) 

Weight average molecular weight (Mw), number average molecular weight (Mn) and 

polydispersity index (PDI = Mw/Mn) are obtained using gel permeation chromatography 

(GPC)355. Specimens are dissolved in chloroform (HPLC grade) at room temperature for 

30 minutes, with a concentration of 2.5 mg/mL. GPC analyses are performed using an 

Agilent 1260 Infinity Multi Detector Suite system (Cheshire, UK) equipped with a guard 

column followed by three columns in series. The columns are kept at 30°C. A 

refractometer, at 30°C, is equipped to detect the signals. A chloroform flow rate of 1 

mL/min is used for the analysis. Narrowly distributed molecular weight polystyrene 

standards are used for calibration.  

6.6.3.2 Microstructural analysis  

After the tensile test, the microstructure of films is observed by using a Macroscopy (Wild 

Makroskop M420) at 10X and a Scanning Electron Microscope (SEM) (VEGA3 

TESCAN) at 25.0 k.  
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6.6.3.3 Tensile Test 

Prior to any characterisation, the samples are dried overnight at 35±5°C for 24 h to 

remove any absorbed moisture. Samples are cut in 5 dog-bone-shaped specimens (Figure 

6.6.8) from each sample (compression moulded and extruded) and tested following 

ASTM D 638-5 for tensile test. All the tests are conducted using an electromechanical 

Instron model 5584 (Instron Pty Ltd, USA) with a 1 kN load cell. Specimens are clamped 

using pneumatic grips, and tested at constant cross-head displacement rate of 1 mm/min. 

A video-extensometer is used to obtain the strain value across the narrow region of the 

specimen. This contactless approach avoids any risk for introducing stress concentration 

and premature crack initiation and propagation. The reported values represent the mean 

of five replicate test specimens. 

 

Figure 6.6.6 A specimen for each category is shown: in the top line (from the right to the left) 

CP_30CG_Pm; CP_30MS_Pm; CP_30WF_Pm; CP_Pm. In the bottom line (from the right to 

the left) CP_30CG_Ex; CP_30MS_Ex; CP_30WF_Ex; CP_Ex. 

 

6.6.3.4 Differential Scanning Calorimetry (DSC) 

DSC experiments are performed using a DSC instrument (DSC Q2000, TA Instruments) 

in order to determine the melting point (Tm) of the PHA-composites. About 2 mg of 

sample is heated to 185 °C at a heating rate of 20 °C min–1, and subsequently cooled from 

185 ∘C to –50 °C at a cooling rate of 10 °C min–1, and then reheated to 185 ∘C at 10 ∘C 

min–1 heating rate under nitrogen gas. 



Chapter 6   Preliminary study on PHAs-Composites 

______________________________________________________________________ 

- 219 - 

6.6.3.5 Thermogravimetric Analysis (TGA) 

TGA experiments are performed using a TGA instrument (Mettler Toledo TGA/SDTA 

851) following the norm UNI EN ISO 1111358-1:2014 in order to determine the 

decomposition temperatures (Td) of the composites. About 5 mg of sample is heated from 

room temperature to 550 °C at a heating rate of 10 °C min–1 in air. 

6.7 Results and discussions 

Tensile strength, modulus and strain at break of extruded and compressed PHA-

composites and PHA with 30% of filler content are measured (Figure 6.7.1, Figure 6.7.2 

and Figure 6.7.3). Data are presented as box plots indicating the maximum, 3rd quartile, 

median, 1st quartile and minimum value among ten duplicates. The mean values are noted 

in text to the right of each box plot. From these data the influence of the fillers and the 

two techniques on the mechanical performances can be estimated.  

All the extruded composites are more resistant to the tensile stress than the compression 

moulded series. Confronting the two references made with 100% of PHA (CP_Pm and 

CP_Ex) the main difference in the performance is in the stress at maximum load (4 MPa), 

whereas the tensile modulus (Figure 6.7.2) is comparable with average values equal to 3 

GPa for CP_Ex and 2 GPa for CP_Pm. A totally opposite behaviour can be observed by 

the elongation at break, where elongation is almost 9% for the CP_Pm and only 2.1% for 

CP_Ex. Low values in tensile strain at break are expected for composites with PHBV and 

a low HV content (∼1 mol%) as polymer matrix, since it is brittle under the processing 

conditions used without additional modifiers356,357. 
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Figure 6.7.1 Tensile stress at maximum load 

 

Figure 6.7.2 Tensile Modulus 
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Figure 6.7.3 Elongation at break 

The mean tensile strength decreased with increasing temperature profile: in fact, in the 

extruded samples, where the temperature is lower and more controlled, tensile strength 

(σM) is in a range between 30.1 MPa and 14.7 MPa. Possible reasons could include 

thermal degradation of the matrix (or the reinforcing materials) or a change in melt 

viscosity of the polymer which has influenced the mechanical properties. Further 

investigations into the molecular weight changes are summarised in Table 6.7-1.  

Examining the obtained values from GPC analysis and the Mn on the datasheet of 

ENMAT Y1000, where the original value of Mn is 590 kDa, it is evident that the two 

process caused a degradation of the polymer, reducing the molecular weight. Moreover, 

comparing the two processes, all the compression moulded composites have a lower 

molecular weight (Mn and Mw) than the extruded series, which indicates a major 

degradation during the polymer processing, probably caused by the high temperature.  

In fact, the temperature profile and the pressure conditions in the extrusion process are 

much more controlled than in the compression moulding, where the temperatures reach 

200°C at 30 kN. These more extreme conditions, even if for a short time, are determinant 

for the reduction in the Mn, which causes losses in the mechanical 

performances302,355,92,93. 

PDI means polydispersity index and this refers to the ratio between the average molecular 

weight (Mw) and the average number (Mn) called as molecular weight distribution. PDI 
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is used to indicate distribution of polymer chain molecular weights in a given polymer81. 

As the PDI value increases the heterogeneity in cross-linking, network formation, chain 

length, branching, hyper branching will be with more random arrangement. In this case, 

the PDI value varies from 1.8 (CP_30MS_Pm) to 2.6 CP_30CG_Ex, showing a different 

heterogeneity between the specimens. More precisely, in all the extruded composites the 

values of PDI are higher. Both specimens including the WF in their formulation have 

similar values of PDI (2.0 for CP_30WF_Pm and 2.3 for CP_30WF_Ex), whereas in all 

the other samples the difference between the two series are more relevant. This particular 

factor implies that the level of polymer growth is not in a controlled manner and oligomers 

concentrations are more, but this happens in both of the specimens, giving similar 

results81,83. 

In the other specimens, as CP_30MS_Pm and CP_30MS_Ex, this behaviour is not 

comparable at all, because there are wide differences between the two series: thus the 

measured dispersity demonstrates a more inconsistent size, shape and mass distribution 

of the molecules in the series with higher values (extruded composites)81. 

Table 6.7-1 GPC analysis of PHA-composites. 

Specimen Mn (g/mol) Mw (g/mol) PDI 

CP_Pm 77381 144155 1,9 

CP_30WF_Pm 74942 150827 2,0 

CP_30MS_Pm 62708 113013 1,8 

CP_30CG_Pm 91179 176206 1,9 

CP_Ex 155413 383718 2,5 

CP_30WF_Ex 153031 344830 2,3 

CP_30MS_Ex 141144 333268 2,4 

CP_30CG_Ex 156625 405135 2,6 

 

The mean tensile strength decreases increasing the fibres/filler content in almost all the 

samples, the only exception is CP_30WF_Ex. This reduction is in agreement with the 

trends reported in literature for reinforced composites247,335,343,358,359,328–330,340,341,360–363, 

and can be explained by the concentration of stress around short fibres/fillers, which acts 

as defects and initiates crack propagation. For what concerns CP_30WF_Ex, the increase 

in σM from 29.5 MPa to 30.1 MPa is not very significant. Nevertheless, the behaviour of 

CP_30MS_Pm is particularly interesting: even if the 30% of macadamia nut shell fibres 
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addition causes the reduction of the tensile strength to 21.9 MPa, the difference between 

CP_30MS_Pm and CP_Pm is about 3 MPa. 

The tensile modulus increased with increasing wood fibre ratio, as can be expected and 

is typically observed from the addition of a reinforcement material with higher stiffness 

than the matrix87,94,333,337,339,364–367. The main reason for the modulus variability of wood 

fibres is the difference between earlywood and latewood fibres, affecting cell wall 

thickness, fibril angle and secondary fibre wall355. So, the differences between the 

specimens with the same amount of fillers are so evident because of the differences in the 

fibre’s composition, which is due to their origin. Composites with macadamia shells give 

comparable results in terms of tensile modulus for both of the series (4.2 GPa for 

extrusion and 3.5 GPa for the compression moulding), but the best result comes from 

CP_30WF_Ex (4.9 GPa).  

In terms of elongation at break, almost all the results are comparable, only two of them 

stand out from the others: CP_Pm (8.9%) and CP_30CG_Ex (3.1%).  

For CP_Pm the major elongation can be due to the thermal exposure: thermal exposure 

of PHBV during extrusion process, and consequently melt viscosity and crystallisation, 

are suggested to have a stronger influence on the intrinsic mechanisms which affect 

tensile strength, over the mechanisms affecting stiffness. A study in literature368 reported 

that the tensile strength of PHBV is influenced by the morphology of the semi-crystalline 

structure. A higher temperature of the melt as well as lower molar mass of the polymer 

lead to a lower number of intrinsic nuclei for crystallisation and hence to a lower number 

of spherulites with greater diameter. As reported in literature369, cracks are formed at the 

boundaries of the spherulites in PHBV when the diameter reaches a critical value. 

Moreover, also the presence of fibres can affect the performance due to their tendency to 

agglomerate in the mix, which cause inhomogeneous part in the matrix.  

Previous studies in extruded composites found out that there are interactions between 

fibres content and the feeding rate, since the large variance generated by different wood 

content is minimised at higher feeding rates355. Short-fibre composites are heterogeneous 

materials, and tend to fail at the weakest cross-section, where the presence of 

microstructural heterogeneity or defects control the tensile strength. It was reported that 

for wood plastic composites, unwanted fibre agglomerates are likely to initiate tensile 

failure, as happened for all the composites including the fibres.  

The fibre-matrix interface is a reaction or diffusion zone in which two phases or 

components are physically, mechanically and/or chemically combined. Interfacial 

adhesion between the fibre and matrix plays a fundamental role in terms of the factors 

governing the mechanical characteristics of the composite324. 
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The higher elongation performance in CP_30CG_Ex can be explained by the type of 

filler: in fact, coffee grounds have a very different shape and size from the fibres, and this 

causes a different interaction with the polymer matrix respect to the composites with 

fibres.  

Spent coffee grounds are highly hydrophilic and this leads to formation of aggregates as 

happens with the fibres; although individual particle size is fundamental to enhance the 

mechanical performances. The characteristics of the particles largely control the property 

of the alloy, and a spacing of 0.2–0.3 µm between particles usually helps optimize 

properties348,349,351,353. As particle size increases, less material is required to achieve the 

desired interparticle spacing353. Due to their particle shape and size, CGs do not permit to 

have a bridging effect as for the fibres reinforcing composites, in fact they act as a crack 

propagation and voids generation agent (Figure 6.7.4 and Figure 6.7.5). Nevertheless, it 

can have a positive effect on the elongation properties because the CG-clumps are smaller 

than fibres-clumps. 

 

Figure 6.7.4 CP_30CG_Ex cut section: voids on the surface. 
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(a) (b) 

Figure 6.7.5 CP_30CG_Ex cross-sectional area and void structure. 

As reported in the SEM images (Figure 6.7.6a) the interaction between the two phases is 

not homogeneous for the specimens of CP_30CG_Ex. Also in the other series 

(CP_30CG_Pm) the two phases have the same behaviour, but with the presence of more 

and larger voids (Figure 6.7.6b). 

 

(a) (b) 

Figure 6.7.6 (a) Surface of CP_30CG_Pm and (b) voids structure 
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Analysing the morphology of the composites, the interfacial transition zone (ITZ) of the 

fibre reinforced composites in the cross sectional area (Figure 6.7.7, Figure 6.7.8, Figure 

6.7.9) permits to evaluate the interaction between the two phases. 

  

(a) (b) 

Figure 6.7.7 a) CP_30MS_Ex and b) CP_30WF_Ex 

  

(a) (b) 

Figure 6.7.8 a) CP_30MS_Pm and b)CP_30WF_Pm 
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On the contrary, for the compression moulded composites, CP_30WF_Pm shows very 

long part of the fibres coming out from the matrix in the cross sectional area which means 

that the interaction between the two phases is better thanks to the adherence between the 

fibre and the polymer. This means that the bridging effect is predominant in this specimen 

and that the low performances are due to the presence of voids caused by fibre separation. 

Fibre separation or fibre segregation takes place when the fibre does not migrate with the 

polymer flow in the mould. As a consequence, the fibre content becomes non-uniform 

leading to a higher than nominal fibre content in the upstream and a lower than nominal 

fibre content in the downstream93.  

In Figure 6.7.9 ,Figure 6.7.10, Figure 6.7.11 and Figure 6.7.12 the surfaces of all the 

specimens are shown in order to compare the morphological differences of the two series. 

 

 

(a) (b) 

Figure 6.7.9 a) CP_Ex; b) CP_Pm 
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(a) (b) 

Figure 6.7.10 a) CP_30WF_Ex b) CP_30WF_Pm 

 

(a) (b) 

Figure 6.7.11 a) CP_30MS_Ex b) CP_30MS_Pm 
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(a) (b) 

Figure 6.7.12 a) CP_30CG_Ex b) CP_30CG_Pm 

 

Comparing the different samples all the defects coming from the processes are evident: 

in Figure 6.7.9, CP_Ex and CP_Pm have two different surfaces, but both of them are 

homogeneous. 

CP_Ex present a very regular and smooth surface, whereas CP_Pm presents a wrinkly 

surface due to the polymer processing. The defects in CP_Pm are typical of a process 

with high temperature and high pressure and usually they can be avoided gently 

increasing the high pressure. For the production of the other samples this principle was 

considered, in fact the surface (Figure 6.7.10) does not appear wrinkled anymore, but it 

is smooth even with the presence of voids. The presence of voids is caused by more 

factors: the principal one is the possible segregation of the fibres (WF and MS) and the 

presence of the filler (CG), but also high temperature, high pressure and a not 

homogeneous disposition of the cut polymer on the mould can be the causes88,93,298,370.  

It is well known that the existence of interactions between the substrate (as the aluminium 

mould) and the polymer can strongly affect the physical properties of the polymer, such 

as the Tg and the molecular chain mobility, which in turn influence the crystallization 

kinetics of the polymer. The influence of a foreign surface on the crystallization kinetics 

of polymers is multifarious, depending on the sample thickness and the used 

polymer/substrate system, which determines the interaction between the substrate and the 

polymer melt371. Due to the enhanced nucleation ability caused by the presence of a 



Chapter 6   Preliminary study on PHAs-Composites 

______________________________________________________________________ 

- 230 - 

heterogeneous surface, the overall crystallization rate will be increased remarkably, 

especially for those with difficulty in homogeneous nucleation. The enhanced nucleation 

abilities of polymers on a foreign surface are best revealed by the formation of trans-

crystalline layers in the fibre-reinforced polymer systems87,88,93,371–374. 

Considering that polymeric materials are directly in contact with some kinds of solid 

surfaces in a variety of applications, surface-induced crystallization of polymers has 

attracted considerable attention during the past decades. It has been shown that solid 

surfaces most generally accelerate the crystallization of the polymers, being the cause of 

possible defects as porosity, flowlines or blistering. If there are defects also on the surface 

of the mould they can be transmitted to the composite, having an impact on its 

performance88,93,298,370. 

In extrusion, certain die flow instabilities can occur that may seriously affect the entire 

extrusion process, damaging the product. All the extruded composites including the 

filler\fibres present a very rough surface known as shark skin effect. 

Shark skin manifests itself as a regular ridged surface distortion, with the ridges running 

perpendicular to the extrusion direction. A less severe form of shark skin is the occurrence 

of matness of the surface, where the glossy surface cannot be maintained. This effect is 

generally formed in the die land or at the exit, and it is dependent primarily on the 

temperature and the linear extrusion speed. Factors such as shear rates, die dimensions, 

approach angle, surface roughness, L / D ratio, and material of construction seem to have 

little or no effect on shark skin. The mechanism of shark skin can be caused by the rapid 

acceleration of the surface layers of the extrudate when the polymer leaves the die: if the 

stretching rate is too high, the surface layer of the polymer can actually fail and form the 

characteristic ridges of the shark skin surface. High-viscosity polymers with narrow 

molecular weight distribution (MWD) seem to be most susceptible to shark skin 

instability. The shark skin problem can generally be reduced by reducing the extrusion 

velocity and increasing the die temperature, particularly at the land section or using an 

additive92,375.  

The set parameters used during the process for the composite production affect not only 

the morphological aspect of the composite, but also its thermal properties. 

In Table 6.7-2 all the results from DSC and TGA analysis are reported. 
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Table 6.7-2 TGA and DSC results 

PHA Sample Tg 

[°C] 

Tc 

[°C] 

Tm 

[°C] 

Xc 

[%] 

Td 

[°C] 

T1 

[°C] 

Endo-

Peaks 

[°C] 

Exo-Peaks 

[°C] 

CP_Pm 3 123 175 7.6 275 298 177 291 

306 

CP_30WF_Pm 4 120 172 1 272 287 

327 

421 

181 277 

283 

296 

334 

456 

CP_30MS_Pm -0.5 120 170 2.7 273 292 

322 

450 

175 285 

300 

323 

453 

CP_30CG_Pm -3 114 172 5.2 265 170 

275 

426 

495 

175 268 

271 

284 

322 

431 

499 

CP_Ex 0 123 174 3.5 279 297 179 288 

295 

307 

CP_30WF_Ex -3 120 173 3.4 272 172 

288 

320 

427 

 

178 275 

281 

301 

326 

430 

CP_30MS_Ex -3 120 174 3.4 275 172 

291 

177 283 

286 
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324 

461 

299 

328 

464 

CP_30CG_Ex -1 114 172 3.0 264 170 

272 

426 

499 

176 328 

431 

502 

 

Form the DSC analysis the crystallization temperature (Tc) and melting temperature 

(Tm) are taken at the maximum peak of the exotherm (downward in the TGA figures) 

and endotherm (upward in the Figure 6.7.13, Figure 6.7.14, Figure 6.7.15, Figure 6.7.16, 

Figure 6.7.17, Figure 6.7.18, Figure 6.7.19 and Figure 6.7.20) transition phase, 

respectively. The Tg is taken at the mid-point of the specific heat increment. The 

crystallization and melting enthalpies (UNI EN ISO 11357-3), ∆Hc and ∆Hm 

respectively, are obtained by measuring the area of the corresponding peaks in order 

to calculate the corresponding crystallization degree is by the Equation 10 of the 

previous Chapter. As previously exposed, Xc(%) is the percentage crystallinity; ΔHm 

is the measured melting enthalpy (J/g); and the ΔH100%m is the melting enthalpy for 

fully crystalline PHB (146 J/g)292. 

The Xc (%) has a value of 3 ± 0.5% in all the extruded composites, because the processing 

conditions are stable. Indeed, in the composite made through compression moulding, 

where pressure and temperature are more difficult to maintain at the same conditions for 

all the specimens, the Xc (%) varies from 1% up to almost 8%. This can be due to the 

nucleation process on the surface of the mould and for the cooling down process after the 

heating. In fact, the cooling process takes long time for each specimen (about 1 hour), 

this means that the heating can not be totally controlled, because the heated plates of the 

hydraulic press needs time before to reach the room temperature, thus they continue to 

give heat to the mould (and to the polymer). 

Moreover, this aspect influences also the Tg: the controlled pressure during the extrusion 

permits to obtain similar values of Tg for all the extruded composites (from -1°C for 

CP_30CG_Ex up to -3°C for CP_30MS_Ex and CP_30WF_Ex); whereas all the 

compressed composites reach higher values (from -0.5°C for CP_30MS_Pm up to 4°C 

CP_30WF_Pm). The higher value of Tg can be caused by different factors: a lower 

crystallinity degree; the presence of pressure (in compression moulding the pressure is 

much higher than in the extruder); molecular rigidity and a major degree of cross-linking. 

In this case, compressed moulded composites are subjected to high pressure at high 
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temperature, thus the high temperature can facilitate the degradation of the polymer 

reducing the Mw, while the high pressure can increase the Tg value80.  

The extruded composites present similar Tg and Xc in all the samples, which implies a 

similar cross-linking of the polymer with similar molecular weight (as reported from the 

GPC). The compression moulding process caused a high degradation of the polymer due 

to the more extreme conditions respect to the extruded series (as reported from GPC the 

Mn and Mw are about 80 kDa lower than the extruded series).  

For what concerns the melting temperature Tm the differences are not so significant, in 

fact they vary from 170°C for CP_30MS_Pm up to 175°C for CP_Pm. This means that 

both techniques are suitable for the manufacturing process due to the Tm. Usually in this 

field polymers with low Tm are preferable to the others for the conditions of polymer 

processing. The crystallization temperature (Tc) is in a larger range of values: from 114°C 

for the composites including CG up to 123°C for both of the references made with 100% 

PHA. In this case, it is clear that there is a correlation between the formulation of the 

composite and the Tc: in fact, the two references have the same Tc at 123°C; all the 

samples containing fibres have the Tc at 120°C and the CG-composites have it at 114°C. 

This means that even if the process influences the crystallization (and the morphology) 

of the composites, also the materials used for the reinforcing effect is determinant. The 

two reference for extrusion and compression moulding have no filler in their formulation, 

for this reason a higher value of temperature can be expected. In the reinforced 

composites, the chemical composition of the fibres\filler may interact with the polymer, 

creating new cross-links and bonds with the polymer matrix. Thus, the composition of 

the reinforced material can be another important factor for the nucleation and 

crystallization of the composites Macadamia shells fibres and wood flour have a similar 

chemical composition and structure in terms of quantity of lignin, hemicellulose and 

cellulose; whereas the components of coffee grounds are different. Also CGs contain 

substances as cellulose, hemicellulose and lignin, but they have also ashes, lipids, fatty 

acids and polysaccharides, which may be the cause for the lower Tc. 

TGA analysis (Figure 6.7.13, Figure 6.7.14, Figure 6.7.15, Figure 6.7.16, Figure 6.7.17, 

Figure 6.7.18, Figure 6.7.19 and Figure 6.7.20) permits to evaluate the degradation and 

decomposition temperatures of the different components of the composite, thus also the 

influence of each addition in the final product. 

Analysing the two references is possible to estimate the thermal behaviour of PHA in the 

TGA and how the two manufacturing processes can influence the composite. In CP_Pm 

the Td is at 275°C, whereas in CP_Ex is at 279°C: this result is in line with what was 

previously mentioned because the compression moulding process caused a major 

degradation of the polymer reducing the Mw, therefore a lower value of Td was 

predictable. Nevertheless, the maximum thermal degradation temperature (T1) is higher 
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than CP_Ex (298°C and 297°C). The DTG (green line in Figure 6.7.13 and Figure 6.7.14) 

shows an endothermic peak corresponding to the fusion of the polymer at 177°C for the 

CP_Pm and at 179°C for CP_Ex. The exothermic peaks of the same images permit to 

understand the decomposition of the polymer: in CP_Pm the decomposition occurs in two 

stages at 291°C and at 306°C, with a final residue less than 2% of the total PHA weight 

at 1000°C. 

For CP_Ex, the exothermic peaks occur in three stages: the decomposition onset 

temperature at 288°C, and the maximum at 295°C and 307°C; which are the typical values 

for PHA376,377. 

 

 

Figure 6.7.13 TGA of CP_Pm 
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Figure 6.7.14 TGA of CP_Ex 

The contribution due to the inclusion of fibers in the formulation can be seen in the TGA. 

In Figure 6.7.15, Figure 6.7.16, Figure 6.7.17 and Figure 6.7.18 the mass loss (%) occurs 

in more stages depending on the different components of the composite: during the first 

step of the process there is the loss of volatile compounds as moisture or residue of the 

solvent (1.7% for CP_30WF_Pm, 1.4% for CP_30WF_Pm, 2% for CP_30MS_Pm and 

1.5% for CP_30MS_Ex). Successively the graph is characterized by two and three 

shoulders for WF and MS respectively) corresponding to the major mass loss: 74% and 

13% for CP_30WF_Pm, 75% and 12% for CP_30WF_Ex, 78%, 10% and 10% for 

CP_30MS_Pm and, lastly, 81%, 8% and 6% for CP_30MS_Ex. The final stage of the 

analysis occurs at very extreme temperature (over 500°C up to 1000°C), which are 

generally inorganic residue or ashes with a mass loss ≤ 2% of the total weight of the PHA-

composite. 

The Td occurs at lower value compared to the 100% pure samples due to the presence of 

the fibres. In fact, the Td (Table 6.7-2) for CP_30WF_Pm, CP_30WF_Ex, CP_30MS_Pm 

and CP_30MS_Ex are at 272°C, 272°C 273°C and 275°C respectively. 
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Figure 6.7.15 TGA of CP_30WF_Pm 

 

Figure 6.7.16 TGA of CP_30WF_Ex 
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Figure 6.7.17  TGA of CP_30MS_Pm 

 

Figure 6.7.18 TGA of CP_30MS_Ex 
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In these cases, more peaks of the maximum thermal degradation (T1) are present in the 

graph (red line in Figure 6.7.19 and Figure 6.7.20) because of the different components 

present in the fibre. 

Three recognizable peaks correspond to the thermal degradation of the PHA, lignin and 

cellulose and they are present in all the reinforced composites. The identifiable peak of 

PHA occurs at 287±1°C for CP_30WF_Ex and CP_30WF_Pm, at 292±1°C for 

CP_30MS_Ex and CP_30MS_Pm and at 273±2 °C for CP_30CG_Ex and CP_30CG_Pm. 

The difference in these values are due to the different chemical composition of the three 

additions, which influences the thermal properties of PHA. 

For what concerns the degradation and decomposition temperatures of other components 

as lignin and cellulose, in literature different ranges of temperature are reported because 

basing on their amount in the fibre the onset temperature may be subjected to some 

changes. Generally, lignin onset temperature is reported to be in a range between 200°C 

and 400°C: during thermal decomposition of lignin, relatively weak bonds break at lower 

temperature whereas the cleavage of stronger bonds in the aromatic rings takes place at 

higher temperature. Thus, when the lignin content is lower, the degradation begins at a 

higher temperature, but the fibres do not have the oxidation resistance given by the 

aromatic rings in the lignin378. The range of cellulose is set at higher temperatures, usually 

from 350°C up to 520°C325. In this context, peaks at 327°C for CP_30WF_Pm, at 322°C 

for CP_30MS_Pm, at 320°C for CP_30WF_Ex and at 324°C for CP_30MS_Ex 

correspond to the lignin continent of the fibres. Different peaks at 421°C for 

CP_30WF_Pm, at 456°C for CP_30MS_Pm, at 427°C for CP_30WF_Ex and at 461°C 

for CP_30MS_Ex correspond to the degradation of cellulose.  

In two samples another peak is present at temperature below 200°C (in this case at 

172°C): from previous studies this is the degradation temperature of some tannins and 

flavonoids that are usually present in natural fibres (i.g. catechins or acetylated 

tannins)379. 

Studying the exothermic peaks of DTG (green line in the graphs), the decomposition 

temperature of each components of the reinforced composites can be recognized: as 

previously mentioned, the typical decomposition of PHA occurs at 290°C and 305°C; 

sulfuric acid lignin at 290°C-300°C380; hemicellulose at 250-350°C and some of its 

polysaccharides at 270°C; lastly lignin from 400°C up to 500°C. 

The same components are present also in coffee grounds but being in different amounts 

some values are shifted. The peak at 170°C in Figure 6.7.19and Figure 6.7.20 indicates 

the thermal degradation of hemicellulose in spent CGs, as reported in previous studies353. 

The other main value corresponds to the exotherm peak at 502 °C of CP_30CG_Ex, that 

might indicate the presence of ashes, which are very common in spent coffee grounds350. 
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Figure 6.7.19  TGA of CP_30CG_Pm 
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Figure 6.7.20 TGA of CP_30CG_Ex 

 

6.8 Conclusions 

In this chapter, the effect of the manufacturing techniques and reinforcing materials on 

the performance of the composite has been evaluated. This work is a preliminary study 

to estimate the best method for the realization of PHA-composites coming from a 

renewable resource that will be presented in the next chapter. 

The obtained results suggest the following conclusions: 

• The addition of the exhausted coffee grounds as a filler in the polymer matrix does 

not seem to valorize the composite in terms of mechanical performances or for 

the thermal properties. The resulting “filler effect” reduce the tensile strength to 

14.7 MPa (from 29.5 MPa of the reference) in the extruded composite and to 

8.8MPa (from 25.4MPa of CP_Pm) for the compression molded composite. Also 

the Tensile Modulus is reduced of 27% respect to the reference for CP_30CG_Ex 

and of 85% for CP_30CG_Pm. These results are due to the particles shape and 

size of coffee grounds, which induce defects in the morphology of the composites 

(shark skin and voids) and act as a crack propagator.  
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• The addition of the Wood Flour (WF) as a reinforcing agent in the polymer matrix 

valorize the composite in terms of Tensile Modulus for both of the series (4.9 GPa 

for the extruded composites and 2.5 GPa for the compression moulded). For what 

concerns the tensile strength, WF has a positive effect on the extruded series, in 

fact the value of σM is slightly increased; nevertheless, its effect on the 

compression molded series is negative, reducing the value up to 14.4 MPa. The 

elongation at break is slightly higher for CP_30WF_Ex (about 0.7%). Tensile 

modulus is increased in both of the series. Thanks to the fiber composition the 

morphology of the composites is homogeneous in both of the series, but in 

CP_30WF_Pm the interaction between the fiber and the matrix appears more 

homogeneous with a better adherence between the two phases. Also the surface 

of the compressed series appears very smooth and with smaller voids respect to 

all the other composites.  

 

• The addition of the Macadamia nut shells (MS) as a reinforcing agent in the 

polymer matrix valorizes the composite in terms of Tensile Modulus for both of 

the series (4.2 GPa for the extruded composites and 3.5 GPa for the compression 

moulded). For what concerns the tensile strength, MS has a negative effect on 

both of the series, in fact the value of σM is reduced to 21.9 MPa for CP_30MS_Ex 

and to 3.5 MPa for CP_30MS_Pm. The elongation at break is less respect to WF 

for both of the series. Tensile modulus is increased in both of the series, but it is 

still comparable to the WF. Due to the fiber composition the morphology of the 

composites is not homogeneous: the presence of agglomerates induce the 

formation of large voids compared to WF. The interaction between the fiber and 

the matrix appears homogeneous, but the nature of the fibre induce a segregation 

effect in the compressed composites making the surface irregular. In the extrusion 

series the shark skin effect is still present. In terms of thermal properties both of 

the specimens are comparable to the WF series. 

 

• For the evaluation of the two different manufacturing techniques is better to use 

the specimens made with 100% of PHA as references. In the extrusion processing, 

a major amount of PHA is necessary due to the cleaning process of the machine 

and for the setting of all the parameters, which will be an important disadvantage 

for the production of composite with PHA from renewable resource. Nevertheless, 

the extrusion process does not degrade the polymer as much as compression 

moulding. In fact, from GPC results, both of the processes degrade the polymer 

reducing its molecular weight from 590kD to 155kD (extrusion) and 77kD 

(compression moulding). Moreover, compression moulding can affect the Tg and 

Tc of the composites because of its processing conditions (higher pressure and 

temperature), but the differences in terms of mechanical properties are not so 
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significant. Indeed, the major difference is in terms of mechanical strength (29.5 

MPa for CP_Ex and 25.4 MPa for CP_Pm), whereas for tensile modulus and 

elongation at break the differences are not so significant. 

 

• For what concerns the reinforced composites, the two techniques in addition to 

the presence of the WF, MS and CG, caused defects in both of the samples as 

shark skin, wrinkly surface and voids, but these effects are limited in WF -

composites made through compression moulding.  

 

In view of the obtained results, it can be stated that for the aim of this preliminary study, 

which is the evaluation of the best reinforcing material and process for the production of 

PHA composite using PHA coming from biomass, the best results are achieved through 

compression moulding. The reason for this choice is based on the estimation of the 

advantages and disadvantages of this technique: even if the degradation of the polymer is 

higher, the mechanical and thermal performances are still comparable with the extrusion 

series. Moreover, the necessary amount of product (PHA) for the realization of the 

composite is much lower respect to the extrusion, which is determinant for the next study. 

Wood Flour will be used as reinforcing fibers because it permits to achieve a better 

morphology, avoiding the segregation effect and the presence of bigger voids respect to 

Macadamia shells fibers and Coffee Grounds.  

Therefore, the next phase of the research is mainly focused on the study of the extraction 

process of PHA from a selected biomass and on the production of PHA composites made 

with this PHA, comparing its performances with the one made with ENMAT Y1000.  
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7 . Chapter 

Extraction of 

PHAs from PPB  

and 

their Composites 
 

 

Explorative study on the extraction of Polyhydroxyalkanoates 

from Purple Phototrophic Bacteria biomass, production and 

characterization of composites and comparison with composites 

made with Commercial PHA. 
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7.1 Introduction 

This chapter of the dissertation can be considered an exploratory study relating to the 

extraction of PHAs from a biomass composed of a well-selected culture. The activity has 

been carried out in collaboration with The University of Queensland (Brisbane, 

Australia), which represents one of the leaders in the sustainable research and 

development of PHAs from alternative sources to the usual cultures. In the various 

departments, new fermentation reactors for the production of PHA under different 

conditions and with selected cultures are developed, extraction methods are studied, the 

extracted polymers characterized and composite prototypes are manufactured, also in 

collaboration with local companies. 

This multi sectorial study focuses on the extraction of the polymer from a biomass 

produced by the Advanced Water Management Center, evaluating different extraction 

conditions thanks to the School of Chemical Engineering. The Advanced Engineering 

Building (AEB) allowed the characterization of the polymer and its use for the production 

of composites. The realization of the composites was based on the preliminary study 

reported in the previous chapter. 

A selected biomass rich of Purple Phototrophic Bacteria (PPB) is used as a substrate for 

the extraction of PHA. Purple phototrophic bacteria accumulate various storage materials, 

such as sulfur globules, glycogen or PHAs under appropriate conditions381,21,393. The 

interest in this particular culture is not only related to PHA production, but also to their 

structure and properties.  

The research started with the study of the biomass, specifically from the bacteria structure, 

to understand how to extract the polymer disrupting the cell walls in the most efficient 

way, avoiding the damage of other substances as carotenoids.  

The extraction process has been studied considering the effects of temperature, solvents, 

pre-treatments and purification processes on yields. The polymers deriving from the 

selected processes with the best yields, have been then characterized to estimate their 

quality in order to choose the best extraction process to be used for a scale up. The final 

selected process has been used for the large-scale extraction of PHA from PPB to produce 

composites for design products. 

7.2 Purple Phototrophic Bacteria (PPB) 

Purple Bacteria PPB are a diverse group of anoxygenic, phototrophic, facultative 

anaerobes. They are widely spread throughout the phylogenetic tree of bacteria, with 

many subdivisions, particularly within the Proteobacteria. Many genera of purple 
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bacteria are known and the organisms share many basic properties with their non- 

phototrophic relatives. 

Anoxygenic phototrophic purple bacteria are a major group of phototrophic 

microorganisms that inhabit aquatic and terrestrial environments. Purple bacteria that 

inhabit oxic habitats and which carry out photosynthesis only aerobically are called 

‘aerobic anoxygenic phototrophs45. 

Anoxygenic phototrophic bacteria have always attracted scientists for numerous reasons: 

PPB are gram-negative prokaryotes that convert light energy into chemical energy by the 

process of anoxygenic photosynthesis. Purple bacteria contain photosynthetic pigments 

as bacteriochlorophylls and carotenoids, which make them extremely valuable as sub 

products. Moreover, they can grow autotrophically with CO2 as sole carbon source 
45,383,384.  

The application of purple phototrophic bacteria (PPB) for resource recovery from waste 

streams is gaining increasing attention, specifically in mixed culture photoheterotrophic 

growth mode385.  

PPB consist of purple sulfur bacteria (PSB) and purple non‑sulfur bacteria (PNSB), which 

often coexist in the same environment386,382  

7.2.1 Purple sulfur bacteria (PSB) 

PSB are predominantly photoautotrophic, using reduced sulfur compounds as electron 

donor to reduce inorganic carbon. PSB have limited photoheterotrophic and dark 

metabolic capabilities and most of them require sulfur for their growth. Many species of 

purple sulfur bacteria are ‘extremophilic’ species, including in particular, species that 

grow best at high salt and/or pH386,382. 

The physiology of purple sulfur bacteria is intimately linked to sulphide, and large 

populations of purple sulfur bacteria are observed in nature only in illuminated 

environments where sulphide is present387. This implies that the growth of purple sulfur 

bacteria in nature is primarily phototrophic. If growth is photoautotrophic, sulphide, 

thiosulfate or H2 are used as photosynthetic electron donors. 

In addition to autotrophic growth, a few organic carbon sources are photo-assimilated by 

purple sulfur bacteria. Organic acids and fatty acids are the preferred substrates, but short-

chain alcohols and even carbohydrates are used by certain species386. 

7.2.2 Purple non-sulfur bacteria (PNSB) 

In contrast to the previous section, PNSB have photoautotrophic capabilities in addition 

to diverse capacities for (aerobic/ anaerobic) dark chemotrophy. All purple non-sulfur 
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bacteria are proteobacteria, and phylogenetic trees show the various species to be closely 

related to non-phototrophic species386.  

Purple non-sulfur bacteria are a physiologically versatile group of purple bacteria that can 

grow well both phototrophically and in darkness. Growth of some purple non-sulfur 

bacteria is possible under phototrophic conditions with either CO2 or organic carbon, or 

in darkness by respiration, fermentation, or chemolithotrophy386.  

The diverse range of potential PPB applications arises from the exploitation of their 

metabolic versatility: PPB grow under anaerobic conditions, by (1) photo-autotrophy, 

using light for anabolism and CO2 as carbon source, with a range of inorganic electron 

donors; (2) photoheterotrophy, using light as energy source and organic carbon as carbon 

source, and (3) fermentation, without light and using organics molecules as energy and 

carbon source.  

Photoautotrophic growth is typical of purple and green sulfur bacteria, while 

photoheterotrophic growth is typical of purple non-sulfur bacteria.  

Chemoheterotrophic growth in the presence of oxygen is common among purple non-

sulfur bacteria, but is also found in some purple sulfur bacteria. While some species are 

very sensitive to oxygen, others grow equally well under aerobic conditions in the dark 

at the full oxygen tension of air. Under anaerobic dark conditions, growth of some species 

is also supported by respiratory electron transport in the presence of nitrate, nitrite, nitrous 

oxide, dimethyl sulfoxide (DMSO), or trimethylamine-N-oxide (TMAO) as electron 

acceptors.  

In the absence of external electron acceptors, a number of substrates allow for energy 

generation and slow growth by a fermentative metabolism. In addition to these diverse 

methods for energy generation, there is considerable variation in the utilization of carbon, 

nitrogen and sulfur compounds for assimilatory and dissimilatory purposes, as well as in 

the enzymatic reactions and pathways involved in these processes. 

Organic carbon sources have principally different functions under phototrophic, 

respiratory and fermentative conditions. Under phototrophic growth conditions they serve 

primarily as a source of cellular carbon, but in addition may function as an electron source 

for photosynthetic electron transport.  

The purple bacteria have a Gram-negative cell wall organization; which means that the 

percentage of peptidoglycan is lower compare to Gram positive and their structure is 

mainly maintained by the external membrane. The cell wall composition (Figure 7.2.1) 

can be determinant to study the conditions of extraction for the recovery more products. 
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Figure 7.2.1 Cell envelope of Gram (-) bacteria: Cytoplasmatic membrane(CM), 

lipopolysaccharide(LPS); lipoprotein (LP); outer membrane (OM); proteins(p); peptidoglycan 

(PG); Phospholypidus (PL); porins proteins (pp); periplasmatic space (PPS)384. 

 

In order to recover the PHA granules stored inside of the cell wall, it is necessary to 

rupture the bacterial cell and remove the protein layer that coats the PHA granules. 

Alternatively, the PHA must be selectively dissolved in a suitable solvent. In fact, 

modifying the cell wall’s permeability and then the PHA dissolution in the solvent are the 

mechanisms for PHA extraction. Thus, the conformation of the structure permits to 

estimate the best protocol for the recovery of the polymer and other substances as 

carotenoids in order to reach the highest yield270,276–278,284,308,388–390. It is possible to 

extract the polymer after the creation of pores on the barrier with solvents or using pre-

treatments. The use of a pre-treatment on the biomass is the easiest way to modify the cell 

wall’s permeability to simplify the access of the solvent to the granule of polymer.  

7.2.3 Carotenoids 

Regular human cellular metabolism continuously generates free radicals; almost 95% of 

them are used for body metabolism and 5% of oxygen is converted as reactive oxygen 

species (ROS). The damaged macromolecules cause dysfunction or alteration of various 

stress-response genes, which initiates further formation of ROS, e.g., hydroxyls radicals 

or reactive non-radical compounds like singlet oxygen and hydrogen peroxide. The 
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antioxidant effects from the ingested carotenoid significantly neutralize the ROS, which 

further demolishes the oxidative stress in the body391. For this reason, the recovery of 

carotenoids from PPB can be an extremely added value. 

The photosynthetic pigment protein complexes that carry out light harvesting and the 

initial photochemical reactions contain coloured carotenoids as usual constituents. 

Besides contributing to light absorption, these pigments provide protection against 

harmful photosensitized oxidations by quenching the metastable excited states of 

chlorophylls and oxygen that are unavoidably formed as by-products of the primary 

photo-processes. The protective function of carotenoids appears to be essential for the 

survival of phototrophic organisms in aerobic environments392. In these micro-organisms 

the other major pigments present are bacteriochlorophyll a or b (BChl a and BChl b) and 

the corresponding pheophytin (Figure 7.2.2). Carotenoids necessarily exist in reaction 

center (RC), RC-light-harvesting 1 (LH1) and LH2 antenna complexes, and have 

functions of light-harvesting and/or photoprotection, as well as playing possible structural 

roles. Most aerobic photosynthetic bacteria have the purple bacteria-like photosynthetic 

apparatus including BChl a, and many species have spirilloxanthin, as well as additional 

polar ‘non-photosynthetic’ carotenoids386,392. 

 

Figure 7.2.2 Structure of bacteriochlorophyll a or b (BChl a and BChl b) and the corresponding 

pheophytin. 

7.3 Pre-Treatments 

In literature, different processes are reported to weaken the integrity of the cell wall and 

membrane layers; biological, chemical (as alcohols or chlorinated solvents), and/or 

physical processes (as pressure or sonication), to release the polyester molecules or the 

PHA granules and increase extraction yield77,268,270,278,393.  

Some of them have been described in previous Section 5.5.3. 

In this study, three chemical pre-treatments in combination with ultrasonication have been 

analysed in order to compare their effects on the yield with that of a conventional 

extraction process reported in literature271. The three considered pre-treatments are: 
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sodium hypochlorite, ethanol and a mixture of acetone and methanol. These pre-

treatments have been chosen for their efficiency as cell wall disruption agents basing on 

previous work found in literature270,274,276–278,308,394,395 and for their low environmental 

impact. 

7.3.1 Sodium Hypochlorite (NaClO) 

Most methods to recover intracellular PHA involve the use of digestion methods 

(described in Section 5.5.2). Such a method can reduce the use of large quantities of 

solvent making the procedure economically and environmentally unattractive. Recently, 

another recovery method becomes an alternative to the usual digestion: the use of sodium 

hypochlorite for differential digestion of the biomass or non-PHA cellular materials. This 

method, in previous studies, obtained high purity levels of PHA (more than 86%)43. 

7.3.2 Ethanol (EtOH) 

Ethanol has been shown to inhibit the assembly of cross-linked peptidoglycan and to 

induce cell lysis in Escherichia coli. These effects of ethanol appear to result from the 

weakening of hydrophobic interactions by ethanol rather than from the intercalation of 

ethanol into membranes. The addition of ethanol to aqueous solutions weakens 

hydrophobic associations and has been used to solubilize hydrophobic compounds, to 

increase membrane permeability, and to destabilize nucleic acids and proteins393,34. The 

use of ethanol as pre-treatment can facilitate the extraction of carotenoids, which have 

high affinity with alcohols and chlorinated solvents391. 

7.3.3 Acetone/Methanol (Ac/MeOH) 

Acetone (Ac) is another of the more common and largely used green solvent. Ac is the 

most commonly used solvent in mcl-PHA extraction while methanol is usually employed 

as the mcl-PHA non-solvent both for biomass pre-treatment and PHA precipitation from 

solution in acetone396. In this study, acetone and methanol are used as a mixture in order 

to purify the product and as a pre-treatment on the biomass. This choice is based on the 

properties of the two solvents: methanol, as ethanol, can be effective on peptidoglycan. 

Also acetone, can have a high influence on the cell wall lysis thanks to its ability to 

dissolve the lipid components of the membrane. Moreover, MeOH and Ac are very good 

solvent for the extraction of carotenoids from plants391. 

To explore the extraction process, the effects of the common parameters, including 

solutes/solvent ratio, size of the raw material, extraction duration, solvent (Chloroform 

and 2-Buthanol) and temperature, on the PHA extraction yield have been investigated. 

After the extraction, considering the obtained yields, a first skimming process is carried 

on in order to decide the best extraction for the scale up.  
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The obtained polymer from the selected extraction processes is characterized through Gel 

permeation chromatography (GPC), Nuclear Magnetic Resonance (NMR), Differential 

Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA). 

7.4 Compression Moulded Composites  

The final aim of this work is to produce composites with the extracted PHA from PPB, 

through compression moulding process, and compare them to a series made with 

commercial PHA. As discussed in Chapter 6, the main advantage of this technique is the 

low need of polymer for the procedure. In fact, due to the limited time, the bigger amount 

of materials for the extrusion process can not be collected .  

The compressed composite combines the polymer with one of the commonest Australian 

waste from industry: Wood Flour (WF). The Wood Flour already described in the 

previous chapter have been used. This waste has been chosen for the good interaction 

with the polymer matrix, essential for a good adhesion between the two phases of a 

reinforced composite. The addition of wood fibres not only positively influences the 

mechanical properties of the composite, as found in literature87,307,354,397,398 and in the 

preliminary study of Chapter 6, but it is an added value for the circular economy 

perspective154–47. From previous studies247,356, the use of industrial wastes as wood flour 

in association with biopolymers in composite materials could result in a reduced product 

entry cost equal to 21% of neat PHA cost11. 

7.5 Materials and Methods 

Some of the materials used such as commercial PHA (ENMAT Y1000) and Wood flour 

(WF) have already been introduced and described in Chapter 6 (Section 6.5.1 and Section 

6.5.2). 

7.5.1 Biomass Pre-Treatment 

The biomass (Figure 7.5.1) was taken from a selected mixed PPB PHA-accumulating 

culture. The biomass has been selected and enriched in a 60 L flat plate anaerobic lab-

scale photobioreactor, fed with acetic acid (500 mg COD/l) as a sole artificial carbon 

source and under 24 h artificial illumination. The imposed feeding regime, based on feast 

and famine condition with limitation of nitrogen source (35 mg NH4Cl/l), lead the PPB 

towards the accumulation of PHA. These conditions permitted to obtain a biomass with 

a PHA continent of 35%. This value is considered the maximum quantity of extractable 

PHA (100%) to calculate the yields.  
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Figure 7.5.1 Freeze-dried biomass used for all the extractions 

 

After the freeze-drying process, the biomass is treated with the selected pre-treatments: 

sodium hypochlorite (7% by volume), ethanol (100%) or acetone/methanol (7:2) (Sigma 

Aldrich analytic grade) using sonication for 15 minutes followed by 30 minutes of stirring 

to homogenize the solution. All the conditions of the different pre-treating process are 

resumed in Table 7.5-1. 

At the end of each pre-treatment procedure, the solution is filtered by using a vacuum 

filtration apparatus with a paper filter (45µm pore size), then the solute has been dried 

overnight at 30±5 °C. 

Table 7.5-1 List of pre-treatments and their conditions 

Pre-treatment Temperature Concentration 

of the solution 

Quantity for 

each gram of 

biomass 

Sodium 

Hypochlorite 

Room 

temperature 

7% by volume 80ml 

Ethanol Boiling Point 100% 80ml 

Acetone/Methanol Boiling Point 7:2 80ml 

 

Ethanol and the mixture Ac/MeOH are used at the boiling point to extract more 

carotenoids, giving a clearer polymer at the end of the procedure.  
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In Figure 7.5.2 two solutions of 1 mL of biomass and ethanol after the pre-treatment at 

two different temperature are shown: the orange one is at room temperature, the green 

one is at the boiling temperature. The two solutions have the same solute/solvent ratio.  

 

Figure 7.5.2 1 mL solution of biomass and ethanol after the pre-treatment at two different 

temperatures: room temperature (right) and boiling point (left) 

7.5.2 Extractions 

One of the oldest method of PHA extraction uses organic solvents to extract the polymer 

from the cells271,265. Methods to recover PHA would typically involve cell wall/cell 

membrane lysis, solubilization and purification of PHA component, and precipitation of 

PHA polymer239. The extraction procedures explore the use of two possible solvents: 

chloroform and 2-buthanol. Chloroform is the most known solvent for the extraction of 

PHA and with a high yield efficiency403. Nevertheless, it can be dangerous for human 

health and environment. 2-Buthanol is a greener option, but previous studies have given 

an inferior extraction efficiency243. In Table 7.5-2 the different extraction conditions are 

resumed. 

7.5.2.1 Extraction in chloroform: 

1gr of freeze-dried and pre-treated biomass is stirred with 50mL of solvent in a Parr 

Reactor (Figure 7.5.3) at the same temperature for 2 hours. The Parr reactor is able to 

control maintain all the variables that may affect the extraction process as the stirring 

speed, temperature and pression. 

Then, the solution is cooled down and filtered by a vacuum filtration system to separate 

the liquid phase from the biomass, avoiding the presence of macro impurities. 

Successively, the liquid phase is left to evaporate overnight to facilitate the film formation 

process.  

The film is then purified by the addition of Ac/MeOH co-solvent (7:2) followed by 

sonication for 30 minutes to dissolve all the residual carotenoids. Only one sample is left 

not purified as reference to evaluate the influence of this step on the polymer 
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characteristics. The last filtration of the solution by paper filter separates PHA from the 

solution of carotenoids as a film. 

7.5.2.2 Extraction in 2-Buthanol: 

1 gr of freeze-dried and pre-treated biomass is stirred with 50 ml of solvent in a Parr 

Reactor at constant temperature (140°C) for 2 hours.  

Then, it is necessary to cool down the solution and filter it by a vacuum filtration system 

to separate the liquid phase from the biomass. Successively, 50 ml of chloroform is added 

to the solid phase and stirred at room temperature for 45 minutes. Another filtration occurs 

to avoid the presence of macro impurities. Successively, the liquid phase is left to 

evaporate overnight to facilitate the film formation process.  

 

 

Figure 7.5.3 Parr Reactor (100 mL capacity) 
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The film is then purified by the addition of a Ac/MeOH co-solvent (7:2) followed by 

sonication for 30 minutes to dissolve all the residual carotenoids. The last filtration by 

paper filter allows to separate the PHA film from the carotenoid’s solution. Each 

extraction process is repeated three times and the yield reported as the average value 

calculated considering the maximum quantity of PHA in the biomass (35%) as 100% 

yield. 

Table 7.5-2 List of all the extractions and their conditions. 

 

 

7.5.3 Extracted polymer characterization 

Only 4 of the 10 obtained polymers are selected and characterized to measure their 

properties and purity level. The polymers are characterized by the following procedures. 

7.5.3.1 Differential Scanning Calorimetry (DSC) 

DSC experiments are performed using a DSC Q2000, TA Instruments to determine the 

melting point (Tm). About 2 mg of sample is heated at 185 °C with a heating rate of 20 

°C min–1, subsequently cooled to –50 °C with a cooling rate of 10 °C min–1, and then 

reheated to 185 ∘C at 10 ∘C min–1 heating rate under nitrogen gas. 

 Pre-treatment Solvent Temperature Purification post 

extraction 

1 - CHCl3 Boiling Point Ac/MeOH (7:2) 

2 - CHCl3 140°C Ac/MeOH (7:2) 

3 Ac/MeOH CHCl3 140°C - 

4 EtOH CHCl3 140°C Ac/MeOH (7:2) 

5 NaClO CHCl3 140°C Ac/MeOH (7:2) 

6 Ac/MeOH CHCl3 140°C Ac/MeOH (7:2) 

7 - 2-Buthanol 140°C Ac/MeOH (7:2) 

8 EtOH 2-Buthanol 140°C Ac/MeOH (7:2) 

9 NaClO 2-Buthanol 140°C Ac/MeOH (7:2) 

10 Ac/MeOH 2-Buthanol 140°C Ac/MeOH (7:2) 



Chapter 7                                            Extraction of PHA from PPB and their Composites 

______________________________________________________________________ 

- 256 - 

7.5.3.2 Thermogravimetric Analysis (TGA) 

TGA experiments are performed following the norm UNI EN ISO 1111358-1:2014 by 

using a Netzsch Jupiter STA449 F3 TGA instrument to determine the decomposition 

temperatures (Td) of the purified PHA polymers and the PPB biomass. About 5 mg of 

sample is heated from room temperature to 550 °C with a heating rate of 10 °C min–1 

under nitrogen gas.  

7.5.3.3 Nuclear Magnetic Resonance (NMR) 

Proton NMR (1H-NMR) spectroscopy is used to characterize the chemical structure of 

the purified PHA polymers. PHA samples are dissolved in deuterochloroform (CDCl3) 

(10 mg/mL). 1H 1D NMR spectra acquisition at 25°C is preceded using a Bruker Avance 

500 MHz high-resolution NMR spectrometer by 64 scans with a spectral width of 11 ppm 

(5500 Hz). 4 dummy scans are used prior. TopSpin 3.5 software is used to obtain the 

quantitative parameters including the relative peak intensities and chemical shifts. 

Chemical shifts are referenced against the proton peak of CDCl3 at 7.26 ppm.  

7.5.3.4 Gel permeation chromatography (GPC) 

Weight average molecular weight (Mw), number average molecular weight (Mn) and 

polydispersity index (PDI = Mw/Mn) are obtained using gel permeation chromatography 

(GPC)355. Specimens are dissolved in chloroform (HPLC grade) at room temperature for 

30 minutes, at a concentration of 2.5 mg/mL. GPC analyses are performed using an 

Agilent 1260 Infinity Multi Detector Suite system (Cheshire, UK) equipped with a guard 

column followed by three columns in series. The columns are kept at 30○C. A 

refractometer, at 30○C, is equipped to detect the signals. A chloroform flow rate of 1 

mL/min is used for the analysis. Narrowly distributed molecular weight polystyrene 

standards were used for calibration.  

7.5.4 Preparation of the composites 

Four composites are made with the two different polymers: one is the result of the selected 

extraction processes from PPB (named as recovered PHA or RP); the other is a 

commercial PHA (ENMAT Y1000) produced by TianAn Biopolymer (described in 

Section 6.5.1) (named as Commercial PHA or CP). The same amount of polymer (70% 

w/w) is mixed with wood flour (for the characterization see Section 6.5.2), which is used 

as a reinforcing material. Table 7.5-3 shows the formulations used for each sample.  
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Table 7.5-3 Formulations of the composites made with compression moulding 

Sample Commercial PHA 

(Enmat Y1000) 

PHA from PPB Wood Flour 

CP_Pm 100% - - 

RP_Pm - 100% - 

CP_30WF_Pm 70%  30% 

RP_30WF_Pm - 70% 30% 

 

All the composites are made with the same procedure of Chapter 6, Section 6.6.1. 

7.5.5 Composite characterization 

7.5.5.1 Microstructural analysis  

After the tensile test, the microstructure of composites is observed by using a Macroscopy 

(Wild Makroskop M420) at 10X and a Scanning Electron Microscope (SEM) (VEGA3 

TESCAN) at 25.0 kV equipped with EDAX for the analysis of elements. 

7.5.5.2 Tensile Test 

Samples are cut in 5 dog-bone-shaped specimens from each compression moulded square 

samples and tested following ASTM D 638-5 for tensile test. All the tests are conducted 

using an electromechanical Instron model 5584 (Instron Pty Ltd, USA) with a 1 kN load 

cell. Specimens are clamped using pneumatic grips, and tested at constant cross-head 

displacement rate of 1 mm/min. A video-extensometer is used to obtain the strain value 

across the narrow region of the specimen. This contactless approach avoids any risk for 

introducing stress concentration and premature crack initiation and propagation. The 

reported values represent the mean of five replicate test specimens. 

7.5.5.3 Differential Scanning Calorimetry (DSC) 

DSC measurement on the composites have been carried out in the same conditions of the 

extracted polymers (Section 7.5.3.1). 

7.5.5.4 Thermogravimetric Analysis (TGA) 

TGA experiments are performed using a TGA instrument (Mettler Toledo TGA/SDTA 

851) following the norm UNI EN ISO 1111358-1:2014 in order to determine the 

decomposition temperatures (Td) of the composites made with PHA from PPB and 
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TianAn PHA polymers. About 5 mg of sample is heated from room temperature to 550°C 

with a heating rate of 10 °C min–1 under nitrogen gas. 

7.6 Results and Discussion 

7.6.1 Extraction 

The various factors influencing the extraction yields and the characteristics of the 

obtained polymer were decisive for the skimming process and for the selection of the 

most effective method. From the extraction procedures the obtained results are very 

different. All the results reported in Table 7.6-1 are calculated considering a content of 

35% of PHA in the biomass, considered as 100% of the yield. 

Table 7.6-1 Extraction yields for all the considered extraction processes 

 

Considering the yields reported in Table 7.6-1, temperature is determinant for this type 

of extraction, since the yield difference between chloroform extraction at the boiling point 

and at 140°C is 19%. It is well known that increasing the temperature the solvent 

efficiency increases, permitting to solubilize more solute404,405. Nevertheless, it is 

essential to avoid high temperatures because the decomposition temperature of the 

polymer can occur.  

 Pretreatment Solvent Temperature Purification  Yield (%) 

1 - CHCl3 Boiling Point Ac/MeOH 

(7:2) 

21% 

2 - CHCl3 140°C Ac/MeOH 

(7:2) 

40% 

3 Ac/MeOH CHCl3 140°C - 40% 

4 EtOH CHCl3 140°C Ac/MeOH 

(7:2) 

70% 

5 NaClO CHCl3 140°C Ac/MeOH 

(7:2) 

40% 

6 Ac/MeOH CHCl3 140°C Ac/MeOH 

(7:2) 

44% 

7 - 2-Buthanol 140°C Ac/MeOH 

(7:2) 

37% 

8 EtOH 2-Buthanol 140°C Ac/MeOH 

(7:2) 

16% 

9 NaClO 2-Buthanol 140°C Ac/MeOH 

(7:2) 

14% 

10 Ac/MeOH 2-Buthanol 140°C Ac/MeOH 

(7:2) 

24% 
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The use of 2-Butanol at 140°C and without pre-treatments gives similar results of the 

extraction in chloroform at the same conditions, but the extraction procedure, articulated 

in more steps, can cause more losses in the yield.  The differences between the pre-treated 

samples extracted in chloroform and in 2-buthanol is explicative. Considering that all the 

samples are extracted from the same substrate and underwent the same pre-treatment, 

those extracted in chloroform give much higher yield percentages (70% for ethanol, 40% 

for sodium hypochlorite and 44% for Acetone/Methanol) than those in 2-buthanol (16%, 

14% and 24% respectively).  

Concerning the single pre-treatment, the use of boiling ethanol as cells wall disruption 

agent is effective in both cases, but the results on the extraction in chloroform are 

impressive. Indeed, it permitted to reach a yield of 70%, which is the highest of this study. 

The ethanol pre-treatment in the 2-buthanol extraction does not give the same results, 

probably due to the procedure. The use of the mixture of Acetone/Methanol permits to 

reach 44% in chloroform and 24% in 2-buthanol. The worse cell disrupting agent is 

sodium hypochlorite, which gives 10% in chloroform and 14% in 2-Buthanol. Moreover, 

its use with biomass, even if in low concentration, produces a small amount of bubbles 

which require washes to be removed. 

At the end of this phase of the study, the authors decided to carry on the analysis of only 

four of the ten polymers extracted: the choice has been made basing on the difficulty of 

the extraction procedure, on the pre-treatment effect and on the best yield. For these 

reasons, only the polymers coming from the extraction in chloroform at 140°C and pre-

treated with Acetone/Methanol (6) and Ethanol (4) have been analysed. In addition to 

these samples, also the extraction in chloroform at 140°C without pre-treatments (2) and 

the one pre-treated with Acetone\Methanol but without the purification process in 

Acetone/Methanol (3) have been compared to the others to understand not only the 

differences caused by these processes on the polymer structure, but also if it purification 

can be avoided in order to reduce the use of solvents. 

7.6.2 Polymer characterization 

7.6.2.1 Thermogravimetric Analysis (TGA) of extracted polymers 

TGA monitors weight loss trends in real-time, in addition to initial and final values, during 

the sample thermal decomposition treatment. From TG curves, the decomposition 

temperature (Td), defined as the temperature at which the polymer loses the 5% of its 

weight, and the temperatures of maximum degradation (T1, T2) has been measured for 

each sample, considering as references the temperatures for the evaporation of solvents 

(120°C) and decomposition of organic matters (400°C).  

All the results are reported in Table 7.6-2 and the graphs are shown in Figure 7.6.1. 
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Table 7.6-2 TGA results of PPB biomass and the extracted polymers 

Sample 
Extraction 

Conditions 

Reference 

Temperature 

[°C] 

Mass 

Loss 

[%] 

Td 

[°C] 

T1 

[°C] 

T2 

[°C] 

PPB biomass - 

- 5 95 - - 

120 10 - - - 

- 33 - 280 - 

- 44 - - 309 

400 66 - - - 

Standard_extractio

n_Ac\MeOH 

purification  

No pre-treatment 

CHCl3 

140°C 

Acetone\Methanol 

purification (7:2)  

120 < 1 - - - 

- 5 272 - - 

- 40 - 288 - 

400 97 - - - 

Ac\MeOH 

pretreatment_No 

purification 

CHCl3 

140°C 

No purification  

120 < 1 - - - 

- 5 250 - - 

- 52 - 289 - 

400 92 - - - 

EtOH 

Pretreatment_ 

Ac\MeOH 

purification 

Ethanol pre-

treatment  

CHCl3 

140°C 

Acetone\Methanol 

purification (7:2)  

120 < 1 - - - 

- 5 272 - - 

- 60 - 292 - 

400 98 - - - 

Ac\MeOH 

Pretreatment_ 

Ac\MeOH 

purification 

Acetone\Methanol 

pre-treatment (7:2) 

CHCl3 

140°C 

Acetone\Methanol 

purification (7:2) 

120 < 1 - - - 

- 5 272 - - 

- 46 - 288 - 

400 97 - - - 

 

The TGA curve for the PPB biomass shows weight loss in more stages. The first mass 

loss occurrs in the temperature range from room temperature to 120°C. In this sample Td 

occurs at 95°C, where the loss weight is 5%. At 120°C the loss is equal to 10% due to 

volatile components and moisture evaporation. In this case, also other unknown 

substances (as carotenoids406) are lost. Previous studies in literature describes the thermal 

behaviour of PHA264,37,34 and the range of maximum decomposition occurs between 

250°C and 290°C. The presence of the polymer, in fact, is evident at 280°C, where the 
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first peak of decomposition occurs. Another peak is at 309°C, but this is not caused by 

the polymer but rather by the other components of the biomass34,407. The last 

decomposition step is at 400°C, for the decomposition of organic compounds. After 

400°C remain the 44% of other substances probably inorganic and high-temperature 

resistant. It is very difficult to estimate the influence of carotenoids and other compounds 

in the thermal behaviour of the biomass, because of the wide variability of the substrate 

and the biomass.  

Analysing the extracted polymer, the differences respect the PHA stored in the biomass 

are evident, especially for Td. Td is much higher in all the purified polymers (272°C 

instead of 250°C). The purification process removes all the residual carotenoids and other 

substances from the polymer and avoid the reduction in the thermal stability. 

For all the extracted PHA up to 120°C the mass loss is approximately around 1% due to 

the evaporation of physically adsorbed solvents (water or chloroform) on the polymer. 

Further, the second or the major step of degradation of the polymer begins after 250°C, 

after the melting point of PHA, which is usually in the range of 150-170°C264,37,34. This 

decomposition temperature, considerably greater than the melting temperature (Tm), 

permits an extensive thermal space of workability. The degradation process involves 

reduction in molecular weight, which includes chain scission and hydrolysis. The thermal 

degradation of PHA that occurs in this stage is due to the random chain scission process 

which involves the cleavage of C═O and C―O bonds in ester moieties by β‐scission408 

destruction of crystalline regions, and scissions of the chain in different monomers. The 

second step of weight loss occurs with a further rise in temperature, causing the  chain 

scission with subsequent formation of crotonic acid, as described in literature 244. Figure 

7.6.1 shows that for PHA T1 is at 290±2°C for all the samples (except PPB biomass), 

where the mass loss is from 40% for the extraction without pre-treatment to 60% for the 

PHA pre-treated with ethanol. The trend of the curve in this stage of the process is evident 

in Figure 7.6.1. Similarly, the residual mass is less than 2% after 400°C for almost all the 

samples: the only exception is the PHA without the purification process after the 

extraction, which lose only the 92% of its total weight. This behaviour highlights that the 

purification is strictly necessary to avoid a reduction of 20°C in the Td. The presence of 

these other unknown substances that influence the Td and the maximum decomposition 

temperatures may cause difference also in the glass transition temperature (Tg), 

crystallization temperature (Tc) and in the melting temperature (Tm), which are 

determinant for the workability of the polymer in composites. 

Comparing the curves in Figure 7.6.1 the different behaviours of the extracted polymers 

are clear: at 400°C the polymers subjected to the purification process in acetone / 

methanol have approximately the same residual mass (around 2-3%). On the other hand, 

at the same temperature, the sample that has not undergone this process shows a higher 
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residual mass (about 8%), exactly as biomass as it is. This implies that during the 

purification process not only the residual carotenoids are extracted, but also other not 

identified substances which affect the thermal stability and the final purity of the polymer 

limiting the range of workability and applications. 

 

Figure 7.6.1 TGA of PPB biomass and extracted polymers. 

 

7.6.2.2 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) measurements are carried out to identify the 

phase transition temperatures of different PHA extracted from PPB biomass. From these 

curves, the crystallization temperature (Tc) and melting temperature (Tm) are taken at the 

maximum peak of the transition phase, respectively. The glass transition temperature (Tg) 

is taken at the mid-point of the specific heat increment. The crystallization and melting 

enthalpies (UNI EN ISO 11357-3), ∆Hc and ∆Hm respectively, are obtained by 

measuring the area of the corresponding peaks (Table 7.6-3). Also the corresponding 

crystallization degree is calculated by the Equation 8 in Chapter 5, where Xc(%) is the 

percentage crystallinity; ΔHm is the measured melting enthalpy (J/g); and the ΔH100%m 

is the melting enthalpy for fully crystalline PHB (146 J/g)265.  

From the results found in the literature, the thermal characteristics of PHA vary 

considerably with the molecular weight and the length of chains. In particular, the Tg of 
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P3HB has been reported to vary between -3 and 5 °C313,403and our Tg values are aligned 

to these values.  

In this case, the different extraction methods and the different pre-treatments give 

polymers with Tg still comparable with a reference of commercial PHA (TianAn 

Biopolymer ENMAT Y1000) with Tg values in the range 3°C ± 4°C. All the results of 

this analysis are reported in Table 7.6-3. 

Tg depends on the mobility and flexibility of the polymeric chains313. If the mobility of 

the chains is restricted, then the glassy state is more stable, and restrictions are more 

difficult to break. This causes the immobility of the polymer chains at higher temperature, 

because more energy is required to make the chains free, and this reflects in a higher 

Tg313,403. An increase in Tg is also commonly caused by a higher polymer Mw 308 and the 

presence of more flexible chains313.  

In Table 7.6-3, EtOH Pretreatment_ Ac\MeOH purification specimens have the lower 

value of Tg: an increase in the amorphous phase might induce an increase of Tg313. On 

the other hand, side groups, increasing the free volume in the molecule and short polymer 

chains, act as plasticizers, both resulting in a Tg decreasing314 .  

A clear crystallization peak can be easily observed for all the samples, which indicates 

that these compounds undergo some small amount of crystallization while heating. Tc 

varies from 88°C for Ac\MeOH Pretreatment_No purification to 113±4°C for 

Commercial PHA, Standard_extraction_Ac\MeOH purification, EtOH 

Pretreatment_ Ac\MeOH purification and Ac\MeOH Pretreatment_ Ac\MeOH 

purification; high Tc implies that the polymer crystallisation ability of the material is 

better313.  

As Tg, also Tm is strictly related to the molecular weight and the polymerization degree 

of the polymer. Presence of side chains and functional groups in PHAs structure impact 

Tm80. PHAs with smaller crystals with larger imperfections, more side chain structures, 

less crystallinity and more amorphous in the structure melt at lower temperatures316,317 . 

On the other hand, an increase in Tm suggests an increased symmetry in the polymer 

structure with higher number of average molecular. The small differences in Tm values 

may be due to the variation in molecular weight of the PHA polymers29. In this case, Tm 

varies from around 173°C for Commercial PHA to 166°C for EtOH Pretreatment_ 

Ac\MeOH purification and Ac\MeOH Pretreatment_ Ac\MeOH purification. 

Ac\MeOH Pretreatment _No purification has the lowest Tm very probably because of 

the presence of inorganic particles and other substances (as carotenoids or inorganic salts) 

that reduce the Tm value. 

As expected, the high temperature obtained for the maximum thermal degradation 

temperature (T1 in Table 7.6-2) predicts also high values for Tm in the extracted polymers 

meaning a higher thermal stability temperature (Td in Table 7.6-2).  
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The behaviour of a polymer during the melting process is dependant by the main 

interactions presented in the structure. During flow, chains slip with respect to each other 

and when the chains are branched or when they carry bulky substituents, their relative 

motion is made more difficult. The phenomenon of multiple melting in semi-crystalline 

polymers is well explained by a new model, where a thermodynamically metastable 

polymer system may start to reorganize to achieve lower states of free energy when it is 

perturbed by an increase of temperature. Such re-organization can happen through 

recrystallization of the metastable crystals initially formed at a low temperature to form 

thicker and more stable crystals293. 

The thermal behaviour of the analysed PHA agrees with earlier data on polyesters with 

similar composition as reported in literature293. PHBV in literature293 has a Tm = 144°C 

and in this study the reported Tm are in the range from 160°C to 173°C (the results of 

DSC analysis are shown in Table 7.6-3). 

The Tm parameter significantly affects potential polymer applications because it affects 

their processings409 and it is essential for understanding the chemical recycling of 

polymeric materials314. A decrease in Tm is of great significance 316 since in particular, 

lower Tm makes the polymer better for a varied number of applications and.  

The degree of crystallinity Xc is directly related to the processability and the industrial 

applications of PHAs314; crystallinity equal to or above 50% is considered high and 

detrimental for commercial and industrial purposes. Koller42suggests that 20% of a 3-

hydroxyvalerate (3-HV) is required to reduce the crystallinity of the product (PHA) for 

most industrial applications. This is not necessary in this study once the majority of the 

PHAs exhibited much lower crystallinity than 50%314. 

PHAs are generally considered thermally stable at temperatures below 160◦C, which 

corresponds with the values obtained in this study. Analysing and crossing the results 

obtained by TGA and DSC (Table 7.6-2 and Table 7.6-3), it is clear that PHAs begin to 

melt long before their degradation temperature (over 200° C). Thus, these polymers are 

suitable for different processing as extrusion or compression306, can be easily moulded by 

injection and are applicable to blown film processing confirming usefulness of produced 

PHA in many industrial applications.  

 

Table 7.6-3 DSC results of Commercial PHA and PHAs coming from PPB 

PHA Sample Tg 

[°C] 

Tc 

[°C] 

Tm 

[°C] 

∆Hc 

[J/g] 

∆Hm 

[J/g] 

Xc 

[%] 

Commercial PHA 5 117 173 52 56 3 
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Standard_extraction_Ac\MeOH 

purification  

3 114 168 56 59 2 

Ac\MeOH Pretreatment_No 

purification 

3 88 160 46 57 8 

EtOH Pretreatment_ Ac\MeOH 

purification 

-1 115 167 80 85 3 

Ac\MeOH Pretreatment_ 

Ac\MeOH purification 

2 109 166 63 74 7 

 

7.6.2.3 Gel Permeation Chromatography (GPC) 

Polymer molecular weight determines various physical properties such as melt viscosity, 

tensile strength, toughness, thermal behaviour, chemical resistance, and weatherability. 

Universally, higher molecular weights are associated with higher physical properties 

whereas, lower molecular weights are associated with lower properties. During 

polymerization after a certain molecular weight is reached, the increase in properties 

plateaus off, since additional increase in molecular weight does not improve mechanical 

performance of the polymer. Larger molecular weight polymers demonstrate higher 

viscosity, reducing the melt flow characteristics making the melt-processing 

difficult264,410.  

The molecular weight average number (Mn) measuring system requires counting the total 

number of molecules in a polymeric unit mass irrespective of their shape or size. This 

means all molecules are treated equally. This kind of measuring system is required in 

cases where certain properties are dependent only upon the number of molecules or 

repeating units and not upon their weight or sizes. Average molecular weight (Mw) 

measuring system includes the mass of individual chains, which contributes to the overall 

molecular weight of the polymer. It is based on the fact that bigger molecules contain 

more mass than smaller molecules366,410,411. 

The polydispersity index (PDI) is a measure of the broadness of a molecular weight 

distribution of a polymer, and is defined by410:  

𝑃𝐷𝐼 =
𝑀𝑤

𝑀𝑛
 

The larger the polydispersity index, the broader the molecular weight. A monodisperse 

polymer where all the chain lengths are equal (such as a protein) has an Mw/Mn = 1410. 
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The gel permeation chromatography permits to calculate the molecular weight of the 

extracted polymer. In Table 7.6-4 Mn, Mw and the PDI of the pre-treated and not pre-

treated extractions are reported. These results are compared to those of commercial PHA 

(TianAn ENMAT Y1000), with a Mn of 590 kDa as reported in the data sheets.  

 

Table 7.6-4 GPC results of PHAs coming from PPB. 

 Mn 

[KDa] 

Mw 

[KDa] 

PDI 

EtOH Pretreatment_ 

Ac\MeOH purification 

512 369 7.2 

Ac\MeOH Pretreatment_ 

Ac\MeOH purification 

328 952 2.9 

Ac\MeOH 

Pretreatment_No 

purification 

159 641 4.0 

 

From the GPC results appear evident that all the molecular weights of the samples are 

very high. For this reason, their thermal properties are not very different from those of 

commercial PHA, with the exception of Ac\MeOH Pretreatment _No purification. 

Crossing the GPC results and the thermal behaviour, the lower Mn of the Ac\MeOH 

Pretreatment _No purification sample causes a lower value in Tc and Tm respect to all 

the other samples. For all the other polymers, the small differences in Mn do not cause 

very valuable differences in the thermal properties, in fact Tg and Tm are still comparable 

with the Commercial PHA. The most interesting result is the values of PDI: all the 

samples show values higher than 2, which imply that as the PDI value increases the 

heterogeneity in cross-linking, network formation, chain length, branching, hyper 

branching are with a more random arrangement412,94,207. 

7.6.2.4 Nuclear Magnetic Resonance (NMR) 

To discern the PHA microstructure of the polymers obtained from PPB biomass, 1H NMR 

(Figure 7.6.2, Figure 7.6.3, Figure 7.6.4) is used to determine the nearest chemical 

structure and the level of purity. From the spectra also the type of polymer chain can be 

determinate as well as the ratio between hydroxyvalerate (HV) and hydroxybutyrate 

(HB). 
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All the spectra present a peak at the same ppm and with similar. It is reasonable to assume 

this peak as an impurity of the solvent because this peak is present also in the sample of 

commercial PHA, which has been used as a reference for its purity. 

The peak integration uses the peak of the solvent (CDCl3) at 7.29 ppm as calibration 

reference. 1H-NMR spectrum of Commercial PHA indicates three characteristic signals 

for PHB homopolymer: a peak at 1.25 ppm for a methyl group coupled to a proton; 

doublet of quadruplet at 2.58 ppm for a methylene group neigh- boring an asymmetrical 

carbon atom with a proton; and multiplet at 5.27 ppm characteristic of the methylene 

group (Figure 7.6.2). These results confirms that commercial PHA is composed by PHB 

as found in literature265 . 

The spectra of extracted polymers are different: they present two single peaks with 

different heights in the range between 0.9 and 1.4 ppm, which indicates two different 

types of methyl group in different ratio. The triplet at 0.9 ppm is the -CH3 of HV and the 

other corresponds to HB. Moreover, there is also another peak at 1.6ppm, which is the 

CH2 of the HV chain. Also the signals from CH2 in α position are different because they 

come from two different monomers. At the same ppm small amount of water in all the 

extracted samples appears. In the region of 5.0 ppm, two different signals from CH 

appear, CH of HV at 5.2ppm and HB at 5.3 ppm.  

The ratio between the height of all these signals permits to calculate the quantity of PHV 

and PHB in each polymer coming from PPB. Through this analysis also the presence of 

impurities can be estimated, confronting the smaller peaks with those of commercial 

PHA. 

The only sample with a very different level of purity is Ac\MeOH pretreatment_No 

purification (Figure 7.6.3) one, which presents more peaks in the range between 1 and 

2.8 ppm that can not be attributed to the PHA molecule.  
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Figure 7.6.2 1H-NMR of Commercial PHA used as reference. 

The analysis of the peaks integration permits to estimate the percentage of PHB and PHV 

in the polymers extracted from PPB biomass: the Standard extraction_Ac\MeOH 

purification and Ac\MeOH pre-treatment_Ac\MeOHpurification samples are 

composed by the 7% of PHV; EtOH pre-treatment_Ac\MeOH purification (Figure 

7.6.4) sample has a lower amount equal to 5% and Ac\MeOH pre-treatment_No 

purification sample has 9% of PHV. 

Crossing 1H-NMR results with the previous analysis of GPC and DSC evidences that  

Ac\MeOH pre-treatment_No purification sample (Figure 7.6.3) presents the lowest 

thermal properties due to the low molecular weight and the presence of impurities, which 

affect also the mechanical properties of the polymers. All these reasons made Ac\MeOH 

pre-treatment_No purification sample not suitable for the realization of composites 

because thermal characteristics are crucial in polymer processing68-81.  
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In fact, Ac\MeOH pre-treatment_No purification sample has the highest percentage of 

PHV (9%) respect to the other samples. This highest percentages, joined to the value of 

Mn, justify the low thermal properties of the polymer: the presence of more side chains 

of PHV causes higher value of Tg, even if the Mn is the lowest, making the molecular 

structure more compact and flexible (rotations are permitted) respect to the other samples. 

Indeed, also the value of Tm is the lowest (160°C) due to the molecular flexibility and 

the length of the chains.  

Also in the other samples the presence of PHV affects the thermal characteristics of the 

polymer: Standard extraction_Ac\MeOH purification and Ac\MeOH pre-

treatment_Ac\MeOHpurification samples are composed by the 7% of PHV and 

presents very similar thermal behaviour in terms of Tg (3°C and 2°C respectively ) and 

Tm (168°C and 166°C, respectively). EtOH pre-treatment_Ac\MeOH purification 

sample with only the 5% of PHV and the highest Mn, has the highest thermal 

performances and PDI. All these characteristics give better mechanical performances 

according to literature68, 208–84 

 

Figure 7.6.3 1H-NMR of Ac/MeOH pretreatment_No purification 
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Crossing all the results obtained from polymers extracted from PPB, the extraction using 

boiling Ethanol appears to give the best results in terms of degradation temperature 

(Td=272°C), maximum decomposition temperature (about 10°C higher than the other 

polymers), Tg (-1°C), Mn and PDI, which make the polymer suitable for the production 

of composites. Moreover, these conditions permit to achieve the 70 % of the yield, which 

is 30% higher respect to the others. 

 

Figure 7.6.4 1H-NMR of  EtOH pre-treatment_Ac/MeOH purification 

At this point of the study, several extractions have been carried out following the same 

protocol used for EtOH pre-treatment_Ac\MeOH purification with a Paar Reactor of 

1.5 L in order to obtain enough polymer to realize composites made with PHA from PPB. 
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7.6.3 Composite characterization 

In Table 7.5-3 all the formulations of the different composites are reported and in Figure 

7.6.5 the composites are shown. For the author’s knowledge it is the first time that PHA 

from PPB has been used to realized composites in association with wood flour.  

 

(a) (b) 

 

(c )  (d) 

Figure 7.6.5 Compression moulded composites: a)100%PHA from PPB (RP_Pm); b) 100% 

commercial PHA (CP_Pm); c)70% PHA from PPB and 30% of WF (RP_30WF_Pm); d) 70% 

commercial PHA and 30% of WF (CP_30WF_Pm) 
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The four composites have a different appearance (as shown in Figure 7.6.5), especially 

RP_Pm. The dark colour of the composite is due to the presence of impurities as 

carotenoids. The presence of wood in the matrix permits to have a more homogeneous 

colouration in the composites, nevertheless, it is always darker respect to the commercial 

series (CP_30WF_Pm). For the characterization of the composites, small samples have 

been cut in the homogeneous parts, making sure to avoid the inhomogeneous or defected 

parts of the sample (as the small hole in RP_Pm). For the determination of the 

homogeneous parts, the thickness of each specimen has been measured with a calliper 

and the samples for tensile test have been cut where the thickness was constant. 

Figure 7.6.6, Figure 7.6.7 and Figure 7.6.8 reports the tensile strength, Young’s modulus 

and strain at break of all composites. The bars in the tensile strength, Young’s modulus 

and strain at break indicate the minimum and the maximum value. Data are presented as 

box plots indicating the maximum, 3rd quartile, median, 1st quartile and minimum value 

among five duplicates. The mean values are noted in text on the top of each box. 

 

 

Figure 7.6.6 Tensile stress at maximum load of PHA composites 
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Figure 7.6.7 Tensile modulus of PHA composites 

 

Figure 7.6.8 Elongation at break of PHA composites 

The origin of the polymer and the filler largely influence the mechanical performances of 

composites343,247,356. Studies demonstrate that shape, size or chemical composition of the 

fibres affect the interaction between the waste and the matrix88,343. WF is in form of fibres 

(300µm) and in compression moulding where fibrous fillers are well distributed, not 

disturbed or oriented during processing88 this shape enhances the mechanical properties 

in the composites415. Considering the chemical structure of the reinforcing material, the 

percentage of cellulose, hemicellulose and lignin can affect the stiffness and strength of 

the material416,144,115. 

Comparing the effect of WF on the composite made with commercial PHA, a reduction 

of the mechanical properties in terms of tensile stress, Young’s modulus and elongation 

at break respect to the reference for this series (CP_Pm) as shown in Table 7.6-5: 
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Table 7.6-5 Resume of Tensile test results 

 Tensile 

stress (MPa) 

Tensile 

Modulus (GPa) 

Elongation at 

break (%) 

CP_Pm 25.4 2 8.9 

CP_30WF_Pm 14.4 2.5 1.2 

RP_Pm 5.9 1 0.7 

RP_30WF_Pm 10.6 1.5 1.8 

 

According to literature, fibrous fillers added to PHA gives better performances in 

composites, thanks to the “bridging effect” of the fibres338,417. Fibres with higher stiffness 

than the matrix increase the modulus of the composites, but generally fillers cause a 

dramatic decrease in the elongation at break. If the adhesion between the reinforcing 

material and the matrix is good, a decrease of the elongation at break, even with small 

amounts of addition, can be expected. On the other hand, if the adhesion is poor, the 

elongation at break may decrease more gradually418. In this study the elongation at break 

is almost the same for the reinforced composites. 

In Figure 7.6.9, Figure 7.6.10 and Figure 7.6.9 the cut section of the 4 composites are 

shown. The specimen with 100% commercial PHA (CP_Pm) presents a different 

morphology compared with the one made with 100% of PHA coming from PPB 

(RP_Pm). CP_Pm (Figure 7.6.9) appears more compact and with a rigid and homogenous 

structure; nevertheless, the surface (Figure 7.6.11) is wrinkly due to the polymer 

processing. The defects are typical of a high temperature and high pressure process and 

usually they can be avoided gently increasing the pressure. For the production of the other 

samples this principle was considered, in fact the surface of the composite with the 

inclusion of WF does not appear wrinkled anymore, but smooth even with the presence 

of voids. The presence of voids is caused by more factors: the principal one is the possible 

segregation of the fibres88,93.  

RP_Pm (Figure 7.6.10) appears homogeneous but the structure of the composite in the 

cut line seems to be very fragile and easily crumbling. This differences in the 

morphological structure are due to the purity level of the composites, in fact RP_Pm 

presents various impurities caused by carotenoids and inorganic compounds. In this case, 

the surface is very smooth (Figure 7.6.12), but some defects are still present (as small 

particles that can act as crack propagator). The presence of impurities or imperfections 

very common in semi-crystalline polymers, influences the deformation behaviour of 

polymers84,85.  
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The GPC results of the composites (Table 7.6-6) show a large decrease in the molecular 

weights compared to the extracted polymer (Table 7.6-4) caused by the polymer 

processing. A reduction in molecular weight, which is about 313 kDa for RP_Pm and 290 

kDa for RP_30WF_Pm affects the mechanical performances of the composite: in fact low 

values of ductility and fracture energy is seen for low-molecular-weight polymers371. Also 

the PDI is reduced from 7.2 for the EtOH Pretreatment_ Ac\MeOH purification 

sample to approximately 2 for all the composites. 

Table 7.6-6 Results of GPC analysis on the composites. 

 
Mn 

(g/mol) 

Mw 

(g/mol) 

Mz 

(g/mol) 

PDI 

CP_Pm 77381 144155 237460 1.86 

CP_30WF_Pm 74942 150827 260499 2.01 

RP_Pm 29039 55859 98898 1.93 

RP_30WF_Pm 41357 76133 119577 1.84 

 

This behaviour can due also to the differences in the purity level of the polymers and how 

WF and other residual substances in the biomass (as carotenoids or inorganic molecules 

for example) interact with the polymer matrix. The presence of impurities reduces also 

the thermal stability of the extracted PHA, in fact the GPC results of the composites shows 

a massive degradation after the melting process (< 60 kDa, when PHA loses mechanical 

integrity) compared to 150 kDa for commercial PHA. The presence of imperfection or 

impurities on the surface can affect the structure providing regions with relatively easy 

paths for crack propagation419,310,418,345. 

Confronting the two references made with 100% of polymer, it is undeniable that the 

commercial PHA outperformed the one extracted from PPB accumulation. In fact, the 

tensile stress at maximum load between the two samples has a difference of almost 20 

MPa and the Young’s modulus of CP is twice the one of RP. Also the elongation 

behaviour at the break point is totally different between the two samples: RP has an 

elongation of 0.7% and CP of 8.9%. 
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(a)    (b) 

Figure 7.6.9 Cut-section of a)Composite made with 100% of commercial PHA (CP_Pm); b) 

Composite made with 70% of commercial PHA and 30% wood flour (CP_30WF_Pm); 

  

(a)         (b) 

Figure 7.6.10 Cut-section of a) Composite made with 100% of PHA from PPB (RP_Pm); b) 

Composite made with 70% of PHA from PPB and 30% wood flour (RP_30WF_Pm); 
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(a)       (b) 

Figure 7.6.11 Surface of a)Composite made with 100% of commercial PHA (CP_Pm); b) 

Composite made with 70% of commercial PHA and 30% wood flour (CP_30WF_Pm); 

   

(a) (b) 

Figure 7.6.12 Surface of a) Composite made with 100% of PHA from PPB (RP_Pm); b) 

Composite made with 70% of PHA from PPB and 30% wood flour (RP_30WF_Pm); 
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For what concerns the addition of WF (Figure 7.6.12 and Figure 7.6.12) to the polymer, 

it is evident that the fibre has a reinforcing effect on the recovered specimen and an anti-

reinforcing effect on the commercial PHA. There is good adhesion between the PHA 

matrix and the wood fibre surfaces in both composites; fracture paths have passed through 

the wood fibre in both cases418. 

The addition of fibres in CP_30WF_Pm caused a reduction in all the tensile properties 

compared with CP_Pm: tensile stress at the maximum load is equal to 14.4 MPa; the 

tensile modulus is 2.5 GPa and the elongation at break is equal to 1.2%. Nevertheless, in 

RP_30WF_Pm, all the mechanical performances increased thank to the bridging effect of 

the fibres143,338,358 . This difference in the fibre effect can be caused by the interaction 

between fibre and matrix. In both of the samples fibres are well mixed, but in 

CP_30WF_Pm (Figure 7.6.10), their presence caused small voids (present also on the 

surface), which reduced the tensile strength of the composite. An increase in tensile 

strength, as happens to RP_WF_Pm, means that the stress has been transferred from the 

PHA matrix to the WF418, so there is a better interaction between fibre and polymer .  

The presence of impurities is confirmed by the EDAX analysis (Table 7.6-7). 

Table 7.6-7 EDAX analysis on the composites 

Element 

(%weight) 

CP_Pm RP_Pm CP_30WF_Pm RP_30WF_Pm 

C 59.65 61.94 60.12 58.58 

O 38.03 37.37 39.88 37.98 

Cl 0.64 - - - 

Na 1.68 0.2 - 1.41 

K - - - 0.22 

P - - - 0.5 

S - 0.49 - 0.53 

Ca - - - 0.37 

 

The presence of carbon (C) and oxigen (O) is typical for organic compounds as natural 

fibres and biopolymer. Sodium (Na) in CP_Pm can be a residue of the polymer 

production, the purity level reported on the datasheet is (>98%). Chloride (Cl), in very 

small amount, can be a residue of the filmation process. 
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In PHA from PPB series, the presence of other elements as phosphorous (P) and sulphur 

(S) is remarkable probably due to impurities coming from the biomass. This confirms the 

reason for the low performances. 

The processing conditions have a great effect on the mechanical properties of PHA 

composites and on the molecular weight. After special treatments, highly orientated 

crystals can be formed to enhance the mechanical properties of scl-PHA420. In this study, 

the two polymers had notable differences: the ethanol pre-treatment and the presence of 

residual substances421 influence the chemical and physical properties of the extracted 

polymer as the feeding during accumulation, as reported in literature264,422. All these 

factors, influencing the cross-linking bonds between the polymer chains and the chemical 

structure of the waste (mainly cellulose and lignin), determine a different behaviour of 

the composite, also conditioned by the physical form of the wasted material345. 

TGA curves (Figure 7.6.13, Figure 7.6.14, Figure 7.6.15, Figure 7.6.16 and Table 7.6-8) 

show that the thermal degradation of the composite combines the thermal degradation of 

WF and PHA. The processing conditions affect also the thermal behaviour of the 

composites with shifted peaks respect those of PHA from PPB and the commercial 

reference. Tg and Tm increase for all composites, probably due to the presence of the 

reinforcing material (Table 7.6-2 and Table 7.6-3). The shift of Tc towards lower 

temperature indicates that crystallisation is occurring with a higher under-cooling energy 

(driving force). A short difference between the starting and the ending temperatures of 

crystallization peaks mean that a shorter time is needed for the completion of 

crystallisation, which can be caused by the mould. Also the Tg value depends on the 

degree of crystallinity and typically increases with crystallinity due to less mobile 

polymer chains: in this case, the observed higher Tg may be due to the addition of WF 

and to the process conditions, which influences the PDI of the composites and molecular 

weight356. 

In CP_Pm and RP_Pm Td is 275°C and 276°C respectively, whereas in the composites 

including the fibres is 272°C and 271°C. 

The exothermic peaks (green lines in Figure 7.6.13, Figure 7.6.14, Figure 7.6.15 and 

Figure 7.6.16) are related to the decomposition of the polymer: in CP_Pm the 

decomposition occurs in two stages at 291°C and at 306°C, with a final residue weight 

less than 2% at 1000°C. Three recognizable peaks are present in all the reinforced 

composites, corresponding to the thermal degradation of PHA, lignin and cellulose 

typical of wood-PHA composites. Generally, lignin onset temperature is reported in the 

range 200°C - 400°C. During thermal decomposition of lignin, relatively weak bonds 

break at lower temperature whereas the cleavage of stronger bonds in the aromatic rings 

takes place at higher temperature. Thus, when the lignin content is lower, the degradation 

begins at a higher temperature, but the fibres do not have the oxidation resistance given 
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by the aromatic rings in the lignin378. The range of cellulose decomposition is set at higher 

temperatures, usually from 350°C to 520°C325. 

In Table 7.6-8, CP_30WF_Pm and RP_30WF_Pm samples, in addition to the typical 

PHA peak of maximum degradation around 280°C, have two further peaks: at 325±5°C 

and over 400°C, which respectively correspond to the lignin and cellulose contained in 

the fibres as reported in literature325,423. 

 

Table 7.6-8 Results of TGA on the composites 

PHA Sample Tg 

[°C] 

Tc 

[°C] 

Tm 

[°C] 

Td 

[°C] 

T1 

[°C] 

T2 

[°C] 

T3 

[°C] 

Endo-

Peaks 

[°C] 

Exo-

Peaks 

[°C] 

CP_Pm 3 123 175 275 298 - - 177 291 

306 

RP_Pm 

3 82 154 

168 

276 293 - - 166 

180 

292 

300 

304 

351 

471 

CP_30WF_Pm 4 120 172 272 287 327 421 181 277 

283 

296 

334 

456 

RP_30WF_Pm 

4 87 160 

172 

271 279 320 441 162 

172 

274 

281 

294 

322 

450 
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Studying the exothermic peaks of DTG (green lines in the graphs), the decomposition 

temperature of each components of composites can be recognized: the typical 

decomposition of PHA occurs at 290°C and 305°C; hemicellulose at 250-350°C380 and 

some of its polysaccharides at 270°C; lastly lignin from 400°C to 500°C. 

The same components are present also in coffee grounds but being in different amounts 

some values are shifted. In Figure 6.7.19 and Figure 6.7.20, the peak at 170°C indicates 

the thermal degradation of tannins and other carotenoids353,391,406,424.  

The endothermic peak around 177°C for CP_Pm indicates the melting temperature. In 

samples containing PHA from PPB a peak at lower temperatures, around 165°C, appears 

due to some impurities left by the extraction process.  

Exothermic reactions generally indicate decomposition processes and, in this case, five 

peaks generally appear: the exothermic peaks of PHA in samples without WF are at 

290°C and 300°C. In samples containing WF, the two peaks are approximately at 275°C 

and 280°C. Previous studies423,380,426 on wood components report exothermic peaks 

caused by hemicellulose and lignin, respectively at T ~ 295°C, T = 300°C -350°C and 

450°C. Lastly, the sample RP_Pm presents three peaks at 304°C, 351°C and 471°C, 

which can be attributed to some components used as feedstock of the biomass during the 

accumulation process, as butyric acid, propionic acid, acetic acid and cellulosic residual 

components427–429. 

 

Figure 7.6.13 TGA of CP_Pm 
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Figure 7.6.14 TGA of RP_Pm 

 

Figure 7.6.15 TGA  of CP_30WF_Pm 
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Figure 7.6.16 TGA of RP_30WF_Pm 

 

7.7 Conclusion 

In this work the possibility to use polyhydroxyalkanoates extracted from a biomass 

containing purple phototrophic bacteria for the realization of wood composites is 

explored. 

In the first part of the study, different types of extractions have been considered in order 

to choose the best process in terms of yields, purity and quality of the polymer. Various 

solvents and pre-treatments have been considered and compered in order to recover not 

only the polymer, but also other important compounds contained in the biomass, as 

carotenoids. The extracted PHAs have been characterized to determine their chemical and 

physical properties and to decide the best extraction parameters to apply in a larger scale 

(from 100ml up to 1.5 L) in order to collect enough polymer for the composite production 

through compression moulding. 

A pre-treatment based on boiling ethanol has been selected for its low cost, green 

properties and sustainability characteristics. The extracted polymer from the selected 

process has a Mn of 512kDa, PDI equal to 7.2 and composed by 5% of PHV as revealed 

by the1H-NMR analysis. From TA, its Tg is at -1 °C and Tm at 166 °C, with a Td at 
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272°C and the maximum decomposition at 292°C, which make the polymer suitable for 

compressing moulding application. 

The second stage of the study consisted in the realization of composites with one of the 

more common Australian industrial waste (wood flour), chosen in a circular economy 

perspective. In order to evaluate the influence of the polymer origin and the reinforcing 

effect on the performances of the product, two series of composites have been made with 

commercial PHA and PHA from PPB. As expected, these two parameters are essential 

for the tensile characteristics. Indeed, the type of filler, the chemical composition and the 

interaction with the polymer matrix have an important impact on the performances of the 

composite. The four composites have been characterized in terms of mechanical 

properties, thermal behaviour and morphology. Our results show an increase in the 

mechanical properties of the composites containing wood flour and PHA from PPB, with 

performances comparable to commercial composites with the same formulation.  

The added fibers have a reinforcing effect for the sample coming from PPB 

(RP_30WF_Pm), but a negative effect for the sample containing commercial PHA 

(CP_30WF_Pm). The addition of fibers permits a "bridging effect" in the first sample, 

bringing the tensile stress from 6 MPa of the respective reference to almost 11 MPa. In 

the other sample, the fibers caused the formation of voids, which reduced their mechanical 

properties from 25 MPa to 14MPa. The mechanical properties have also been influenced 

by the manufacturing thermal process of the various composites where the polymer can 

be subjected to thermal degradation, that causes a decrease in molecular weight (as 

confirmed by the GPC analysis). The thermal properties of the composites depend on 

their composition, however the samples deriving from PPB had comparable thermal 

stability as the others (Td at 275°C for the 100% PHA composites and at 272°C for the 

wood-composites). 

Further research might explore the optimization of the process during the extraction and 

the polymer manufacturing. This would allow a full investigation of the extraction and 

processability properties of PHA from PPB: the use of substrates coming from non-pure 

cultures would permit to recover more components (i.e. carotenoids) and reduce the cost 

for the maintenance and feedstock of the culture. It is also attractive to further explore 

other greener solvents in order to reduce the environmental impact of the extraction 

procedure. Lastly, also improving the composite toughness using fillers from other 

origins could be investigated.  

  



Chapter 7                                            Extraction of PHA from PPB and their Composites 

______________________________________________________________________ 

- 285 - 

 

 

 



Chapter 8                                  LCA of the extraction protocol of PHAs from WWTPs 

______________________________________________________________________ 

- 286 - 

8 . Chapter  

LCA of 

the extraction 

protocol of 

 PHAs from 

WWTPs 
 

Life Cycle Assessment of the protocol used for the extraction of 

PHAs from biomass coming from wastewater treatment plants. 
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8.1 Introduction 

This chapter examines the extraction procedure presented in Chapter 5, where different 

mechanical pre-treatments are applied on a biomass coming from wastewater treatment 

sludge composed by mixed microbial culture (MMC). 

It is focused on the evaluation of the efficiency of the process in terms of greenhouse 

gases (GHG) emissions, expressed as equivalent mass of CO2 (CO2 eq.), under a life cycle 

assessment (LCA) approach. 

This study analyses how the application of different pre-treatments on the substrate could 

reduce the environmental impact, particularly global warming potential, of PHA’s 

extraction with chloroform. Therefore, a short presentation of advantages and 

disadvantages of all the considered cases is described with a reduction-in-CO2 eq.-

emission perspective of the process. 

In this Chapter the extraction in continuous (named as Soxhlet in Section 5.7.2.2) has not 

been considered due to the difficulties on the applicability of this technique in industrial 

processes. The environmental issues in the production of bioplastics and all the variables 

to consider are presented. Also a modelling of the extraction process with the description 

of the mass-energy balance is proposed. In the methodology section, the two main cases 

with the various scenarios of pre-treatments are described in detail with the power 

demands of each single step. Lastly, the results are discussed reporting the GHG 

emissions of each scenario in kilogram of CO2 equivalent per gram of PHA and the 

reduction of emissions compared to the standard extraction. The same labelled of Chapter 

5 is used in this Chapter. 

8.2 Environmental issues and bioplastics production 

Climate change, global warming and greenhouse gases have become common terms in 

everyday life due to their impact on the planet and on human health. Despite rising prices 

and apparent depletion of resources, fossil fuel consumption has increased and led to 

higher GHG emissions, thus contributing to global warming430. 

It is well known that conventional plastics derived from the fossil fuels pose a threat to 

the global environment due to their non-degradable nature and their large applicability 

sectors. Application of plastics in regular life is inevitable431, so problems associated with 

global warming and solid waste management has generated interest in the development 

of novel plastics. For these reasons, biopolymers have become the new frontier of 

polymer science. 
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In fact, biopolymers are renewable, largely biodegradable and can have very similar 

properties to conventional polyolefin polymers. Conventional plastics are produced from 

fossil fuels and resource depletion may become a determining factor in future production. 

Since biopolymers represent a possible solution to the problem of conventional plastics, 

it is also essential to understand their environmental impact before the total replacement. 

Indeed, sometimes the environmental benefits that could occur in replacing conventional 

polymers with biopolymers may however come at an economic loss432 and, sometimes, 

also the production of biopolymers might have a considerable environmental impact. 

Cost of bioplastics serves as a hindrance to the development of bioplastics for food and 

drink packaging as happens for the conventional plastic. This is due to large consumptions 

and also to the fact that biopolymers are produced by harvesting natural resources. 

Therefore, the final application of the bioplastic should be also evaluated: for biopolymer 

as hygienic packaging, hygienic standards must be respected, which normally require 

high costs. For all other types of packaging, the use of biopolymers deriving from 

agricultural waste or other sources is generally allowed, and this usually reduces the 

overall cost of the product. As in the case of the production of petroleum-based plastics, 

for the production of biopolymers large sums of energy are needed, as electricity and 

heating, that consume non-renewable sources. 

Thanks to their degradation properties, the use of bioplastics reduces the waste 

accumulation on the areas surrounding us. Moreover, their degradation does not produce 

any toxicity to the environment and no harmful gas is emitted thus no greenhouse gas and 

no global warming. They can be considered as a real environment friendly product433. For 

this reason, researchers are focusing on new production methods that involve the use of 

secondary products such as biomass to be used as substrates instead of pure 

culture41,46,263,434,435. One of the most interesting sources for the production of 

biopolymers are bacteria in wastewater plants13,18,28,29,75,262. As largely introduced, during 

the last years wastewater treatment plants (WWTPs) have moved from the concept of 

‘waste treatment’, aimed at discharging treated wastewaters. The recovery of by-products 

from WWTPs can generate value-added products such as renewable energy, biofertilizers 

and water for different purposes, which are new resources. The recycling of resources 

through innovative recovery processes is only a recent objective in wastewater treatment 

systems and makes the processes of the plants more efficient: it reduces the amount of 

waste and it provides environmental and economic benefits13. In this context, resource 

recovery from wastewater treatment processes can have a role also in the plastic’s circular 

economy28. 

Among the various biodegradable plastic available, PHAs are considered strong 

candidates as they have very similar properties to synthetic polymers11,241,436,437, but they 

degrade completely to water and carbon dioxide under aerobic conditions267.  
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Commercialisation of PHAs is still in its early stages, and although its global production 

capacity is one of the fastest growing amongst biopolymers, small capacities and volumes 

are associated with relatively higher costs, which makes it challenging to compete up-

front on just price with petroleum-based plastics that are produced on a very large scale438 

As a relatively new family of polymers, PHAs need to gain further end-user acceptance 

and grow their own market, including for target/niche applications. Potential applications 

for PHAs include, consumer goods, agriculture, packaging, furniture, and personal care 

products11.  

The use of mixed microbial cultures (MMC) present in waste waters is promising because 

it will help to reduce the production costs of PHAs, since MMCs do not require sterile 

conditions and have a wider metabolic potential than single strains. This allow them to 

utilize a large number of cheaper substrates such as wastes , that avoids the use of 

expensive carbon sources28. This is one of the key points to enhance the production of 

biopolymers as PHAs. 

Besides, downstream PHA recovery technologies significantly affects the overall process 

economics and its environmental sustainability since traditional extraction methods 

mostly employ halogenated solvents (as chloroform)271. The challenge in the recovery 

process is to achieve, in a cheap and environmentally friendly manner, a high recovery 

efficiency and a high degree of purity of the extracted polymer but, maintaining at the 

same time its molecular weight and thermal and mechanical properties272. Nevertheless, 

the use of green solvents does not permit to achieve the same extraction yields of 

chlorinated solvents (as discussed in Chapter 7), so the use of disrupting agents (chemical 

and physical) is very common in order to modify the cell wall permeability23–27. 

This study analyses, from a life cycle assessment (LCA) approach, how the application 

of different pre-treatments (sonication, bead milling, homogenization through pressure 

and blades) on the substrate could reduce the environmental impact of PHA extraction 

with chloroform in terms of global warming potential. This research is based on previous 

studies in laboratory scale presented in Chapter 5 and this preliminary analysis of 

potential environmental impacts can provide useful information to better orient the 

development and scale-up phases.  

The LCA of the process is extremely important to correlate and estimate the possible 

environmental impact of the procedure, because the improvement of the efficiency can 

involve an increase in variables (such as electricity) that may cause an increment on the 

environmental impact increasing the level of GHG. 

A large part of global climate change and the greenhouse effect is due to carbon dioxide 

(CO2) emissions and other greenhouse gases439. The CO2 emissions are considered as the 
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source of 90% of all emitted greenhouse gases (GHGs). Therefore, CO2 emissions have 

received considerable attention regarding reduction of polluting gases440.  

Energy consumption is an important factor in economic growth process, but it also has a 

negative impact on the environment. In fact, the higher the kg oil equivalent per capita 

energy consumed, the higher the economic growth, and hence increases in CO2 emissions. 

On the other hand, economic growth stimulates increase in kg equivalent per capita of 

energy consumed. The more the increase in kg oil equivalent per capita of energy 

consumed, the higher the CO2 emissions level440.  

This concept can be applied to this study because each single variable in the procedure 

implies a different consumption of energy, which might have a negative environmental 

impact. The energy consumption can change the intentional positive effect of the whole 

study, determining if it is an effective growth in the recovery of resources and the 

substitution of conventional plastics. Each of the stages of the process are represented in 

Figure 8.2.1, indicating the main energy (yellow arrow) and resources (in purple) 

interchanges. 

 

 

Figure 8.2.1 Simplified main stages of the PHA extraction process with the energy demand and 

resources recovery. 

 

Clearly, also the type of energy (renewable or not) can affect the emissions: for this 

reason, energy and environmental policies are controlled by European Union (EU). 

Following the trend in industrial economies, CO2 emissions in Italy had risen in the late 

of 1940's reaching 76% until 1974 when it sharply falls to 46%, mainly due to replacing 

oil with natural gas. Italy joined the Kyoto Protocol with the other 28-EU countries and 

was able to reduce the gap between GHG emissions and Kyoto target from 37.09 in 2008 

to −0.87 in 2012. Regarding the Europe 2020 Strategy, Italy launched National Reform 

Programme (NRP) in 2013 to achieve three set out targets; the reduction of GHG 

emissions; the increase of renewable energy generation; and the increase in energy 

efficiency440. A study440 demonstrated that even with the increase in kg oil equivalent per 

capita of energy consumed, CO2 emissions level of Italy has been declining overtime. By 
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implication, Italy energy and environmental policies are in line with their macroeconomic 

objectives. Thus, the economy appears to have achieved their environmental 

sustainability targets, a move towards cleaner environment for both the immediate and 

future generation. 

Another target for the EU is to increase the energy consumption from renewable energy 

sources to 20% of the total energy demand. One of the justifications to increase renewable 

energy is to mitigate CO2 emissions, as they offer clean alternatives to fossil fuels by 

releasing almost no emissions to the atmosphere (Directive 2009/28/EC). Unlike the 

GHG target, there is not an EU-wide policy instrument to reach the renewable energy 

target. Indeed, the renewable energy target was divided among the EU member states and 

each country has developed national policies to meet its share of the target. Italy put in 

place a variety of support schemes to develop renewable energy. They go from green 

certificates to feed-in tariffs and premium tariffs. The Italian renewable energy incentives 

(REI) created a huge surge in installed capacity, especially in wind and solar photovoltaic 

(PV) in recent years. 

Italy experienced an impressive growth in wind and PV capacity and energy production 

in the years 2000–2011. The results indicate that the annual carbon surcharge for wind 

energy was 165 €/tCO2 on average, while the implicit carbon price was 179 €/tCO2. For 

solar energy, the carbon surcharge, as well as the implicit carbon price, were much higher, 

respectively 990 €/tCO2 and 1003 €/tCO2. The difference between wind and solar was 

due to the different level of remunerations: the incentive scheme for solar allowed higher 

remunerations per megawatt-hour (MWh) of generated electricity than those for wind441.  

8.3 Modelling of the extraction process  

Industrial scale extraction of PHAs with chloroform using pre-treatments is not yet 

established, resulting in lack of direct input/output data for the Life Cycle Inventory 

(LCI). Therefore, the extraction processes have been simulated by a preliminary design 

based on the obtained laboratory-scale results (Chapter 5). One of the most limiting steps 

in laboratory experimentation is the recovery of solvents due to the available equipment. 

This phase is already well known at the industrial level, so in the model the chemical 

make-up will be significantly reduced including a recirculation stream for the recycling 

of the two chemicals: chloroform and methanol (as reported in Figure 8.3.1).  

Apart from the standard extraction case (Ex_std), when pre-treatment is included, there 

are four scenarios based on the type of pre-treatments (Sonic, Spheres, Homo and Ultra). 

All the pre-treatments are applied at the same stage on the wet biomass before the 

extraction procedure. While it is recognized that the actual scale-up would require 

extensive research efforts, this simplified approach is considered adequate for the purpose 
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of explorative LCA studies442. The material balance for the envisaged process flow 

diagram have been quantified with the support of Engineering Equation Solver (EES) 

software. Results are shown in Table 8.3-1, Table 8.3-2, Table 8.3-3, Table 8.3-4, and 

Table 8.3-5. Calculation is based on 1kg of wastewater used. 
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Figure 8.3.1 Representation of the whole process used for the mass and energy balance. The 

recovery of solvents is also included 
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S

tr
ea

m
 

1
 

2
 

3
 

4
 

5
 

6
 

7
 

8
 

9
 

1
0
 

1
1
 

1
2
 

1
3
 

1
4
 

1
5
 

1
6
 

1
7
 

W
a
te

r 
(g

) 

9
9
8
.6

 

8
.6

 

9
9
0
.0

 

- - 

8
.6

 

8
.6

 

- - - - - - - - - - 

T
o

ta
l 

so
li

d
s(

g
) 

1
.4

0
 

1
.4

0
 

- - - 

1
.4

0
0
 

1
.0

8
5
 

0
.3

1
5
 

- 

0
.3

1
5
 

0
.1

5
8
 

  

0
.3

1
5
 

0
.1

5
8
 

0
.1

5
8
 

- 

B
io

m
a
ss

 (
d

ry
) 

(n
o
 P

H
A

) 
(g

) 

0
.3

5
0
 

0
.3

5
0
 

- - - 

0
.3

5
0
 

0
.3

5
0
 

- - - - - - - - - - 

P
H

A
 (

g
) 

(d
ry

) 

1
.0

5
0
 

1
.0

5
0
 

- - - 

1
.0

5
0
 

0
.7

3
5
 

0
.3

1
5
 

- 

0
.3

1
5
 

0
.1

5
8
 

0
.3

1
5
 

0
.1

5
8
 

0
.3

1
5
 

0
.1

5
8
 

0
.1

5
8
 

- 

C
H

C
l3

 

(m
l)

 1
.4

9
 

g
/m

l 

- - - 1
5

 

7
0

 

7
0

 

- 7
0

 

5
5

 

1
5

 

1
5

 

1
5

 

- 3
0

 

1
5

 

1
5

 

- 

M
eO

H
 

(m
l)

 0
.7

9
2
 

g
/m

l 

- - - - - - - - - - 7
5
 

7
5
 

- 7
5
 

3
7
.5

 

3
7
.5

 

3
7
.5

 

 

 

 

 

 

 



Chapter 8                                  LCA of the extraction protocol of PHAs from WWTPs 

______________________________________________________________________ 

- 295 - 

 

Table 8.3-1 Mass balance of Sonication pre-treatment (Sonic) 
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Table 8.3-2 Mass balance of bead milling pre-treatment (Spheres) 
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Table 8.3-3 Mass balance of homogenization with pressure pre-treatment (Homo) 
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Table 8.3-4 Mass balance of homogenization with blades pre-treatment (Ultra) 
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8.4 LCA Methodology 

The main goal of the study is to estimate and compare life cycle global warming potential 

of the extraction methods of PHA from biomass coming from urban wastewaters. 

Systems under study are: Case 1, that represents the standard extraction (Ex_Std); Case 

2, that analysed well-known physical methods usually employed as cell wall disruption 

techniques to recover intracellular products in various industries270,276, described in 

details in Sections 5.7.1.3, 5.7.1.4, 5.7.1.5 and 5.7.1.6. Case 2 is divided in four scenarios 
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where a different pre-treatment is applied on the biomass: sonication (Sonic), bead 

milling (Spheres), homogenization through pression (Homo) and through blades (Ultra). 

Sonication is only considered as a pre-treatment, so the division reported in Chapter 5 in 

Sonic_mc and Sonic_rt is not considered because it is referred to the last step of the 

process, which could not be applied in this modelling for industrial scale due to the 

recovery of the solvents. In order to compare each scenario to Case 1, to estimate the 

possible differences induced by each single pre-treatment, in these scenarios yield, 

efficiency, consumption and emissions have been considered and studied as Case 1. As 

the function of the systems is the extraction of PHA, the functional unit chosen for 

comparison is 1 g of extracted PHA. Main chemical and energy consumptions are 

included within the boundary limits of the study. Any possible environmental credits 

obtained from by-products selling are not considered due to the lack of information about 

the needed treatment. Life Cycle Inventory for chemicals are obtained directly from mass 

balance results reported in Table 8.3-1, Table 8.3-3, Table 8.3-4 and Table 8.3-5. 

The LCI is the methodology step that involves creating an inventory of input and output 

flows for a product system. Such flows include inputs of water, energy, and raw materials. 

The energy consumption in terms of heat and electricity has been estimated basing on 

mass balance results from previous section and the conditions of the process by using 

next literature data and considerations: 

- Dewatering: 3.1 kWh/m3 (443). Relative density of wastewater is assumed to be equal 

to 1. 

- Extraction reactor (2 h at chloroform’s boiling point): 300 kJ/m3·day for stirring 

electricity consumption444. Relative density of chloroform = 1.49 445, heat capacity of 

the stream obtained by mass ponderation of specific heat capacity of each of the 

component: 116 J/mol chloroform445, 4.18 kJ/(kg·ºC) water; 4.18 kJ/(kg·ºC) biomass 

(assumed). 10 % heat losses considered. Chloroform boiling point (atmospheric 

pressure) = 334.3 K; atmospheric temperature = 298 K.   

- Vacuum filtration 1: 5 kWh/m2 with 25cm2 filtration area445.  

- Chloroform recovery (evaporation): 32 kJ/mol at atmospheric pressure445  

- Vacuum filtration 2: same assumption than Vacuum filtration 1.  

- Precipitation (4 ºC): electricity efficiency of refrigeration 60 %. Relative density of 

methanol = 0.792 and heat capacity of methanol = 79 J/mol445. 

Table 8.4-1 summarise Life Cycle Inventory data. 
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Table 8.4-1 Inventory data. Consumptions of Chemicals, Electricity and Heat per g/PHA and 

related kgCO2eq of all the scenarios 

  Consumptions 

 per g/PHA 

Ex_Std Sonic Spheres Homo Ultra 

C
h

em
ic

a
ls

 (
g
) CHCl3 for extraction 201,4 210,3 167,9 65,4 108 

MeOH for precipitation 267,6 279,4 223,1 87 143,5 

E
le

ct
ri

ci
ty

 (
k

W
h

) 

Dewatering 2,80E-02 2,90E-02 2,30E-02 9,10E-03 1,50E-02 

Extraction 1,20E-02 1,30E-02 1,00E-02 3,90E-03 6,40E-03 

Filtration 1 1,50E-03 1,60E-03 1,30E-03 4,90E-04 8,10E-04 

Precipitation 8,20E-04 8,60E-04 6,80E-04 2,70E-04 4,40E-04 

Filtration 2 1,50E-03 1,60E-03 1,30E-03 4,90E-04 8,10E-04 

Pretreatment 0,00E+00 1,30E-05 1,30E-05 1,30E-05 1,30E-05 
 

Total 4,40E-

02 

4,60E-02 3,70E-02 1,40E-02 2,30E-02 

H
ea

t 

(k
J
) Extraction 54,2 56,6 45,2 17,6 29 

Evaporation 210,8 220,1 175,8 68,5 113 

  Total 265 276,7 221 86,1 142,1 

 

Global Warming Potential (GPW) as equivalent CO2 emissions is calculated using the 

literature GWP impact factors showed in Table 8.4-2.   

Table 8.4-2 GWP impact factors 

  

 
GWP impact 

factor   

Units Reference 

C
h

em
ic

a
ls

 (
g
) CHCl3  1.77 kgCO2eq / kg 446 

MeOH for 

precipitation 

0.649 kgCO2eq / kg 447 

E
n

er
g
y
 

(k
W

h
) Electricity 0.265 kgCO2eq / 

kWh 

447 

Heat 7.45E-05 kgCO2eq / kJ 447 
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8.5 Results and Discussion  

Environmental performances of extraction processes of PHA from wastewater biomass 

considering two alternative (with and without pre-treatments of the biomass) and four 

different pre-treating procedures for polymer recovery are presented in Figure 8.3.1. The 

four scenarios of Case 2 (Sonic, Spheres, Ultra and Homo) are compared to the reference 

scenario of Case 1 (Ex_Std), which represents the standard extraction (Ex_Std). The 

relative contributions to environmental performance by life cycle stage for each scenario 

are also shown in detail in Table 8.4-1, Table 8.4-2 and Table 8.5-1.  

Almost all the extraction processes through pre-treatment of the biomass show 

environmental performances better than the scenario of Ex_Std for what concerns the 

total CO2 emission. The only exception is the scenario where sonication is applied 

(Sonic). GHG emissions due to extract process through chloroform in the standard 

extraction are 0,56 kgCO2eq/gPHA; in the other scenarios, there is a reduction from 30% 

(Spheres) to 64% (Homo). Nevertheless, the extraction procedure using sonication of the 

biomass produce almost 5% of CO2 emission more than the standard extraction. These 

data have been calculated considering the energy need of each step in the extraction 

process. Moreover, also the obtained yield and its process efficiency is fundamental to 

the estimation of environmental impact. A low yield reduces the efficiency of the process, 

causing too high consumptions respect to the other scenarios, that could be avoided 

choosing other processes.  

The results in Table 8.5-1 show that the higher influence on the CO2 emissions is the use 

of solvents, in fact in Ex_Std 63.48% of the emission are caused by chloroform, 30.93% 

by Methanol and only the 5.59% by electricity and heating processes. The influence of 

solvents in CO2 emission largely increase with the reduction of the yield, in fact Sonic 

presents the final CO2 emission equal to 0.58 kgCO2eq/gPHA, with 0.02 kgCO2eq/gPHA 

more than Ex_Std caused only by chloroform. The influence of pre-treatments stage on 

the emissions of the entire process is highlighted in energy demands as electricity and 

heating. 

Confronting the total electricity demands for all the scenarios, CO2 emissions are in a 

range from 0.0038 kgCO2eq/gPHA (Homo) up to 0.0121 kgCO2eq/gPHA (Sonic). The 

use of pre-treatments reduces the electricity impact for almost all the scenarios respect to 

the Ex_Std (0.0116 kgCO2eq/gPHA), in fact the total electricity emission is 0.0038 

kgCO2eq/gPHA for Homo, 0.0062 kgCO2eq/gPHA for Ultra and 0.0097 kgCO2eq/gPHA 

for Spheres. 
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Table 8.5-1 CO2 emissions for kgCO2eq/g PHA for chemicals, electricity and heat and their 

related percentages 

 

 

Wasted solvents produce a significant carbon footprint and associated expenditure 

independently of being incinerated on-site or disposed of through outsourced services: it 

is extremely important to highlight that the main quantity of emissions in this cases is due 

to the used solvents and their amounts (about 63% of the total emissions in the standard 

extraction). For this reason, in the ideal plant the recovery of the solvents to reduce the 

chemical wastes and the environmental impact should be considered. From a 

sustainability point of view, recovered solvent can be used again in situ where it was used 

in the first place448. Preferably solvents need to be recycled on-site using distillation, 

adsorption or membrane processing.  

Due to the importance of rapid time-to-market speed in chemical businesses, solvent 

recovery and recycling is not considered in the early stages of process development. On 

the other hand, once a process is well established, solvent recovery is often one of the key 

upgrades considered to improve profit margins448. The most common technologies for 

solvent recovery and reuse include distillation processes such as pressure swing, 
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azeotropic or extractive distillation; adsorption and membrane processes such as 

organophilic pervaporation and solvent-resistant nanofiltration. According to 

literature448, in our case pervaporation represent the best option in terms of carbon 

footprint and efficiency because pervaporation is a membrane process employed for the 

separation of liquid mixtures: also in dehydration applications, water is removed from 

solvent-water mixtures by selective permeation through a dense hydrophilic 

pervaporation membrane. Table 8.5-2 summarize the advantages and disadvantages of 

the three techniques; Figure 8.5.1 reports a literature study449 comparing energy and 

Carbon Footprint for the recovery of chloroform and methanol by distillation and 

nanofiltration. 

Table 8.5-2 Advantages and disadvantages of different techniques for solvent recovery 

Technique Advantages Disadvantages 

Distillation Well-established technology 

High recovery 

High savings 

Consumes large amount of energy 

Adsorption 

processes  

High efficiency 

Low cost 

Low energy consumption 

Less carbon footprint than 

others 

Difficult to remove water in organic 

solvents (which can cause side 

reactions) 

Membrane 

processes 

Simplicity  

Energy efficiency 

Less carbon footprint than 

others 

Stable in harsh conditions 

- 

 

 

Figure 8.5.1 Comparison of Energy. and Carbon Footprint Required for Solvent 

Recovery by Distillation and Nanofiltration449.448 

To the best of our knowledge, this is the second report to give a set of LCA results for 

PHB production. The first one was by Harding432. Both works report GHG emissions 

expressed as CO2-equivalent and the values per functional units are well comparable 
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(about 1 kg versus 2 kg. respectively) considering that the study432 included also the 

cultivation phase, the other impact categories are not comparable since the 

characterization methods used are different. 

Comparing the four scenarios related to the novel protocol, the extraction applied to pre-

treated biomass is preferable to the standard one (except for Sonic process). Such a result 

is dependent on two main factors: yield and efficiency of the process. Considering these 

two factors, two of the analysed pre-treatments (Homo and Ultra) give better yields (51% 

and 44% respectively) compared to the standard extraction (30%). Also, for efficiencies, 

the obtained values are very different: 27% for Homo, 20% for Ultra and only 15% for 

Ex_Std. The Spheres sample can be defined as comparable to the standard extraction, as 

the yield and efficiency of the process are not much lower. On the contrary, the limit case 

is the sonication process: not only it gives the worse yield (7%), but also the process 

efficiency is very low (only 5%). All the results are shown in Table 8.5-3. 

Table 8.5-3 Resume of yield, process efficiency and the percentage of reduction in CO2 emission 

for all the scenarios. 

 Case 1 Case 2 

 Ex_Std Sonic Homo Ultra Spheres 

Yield (%) 30 7 51 44 24 

Process 

Efficiency (%) 

15 5 27 20 13 

CO2 Emission 

Reduction (%) 

respect to 

Case 1 

- +4.42 -64.64 -46.38 -30.98 

 

Due to the evaporating procedure and the precipitation in methanol the GHGs are high, 

but from previous studies 442 the precipitation phase appears more suitable from the 

ecotoxicological point of view than evaporation.  

The process analysis permits to evaluate where the process is lacking. In fact, the main 

losses are during the filtration process. In the lab scale experiments the losses were due 

to the impossibility of work on larger amount of substrate because of the equipment 

availability. In a larger scale with the use of industrial equipment and in a in continuous 

line the losses during the filtration processes should be reduced. In fact, the second 

filtration is the step with more losses. To reduce losses process means to increase the 

process efficiency, recovering a higher amount of PHA. 
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The LCA study of Case 1 and Case 2 demonstrate that standard extraction causes 

emissions of 0.56 kgCO2eq/gPHA, whereas three of the four scenarios examined in Case 

2 permit to reduce the emissions in a range between 30.98% up to 64.64%. These results 

are very promising, because thanks to the integration of a pre-treatment in the plant line, 

the high cost of PHA production can be balanced with the environmental impact.  

8.6 Conclusions 

This study analyses the environmental impact of the extraction procedure described in 

Chapter 5 highlighting the weak points of the entire procedure applied in a modelling 

plant. The environmental impact assessment has shown that, even with the use of solvents 

such as methanol and chloroform, the environmental impact can be reduced by carrying 

out mechanical pre-treatments on biomass, so as to increase not only the yield but also 

the efficiency of the entire extraction process. 

The study of Case 1 and Case 2 demonstrates that standard extraction causes emissions 

of 0.56 kgCO2eq/gPHA, whereas the scenarios examined in Case 2 (Ultra, Spheres and 

Homo) reduces emissions in a range between 31% up to 65%. Considering all the 

variables examined in the study, the most promising procedure is the homogenization 

through pression (Homo) which has 51% of yield, 27% of process efficiency and almost 

65% of reduction in CO2 eq emission. 

These results are very promising: thanks to the inclusion of a pre-treatment the recovery 

of PHA can be increased and at the same time, the environmental impact reduced, in 

terms of global warming potential. Moreover, including the recirculation line for solvents, 

an already well-known technique, the use of new solvent can be reduced, further 

decreasing the impact on the environment. 
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In this thesis work, various by-products from industrial waste and / or wastewater have 

been studied and analysed. These include some of the most common waste materials: 

cellulose from toilet paper, starch derivatives and polymers produced by microorganisms 

commonly found in wastewater treatment plants. 

Normally, these materials are directly disposed of, triggering a cascade process not only 

for the loss in terms of product, but also in terms of energy consumption for their disposal 

and for the exploitation of new raw materials. 

The work aimed to enhance these materials based on their composition, so as to propose 

a new application and prolong their life. 

9.1 Research progresses and results 

9.1.1 Cellulose from toilet paper 

The recovery of cellulose in toilet paper from municipal wastewater is one of the most 

innovative actions in the circular economy context. In fact, fibres could address possible 

new uses in the building sector as reinforcing components in binder-based materials.  

The addition of recovered cellulose fibres in mortars bring benefits in terms of lightness, 

microstructure and moisture buffering value (0.17 g/m %UR). Concerning mechanical 

properties, flexural strength is improved with the addition of 20% of recovered cellulose 

fibres. In addition, a simplified economic assessment is reported for two possible pre-

mixed blends with 5% and 20% of recovered fibres content. 

9.1.2 Cyclodextrins: a starch derivate 

Starch is one of the more common natural polymer thanks to the diversity and sheer 

number of end-use applications in both food and non-food industries. Although there is a 

large consume of conventional sources of starch, such as corn and potato. The application 

of non-conventional raw materials as complementary sources may provide cost reduction 

of raw material in industries, besides offering new products with differentiated 

characteristics. A large quantity of starch can be collected by waste waters of agro-food 

industries and can be converted in other products. Cyclodextrins (CyDs) are glucose-

based molecules and produced from the enzymatic degradation of starch by bacteria. The 

most characteristic feature of CyDs is the ability to form inclusion compounds with 

various organic molecules through host–guest interactions: the interior cavity of the 

molecule provides a relatively hydrophobic environment into which a pollutant can be 

trapped. In this preliminary study, electrospun PLA-based nanofibers are functionalized 

with cyclodextrins in order to provide adsorptive properties to the composite. The aim of 

this work is to investigate a hybrid composite from renewable sources for the combined 

filtration of particulate matter (PM) and adsorption of volatile organic compounds 
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(VOCs). The addition of CyD, both in bulk and powder, determines an increase of 

removal efficiency of VOCs and PM1 size fraction due to two different effects: the CyD 

in bulk affect the PLA fibers morphology, while the superficially deposited CyD directly 

affects the removal of VOC. Efficiency tests highlight enhanced VOC removal efficiency 

in PLA/CyD and PLA + CyD filters; the FTIR analysis confirms that in filters containing 

CyDs the traces of the interaction between the pollutants and the filter are more evident, 

showing shifted and larger bands, and split and sharper peaks.  

9.1.3 PHA  

As far as these biopolymers are concerned, the work has been approached from different 

points of view: PHAs from mixed cultures deriving from urban wastewater and from 

selection culture (PPB) have been extracted and analysed. Various extraction methods 

have been also evaluated, taking into account the fundamental variables such as pre-

treatments (mechanical and chemical), extraction temperatures and purification methods. 

Furthermore, these extracted polymers have been also compared in terms of mechanical, 

thermal and morphological performances to commercial PHA. Composites have been 

also produced by solvent casting, extrusion and compression moulding in order to 

evaluate not only the manufacturing processes, but also the different characteristics. 

9.1.3.1 PHA from WWTPs 

The effects of 2 different extraction methods (conventional extraction and Soxhlet 

extraction) and 4 different pre-treatments (homogenization with pressure and with blades. 

sonication with mechanical filtration and with rotavapor and impact with glass spheres) 

on the extraction yields and properties of PHA extracted from biomass coming from a 

wastewater treatment plant were investigated. The obtained results show that the two 

different extraction processes affect the crystallization degree of the polymer (17% for 

conventional and 29% for Soxhlet extraction) and the chemical composition (PHB/PHV 

for conventional and PHB/Me-PHB for Soxhlet extraction). On the other hand. the 

extractive yield is highly influenced by pre-treatments: homogenization gives 15% more 

extractive yield than the others. Homogenization, especially at high pressure, has proved 

to be the best pre-treatment also in terms of purity, visual appearance (transparency and 

clearness), thermal stability and mechanical performances of the obtained PHA films. 

However, all the PHA films begin to melt long before their degradation temperature (Td 

 200° C) allowing their use in the field of extrusion or compression moulding.  

An LCA study has evaluated the GHG emission referring to the CO2 levels. The use of 

pre-treatments permits to reduce the GHG emission from 31% up to almost 65% respect 

to the standard extraction. The only exception is the pre-treatment through sonication, 

which causes an increase of almost 5% in the total emissions. Thanks to the well-known 

techniques and procedures, this protocol permits a reduction of emissions with a good 
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efficiency of the process as express in the modelling, thus it could be applied in a possible 

plant. 

 

9.1.3.2 PHA composites 

Three different common Australian waste have been studied and analysed in order to be 

used as reinforcing material in association with PHA to make composites for design 

products. The effects of the reinforcing materials (coffee grounds, macadamia shell nuts 

fibres and wood flour) have been evaluated in order to investigate the best formulation in 

terms of mechanical performances, thermal properties and morphological aspect of the 

composite. The analysed techniques are extrusion and compression moulding. 

Advantages and disadvantages of the techniques and the fillers have been considered to 

be applied successively in composite made with PHA extracted from a biomass composed 

by purple phototrophic bacteria for the same application. 

The addition of the exhausted coffee grounds as a filler in the polymer matrix does not 

seem to valorize the composite in terms of mechanical performances or for the thermal 

properties.  

The addition of the Wood Flour (WF) as a reinforcing agent in the polymer matrix 

valorize the composite in terms of tensile modulus for both of the series. For what 

concerns the tensile strength, WF has a positive effect on the extruded series and a 

negative effect on the compression molded series. Thanks to the fiber composition, the 

morphology of the composites is homogeneous in both of the series, but in the 

compression moulded composite the interaction between the fiber and the matrix appears 

more homogeneous with a better adherence between the two phases. Also the surface of 

the compressed series appears very smooth and with smaller voids respect to all the other 

composites.  

The addition of the Macadamia nut shells valorizes the composite in terms of mechanical 

properties. The interaction between the fiber and the matrix appears homogeneous but the 

nature of the fiber induces a segregation effect in the compressed composites making the 

surface irregular. In the extrusion series the shark skin effect is still present. In terms of 

thermal properties both of the specimens are comparable to the WF series. 

In the extrusion processing, a major amount of PHA is necessary due to the cleaning 

process of the machine and for the setting of all the parameters, which will be an important 

disadvantage for the production of composite with PHA from renewable resource. 

Nevertheless, the extrusion process does not degrade the polymer as much as compression 

moulding. 
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Compression moulding can affect the Tg and Tc of the composites because of its 

processing conditions, but the differences in terms of mechanical properties a not so 

significant.  

9.1.3.3 PHA from PPB 

In this study a selected biomass rich of Purple Phototrophic Bacteria (PPB) is used as a 

substrate for the extraction of PHA. Purple phototrophic bacteria accumulate various 

storage materials under appropriate conditions. The interest in this particular culture is 

not only related to PHA production but also because of their structure and properties: PPB 

are capable of producing their own food via photosynthesis. They are pigmented with 

bacteriochlorophyll a or b together with various carotenoids.  

The extraction process has been studied following different approaches: temperature (at 

140°C and at the boiling point), solvents (chloroform and 2-buthanol), pre-treatments 

(sodium hypochlorite, ethanol and a mixture of acetone/methanol) and purification 

processes (with and without acetone/methanol) have been examined to consider their 

effects on yields. After collecting these data, the authors decided to make a selection of 

the best processes based on the extracted yields obtained. The polymers deriving from the 

selected processes have been characterized to estimate their quality with the aim of 

deciding the best extraction process to be used for a scale up. The final selected process 

has been used for the large-scale extraction of PHA from PPB, which was used for the 

first time to produce composites in association with wood flour, one of the more common 

industrial waste in Australia.  

In the composites, the added fibers have a reinforcing effect for the sample coming from 

PPB, but a negative effect for the sample containing commercial PHA. The addition of 

fibers permits a "bridging effect" in the first sample, increasing the tensile stress. In the 

other sample, the fibers caused the formation of voids, which reduced their mechanical 

properties. The mechanical properties have also been influenced by the manufacturing 

process of the various composites. In fact, being a thermal process, the polymer can be 

subjected to thermal degradation, that causes a decrease in molecular weight (as 

confirmed by the GPC analysis). As far as the thermal properties of the composites are 

concerned, they strictly depend on their composition. However, the samples deriving 

from PPB had the same thermal stability as the others (Td at 275°C for the 100% PHA 

composites and at 272°C for the wood-composites). 
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9.2 Scientific contribution and future developments 

The present dissertation opens a new line of study on the improvement of wasted 

materials with new functionalities and adds knowledge to the field of materials sciences 

and technologies through the development of novel composites. 

The search for new techniques and formulations for the enhancement of mechanical 

properties and life cycle of recovered materials has been followed by the development of 

other functionalities, in particular by increasing the mechanical properties of the 

composites (PHAs-composites and cellulose-based mortars), their pollutants removal 

(Cyclodextrins) and the extraction techniques for biopolymers. 

Heretofore, research on the biopolymers were disconnected, being focused only either on 

the extraction either on the composite’s properties. On the contrary, this research focused 

on the connection line between the two topics, on the production of low-cost composites, 

easily producible and usable on a large scale, thanks to the introduction of recycled fillers. 

The results obtained propose new methods for the recycling of industrial waste within the 

building sector. The used recovered cellulose proved to be very effective in increasing 

the mechanical strength and IAQ of the mortars.  

The use of Cyclodextrins has proven effective in increasing the removal of VOCs and 

PM, thanks to the inclusion of cyclodextrins in the filter formulation. This permitted to 

achieve comparable results respect to the actual air filtration systems, being a good 

preliminary study on the recovery and transformation of starch in an even more valuable 

resource. 

However, some analyzed parameters showed scientific gaps which require a theoretical 

investigation and further steps of experimentation. In particular, for what concerns the 

preliminary studies on PHAs-composites and on the PLA-cyclodextrins air filtration 

systems, it is essential to investigate more the extraction parameters and the processing 

in order to avoid the degradation process and the loss of Mw of PHA. In the air filtration 

system is essential to study the mechanism of filtration and to extend the filtration 

efficiency tests to the biological sector (bacteria and viruses).  

This dissertation represents a small step towards an industry closer to the needs of the 

society and environment since it is based on the use of technologies able to improve the 

quality of life of human beings. 
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