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Abstract 

The recycling industry which is efficiently functioning now has technical expertise, contented 
consumers, and resource availability and capital contributors. The potential inflow of new 
material into this existing system should be able to fulfill all the needs of the stakeholders 
involved in it. With most of the polymer wastes received from the polyethylene (PE) and 
polyethylene terephthalate (PET), they are available in abundant crossing the threshold 
quantity (Cornell, 2007) needed for the recycling process to be carried for every single 
polymer starting from the individual source separation till the granulation of pellets with 
active investment for the potential expectancy of returns in the recycling market targeting 
suitable consumers. Unlike other polymers like polyvinyl chloride and polypropylene (PP), 
biopolymers fail to fulfill the necessary criteria of being in threshold quantity to carry out the 
recycling process. With the very small inflow of biopolymers in the recycling industry, 
standalone recycling units for the same is not highly performed and appreciated. In addition 
to this, there are possible means and ways of the biopolymers getting infused into the 
conventional petrochemical polymers either through the mis-throws in manual sorting or in 
automated sorting. Though the studies so far don't have any substantial threatening effect 
over the biopolymer infusion, still it has its adversity affecting the industry by other means. 
The volumes of biopolymers are presently small and contamination of biopolymer in the 
plastic waste stream is presently not a problem. However, with increasing volumes of 
biopolymers, this can be a problem. Contamination could then be a future problem. This 
study investigates that problem and checks the truth to the claims of biopolymer infusion in 
the conventional post-consumer recycling systems affecting the quality of the recyclates. In 
order to investigate this, a biodegradable biopolymer (TPS & PHA) will be mixed into a 
conventional polymer (PE, PP, PET) at various percentages. The mechanical and thermal 
properties are then measured as a function of the percentage biopolymer. In a second part 
of the project, the blend of conventional plastics and bioplastic is conditioned in humidity in 
order to simulate what will happen to a conventional polymer that has been contaminated 
with a biopolymer in a humid climate. 
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1 Introduction 
 
With the increase in the recent environment and sustainability issues across the globe, there 
has been an increased research and interest in the concept of eco-friendly technologies and 
renewable sciences. With the advent of these new interests, the field of material science has 
been and is witnessing a lot of recent promising improvements in the field of biopolymers. 
There has been a huge increase and improved advancements in the field of biopolymers 
across the world. Though biopolymers can be renewable depending on the functional 
components, there are challenges in the effective use and construction of them depending 
on the variety of properties and characteristic features. With the advent of increased usage 
of biopolymers, the proportion of the consumed biopolymers has also considerably 
increased. These wastes can be handled effectively by a variety of methods like mechanical 
recycling, chemical recycling, composting and incineration. One efficient way of reclaiming is 
mechanical recycling. It is to be estimated that only 26 % (Plasticsrecyclers.eu, 2017) of the 
plastics produced in Europe is subjected to the recycling process. Though different polymers 
are separated and sorted before the process of reclaiming, some will be missorted and get 
infused into the mainstream of conventional plastics such as PET, HDPE. When conventional 
plastics are recovered, they may be contaminated by biodegradable bioplastics. This is 
presently not a problem, but, if the volumes of the bioplastics increase, this can become a 
serious problem. There are two reasons for this: firstly, plastics are not blendable, so if a 
bioplastic contaminates a conventional polymer such as polyethylene, the properties of the 
recovered polyethylene will deteriorate. Secondly, polyethylene is not a hygroscopic plastic 
and it is never dried before usage. Many bioplastics, however, are hygroscopic. If 
polyethylene is contaminated by a bioplastic, the blended material will absorb humidity. This 
can further destroy the recycled polyethylene. This not only affects the properties of the 
recycled product but also affects the economic feasibility of the process affecting different 
stakeholders at different levels, thus questioning the initial practice of recycling. It is of high 
importance for the recycled output from the recycling industries to have a thriving market 
with potential consumers. There is also a wide prevalent thought among a large set of 
consumers to consider the products lacking the aesthetic appeal. Despite these factors could 
be approached with mild negligence, these also play as one of the key performance 
indicators in deciding the polymer to attain its epitome in commercial availability. 
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2 Mechanical Recycling 

 
Mechanical recycling is a process in which the consumed waste materials are reprocessed 
into lesser grade material which acts as a primary resource for the further processing 
without any alterations in the fundamental layout of the material. It is also referred to as 
mechanical reprocessing. Due to the varied use of polymer materials in the current 
manufacturing industry, nature of the polymer recyclables is also of varied. The variation 
could be based on the difference in the chemical composition of the polymer, morphological 
nature of the product, the spectral difference in terms of visual appearance with one or 
more polymers in a single product. These kinds of recyclables should be subjected to a 
strenuous sorting which includes manual and automated operations. This process is highly 
important for having better quality recyclates at the end of the cycle. In order achieve 
maximum efficiency in sorting; many technologies and methods are in place to perform the 
operation. Some of the tools used are near infrared spectroscopy (NIR), laser or X-ray, 
polarised light, ultraviolet spectroscopy, density separation and other techniques. In 
recycling industry, it is highly necessary to monitor the quality and properties of the post-
industrial polymer waste and post-consumer polymer waste to maintain a good quality of 
the process.  
Commonly the recycling companies obtain their raw materials from the industries for post-
production wastes, collecting and sorting facilities for assorted wastes. The profitability and 
sustainability of the mechanical recycling process are mainly dependent on the sold out price 
of the recyclates and the capital costs incurred for processing and sorting. These factors 
should be studied and analyzed to make the process more potentially sustainable one.  
Fig.1 (Plasticseurope.org, 2017) shows the flow of Mechanical recycling, and it involves four 
major steps namely,  

 Collecting waste from different household 

 Sorting of waste or source separation 

 Washing and grinding of the separated wastes 

 Recycling or Recovery. 
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Figure 1 Plastics key resource to Circular Economy, (Plasticseurope.org, 2017) 

2.1 Collecting  

The post-consumer plastic waste can either be collected by consumers depositing the waste 
at a recyclable collection station or either depositing in the collection facility in local 
neighborhood or corresponding housing facility. 

2.1.1 Bring –in the collection system  

Most of the plastic packaging wastes consumed by means of domestic utilities are collected 
by bring-in systems in Sweden. Förpacknings- och TidningsInsamlingen (FTI) is responsible 
for establishing the recycling stations in every municipality, based on the consult with the 
authorities of the municipalities and also on the population of the city. Usually, the 
recyclables collection stations will be established at the places adjacent to the areas having a 
high frequency of visits by people like places adjacent to shops, petrol stations or some 
household areas. Mounting new recyclable collection station at every possible scenario is of 
prime importance to FTI to motivate the cause of being sustainable and environment-
friendly (Collection & recycling of plastic waste: Improvements in existing collection and 
recycling systems in the Nordic countries, 2014).  
Though different recyclable collection varies by their own layout and designs, they are 
obliged to have separate bins for metals, paper, glasses of different shades and 
transparency, newspaper, electronic waste, wood and other wastes. These bins are 
periodically emptied out by the trucks based on their source separation and carried out to 
the different processing facilities, (Goteborg.se, 2012). Fig. 2 shows the recycling stations 
kept in Gothenburg. 
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Figure 2  Recyclable collecting station in Gothenburg 

2.1.2 Kerbside collection 

This is a type of collection facility set up in every local neighborhood or in a local residential 
complex. It can be set up in two ways, either resulted from an agreement between FTI and 
an enterprise organization in terms of producer responsibility with the compensation from 
the collected material or the other way of the facility being established and run by the FTI 
alone. The number and the position of different collection stations are dependent on the 
local population and quantity of the waste generated in every locality. These facilities are 
periodically emptied by the trucks and carried out to the recycling facilities for further 
processing of the wastes based on the source separation. 

2.2 Sorting  

Once the collected wastes from the different places are transported to the recycling facility, 
the first step they are subjected to is sorting. In order to get highly efficient output, high 
priority should be given to sorting. This process plays a major role in deciding which 
materials get the recovery and which one gets landfilled or incinerated. Though there are 
many ways to sort the material, most of the recycling facilities use five common ways to do 
their sorting. They are discussed below. 

2.2.1 Manual separation 

In this process, different plastic wastes are sorted manually by manual labors. Different 
plastics based on the material constituent and color is sorted. Once the wastes are sorted, 
they are sent to the grinder for grinding into small flakes. 
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2.2.2 Optical separation 

In this process, (Paprec.com, 2017) flakes of different polymers are subjected to conveyors 
of different cameras. In those conveyors, they are inspected for their infrared spectrum and 
then sorted and pushed accordingly to different channels of conveyors. 

2.2.3 Gravity separation 

Once the flakes are separated in different conveyors, they are then subjected to static 
liquids mixed with different additives like calcium, chlorine, etc. Polymers with different 
specific gravity will sink in different additive medium, which is then sucked and pushed on to 
the separate conveyor. 

2.2.4 Density separation  

In this method, polymer flakes are subjected to drying by a fan of extreme speeds, and the 
material of different densities gets settled over in different conveyors, which is then again 
collected and sent to further processing (Paprec.com, 2017). 

2.3 Washing  

In this process, the sorted flakes are then washed to remove the dirt from them. High-
pressure water inflow is used for this process of cleaning the dirt and other unwanted 
material off the polymer flakes which might deteriorate the quality of the recycled product. 

2.4 Reprocessing 

In this process, the washed polymer flakes are dried and sent to extruders/compounders for 
the further process of processing them in a desired molten state. They are then subjected to 
the addition of necessary additives to make them best suited for the market, as demanded 
by the customers. They are then extruded and pelletized into small granulates. They are 
then stored and sold to other companies for the further processing into other products 
serving in a variety of applications. 

3 Polyolefin 

Elevation in environmental pollution is highly contributed by the high emergence of 
packaging wastes leading to the improper disposal and depletion of the recoverable 
resources. The projections from the United States of America’s Environmental Protection 
Agency (Cited in Yin et al., 2015) claims that the number of polyolefin wastes accounted 
from the domestic municipal waste elevated from 1% to 12.7 % between 1960 and 2012. 
The high emergence of the plastic packaging is attributed by replacement of glass bottles by 
plastic bottles. Most of the plastic packaging is derived from the polyolefin. 
 
Polyolefin is a group of polymers which are derived from the olefin monomers. The most 
common polyolefins are polyethylene and polypropylene. Polyethylene is derived from the 
ethylene monomers. It is also commonly referred to as polythene. It also has two variants 
based on the density of polyethylene, high-density polyethylene (HDPE) and low-density 
polyethylene(LDPE). Polypropylene is polymerized from propylene monomer. All these 
polymers are thermoplastic polymers which can be melted and reprocessed. These 
thermoplastic polymers are commonly used in a wide range of applications ranging from 
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plastic bags, food containers, chairs to the extent of highly strong Dyneema playing roles in 
heavy armory as in bullet-proof vests and helmets.  
Resulted from the extensive applications of these polymers, the expulsion of all those 
consumed products as waste will also increase. It is to be recycled in an efficient way to 
make the process highly sustainable and also with the better quality of the products at the 
end cycle with a good aesthetic appeal for the market consumers for their desired 
consumption with the minimal expulsion of wastes during the course of recycling. It is high 
time to make those recycling processes to be of highly efficient and optimized.  
(Yin et al., 2015) studied and reviewed the multiple reprocessing of polyolefin in an 
extensive way to understand multiple influencing parameters behind obtaining a successful 
outcome. In multiple processing of recyclable polyolefins, polymer degradation may occur, 
caused by temperature, shear forces, and oxygen. This polymer degradation can be seen as 
molecular chain scission, branching and crosslinking. The degradation leads to the decrease 
in the tensile and impact properties of the polymer, whereas with an increase in 
crystallization, there is a noticeable increase in the Young modulus and yield stress. This 
shows that when crystallization has an upper hand over the degradation then there is a 
possibility that the recycled plastics could have good rigid mechanical properties. This 
concludes that degradation and crystallization affect the mechanical characteristics of the 
polymer. Also, changes in the viscosity of the polymer, especially polyethylene sometimes 
pose processability issues. In order to handle all these hindrances, clear technical knowledge 
in relevant areas of multiple reprocessing is highly important. 
Unlikely, many molecular level changes occur during the course of production and service 
life, resulting from, for example like photo-oxidation and oxidation. The most common 
degradations are of four types and are of highly differentiated namely, chemical, thermal, 
mechanical and biological. The degradation process is highly intricate and several 
degradation mechanisms occur at the same time. This could be commonly seen as the 
discoloration, reduction of volatile structures accompanied by an emission of vapor and 
deterioration in mechanical characteristics. When the polymer is processed, it gets 
influenced by a lot of parameters like crosslinking, chain scission, and double bond 
formation. Increased shear forces and temperatures, the occurrence of impurities and 
oxygen break the polymer chains resulting in the formation of free radicals. These radical 
with high reacting nature reacts with oxygen and form hydroperoxides and peroxide 
radicals. With repetitive degradation leading to the prolonged degradation affects the 
mechanical characterization of the recycled product to a greater extent. In spite of the 
common nature among the polyolefins, it differs among them in this aspect. 
(Oblak et al., 2015) investigated the degradation behavior of HDPE over 100 repetitive 
multiple extrusions with the help of a twin screw extruder. It was observed that for the first 
30 cycles, there was dominance in chain branching phenomenon, confirmed by the 
remarkable increment in the extrusion torque, complex viscosity and weight average 
molecular weight with a decrease in the melt flow index (MFI). It was observed that after 
30th extrusion, the chain branching phenomenon is accompanied by the chain scission 
which occurs parallel, leading to the decrement in the extrusion torque and number average 
molecular weight with a considerable stability in complex viscosity and increased melt flow 
index. It was observed that after 60th cycle, there was the notable visual occurrence of 
crosslinking with chain scission leading to further decrement in the extrusion torque and MFI 
with increased complex viscosity. It was observed that after 100 cycles of extrusions, there 
was a considerable increment in the crosslinking portions at the molecular level to over 24.5 
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%. The different molecular phenomena are depicted in Fig. 3 (Yin et al., 2015). With the 
extensive study on the long-term mechanical characteristics of HDPE subjected to multiple 
extrusion, it was inferred that there was remarkable degradation in the mechanical 
properties after 30 cycles of reprocessing, limiting and creating an awareness on the areas of 
longtime application of HDPE. 

 
Figure 3 Molecular phenomena during recycling 

4 Polylactic Acid (PLA) 

Polylactic acid (PLA) is biodegradable thermoplastic aliphatic polyester derived from the 
renewable resources like corn starch, tapioca roots, and sugarcane. It can be prepared by 
the lactic acid resulted from the fermentation process.  Though there are several routes to 
produce PLA, the most commonly preferred and practiced one is the ring opening 
polymerization. In this process, PLA is formed from lactide (a cyclic di-ester). Fig.4 shows the 
polymerization reaction of these two monomers in the presence of metal catalysts results in 
the ring opening of lactide, which leads to the formation of PLA. 
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Figure 4 Manufacture of PLA 

Another route is the direct condensation of monomers of lactic acid at a temperature less 
than 200°C. Beyond this temperature, entropically favored lactide will be formed, which will 
result in the generation of water leading to the formation of low molecular weight polymer. 
Being the aliphatic ester, PLA is highly sensitive to hydrolysis. In order to overcome this, the 
polymerization needs to be carried out in a stepwise fashion, where the lactic acid needs to 
be oligomerized initially followed by the polycondensation of individual monomeric PLA 
units leading to the formation of combined high molecular weight PLA’s. Removal of water 
formed in this process needs to be done either by vacuuming or by azeotropic distillation. 
This water removal is of highly important for the polycondensation to occur. High molecular 
weight polymers can be (En.wikipedia.org, 2017) obtained by the further precise 
crystallization of melt. This problem of handling with water is one of the pressing concern 
which leads to the use of the first method as the common method for the production of PLA. 
An interesting property of PLA, which makes them highly interesting in the field of research, 
is its biocompatibility and degradability. Because of its biocompatibility, PLA is now being 
used for a variety of medicinal applications as in use for the growth and development of 
bioengineered organ alternatives, drug delivery systems, healing the fracture of bones and 
engineering the tissues. It can also be used in food packaging and other cutlery items. 
Though it has the potential to replace the PET in the textile industry, (Ma and Zhou, 2015) it 
is still being used at minor scale because it being prone to hydrolysis. 

 

Though PLA has its beneficial properties, which makes them a considerable option for the 
conventional polymers in many applications, efficient handling of the consumed polymer 
products is of highly important. 
Fazelinejad ,Åkesson and Skrifvars studied PLA compounded with 30 wt % chalk and 5 wt % 
of a bio-based plasticiser processed in a twin screw extruder (2017). In this study, the 
mechanical recycling is done for multiple extrusions up to 6 cycles. The thermal and 
mechanical properties corresponding to each cycle was studied to analyze the degradation 
behavior of the PLA. The results were monitored and analyzed by different instrumental 
methods like Differential Scanning Calorimetry (DSC), FTIR and 1H-NMR for the material 
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characterization. Table 1 show that results are quite remarkable with no visible sign of 
degradation till six cycles with no change in the flexural and tensile properties. 
 
Table 1 Table 1 Flexural properties for all cycles with S.D  (Fazelinejad ,Åkesson and Skrifvars,2017) 

  
 Also, when characterized with DSC, Table 2 shows thermal properties also confirmed the 
former ones by having no significant variations. FTIR results also backed the DSC findings 
with no major deviations. 

 
Table 2 Thermal Characterisation for all cycles with S.D (Fazelinejad ,Åkesson and Skrifvars,2017) 

 
The results in Table 3 ((Fazelinejad et al, 2016) was further characterized by melt flow index 
and the proton magnetic resonance (1H-NMR), which then provided the results of possible 
degradation. Added to the fact, Nuclear Magnetic Resonance (1H-NMR) particularly indicated 
a reduction in chain lengths of PLA. 
  
Table 3 Results of 

1
H-NMR (Fazelinejad ,Åkesson and Skrifvars,2017) 

 
 This study on the PLA with 30% wt of calcium carbonate (chalk) shows that, despite being 
the addition of filler, the mechanical properties did not degrade after 6 cycles of extrusion. 
Thus the study concludes that PLA with fillers can be used for successive mechanical 
recycling for 6 times of extrusion, despite being considered for biodegradable. 

 
Figure 5 Melt flow rate for all cycles (Fazelinejad ,Åkesson and Skrifvars,2017) 

Fig.5 shows the melt flow rate for all the cycles. It was noticed that melt flow rate increases 
linearly with the increase in the number of cycles. 
PLA behaves well when it is mixed with other thermoplastic polymers or biopolymers like 
PHA. The improved mechanical and thermal properties are the reasons on which PLA is 
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being compounded with other polymers. Zembouai, Kaci and Bruzaud studied the 
mechanical recycling properties of the biopolymer blends of PHA and PLA in 2017. Though 
PHA does have a lot of good properties and characteristics after processed, it does have 
some sensitive properties which make them quite challenging for processing. In this 
experiment, PLA is added to the PHA for the study on different levels of concentration 
analyzing the impact of the blend on the mechanical, thermal and other desirable 
properties.  
Physically, both PLA and PHA are immiscible resulting in two distinct boundaries of existence 
in the resultant blend. In order to improve the interfacial adhesion among the two different 
biopolymers, chemicals like maleic anhydride and Cloisite C30B, nanoclay added to improve 
the mechanical properties. The additive C30B (Matweb.com, 2018) is added for the 
improvement in the physical properties such as reinforcements, heat distortion 
temperature, the coefficient of linear thermal expansion, barrier properties, etc. Different 
samples of the blend with neat PHA, neat PLA and mixed blend of 50% PHA and 50% PLA 
were studied to see how effectively the recycling can be improved. The samples were 
extruded to analyze the changes in tensile properties. The PLA seems to have great influence 
over the stabilization of the blend with the PHA, making it a promising option for the 
mechanical recycling than considering the option of biodegradation. 
The results showed a decrease in tensile modulus and elongated strain at the points of a 
break. This improved interfacial bonding leads to the better miscibility leading to the 
increased molar mass. It also shows that the additive C30B can also act as a compatibilizer by 
improving the thermal stability and fire retardancy, but with no considerable influence on 
the degradation of the blend. Irradiation and other results from material characterization 
tests showed that the blends are a promising option for the mechanical recycling than 
considering the option of biodegradation. 
Despite the other handling problems in the recycling of the conventional polymers, 
contamination of waste streams of petrochemical polymers with biopolymers will be a major 
problem in future. For instance, in the case of recycling of PET, it is no wonder PLA getting 
mixed up. The close resemblance of PLA with PET in terms of optical characteristics and 
density is the main contributing factor. Though these limitations seem to be almost 
overcome by the different sorting methods like infrared separation methods, some amount 
of PLA ends up in the blend of PET subjected to the recycling.  
McLauchlin and Ghita studied  the thermal and mechanical behaviour of PET and PLA blends 
in 2016. The study was carried out with the different concentration of PLA blended with the 
PET. Mechanical properties were characterized by tensile and Charpy test, whereas the 
Thermal degradation was analyzed by the TGA. Optical nature of the polymer blend was 
noticed by the SEM. The study mainly concentrated on how small amounts of PLA could 
affect PET recycling in accordance with the mechanical properties and thermal properties. 
The processing temperature of PET (260°C) is higher than that of the normal melting 
temperature of PLA (180°C). The observations from TGA of PLA in nitrogen environment 
shows that there was no onset of decomposition till 300°C, which was noted by the visual 
inference of gases. On the contrary, there was a significant decrease in the number averaged 
molecular weight, when treated for 10 minutes in the Brabender Plastograph mixer for 150 -
200°C. From these two comparisons, it was reasonably assumed that degradation of PLA is 
highly unlikely when treated with PET than chain scission happening when treated alone 
with small residence time. 
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Despite the nature of the concentration of the blend; both polymers tend to be of 
immiscible with distinct exhibition over the biphasic boundaries.  

 
Figure 6 Injection Moulded test pieces from 0 to 20 % PLA (McLauchlin and Ghita , 2016) 

Even the small amount of the PLA blend over PET created a cloudiness (Fig. 6 ) in the nature 
of the recyclates giving a hazy appearance, providing a probable reason for the buyers to 
think twice for the further use in the processing the products. 
 

 
Figure 7  DSC of the injection Moulding with Virgin PET, Virgin PLA (McLauchlin and Ghita , 2016) 

From Fig. 7, it is quite evident that PLA has clear glass transition temperature; no melting 
peak can be seen, which shows that the PLA is amorphous, whereas in PET is crystalline. This 
property is attributed by the tendency of the aromatic ring in the PET to stack in an orderly 
fashion and the polar ester group to form crystals, thereby increasing the melting 
temperature. 
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From the SEM magnified images Fig. 8, it is quite evident that the PLA is present in the form 
of beaded structures occupying the void space with the PET. Due to the surface tension, the 
structure seems to be spherical in shape. And also due to the amorphous nature of the PLA, 
there won’t be any noticeable shrinkage after cooling, although there might be a possible 
descending on the polymer structure.  

 
Figure 8  SEM Image with 0,2,20 % PLA Blends (McLauchlin and Ghita , 2016) 

The wavy structures noticeable in the images those contain PLA could be due to the 
directional flow influence of the polymer melt got aligned by the PLA. This pattern exhibited 
in both blends show the immiscible nature of the polymers. 

 
Figure 9  Young’s Modulus of PLA/PET (McLauchlin and Ghita , 2016) 

 
Figure 10  Yield and Tensile strength (McLauchlin and Ghita , 2016) 

Since the two polymers seem to be immiscible, showing the lack of the adhesion properties 
among themselves, it is quite explicit that there is a possible reduction in the mechanical 
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properties with the increase in the PLA. This becomes quite self-explanatory from the Fig. 9 
and 10. It seems the 0.5% gave the strongest increase in, which could be noticed till 2 % PLA 
is relative to the presence of rigid amorphous fraction in the mixed polymer blends. The later 
reduction in the tensile modulus by 10 % is attributed to the lack of the interfacial adhesion 
among the polymers, mainly due to the void created by the PLA. These voids often pose as a 
hindrance in the stress transfer as observed by Leclair and Favis ( as cited in McLauchlin and 
Ghita, 2016) The same can be explained for the reduction behaviour of the ultimate tensile 
strength, initially with the 0.5% increase in the PLA, the impact strength got reduced, but by 
the consecutive increase in the PLA, the brittle nature of the polymer blend got increased 
resulting in the reduction of the Charpy impact strength.  
Though mechanical and thermal characterization of PLA processing as filler with other 
polymers blends are widely being researched , the neat PLA processing is also being widely 
studied and analyzed. Peinado, Castell, Garcia and Fernandez studied the properties of the 
mechanical recycling of the PLA and its blend characteristics focussed on the mechanical and 
rheological properties of the different blends in 2015.  
Recycling, by the process of extrusion, has been in practice for ages both at small scale and 
industrial scale. In this research PLA, along with other polymer blends and additives 
comprising the melt strength enhancer (BS) and nano clays were  analyzed after its extrusion 
in a twin screw compounder for 20 cycles. The melt strength enhancers are the additives for 
improving the rheological properties and nano clays are the mineral based silicates of nano 
size, commonly used in improvising the rheological properties in different polymeric blends. 
The recyclates were then tested and evaluated for the mechanical property characterization, 
which then followed by the study on rheology for the evaluation of flow parameters. This 
study mainly directed at deriving a possible analogy on the better processing of the PLA and 
its additives, thereby creating a substantial reference by creating a benchmark. 
The results derived from the mechanical testing on flexural modulus Ef for the different 
samples with different blends are listed out below.  
Table 4 Flexural Properties of the Recyclates with different blends (Peinado,Castell,García and Fernández, 2015) 
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Table.4 shows that the flexural modulus of the PLA and the PLA blend with BS seem to have 
the almost similar properties with an interesting fact that the multiple extrusions not 
affecting much of its properties when compared to the pre-processing.  

 
Figure 11 Flexural modulus comparison of different blends (Peinado,Castell,García and Fernández, 2015) 

Fig. 11 shows similar properties of the BS blend can be explained by the impact modifying 
property of the filler. It also shows that the PLA with the nanofillers seems to have increased 
tensile properties for a considerable number of cycles. The results derived from the 
Mechanical testing on tensile strength for the different samples with different blends are 
listed out below. 

 
Fig. 12 shows that the tensile properties of the PLA and the PLA blend with BS seem to have 
the almost similar properties with an interesting fact that the multiple extrusions not 
affecting much of its properties when compared to the pre-processing.  

 
Figure 12  Tensile properties and stress at break comparison for different recyclates (Peinado,Castell,García and 
Fernández, 2015) 
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Fig. 12 shows similar properties of the BS blend can be explained by the impact modifying 
property of the filler. It also shows that the PLA with the nanofillers seems to have increased 
tensile properties for a considerable number of cycles. It also shows that the PLA blend with 
the nano-clays is the most brittle followed by PLA with BS and the natural PLA. 
Results on melt flow properties for the individual blends for multiple extrusion has been 
presented in the form of a graph.  During the rheological test, the different blends are 
exposed to three different temperature states and its viscosity properties have been 
analyzed.  

 
Figure 13  Viscosity curves for Natural PLA at different extrusion cycles maintained at different temperatures 
(Peinado,Castell,García and Fernández, 2015) 

From the Fig. 13, it is quite evident that the natural PLA showed degradation in the viscosity 
over the increase in temperature for the increase in the number of cycles. From the graph, 
the viscosity decreases by 70 % of its initial value. 

 
Figure 14  Viscosity curves for PLA with BS at different extrusion cycles maintained at different temperatures 
(Peinado,Castell,García and Fernández, 2015) 

Fig. 14, shows that the PLA BS blend seems to have the degradation pattern in viscosity 
almost similar to the natural PLA with the viscosity decrease by 42 % of its initial value.This 
also shows that the blended PLA can be used for the multiple extrusions processed over the 
natural PLA since it is comparatively better in viscosity degradation. 
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Figure 15  Viscosity curves for PLA with Nanofillers at different temperatures (Peinado,Castell,García and Fernández, 
2015) 

Fig.15, shows that the PLA Nano filler blend seems to have the degradation pattern in 
viscosity almost similar to the natural PLA with the viscosity decreases by 56 % of its initial 
value, lying midway between the two. It has also been witnessed that the viscosity values 
seem to be comparatively high around 180 C, resulting from the better dispersion properties 
of the Nanofillers. 

5 Polyhydroxyalkanoates (PHA) 

 
With the advent of the emerging focus on the renewable materials, there has been huge 
research and focus is being seen on biopolymers. Like PLA, one such biopolymer is 
Polyhydroxyalkanoates (PHA). The PHAs result from the bacterial fermentation, stored as 
energy in their cells. Polyhydroxyalkanoate is biologically decomposable polyester derived by 
a serious of processes involving bacteria under specific conditions. Here the bacteria will 
consume on the renewable sources, as in biomass or agricultural wastes and store the 
energy in terms of carbon, which can be later extracted and processed to make the plastic 
components. Though there are certain shortcomings in the process and its efficiency, there 
are certain emerging trends and research is being done in improvising the methods of 
generation of PHA from different substrates either by modifying the genetic properties of 
the bacteria or replacing the source material for the generation of PHA. PHAs are natural 
polyesters derived from the micro-organisms by a variety of processes. PHAs are both 
biobased and biodegradable. Fig.16 illustrates the molecular structure of PHA referenced 
from a research article (Li, Yang, and Loh, 2016). Based on the number of carbon groups in 
the polymeric chain, PHAs are classified into short chain length and medium chain lengths 
polymers. Fig.17 shows a few variants. The further varied variety of monomers extends more 
than 150, thereby being the largest group of natural polyesters. 
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Figure 16  PHA molecular structure - Polyhydroxyalkanoates: opening doors for a sustainable future ( Zibiao Li, Jing Yang 
& Xian Jun Loh, 2016) 

 

 
Figure 17 PHA  general structure with monomers – Polyhydroxyalkanoates, some as Short Chain Length –PHA monomers  
(SCL- HA) and some as Middle Chain Length – PHA monomers (MCL-HA): opening doors for a sustainable future  (Zibiao 
Li, Jing Yang & Xian Jun Loh, 2016) 

6 Thermoplastic starch (TPS) 
TPS is a biopolymer obtained by the removal of the crystalline structure of the native starch 
by the plasticizing. The plasticizer improves the rheology and mechanical properties of TPS. 
Though water is a good plasticizer, for some high-performance applications other plasticizing 
agents need to use to improve the material stability and the resistance to water. Being TPS, 
a polymer with low oxygen permeability, it can be used in biodegradable packaging. TPS 
could also be used with other blends for packaging applications because of its hygroscopic 
nature (Li and Huneault, 2010). This leads to faster biodegradation and results in the 
formation of brittle materials. One good compatible polymer blend is with PLA. 
 
In this study, TPS is used along with PLA. Initially, starch is plasticized by glycerol, a plasticizer 
which could affect the TPS in the molecular level by making a hydrogen bond with the starch 
molecules. Usage of glycerol will reduce the glass transition temperature of starch, hereby 
providing effective plasticization. After the process of plasticization, TPS is then mixed with 
PLA in a micro compounder. After the compounding, the pellets are then made and collected 
for the further use in the study. 

7 Materials and Methods 

 
In this thesis, the overall view is to study the effects of biopolymer infusion to the normal 
conventional petrochemical recycling systems. In order to find the exact results, mechanical 
and material characterization will be carried out in three different petrochemical polymers 
blended with two different biopolymers. The assortment of different blends of the polymers 
can be inferred from the Table 5. 
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Table 5 Information on different polymer blends 

Abbreviation 
Conventional plastic Bioplastic 

Plastic Wt-% Plastic Wt-% 

PE PE 100  0 0 

PE/TPS_1 PE 99 TPS 1 

PE/TPS_5 PE 95 TPS 5 

PE/PHA_1 PE 99 PHA 1 

PE/PHA_5 PE 95 PHA 5 

PP PP 100  0 0 

PP/TPS_1 PP 99 TPS 1 

PP/TPS_5 PP 95 TPS 5 

PP/PHA_1 PP 99 PHA 1 

PP/PHA_5 PP 95 PHA 5 

PET PET 100  0 0 

PET/TPS_1 PET 99 TPS 1 

PET/TPS_5 PET 95 TPS 5 

PET/PHA_1 PET 99 PHA 1 

PET/PHA_5 PET 95 PHA 5 

  
The information on different equipment used for different tests can be found in Table 6. 
 
Table 6 Information on methods and equipment 

Name of the Method Name of the Equipment 

Compounding Xplore micro-compounder  

Injection Molding Xplore Injection Molding machine 

Tensile testing Tinius Olson H10KT Tensile testing machine 

Impact testing QC-639D Charpy Impact tester 

Differential Scanning Calirometry TA Instruments’ Q1000/Q2000 DSC Autosampler  

Fourier Transform InfraRed spectroscopy Thermo Scientific Nicolet iS10 FT-IR Spectrometer 

Scanning Electron Microscopy Scanning Electron Microscope 

 

7.1 Compounding 

7.1.1 Micro-compounder 

 
Xplore micro-compounder has been used for compounding the polymer pellets. The 
machine has a capacity of 15 ml with a torque capacity of 15 Nm/screw. The maximum 
operating range of temperature is 450°C. Fig. 18 shows the graphical image of the micro-
compounder. 
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Figure 18 Micro-compounder 

7.2 Injection Molding 

7.2.1 Injection Molding Machine 

Xplore’s Micro injection molding machine has been used for the making of samples. The Shot 
capacity of the machine for single time is 5.5 ml. Fig. 19 represents the graphical image of 
the machine. 

   
Figure 19 Micro injection molding machine 

Table 7 Process parameters for the polymer blend 

Polymer Polymer blend 
Processing 
temperature 

Mold 
temperature 

RPM of 
Compounder 

PE 100 % PE  170 °C 40 °C 70 

PP 100 % PP 200 °C 26 °C 70 

PET 100 % PET 270 °C 130 °C 70 

 
After the processing of all the polymer samples, mechanical characterization has been done, 
followed by material characterization. 

8 Mechanical characterization 

In order to understand the elastic and inelastic properties of a material, it has to be 
subjected to different types of stresses at different point of actions. This type of 
characterization comes under mechanical characterization. In this thesis study, mechanical 
characterization is done by Fig.20 Tinius Olson H10KT Tensile testing machine and Fig 21. 
QC-639D Charpy Impact Tester. 
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Figure 20 Tinius Olson H10KT Tensile testing machine 

Table 8 Settings for the calculation of tensile modulus 

 

 

 

 

 

 

 

 

 
Table 9 Settings for the calculation of tensile strength 

 

 

 

 

 

 

 

 

 
The Table 8 and 9 are the settings used in the tensile testing machine for the polymer 
samples. In-order to calculate the tensile modulus and tensile strength, 5 samples has been 
used in each test. From those 5 results, a mean and standard deviation has been calculated 

 

Process Parameters Values 

Load Range N 250 

Extension Range mm 50 

Gauge Length mm 23.5 

Test Speed mm/min 30 

Approach Speed mm/min 0.001 

Preload N 0 

Process Parameters Values 

Load Range N 500 

Extension Range mm 50 

Gauge Length mm 23.5 

Test Speed mm/min 30 

Approach Speed mm/min 0.001 

Preload N 0 
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Figure 21 QC-639D Charpy Impact tester 

Fig.21 shows the QC-639D Charpy Impact tester and Table.10 shows the specification for QC-
639D Charpy Impact tester. 
 

 

 
Table 10 Specification for QC-639D Impact tester 

Model QC-639D 

Test type Charpy 

Start impact 
Angle 

150° 

Test Capacity 

Izod 1J~50J 

Charpy 1J~50J 

Best accurate range: 20~80% of the full capacity. 

Feature 
Large Displayer: Easy to read the impact energy 
directly.  

Accessories Operation manual, energy calculation software. 

Optional ※QC-640 V-shape notcher   

Dimension 90 × 38 × 76 cm 

Weight 160 kg 

 

9 Material Characterization 

Material characterization, in general, refers to the study of properties of materials by 
different approaches by means of microscopy, spectroscopy or by macroscopic testing. 
These types of characterization provide clear reasoning on the properties of materials in 
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molecular level. In this thesis study, three methods of material characterization have been 
selected and followed for the analyses of samples. They are listed as follows, 

 Macroscopy approach - Differential Scanning Calirometry(DSC) 

 Spectroscopic approach - Fourier Transform Infrared Spectroscopy (FTIR) 

 Microscopic approach - Scanning Electron Microscope (SEM) 

9.1 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (Fig.22), in general, is used to study the thermal transition 
in materials. In our study, DSC is used to study the thermal transition in different polymeric 
blends. Different phase transitions, i.e., crystallinity, melting peak, glass transition 
temperature can be measured and analyzed in terms of the graph and thermal data points 
could be plotted. The polymer samples of different blends were analysed by DSC. Samples of 
different mass were analysed by dynamical scans using DSC-Q1000 (TA Instruments, USA). 
The samples were heated from 0°C to 200°C (PE & PP) and 0°C to 300°C (PET) in the 
presence of Nitrogen at a heating rate of 10°C/ min. 

 
Figure 22 Instruments' Q1000/Q2000 DSC Autosampler 

9.2 Fourier transform infrared spectroscopy 

Fourier Transform-Infrared Spectroscopy (FTIR) is one of the highly reliable and cost-
effective methods for analyzing the polymeric structure to observe the different chemical 
composition in the molecular bonds. FTIR uses the infrared rays of mid-region, absorbed or 
transmitted by the polymeric materials, to analyze the chemical composition at molecular 
levels. Each sample when absorbs or transmits infrared rays emits a spectrum of a unique 
pattern of peaks. This, when analysed and cross-referenced with original pure materials 
from the spectrum database, will give the qualitative analysis of the different other material 
contamination in the tested material. The samples were characterized by using 64 scans and 
a resolution 4 cm-1. The Omnic software is used to analyse the data. 
 
Thermo Scientific Nicolet iS10 FT-IR spectrometer has been used for this study to analyze the 
spectral images. Fig. 23 shows the pictorial representation of the machine used for this 
study. 
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Figure 23 Thermo Scientific Nicolet iS10 FT-IR Spectrometer 

10 Climate Simulation 
 
 

 
 

Figure 24 Nuve Climate chamber 

 
 
As a part of the thesis, this simulation is carried out on the different polymer blends using a 
climate chamber. The polymer samples of different blends were kept inside the climate 
chamber for 72 hours under 85% relative humidity. After the specified time interval, the 
polymer blends were then compounded in the compounder and molded into different 
samples using the injection molding machine. Once the production of sufficient samples by 
the injection molding machine has been done, these samples were subjected to 
characterization. Once the samples are mechanically characterized by tensile and impact 
testing procedures, they are then subjected to Differential Scanning Calorimetry procedure 

In order to understand the properties of 
polymers of different blends under different 
climatic conditions, climate simulation could be 
done using climate chambers. In climate 
chambers, different environmental conditions 
could be set and subject the polymer samples in 
a controlled environment of desired 
temperature, relative humidity, sun exposure 
and so on. The resultant from this test will give 
relevant information on the different types of 
degradation of the polymers, which then later 
could be characterized mechanically, 
microscopically, macroscopically and even using 
spectroscopy. These tests will give conclusive 
information on the molecular level change and 
its impact on different properties. 
 

The Fig.24 shows the climate chamber used for 
this study. 
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followed by FTIR and SEM. Since the humidity absorbed was more in PET blends, the 
samples were not able to process in the injection molding machine due to low viscosity. 

11 Results 
We have obtained numerous numerical values from the above-mentioned tests. We have 
selectively considered the results and then interpreted in the graphical charts with different 
axes of various approaches for better understanding.  
 

11.1 Tensile testing 

11.1.1 PE blends 

In this section, Injection moulded samples of different blends of PE with TPS and PHA are 
tested in tensile testing machine. 
 

 
Figure 25 Tensile Elongation % of PE 

From the above Fig. 25, the tensile elongation percentage decreased with the increase in 
concentration of biopolymers. 
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Figure 26 Tensile modulus of polymer blends of PE 

 

The above Fig.26 shows that tensile modulus of PE has possibly a weak increasing trend with 
the addition of other blends of TPS (Gallego et al., 2013) and PHA. The blend of 5% PHA with 
95 % PE shows the maximum value of tensile modulus. This shows the addition of 5% PHA 
increased the stiffness of PE blend. 
 

 
Figure 27  Tensile strength of polymer blends of PE 

From the above Fig. 27, it shows little significant difference trend with the addition of other 
blends of TPS and PHA. The blend of 5% PHA with 95 % PE shows the maximum value of 
tensile strength. This shows the addition of 5% PHA increased the tensile strength of PE 
blend. 

11.1.2 PP blends 

In this section, Injection moulded samples of different blends of PP with TPS and PHA are 
tested in tensile testing machine. 
 

 
Figure 28 Tensile Elongation % of PP 
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From the above Fig. 28, the tensile elongation percentage increased with the increase in 
concentration of biopolymers, however the standard deviation of the neat PP was rather 
high. 
 

 
Figure 29  Tensile modulus of polymer blends of PP 

The above Fig. 29, shows that tensile modulus of PP has little significance difference trend 
with the addition of other blends of TPS and PHA, where the further increase of PHA took a 
drop in the tensile modulus. The blend of 1% PHA with 99 % PP shows the maximum value of 
tensile modulus. This shows the addition of 1% PHA increased the stiffness of PP blend. 
Though there is a small change in the modulus for the different blends, the change is not of 
much significant difference. 
 
 

 
Figure 30  Tensile strength of polymer blends of PP 

From the above Fig. 30, it is quite evident that tensile strength of PP has a decreasing trend 
with the addition of other blends of TPS and PHA. This could be due to the improper linkage 
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between PP and TPS blends. This might be attributed from the fact that PP has a higher 
melting point than PE where the bio-polymer will degrade faster. 
 

11.1.3 PET blends 

In this section, Injection moulded samples of different blends of PET with TPS and PHA are 
tested in tensile testing machine. 
 

 
Figure 31 Tensile Elongation % of PET 

From the above Fig. 31, the tensile elongation percentage did not show significant change 
with the increase in concentration of biopolymers. 
 

 
Figure 32  Tensile modulus of polymer blends of PET 

The above Fig. 32 shows that tensile modulus of PET has a possibly but not significant 
increase with the addition of other blends of TPS and PHA. Here the addition of small 
concentrations (1%) in both TPS and PHA decreased the elastic modulus of the material, 
which in turn got increased with the respective increase in their concentrations of 5% in 
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both TPS and PHA. Here the blend of 5% PHA with 95 % PET shows the maximum value of 
tensile modulus. This shows the addition of 5% PHA increased the stiffness of PET blend. 
Though there is a small change in the modulus for the different blends, the change is not of 
much significant difference. 
 

 
Figure 33  Tensile strength of polymer blends of PET 

From the above Fig.33, it is quite evident that tensile strength of PET has clearly a decreasing 
trend with the further addition of other blends of TPS and PHA. Here the addition of small 
concentrations (1%) increased the tensile strength of the material, which in turn got 
decreased with the respective increase in their concentrations of 5% in both TPS and PHA. 
This could be resulted due to the miscibility issues between two polymers, increase in 
crystalline property due to the decrease in the molecular weight after the degradation. From 
the works of (La Mantia et al., 2011) , it shows the increase in tensile property with low 
concentration of TPS could be attributed to the formation of copolymer resulted from the 
trans-esterification reaction at the in-situ PET-TPS blends forming the compatibilizer for the 
blend. Whereas very less concentration of copolymer from the trans-esterification could also 
result in the detrimental mechanical properties 

11.2 Charpy impact testing 

11.2.1 PE blends 
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Figure 34 Charpy impact strength of polymer blends of PE 

From the above Fig.34, it is quite evident that the impact energy of the PE blends seem to 
follow a decreasing pattern upon the addition of PHA (both 1% and 5%), whereas the impact 
energy has increased for 1% of TPS and then decreased upon the further addition of TPS. 
This shows that the blend has become more brittle upon the further increased concentration 
of PHA and also more than 1 % of TPS. This could also be due to improper blending of 
petrochemical and biopolymer, thus creating indications of fracture. 

11.2.2 PP blends 

 

 
Figure 35  Charpy impact strength of polymer blends of PP 

The above Fig.35, shows that the impact energy of the PP blends follows a decreasing 
pattern upon the addition of both PHA (both 1% and 5%) and TPS (both 1 % and 5% ). This 
shows that the blend has become more brittle upon the further increased concentration of 
PHA and TPS. This could also be due to improper blending of petrochemical and biopolymer, 
thus creating indications of fracture. 
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11.2.3 PET blends 

 

 
Figure 36  Charpy impact strength of polymer blends of PET 

From the above Fig.36, it is quite evident that the impact energy of the PET blends seems to 
follow a decreasing pattern upon the addition of both PHA (both 1% and 5%) and TPS (both 
1 % and 5%). This could be due to the two polymers not fully blendable, thereby the 
biopolymer acts as stress raisers. 

11.3 Material characterization 

11.3.1 Differential Scanning Calorimetry 

 

The better understanding of the behaviour in the mechanical properties of different blends 
of polymers could be studied by analysing the samples in DSC. Here in this section, different 
samples of polymer blends are tested in DSC. The below table 11 shows the heat of fusion 
supplied to the pans and the melting peak achieved for the different blends. The DSC curves 
helps in understanding the transition change happening in the molecular level, the 
interactions between the different molecular chains of the polymer. From this curves, the 
dominant property of the material could be easily identified, either amorphous or 
crystalline. From the values of melting peak and heat of fusion, one can easily identify the 
probable reason for the different changes in mechanical properties, the glass transition 
temperature of the material, the ductility of the material and other relevant information 
resulted from the molecular interactions between different polymer blends. 
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Table 11 Thermal transition data on different polymer blends 

S No Batch Percentage Average Heat of Fusion J/g  Average Melting Peak Tm° C 

1 Neat PE 209.5 132.6 

2 1 % TPS 99 % PE 79.8(6.4) 67.6 

3 5 % TPS 95 % PE 68.7(11.1) 132.1 

4 1 % PHA 99 % PE 79.7(13.7) 132.1 

5 5 % PHA 95 % PE 36.9(43.4) 135.4 

6 Neat PP 93.1 163.2 

7 1 % TPS 99 % PP 36.9(2.8) 162.1 

8 5 % TPS 95 % PP 35.0(2.4) 161.5 

9 1 % PHA 99 % PP 25.8(3.2) 70.3 

10 5 % PHA 95 % PP 41.9(0.4) 161.8 

11 Neat PET 36 256.2 

12 1 % PHA 99 % PET 16.4(0.2) 254.7 

13 5 % PHA 95 % PET 23.7(1.6) 256 

14 1 % TPS 99 % PET 15.0(1.8) 254.3 

15 5 % TPS 95 % PET 21.0(1.7) 251.6 

 
Table 11 shows the thermal transition rates for the different polymer blends observed under 
the DSC experiment. 
 
From the table 11, it is quite evident that the heat of fusion got reduced when there is 
addition of biopolymer for both PE and PP. This shows that the decrease in the crystalline 
region, there by needing less amount of heat to achieve the melting peak. However, for PE 
this did not result in any significant reduction of the tensile strength and only and small 
reduction of the tensile strength of PP could be seen. Also there is an increasing trend in the 
heat required to melt the crystals in the case of PET for 1 %and 5 % of biopolymers. This 
resulted in the poor mechanical properties. 
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11.4 Fourier transform infrared spectroscopy 

11.4.1.1 PE blends 

 
Figure 37 FTIR overlay for polymer blends of PE 

 
The above Fig.37 shows FTIR spectra for the polymer blends of PE. The peak difference 
between 4000 and 3000 cm-1 is due to the formation of hydroxyl groups. 

11.4.1.2 PP blends 
 

 
Figure 38 FTIR overlay for polymer blends of PP 

 
The above Fig.38 shows FTIR spectra for the polymer blends of PP. The peak difference 
between 4000 and 3000 cm-1 is due to the formation of hydroxyl groups. 
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11.4.1.3 PET blends 
 

 
Figure 39 FTIR overlay for polymer blends of PET 

The above Fig.39, shows that the peak in the FTIR spectra between 3500 cm-1 to 3000 cm-1 
could be due to the bond stretch in O-H bond and the highest peak change between 3000 
cm-1 to 2500 cm-1 could be due to the bond stretch in C-H bond or the acid O-H groups. The 
peak change around 1500 cm-1 The peak change around 1500 cm-1 is due to the bond stretch 
in the C=C bond and the region beyond 1000 cm-1  which falls under the finger print region 
could be due to the stretch by the individual atoms. From all the above three spectra, it is 
quite evident that the peak change in the spectral region between 4000 cm-1 and 3500 cm-1 

is due the conversion of ester groups into carboxylic groups, which got absorbed by the O-H 
bonds (Du, Yang and Xie, 2014) and the disturbances in the PHA blend between 2000 cm-1 
and 1500 cm-1 could be due to the vibrational stretching of C=O groups (Weng et al., 2013) 

11.5 Climate simulated blends 

 
Industrially PE and PP are not dried before processing since they are not hygroscopic, but 
here in this section, the polymer blends were subjected to humid conditions. This was to 
observe how different polymer blends react to the high levels of humidity with 85% R.H for 
abour 72 hours. In-order to perform the test, PE and PP are never dried before usage. In a 
humid climate recycled PE and PP can absorb water if they are contaminated with 
bioplastics. This can accelerate the degradation.  
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11.5.1 Tensile testing 

 

 
Figure 40  Tensile modulus of climate simulated polymer blends of PE and PE Env 

Here in the above chart, Env refers to the samples simulated in the climate chamber. 
The above Fig.40, shows that tensile modulus of PE blends with TPS and PHA has a possibly 
increasing trend but it is not so significant after the absorption of humidity. The blend of 5% 
PHA with 95 % PE with humidity shows the maximum value of tensile modulus. 
 

 
Figure 41 Tensile strength of climate simulated polymer blends of PE and PE Env 

From the above Fig.41, it is quite evident that tensile strength of PE blends with TPS and PHA 
has an almost increasing trend after the absorption of humidity. The blend of 5% PHA with 
95 % PE with humidity shows the maximum value of tensile strength. Though there is a small 
change in the modulus for the different blends, the change is not of much significant 
difference. 
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Figure 42 Tensile modulus of climate simulated polymer blends of PP 

The above Fig.42, shows that tensile modulus of PP blends with TPS and PHA has an 
increasing trend but it is not so significant after the absorption of humidity. The blend of 5% 
PHA with 95 % PP with humidity shows the maximum value of tensile modulus. 

 
Figure 43 Tensile strength of climate simulated polymer blends of PP 

From the above Fig.43, it is quite evident that tensile strength of PP blends with TPS and PHA 
has an almost increasing trend after the absorption of humidity. The blend of 5% PHA with 
95 % PP with humidity shows the maximum value of tensile strength. This shows that the 
moisture absorbed by the TPS and PHA possibly contributed to the increased tensile 
strength of PP blends. 
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11.5.2 Charpy impact testing 

 

 

From the above Fig.44, it is quite evident that the impact energy of the PE blends after the 
absorption of humidity seems to have increased for PHA and TPS. Though there is an 
increasing trend, it is not of much significance. The increased impact properties could also be 
due to the plasticising of the polymer by the water. 
 

 
Figure 45  Charpy impact strength of climate simulated polymer blends of PP 

The above Fig.45, shows the impact energy of the PP blends after the absorption of humidity 
seems to have increased for TPS and PHA .Though there is a decreasing trend for PHA, the 
change is not significant. This shows that the absorbed moisture seems to have increased 
the amorphous property of the TPS-PP blend. 
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Figure 44  Charpy impact strength of climate simulated polymer blends of PE 
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11.5.3 Differential Scanning Calorimetry 

 

The below table 12 shows the heat of fusion supplied to the pans and the melting peak 
achieved for the different blends under climate simulation. 
 
Table 12 Thermal transition rates for the climate simulated polymer blends 

S No Batch Percentage Average heat of Fusion J/g 
Average Melting Peak 

Tm° C 

Normal 

5 % TPS 95 % PE 45.9(7.3) 132.3 

5 % PHA 95 % PE 33.1(29.9) 131.5 

With 
humidity 

5 % TPS 95 % PP 23.2(5.5) 161.2 

5 % PHA 95 % PP 18.3(4.1) 160.7 

 
 
From the table 12 it is quite evident that the amount of heat required to melt one gram of 
the polymer got reduced when there is addition of biopolymer for both PE and PP with the 
absorption of humidity. This shows that the decrease in the crystalline region, there by 
needing less amount of heat to achieve the melting peak. This in-turn results in improved 
mechanical properties for the blends of PE and PP. 
 

11.5.4 Fourier transform infrared spectroscopy 

 

 
Figure 46 FTIR overlay for climate polymer blends of PE with TPS and PHA 

The above Fig.46, shows that the peak in the FTIR spectra for the polymer blends of PE. The 
peak difference between 4000 and 3000 cm-1 is due to the presence of hydroxyl groups in 
the biopolymer. 
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Figure 47 FTIR overlay for climate simulated polymer blends of PP with TPS and PHA 

 
The above Fig.47 shows FTIR spectra for the climate simulated polymer blends of PP. The 
peak difference between 4000 and 3000 cm-1 is due to the presence of hydroxyl groups in 
biopolymer. 

12 Discussion 
From the above investigative analysis of different polymer blends by mechanical and 
material characterization, the following results were obtained. 
 

 The tensile modulus and tensile strength of PE blend did not significantly change.The impact 

strength of PE blend did not significantly change with the addition of biopolymers. From the 

DSC curves, it was evident that the crystallinity and melting point got decreased. 

 Though the tensile modulus  of PP blend was roughly constant for the larger concentration of 

TPS and small concentration of PHA, the tensile strength decreased for all concentration of 

TPS and PHA. And also the impact strength of PP blend decreased with the addition of TPS 

and PHA. From the DSC curves, it was evident that the crystallinity and melting temperature 

got decreased. Though FTIR images shows identical spectra with no significant change, there 

is not substantial conclusive results for the better mechanical properties. It could be possibly 

due to the lack of intermolecular adhesive interaction between the molecules of different 

polymers. Though the properties could be improved by the addition of a suitable additives 

compatibilizer, resulted from further detailed study. 

 Though the tensile modulus decreased for small concentrations of TPS and PHA with PET, the 

tensile modulus was roughly constant  for the large concentrations of TPS and PHA. This 

could be due to the experimental variation.Though the tensile strength decreased for all the 

blends of PET, the value increased for small concentration of PHA. The impact strength of 

PET also decreased for all the blend of TPS and PHA.From the DSC curve, it was evident that 

the crystallinity was very low for small concentration of PHA with PET, which shows the 
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reduced crystallinity. This could be the possible reason for the steep rise in the tensile 

strength of the PET blend with PHA.Since PET is very sensitive with moisture, the samples of 

PET blend of TPS and PHA with humidity was not able to process in the injection molding 

machine. 

 The tensile modulus, tensile strength and the impact strength of PE blends with humidity 

showed improved properties for both TPS and PHA. From the data interpreted in DSC curves, 

the absorption of humidity led to the improved mechanical properties. 

 The tensile modulus, tensile strength and the impact strength of PP blends with humidity 

showed improved properties for both TPS and PHA. From the data interpreted in DSC curves, 

the absorption of humidity led to the improved mechanical properties. 

It is also important to see how the above mentioned results affect the different stakeholders 
of the recycling industry, so that a better understanding of the biopolymer infusion could be 
achieved. 

12.1 Customers 

With the given scenario of the above mentioned levels of biopolymer infusion into the 
recycling systems, the quality of recycled polymers of PP and PET will be deteriorated. This 
will lead to the poor quality products, thereby affecting the product life period. This will 
affect the customer losing the trust over the quality of the recycled product, thereby 
reduction in the choice of the customer preferring the recycled product. 

12.2 Recyclers 

With the given scenario of the above mentioned levels of biopolymer infusion into the 
recycling systems, finding the suitable buyers for selling the polymer pellets of mixed blend 
will be a difficult choice. Due to the deteriorated properties of PP and PET, there are many 
chances for the incurrence of big loss to the investors. Even after selling the products 
manufactured from the mixed blends, the post-consumer waste will again end up in the 
recycling facility, which will be very difficult for sorting. 

13 Conclusion 
This study aimed at the investigative analysis of biopolymer contamination in conventional 
recycling systems. In-order to perform this study, petrochemical based polymers like PE 
(HDPE), PP and PET, biopolymers like TPS and PHA were selected. 
 
In this study, the produced samples were analysed mechanically, thermally and optically to 
understand the material properties. 
 
The above results show that PET is very sensitive to the biopolymers, followed by PP with 
considerable improved mechanical properties for PE. 
 
This study concludes by stating that increased biopolymer infusion would be manageable for 
PE recycling systems but would pose a great threat to the recycling systems of PP and PET. 
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