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ABSTRACT 
Background Disposable packages account for 50% of medical plastic waste. Recycling could be a practical approach to reducing 
medical waste. This review aims to research what materials are used in medical plastic packages and the influence of recycling on the 
mechanical properties of these materials. Two separate systematic reviews are completed to answer the research questions.  

Method A systematic approach based on the PRISMA guidelines 2020 was followed. Scopus and Web of Science databases were used 
to conduct the research. All reports published on the subject were extensively scanned to answer the defined research questions. The 
studies included in the review were based on predetermined inclusion and exclusion criteria. The included articles were used to 
synthesize the findings of the study.  

Results The first systematic review provided 1823 articles, of which 37 were included in the study. The search yielded monopolymer, 
multilayered, paper-plastic, and Tyvek-plastic packages. Materials encompassed in medical packaging included polypropylene (PP), 
polyethylene (PE), polyethylene terephthalate (PET), polyvinyl chloride (PVC), polystyrene (PS), nylon6, ethylene vinyl alcohol 
(EVOH), chlorotrifluoroethylene (CTFE), polyester, and polyamide (PA). The second systematic review provided 434 articles, of 
which 16 were included in the study. The search yielded articles related to the mechanical properties of virgin and recycled components, 
blends and their constituents, homogeneous and heterogeneous blends with increasing ratio of recycled content, and properties after 
multiple extrusions. The mechanical properties of blends strongly depended on their composition. A higher young’s modulus and 
tensile strength appeared to be related to a higher crystallinity and lower elongation at break with decreasing molecular weight. 

Conclusion Recycling processes should be the first deliberation for hospital waste management. Medical packages which include one 
polymer can be recycled in neat form, whereas recycling multilayer packaging is more challenging due to the different components. 
Mechanical properties differ per application; therefore, it is essential to research the effect of recycling on medical plastic packages. 

Keywords medical packaging, plastic recycling, mechanical properties, circular economy 

INTRODUCTION 

Over the past century, plastics have facilitated considerable 
advances in human society (North & Halden, 2013). Their 
multiple functionalities, low cost, easy processability, and unique 
properties (thermal, mechanical, optical, and electrical) have 
allocated their success and made them appealing to replace 
traditional materials such as wood, glass, metal, and ceramics 
(Haned et al., 2018; Horodytska et al., 2018; Nomura et al., 2020; 
North & Halden, 2013; Rosato, 2011). Around the world, 380 
million tons of plastics are produced. Notably, 42% is used for 
applications such as packaging (Nomura et al., 2020), making 
them the most significant end-use for plastics despite their 
environmental pressure (Rosato, 2011).  

We live at a time where environmental issues and public health 
are converging. Climate change, especially global warming, is 
increasing poor health worldwide (Nomura et al., 2020). 
Perversely, environmental problems are related to health care 
facilities, as they constitute a great source of pollution across the 
globe (Shinn et al., 2017).  Worldwide, the global market share of 
medical device packaging is around $ 22 billion a year and is 
expected to grow 5,9% annually (Đuzelić & Hadžalić, 2019; 
Kwon et al., 2017). This growth is related to continuous 

technological developments in medical product industries, 
preference for disposable medical devices, increasing aging 
population, and other social-economic factors (Gill et al., 2022; 
Jang et al., 2006; Kwon et al., 2017; Rosato, 2011). Plastics used 
for single-use, including packaging, are the most significant 
sources of pollution. Therefore, reducing their carbon footprint is 
crucial (Martin et al., 2021; Vidakis et al., 2021). 

Disposable medical packages account for 50% of all plastic 
medical waste (Healthcare Plastic Waste, 2021). Much of the 
waste generated in healthcare facilities is comparable to 
household waste (Shinn et al., 2017). However, health care 
facilities define this as regulated medical waste (RMW), 
necessitating specific waste treatment (Jang et al., 2006; North & 
Halden, 2013; Shinn et al., 2017; Stoian et al., 2019).  

Globally, the interest in recycling or reusing medical waste is 
expanding (Van Straten et al., 2020; Pinjing et al., 2013). 
Hospitals could be a valuable source for raw material extraction 
from the stance of urban mining since hospitals’ supplies are high 
material quality (Van Straten et al., 2021). Recycling plastics 
could effectively reduce medical waste (Shinn et al., 2017; Stoian 
et al., 2019). It would prolong the life cycle of plastics and lower 
environmental concerns (Stoian et al., 2019; Uehara et al., 2015). 
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Recycling various materials to improve properties and further use 
is becoming a predominant area of research (Dobránsky et al., 
2021). A literature review was performed to map the research on 
the recyclability of medical plastic packaging, identify existing 
literature gaps, and make recommendations for future work. Two 
separate systematic reviews were completed to answer the 
research questions. The first systematic review was guided by the 
research question: What materials are used in medical plastic 
packages? The second systematic review was directed by the 
research question: What is the influence of recycling on the 
mechanical properties of plastics? 

 
 
 

Literature research: materials used in medical plastic packages 
 
 

METHODS 
 
A systematic approach was followed based on the Preferred 
Reporting Items for Systematic Review and Meta-Analyses 
(PRISMA) guidelines 2020 (Page et al., 2021). The search was 
completed methodically and efficiently, while the most relevant 
information on medical plastic packaging was found. Each search 
plan consisted of analyzing the research topic, formulating search 
queries, and determining what type of information was necessary. 
The reports included in the review were based on identified 
inclusion and exclusion criteria used to synthesize study 
findings.  
 

Eligibility criteria 
Plastic healthcare packaging can be separated into two groups: 
medical and pharmaceutical. Products included in medical 
packaging include medical devices such as syringes, needles, 
catheters/tubing, sutures, dressing, and gloves (Czerniawski, 
1990). Products included in pharmaceutical packaging include 
blister packs for drugs, vials, and bottles (Rosato, 2011). Records 
were included in the study if they considered medical packaging 
and researched the polymer type. Articles from any geographic 
setting were accepted for inclusion. Additionally, studies on the 
topic were also contemplated for inclusion. Records were 
excluded when they focused on the materials in food packaging, 
medical devices, biocompatible packaging, or disregarded the 
polymer type.  
 

Included types of packages 
A brief explanation of the types of packages considered eligible 
for inclusion will be outlined. The included studies were 
assembled into monopolymer, multilayered, paper-plastic, and 
Tyvek-plastic groups. Monopolymer packages consisted of one 
polymer, while multiple polymers were incorporated into 
multilayered packaging. Besides the polymeric packaging 
system, various packages mentioned the sealing material. The 
sealing material encompassed paper or Tyvek.  

 
Information sources 

The research was conducted in Scopus and Web of Science 
multidisciplinary databases without time constraints. The search 

across all databases resulted in  identifying 1806 records, seen on 
the top left in Figure 1. Additional records were identified through 
other sources. A secondary search procedure included going 
through reference lists of relevant articles. The additional search 
yielded the discovery of 17 records, seen on the top right in Figure 
1. The final search was run on March 7, 2022. 
 

Search strategy 
The writer of this review completed an iterative process of 
finding, refining, and improving alternative search terms. A 
search plan based on the structure of the TU Delft library was 
assembled (“Making a search plan”, 2021). The final search 
string for Scopus and Web of Science was composed of synonyms 
and keywords of “material,” “package,” “environment,” 
“composition,” “medical,” “waste stream,” and “plastic.” The 
final search string can be viewed in Table 1 of the Appendix.  
 

Selection process 
All articles were selected and imported into the bibliography 
manager EndNote X9. For each screening level, a new library was 
created to keep track of the number of records complying with the 
inclusion and exclusion criteria. Records in the first library were 
screened for title and keywords relevance. In the second library, 
records were screened on the abstract. Reports considered 
relevant were imported into the third library for full-text 
screening. The final library contained the reports included in the 
study. For each screening level, the writer of this review decided 
whether a study met the inclusion criteria. The identified 
references will be discussed in the results section.  
 

Data collection process 
The data collection process involved extracting relevant 
information from the studies included in the systematic review 
and presenting it in a logical form (Charrois, 2015). The author, 
year of publication, and polymer type were inserted into an MS 
Excel spreadsheet.  
 
This review presents the retrieved information from the full-text 
articles in tabular form. One reviewer collected the data from each 
report and developed a table for each category. In the results 
section, the content of each group will be discussed. 
 
 

RESULTS 
 

Study selection 
The current literature study identified 1806 articles through 
database searching and 17 through other sources.  Figure 1 details 
the process of conducting a literature search and selecting reports. 
After removing the duplicates, 1272 articles remained. The title, 
keywords, and abstracts were reviewed against the inclusion 
criteria and were excluded when they did not meet the eligibility 
criteria. Screening the title and keywords excluded 960 articles 
from database searching and four from other sources. 
Consequently, 152 and eight articles were not retrieved when 
screening the abstracts of reports obtained from the databases and 
other sources, respectively. The reviewer assessed the  full text of 
148 remaining articles. For reasons shown in Figure 1, an 
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additional 108 articles were removed. Finally, 35 articles from 
database searching and two articles from other sources were 
considered applicable for this systematic review.  
 

Data presentation 
A summary of the results is presented in the section synthesis of 
results. The final articles were categorized according to the type 
of packaging: monopolymer, multilayer, paper-plastic, and 
Tyvek-plastic. If an article covered several groups, the findings 
were presented in all tables related to the categorized group.  
 
Tables 2-5 in the Appendix summarize the polymer type in the 
medical plastic packages. Polyethylene (PE) was generally used 
in two forms, high-density polyethylene (HDPE) and low-density 
polyethylene (LDPE). The specified PE type is mentioned in the 
PE column if an article stated the form explicitly. The tables 
include the author and year of publication for each article.  

 

Synthesis of results 
Table 2 summarizes the materials found in monopolymer medical 
packaging. Polypropylene (PP) and polyvinylchloride (PVC) 
occurred most frequently, followed by polyethylene (PE), 
polyethylene terephthalate (PET), polystyrene (PS), nylon 6, and 
polyamide (PA).  
 
Table 3 summarizes the materials found in multilayered 
packaging. The packages consisted of binary and tertiary 
constituents and the most common form included layered PE/PP 
and PE/PET.    
 
Table 4 is devoted to materials in paper-plastic packages. PP, PE, 
and polyester were the most frequent polymers in monopolymer 
packages. In multilayered packages, the combination of PE with 
PET or polyester had the highest occurrence. Most paper-plastic 
packages occurred in multilayered form. 
 
Table 5 summarizes the materials found in Tyvek-plastic 
packages. PET was the most prevalent polymer in monopolymer 
packaging and PE/PET in multilayered packaging. An equivalent 
amount of monopolymer and multilayered packaging was found.   

 
                         
                          Figure 1. PRISMA flowchart 
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DISCUSSION 
 
This systematic review presents an overview of the materials 
discovered in medical plastic packaging. The findings will be 
highlighted below, followed by the limitations and conclusion of 
the current study.  
 

General interpretation 
Medical devices generally have polymeric packaging systems 
(Guyer & Zednik, 2010). A predominant requirement is that the 
material provides a bacterial barrier, guarantees sterility, and 
prevents microorganisms from infiltrating the material (Dixon et 
al., 2007; McKeen, 2017). Furthermore, the packaging must resist 
various environmental and mechanical stresses such as dropping, 
scratching, vibration, shipping, thermal shock, thermal recycling, 
and radiation (Guyer & Zednik, 2010).   
 
Studies on the material of medical plastic packaging consisted of 
one or multiple polymers in layered form. In several studies, the 
sealing material was mentioned. Sealing was the most crucial 
manufacturing step for medical packaging (Dixon et al., 2007). 
Paper and Tyvek were often designed in the packaging of medical 
devices that underwent sterilization (Đuzelić & Hadžalić, 2019). 
Tyvek was a more costly alternative than paper (Czerniawski, 
1990). Nonetheless, it came as a substitute for paper as the 
material offers superior strength (Dixon et al., 2007).  
 
The medical packages found in this review primarily incorporated 
one polymer. Based on the findings of this systematic review, PP 
was the leading material in monopolymer packaging, succeeded 
by PVC and PE. In multilayered packaging, the qualities of 
different materials were combined, providing a light barrier, gas 
barrier, mechanical support, and sealability (Mulakkal et al., 
2021). PE/PET was the leading composition in multilayered 
packaging, followed by PE/polyester. The layered structure 
created customized property profiles (Kaiser & Ginzinger, 2021). 
PVC, PS, and nylon 6 were undiscovered in multilayer packaging, 
while polyester was identified more often in multilayer packaging 
than monopolymer packaging.  
 
Although 37 studies on medical plastic packages were found, 
during the search across databases, it became apparent that it was 
challenging to find articles that emphasized medical plastic 
packages and mentioned the polymer type. An example is 
provided by Lee et al. (2002) and Shinn et al. (2017). Lee et al. 
(2002) researched the quantity of medical packaging generated 
per year and mentioned the relative percentage compared to other 
medical plastic waste, yet omitted the specific material in the 
medical package. Another example from Lee et al. (2002) is the 
division of waste into the categories “IV bag,” “Medical,” “Film,” 
“Patient kits,” “Disposable gloves,” and “Other plastics,” 
excluding the category “Packaging.” Shinn et al. (2017) discussed 
the weight of components from three operations. The components 
were grouped into “Cardboard,” “Plastics,” “Clear wrap,” “Blue 
wrap,” and “RMW.” Nevertheless, the polymer type was not 
acknowledged within the plastics group. 
 

 

Limitations 
The findings of this review must be considered with some 
limitations.  
 
It was decided only to extract the polymer type from the articles, 
which aligned with the research question. However, a more 
extensive description, such as the medical packaging application 
(e.g., needle or catheter), would be interesting from a recycling 
perspective as the mechanical properties differ per application 
(Dobránsky et al., 2021; Stoian et al., 2019). Unfortunately, it was 
beyond the scope of the first systematic review to perform a more 
comprehensive synthesis of the included literature.  

 
Another study limitation is that the search is completed in two 
databases. The rule of thumb for systematic literature research is 
that more than two databases must be used (Charrois, 2015). 
Therefore, it is seen as a limitation that an additional database was 
not added as this might enable a more extensive overview of the 
materials. Given the limited time available, the search was not 
performed in an additional database.  
 
Finally, the selection of studies in the current review was carried 
out by one reviewer. In contrast, in a systematic review, the 
eligibility of promising studies must be examined independently 
by at least two researchers to decrease the possibility of bias. A 
comparison would be made of the included studies assembled by 
the two reviewers, and when disagreements occur, this would be 
resolved through discussion or consensus with a third researcher 
(Charrois, 2015). Considering only one reviewer defined the 
inclusion and exclusion criteria for the study selections, this can 
be seen as a limitation as relevant articles may be missed.  
 

Conclusion 
The study’s objective was to research what materials are used in 
medical plastic packages. Medical packaging can be divided into 
monopolymer or multilayered packaging. The polymeric 
packaging material in monopolymer packaging include PP, PE, 
PVC, PET, PS, PC, nylon 6, and PA. The materials found in 
multilayer packaging include PP, PE, PVC, PET, PA, nylon 6, 
polyester, ethylene vinyl alcohol (EVOH), and  
chlorotrifluoroethylene (CTFE) Similarly, several packages 
include a paper or Tyvek sealing layer.  Future studies should 
include the application of the package from a recycling 
perspective. 

 
 
 

Literature research: influence of recycling on the mechanical 
properties of plastics 

 
The polymeric materials established in the first systematic review 
will be used to research the influence of recycling on the 
mechanical properties of plastics. Background information is 
provided on the different recycling methods for monopolymer 
and multilayered packaging.  
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INTRODUCTION 

 
Plastics can be categorized into thermoplastics and thermosets. 
Thermoplastics consist of linear molecular chains which soften 
when heated and harden when cooled. These polymers are 
considered recyclable. On the contrary, thermosets are referred to 
as irreversible polymerization and become insoluble and infusible 
when cured by heat or chemical reaction (Grigore, 2017). 
Recycling of thermoplastics can be done through mechanical 
recycling, chemical recycling, or energy recovery (Grigore, 2017; 
Horodytska et al., 2018). During the physical process of 
mechanical recycling, plastics are separated, washed, ground, re-
granulated, and melted to create new products by extrusion while 
the structure of the polymer remains unchanged. The primary 
polymer processing technique is the injection molding process. 
Chemical recycling breaks down the polymer structure into 
monomers through glycolysis, hydrolysis, and pyrolysis. Energy 
recovery of plastics is made through incineration. However, this 
process leads to toxic substances like carbon dioxide being 
released into the atmosphere (Dharmaraj et al., 2021; Grigore, 
2017; Horodytska et al., 2018; Martin et al., 2021). 
 
To achieve preferable material properties, blending the 
reprocessed material with virgin material is possible. A 
homogeneous blend is created when solely one material is 
processed. In addition, a heterogeneous blend is created once 
multiple polymers are blended. The composition of a blend is 
critical in recycling. Properties of blends tend to decline after each 
recycling cycle due to degradation and heterogenicity (Dharmaraj 
et al., 2021; Mulakkal et al., 2021; Van Kets et al., 2019). 
Compatibilizers can be added to enhance mechanical properties 
and adhesion between polymers (Cabrera et al., 2021; Van Kets 
et al., 2019). However, this can create new issues for recycling 
blends in the future (Mulakkal et al., 2021). Recycling 
multilayered films is more challenging than monopolymer films 
due to the inhomogeneity, incompatibility, and melting points of 
polymers (Cabrera et al., 2021; La Mantia, 1992; Nomura et al., 
2020). Several approaches focus on processing the different 
materials in multilayers together, others on separating them 
through selective solvents or delamination (Kaiser & Ginzinger, 
2021). The recycling of monopolymer packaging leads to 
homogeneous blends, whereas the recycling of multilayered 
packaging leads to heterogeneous blends. Therefore, the current 
systematic review emphasizes both blend compositions.  
 
This study will focus on the influence of mechanical recycling on 
the mechanical properties of homogeneous and heterogeneous 
blends. The mechanical properties will be compared before and 
after recycling, with an increasing ratio of recycled content and 
after multiple extrusion cycles without the addition of 
compatibilizers.  
 
 
 
 
 

 

 
METHODS 

 
A systematic literature review following the PRISMA 2020 
guidelines was performed (Page et al., 2021).  
 

Eligibility criteria 
Articles were included in the study if they considered 
thermoplastics and emphasized the mechanical properties after 
recycling. The suitable materials included the thermoplastics 
found in the first literature research. The mechanical properties 
must focus on the young’s modulus, strength, and elongation. In 
addition, reports from any geographical area and reviews on the 
topic were considered eligible for inclusion. Records were not 
retrieved when the material was outside the scope of the study, 
fiber-reinforced, and excluded mechanical performance of 
recycled material. The classification of materials and definitions 
of the mechanical properties used in the articles will be briefly 
explained below. 
 

Classification materials 
The types of thermoplastics included in this review were PP, PE, 
PET, PVC, and nylon6. The materials could be categorized into 
crystalline, amorphous, or semi-crystalline thermoplastics 
(Grigore, 2017). Crystalline thermoplastics were presented in a 
regular arrangement containing translucent molecular chains. PP 
and PE were associated with this group. The molecules in 
amorphous polymers were randomly arranged. PVC belonged to 
the amorphous polymer group. Semi-crystalline polymers possess 
crystalline as well as amorphous polymer properties. This group 
was represented by PET and nylon6 (Grigore, 2017). 
 

Definitions mechanical properties 
Uniaxial tensile tests were performed to assess the mechanical 
properties. A specimen was elongated until fracture resulting in a 
stress-strain curve. In Figure 2, a typical stress-strain curve is 
presented. The definitions of measurement points A-K included 
in this review can be viewed in Table 6. 
 
 

Figure 2. Typical stress-strain curve (McKeen, 2017) 
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Table 6 Definitions of tensile and elastic properties (McKeen, 2017) 

Property Definition 

Elastic modulus (A) Ratio of stress to strain in the elastic region.  

Tensile strength at yield (F) Tensile stress corresponding to yield point 

Tensile strength at break (K) Tensile stress corresponding to the point of rupture 

Tensile strength, ultimate (H) Highest tensile stress before failing 

Elongation at yield (G) Tensile elongation corresponding to yield point 

Elongation at break (J) Tensile elongation corresponding to yield point 

Additional information   

“B” Elastic limit, after this point, permanent deformation  

“C” Yield point, after this deformation occurs, without an increase in strain  

“D” Ultimate strength, maximum stress on the curve 

“E” Breakpoint 

 
Information sources 

The search for this systematic review was conducted in the 
databases Scopus and Web of Science without time constraints. 
The search across the databases resulted in the identification of 
415 records, seen on the top left in Figure 3. Identification of 
supplementary records was accomplished through other sources 
and resulted in the addition of 19 records, as seen on the top right 
in Figure 3. The secondary search procedure included checking if 
authors had published more relevant articles and reviewing 
relevant studies’ reference lists. The final search was run on April 
6, 2022. 

 
Search strategy 

The writer of this review completed an iterative process of 
searching, refining, and improving the alternative search terms. 
The final search string was encompassed by synonyms or 
keywords of the concepts “Material,” “Recycling,” and 
“Mechanical properties.” The final search string can be viewed in 
Table 7 of the Appendix. 
 

Selection process 
All identified records were inserted into the bibliography 
manager EndNote X9. For each screening level, the writer of this 
review decided whether a study was relevant. Articles were first 
screened on the title and keywords, followed by a screening of the 
abstract. The full text of reports was assessed for eligibility when 
the articles seemed relevant. A new library was made for each 
screening level to keep track of the records corresponding to the 
inclusion and exclusion criteria. Finally, the included studies 
were selected based on identified eligibility criteria. 
 

Data collection process 
The data collection process involved retrieving relevant 
information from the studies found in the literature and presenting 
it in a logical form. Data concerning the author, year of 
publication, and values of the mechanical properties were inserted 
into an MS Excel spreadsheet. Young's modulus, tensile strength, 
and elongation were the primary summary measures. The 
ultimate tensile strength, tensile strength at yield, and tensile 
strength at break were all examples of tensile  
 

 
strengths included in the study. Elongation could include 
elongation at break and elongation at yield. A summary of the 
results is provided in tabular form.  
 
The writer of this review developed six tables, and relevant 
figures were extracted from articles after screening the full text.  
 

RESULTS 
 

Study selection 
The current literature study identified respectively 415 and 19 
articles through database searching and other sources. A total of 
301 records remained after removing the duplicates. Titles and 
keywords were evaluated against the inclusion criteria excluding 
185 citations from database searching and four from other 
sources. The remaining records were screened on their abstracts, 
excluding 49 and seven articles from databases and other sources, 
respectively. The writer of this review assessed the eligibility of 
56 full-text reports. For reasons shown in Figure 3, 39 articles 
were not retrieved. Finally, 12 articles from database searching 
and four from other sources were deemed satisfactory for this 
systematic review.  

 
Data presentation 

A summary of the results, along with the figures and tables, is 
presented in the section synthesis of results. The final articles 
were categorized according to the type of blend, namely 
homogeneous or heterogeneous. Within each category, the 
mechanical properties were compared at three levels. A 
comparison was made between the mechanical properties of 
virgin and recycled material, a blend with an increasing ratio of 
recycled content, and after multiple extrusion cycles.  
 
A table summarizing the included articles’ mechanical properties 
was made for each level of homogeneous and heterogeneous 
blends. The measurement point was estimated when articles only 
provided a figure of the mechanical property. In the tables, an 
asterisk (*) was placed behind the value when the property was 
estimated from a figure. A high bar (-) was placed in the summary   
table when the article excluded the property’s value. 
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                                  Figure 3. PRISMA flowchart 

 
 

Tables 8-13 in the Appendix summarize the young’s modulus, 
ultimate tensile strength, tensile strength at yield and break, and 
elongation at yield and break. The tables were completed as much 
as possible. The author and year of publication of the full-text 
articles were included in the table. If an article covered multiple 
categories, the findings of the mechanical properties were 
included in all related tables.  
 

Synthesis of results 
The mechanical properties of recycled homogeneous and 
heterogeneous blends will be addressed in this section.  
 

Homogeneous products 
Virgin versus recycled material 
Three articles compared the mechanical properties of virgin and 
recycled material. The materials included PVC, HDPE, and 
LDPE. Table 8 summarizes the young’s modulus, tensile strength 
at yield and break, and elongation at yield and break. Recycled 
PVC appeared to have a lower young’s modulus and a higher 
elongation at break compared to virgin PVC. The other properties 
remained moderately constant when recycled (Ma & LaMantia, 
1996). Recycled HDPE showed an increase in young’s modulus, 
a slight increase in the tensile strength at yield, and a decrease in 

the elongation at break (Kukaleva et al., 2003). Finally, the 
young’s modulus and tensile strength at break of LDPE decreased 
when recycled, whereas the tensile strength at yield and break and 
elongation at yield contained similar values (Kaiser & Ginzinger, 
2021).  

 
Blends with increasing recycled content 
The recycled content increased from 0-50% for the PVC blend 
and from 0-100% for the nylon6 and PP blends.  
 
Ma and LaMantia (1996) proved that when the recycled content 
of PVC increased, the young’s modulus and tensile strength at 
yield and break decreased, while the elongation at break increased 
(Ma & LaMantia, 1996). In Table 9, the mechanical properties of 
PVC can be seen.  
 
Scaffaro and La Mantia (2002) demonstrated that the highest 
young’s modulus is achieved at a mix ratio of 75% recycled 
nylon6, while the lowest elongation at break is realized in this 
composition. The ultimate tensile strength remained constant 
over all blend compositions. Table 9 provides the values of the 
mechanical properties for the nylon6 blend.  
 



 8 

Three articles focused on PP blends. In Stoian et al. (2019), the 
young’s modulus and tensile strength at break decreased as the 
recycled content of PP rose. The elongation at break increased to 
90% recycled content, after which the value decreased (Stoian et 
al., 2019). In Dobránsky et al. (2021), the tensile strength at yield 
and break remained moderately the same. The elongation before 
break yielded similar values, whereas the elongation after break 
decreased as the recycled content increased (Dobránsky et al., 
2021). In Van Straten et al. (2021), the young’s modulus and 
ultimate tensile strength increased for the 100% recycled sample 
compared to the virgin sample. The elongation at break decreased 
as the amount of recycled material increased. The mechanical 
properties of the PP blends can be viewed in Table 9.  

 
Multiple extrusion cycles  
In previous sections, the material underwent one recycling step. 
The current section assesses the influence of multiple recycling 
rounds on the young’s modulus, ultimate tensile strength, and 
elongation at break. The material extruded multiple times 
included PET, PET-glycol (PETG) and PP.  
 
Spinance et al. (2001) characterized the mechanical properties of 
PET as seen in Table 10. The properties were evaluated as a 
function of five processing cycles to which the material was 
yielded. The tensile strength was hardly affected, while the 
elongation at break was strongly affected as the number of 
processing cycles increased. The reduction of the elongation at 
break decreased drastically after three recycling rounds.  
 
Van Kets et al. (2019) investigated the young’s modulus, ultimate 
tensile strength, and elongation at the break of PET and PE after 
five extrusion cycles. After one recycling cycle, the young’s 
modulus of PET increased significantly. The highest young’s 
modulus value of PET was reached after four recycling cycles. 
The ultimate tensile strength remained equal, while the elongation 
at break decreased as the recycling rounds increased. The young’s 
modulus and ultimate tensile strength of PP showed constant 
values over the five recycling cycles. During all recycling rounds, 
the elongation at break exceeded 300%. Table 10 provides the 
mechanical properties of PET and PE (Van Kets et al., 2019).  

 
Vidakis et al. (2021) evaluated the mechanical properties of 
PETG after six recycling rounds. Table 10 shows that the highest 
young’s modulus and ultimate tensile strength were achieved 
after the fourth recycling round.  
 
La Mantia et al. (2021) studied the effect of five reprocessing 
cycles on the mechanical properties of a PP sample and a 70/30 
PP blend consisting of 30% recycled material. Both samples 
obtained their optimal properties at zero recycling cycles. The 
young’s modulus, ultimate tensile strength, and elongation at 
break decreased throughout the extrusion cycles. Figure 4 
represents the mechanical properties of the virgin and reprocessed 
PP sample, where A represents the virgin sample, and A1, A2,  
and Ai after 1,2, and i extrusions. Figure 5 illustrates the 
mechanical properties of the 70/30 PP blend, where A represents 
the virgin sample,  and R1, R2 and Ri after reprocessing the 70/30 
PP blend 1,2, and i times. The young’s modulus of the 70/30 PP 

blend was lower than  the PP sample after five extrusion cycles. 
On the contrary, the 70/30 PP blend contained a higher ultimate 
tensile strength and elongation at break after five cycles. The 
values corresponding to Figure 4 and Figure 5 can be viewed in 
Table 10. 

 

Figure 4. Elastic modulus (E), elongation at break (EB), and tensile 
strength (TS) of the virgin and reprocessed PP sample (La Mantia et 
al., 2021) 

 

 
Figure 5. Elastic modulus (E), elongation at break (EB), and tensile 
strength (TS) of reprocessed 70/30 PP blend (La Mantia et al., 2021) 

 
Heterogeneous products 

The previously described studies focused on the blend of one 
material. In this section, the blend of two or more materials is 
analyzed.  

 
Heteropolymer blends compared to their constituents  
Guerrero et al. (2001) investigated the effect of blending 75% 
PET with 25% HDPE. Blending the two components led to a 
drastic reduction of the elongation at break, as seen in Table 11. 
On the contrary, the values of the young’s modulus and tensile 
strength fell between those of the pure constituents.  
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Kukaleva et al. (2003) evaluated the mechanical properties of 
recycled HDPE (r-HDPE), PP, LDPE, and a blend of these 
constituents. PP possessed the highest young’s modulus and 
tensile strength at yield, whereas r-HDPE retained the highest 
elongation at break. Mixing r-HDPE with 23% PP increased the 
young’s modulus and elongation at break. Adding 5% LDPE to 
the r-HDPE/PP blend decreased the young’s modulus while the 
tensile strength at yield remained constant. Table 11 encapsulates 
the mechanical properties of the blends and its constituents 
(Kukaleva et al., 2003).  
 
Nomura et al. (2020) studied the young’s modulus, tensile 
strength at break, and elongation at break for PET, LDPE, and a 
80/20 PET/LDPE blend. Table 11 summarizes the mechanical 
properties of the blend and its constituents. The young’s modulus, 
tensile strength at break, and elongation at break of PET were 
higher compared to LDPE. Mixing PET with 20% LDPE resulted 
in lower mechanical properties, specifically the elongation at 
break (Nomura et al., 2020).  

 
Blends with an increased ratio of material  
Nir et al. (1995) studied the young’s modulus, tensile strength at 
yield, and elongation at break when nylon6 was added to LDPE. 
As the content of nylon6 increased, the young’s modulus, and 
tensile strength at yield increased. The elongation at break 
decreased (Nir et al., 1995).  
 
Uehara et al. (2015) researched the tensile strength at yield, and 
the elongation at yield and break when PET was added to PE. 
Adding PET increased the tensile strength at yield while the 
elongation at yield decreased (Uehara et al., 2015).  

 
Table 12 summarizes the results of the LDPE/nylon6  and 
PE/PET blends from  Nir et al. (1995) and Uehara et al. (2015). 
 
Multiple extrusion cycles  
La Mantia and Capizzi et al. (2001) recycled a nylon6/PP blend 
by four repetitive extrusions. The tensile strength remained 
constant over the repeated extrusion steps. On the contrary, the 
elongation at break improved significantly over the processing 
cycles. In Table 13 the mechanical properties of the nylon6/PP 
blend can be viewed.  
 
Van Kets et al. (2019) evaluated the effect of multiple extrusions 
on a heteropolymer blend without adding compatibilizers. Figure 
6-8 represents the effect of five extrusions on respectively the 
young’s modulus, tensile strength, and elongation at the break of 
PP (black bullet), PET (empty bullet), and a 75/25 PP/PET blend 
(black triangle down). The elongation at break of PP is outside 
the range of Figure 8 and is therefore not displayed. The empty 
triangle line includes a compatibilizer excluded in the current 
review. Table 10 summarizes the mechanical properties of PP and 
PET individually, while Table 13 represents the mechanical 
properties of the PP/PET blend. The young’s modulus and tensile 
strength were not remarkably affected by multiple extrusions. A 
significant decrease was examined from the first to the third 
recycling cycle, followed by a further decrease from the third to 
fifth recycling cycle.  

Figure 6. Young’s modulus for PP (black bullet), PET (empty 
bullet), PP-PET (black triangle down), and PP-PET-SEBsgMAH 
(empty triangle up) after five extrusions cycles (Van Kets et al., 
2019) 

 
 

Figure 7. Tensile strength for PP (black bullet), PET (empty bullet), 
PP-PET (black triangle down), and PP-PET-SEBsgMAH (empty 
triangle up) after five extrusions cycles (Van Kets et al., 2019) 

 
 

Figure 8. Strain at break for, PET (empty bullet) and PP-PET (black 
triangle down) after five extrusions cycles. PP and PP-PET-
SEBsgMAH are outside the range (Van Kets et al., 2019) 
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DISCUSSION 
 
This systematic review presents an overview of the influence of 
recycling on the mechanical properties of plastics. The findings 
will be highlighted below, followed by the study’s limitations and 
conclusion.  

 
General interpretation 

Recycled PVC showed high elongation at break values and 
ductile behavior due to modifier agents in recycled material. 
Substantial degradation occured when no heat stabilizers were 
added to PVC before processing (Ma & LaMantia, 1996). 
 
Recycled HDPE turned out to have superior mechanical 
properties compared to virgin HDPE. This observation could be 
due to the difference in the molecular weight of both materials. 
Recycled HDPE was contaminated with small amounts of PP, 
causing a higher young’s modulus and tensile strength at yield, 
which could be seen as an advantage (Kukaleva et al., 2003).  
 
The tensile strength of recycled LDPE was expected to increase 
due to crosslinking (Czarnecka-Komorowska et al., 2018; 
Mendes et al., 2011). In Kaiser and Ginzinger (2021), recycled 
LDPE was subjected to inconsiderable crosslinking. Accordingly, 
no increase was observed. The weakening of intermolecular 
interactions reduced the stiffness and increased the flexibility 
leading to an increased elongation at break (Fishman et al., 2000; 
Jantrawut et al., 2017; Muscat et al., 2012).  

 
Although adding fillers or modifiers is an easy technique to 
improve the properties of recycled material, several studies, 
including a modifier, show extreme decreases in properties 
(Bahlouli et al., 2012). An alternative is to blend the recycled 
polymer with the same virgin material to ensure the properties (la 
Mantia et al., 2021; Scaffaro & La Mantia, 2002; Stoian et al., 
2019). This method is also interesting from an environmental and 
economic viewpoint (Stoian et al., 2019). Homogeneous blends 
were expected to show roughly additive behavior with properties 
that fell between the two materials (Ma & LaMantia, 1996; 
Scaffaro & La Mantia, 2002). However, due to reprocessing, 
characteristics remained difficult to predict due to differences in 
crystallinity, molecular weight, and new functional groups 
present in the recycled material. Generally, the properties were 
depended on the recycled material (Scaffaro & La Mantia, 2002; 
La Mantia; Scheirs, 1998).  
 
The scattering of the elongation at break for PVC blends in Ma 
and La Mantia (1996) could be caused by the inconsistent feeding 
of the extruder and insufficient dry blending. A different density 
for the virgin and recycled material was found. Therefore, the 
material that fell from the hopper into the extruder was not kept 
at a constant composition ratio. The incompatibility arose due to 
the different compositions. Besides the elongation at break, all 
blend compositions showed additive behavior.  
 
The young’s modulus and tensile strength were expected to 
decrease due to the different compositions in the recycled nylon6 
blends (Scaffaro & La Mantia, 2002). The increase found, 

however, can be ascribed to the increase in crystallinity. Nylon6 
crystallized during cooling. Therefore, only the crystalline 
component dictated the mechanical properties and distinct 
behavior in solid and molten states. As the number of recycled 
components in the blend increased, the crystallinity increased and 
became higher than the two constituents. The variation in 
elongation of break could be attributed to the decrease in 
molecular weight and increase in crystallinity which lowered the 
property. The blend containing 100% recycled material resulted 
in a more brittle and rigid material.  
 
In Stoian et al. (2019), recycled PP possessed poorer mechanical 
properties due to thermomechanical degradation caused by 
multiple heat-shearing cycles. Virgin PP had a higher stiffness 
and strength. As the content of recycled material increased, the 
young’s modulus and tensile strength decreased. Usually, a 
decrease in elongation at break would be expected, the 
inhomogeneity of the blend may have caused the the increase 
found in Stoian et al. (2019). 
 
In Dobránsky et al. (2021), the values for the PP blend with 
increasing recycled content PP agreed with Samat et al. (2013) 
regarding the tensile strength. The results for the tensile strength 
at yield were confirmed by Yan et al. (2018), and Kada et al. 
(2018) and the results for the elongation before and after fraction 
were confirmed by Rizvi et al. (2017) and Reixach et al. (2015). 

 
In contrast to Dobranksy et al. (2021) and Stoian et al. (2013), 
Van Straten et al. (2021) demonstrated that the ultimate tensile 
strength and young’s modulus increased as the amount of 
recycled PP in the blend increased, while a lower elongation at 
break was found. The higher stiffness could be regarded as an 
advantage, depending on the application of the new injection-
molded product (Van Straten et al, 2021). Van Straten et al. 
(2021) showed it was feasible to recycle PP waste and make new 
qualitative medical products without adding additives. The results 
show that when investigating the mechanical properties, it is 
preferable to use products that have the same application as the 
product under consideration.  

 
Consequently, the mechanical properties of homogeneous 
material were researched after multiple extrusion cycles. An 
extruder transfered heat energy to the polymer through barrel 
sections, causing it to plasticize. The material was fed into the 
process by a spinning screw that guided it through barrel sections 
with varying temperatures. Finally, a nozzle was used to deliver 
molten plastic. Extrusion causes crosslinking, chain branching, 
and chain scission due to the heat stress and viscous shearing 
given to the polymer (Dynisco, 2021; Deng et al, 2014). The 
smaller molecular weight was the best indicator for chain scission 
(Van Kets et al., 2019). In the included studies, significant 
degradation did not occur during extrusion of the mono materials 
because the residence time was too short. According to literature, 
this is a common tendency for homogeneous materials (Badia et 
al., 2012).  
 
Sinance et al. (2001) discovered changes in the mechanical 
properties of PET after three processing cycles. 
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Thermomechanical degradation decreases the molecular weight 
resulting in higher crystallinity (La Mantia & Vinci, 1994). The 
variations in molecular weight distribution and crystallization 
behavior in Sinance et al. (2001) contributed to the reduced 
properties.  
 
The young’s modulus and tensile strength researched in Van Kets 
et al. (2019) were much higher for PET than PP, which was as 
expected, but were not significantly influenced in both cases. 
Remarkable was the elongation at break in PP and PET. This 
value depended on intermolecular interactions and the tie chain 
molecules (Kim & Michler, 1998). Through all extrusion cycles, 
PP had an elongation above 300%, due to disentanglements of the 
polymer chains. Regarding PET, the elongation at break occurred 
above 150%, which was unpredicted and was attributed to the 
oscillatory deformation mechanism. The alternating shear 
yielding caused oscillations in the stress-strain curve. The 
constant decrease was due to the degradation of the material, 
which could no longer endure the same level of deformation after 
five extrusions.  
 
PETG, which had improved properties compared to PET, could 
be heat blended due to its low forming temperatures. Multiple 
recycling rounds improved the recycled material’s mechanical 
stability, especially after the third and fourth rounds when 
specimens were stiffer. Thermomechanical processing could 
cause a strengthening mechanism during recycling but was 
overcome by inherent degradation as the recycling rounds 
continued. The brittle and ductile behavior found in Vidakis et al. 
(2021) may be caused by the amorphous structure of PETG, 
leading to polymeric chains being shortened or reoriented inside 
the material. While some studies show a slight increase in tensile 
strength (Zander, 2018), the decrease found in (Vidakis et al., 
2021) is  also in line with other studies (Cole et al., 1994; Ward 
& Wilding, 1977; Gharbi et al., 2000).  

          
In La Mantia et al. (2021), the PP and 70/30 PP blend samples 
showed similar behavior. The decrease in tensile strength and 
elongation at break was due to a smaller molecular weight. In 
previous literature, it has been observed that semi-crystalline 
polymers can show an increase or decrease in young’s modulus 
attributed to two different mechanisms. A reduction in molecular 
weight can cause a decrease in young’s modulus. An increase can 
be caused by an increase in crystallinity degree (Valenza & La 
Mantia, 1998). When the sample was reprocessed five times, the 
crystallinity degree was higher. As the recycled component in the 
blend degraded, the materials became incompatible, leading to a 
change in crystalline morphology. Crystallinity is related to 
thermal properties. However, thermal degradation was outside the 
scope of this study.  
 
Accordingly, the results for heterogeneous products will be 
discussed. Blending two different polymers could lead to 
incompatible blends with properties that could not be forecasted 
based on the mechanical properties of the separate constituents. 
Usually, these were lower than expected based on the additive 
rule. The 75/25 PET/HDPE blend observed by Guerrero et al. 
(2021) became very fragile compared to its constituents.  

Similarly, the PET/LDPE blend in Nomura et al. (2020) became 
very brittle, in contrast to the neat form where PET could be 
extended by 200% and PE by 800%. The poor interfacial 
adhesion between the two phases in the blend led to immiscible 
materials and poor properties of the uncompatibilized blend. The 
addition of compatibilizers could significantly influence the 
mechanical properties. However, compatibilizers were outside 
the scope of the current study.  
 
Kukaleva et al. (2003) researched the mechanical properties of an 
HDPE and HDPE/LDPE blend with the addition of PP as a 
modifying component. PP was known for its low viscosity and 
high shear-thinning behavior, making it an excellent material for 
injection molding. HDPE had a high viscosity. Hence, a blend 
with HDPE would lower the viscosity considerably, allow easier 
processing, and was expected to show additive behavior 
regarding the young’s modulus and tensile strength (Kukaleva et 
al., 2003). PP was known to embrittle PE but also increase melt 
flowability. Adding 23% PP to r-HDPE led to a more elastic and 
robust material. HDPE and LDPE were miscible in a solid and 
molten state; therefore, blends had remarkable mechanical 
properties. Adding 5% PP to the r-HDPE/LDPE blends led to a 
minor decrease in mechanical properties while the melt 
flowability increased. Adding PP to HDPE and HDPE/LDPE 
would show compatible behavior when crystallization coincides.  
 
The degree of crystallinity affected the mechanical properties of 
the LDPE/nylon6 and PET/PE blends. The components in the 
blends crystallized at different times. In both cases, 
compatibilization would enhance the properties of the blend. 
Increasing the content of nylon6 to LDPE led to the material 
losing its stiffness and toughness (Nir et al., 1995). Uehara et al. 
(2015) found that increasing the amount of PET to PE led to a 
higher tensile strength at yield and lower elongation at break at 
yield, attributed to PET being a more rigid material.  

 
Finally, the effect of multiple extrusions on the binary 80/20 
nylon6/PP and 75/25 PP/PET blend is discussed. The mechanical 
properties of blends strongly depended on their composition. The 
increasing elongation at break values reported by La Mantia and 
Capizzi (2001) could be explained by the refined adhesion 
between nylon6 and PP. The properties of the recycled blend were 
slightly improved due to the formation of new bridges between 
the two polymers. Of course, as the number of extrusion steps 
increased, some degradation could be attributed to the lower 
molecular weight (La Mantia & Capizzi, 2001). In Kets et al. 
(2019), the 75/25 PP/PET blend showed similar behavior to PP as 
the blend comprised of 75% PP. The properties did not change 
over multiple extrusion cycles since the composition over the 
cycles did not alter. PET could not increase the tensile strength 
because the interfacial adhesion of the two components was low. 
Accordingly, the low-stress transfer resulted in a rapid decrease 
of the elongation at break. Degradation occured due to 
destabilization and a decrease in molecular weight (Van Kets et 
al., 2019). 
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Limitations 
The findings of this systematic review should be considered with 
some limitations, which will be discussed below.   
 
In this review, articles were included in the study when they 
focused on the materials found in the first literature research. The 
final search found articles on PP, PE, PVC, PET, and nylon 6. 
The articles which focused on PS and PC did not meet the 
inclusion criteria as the blend contained compatibilizers or were 
mixed with material outside the scope of the study. Therefore, it 
is seen as a limitation that not all materials found in the first 
literature research were included in the second systematic 
review.   
 
Compatibilizers were excluded in this review as they influence 
the interaction between polymers, affect the degradation 
mechanisms, and harm recycling. Simultaneous crystallization is 
an alternative to the compatibilization of immiscible blends. This 
concept is considered when the crystallization temperatures 
overlap (Nadkami & Jog, 1991). Therefore, the melting behavior 
and crystallinity are significant features related to materials’ 
mechanical properties and processability (Stoian et al., 2019). 
Similarly, the mechanical properties are related to the processing 
parameters. Several processing parameters, such as screw 
rotational speed and extrusion temperatures, are controllable and 
must be optimized since they influence the degradation (Vidakis 
et al., 2021). It is seen as a limitation that these parameters were 
not considered in the current study. Unfortunately, it was beyond 
the scope of this literature review to research the influence of 
thermal and processing parameters on mechanical properties.  
 
Another limitation of the research is that the search is carried out 
in two databases. The rule of thumb for systematic literature 
research is to use more than two databases (Charrois, 2015). As a 
result, the lack of an additional database is a limitation, as this 
would have allowed for a more comprehensive overview of the 
mechanical properties. Due to time constraints, the search was not 
conducted in an additional database. 

 
Finally, a complete search is needed to identify the literature 
thoroughly. One reviewer performed this literature study, 
whereas a systematic review is advised to be conducted by at least 
two independent reviewers to reduce the chance of bias. The help 
of a librarian who has expertise in defining search terms, search 
strategies, and databases would be an excellent approach to 
ensure the most extensive scope of studies is identified (Charrois, 
2015). Considering that one reviewer performed the selection of 
articles, this could be regarded as a limitation as relevant articles 
might be excluded.  

 
Conclusion 

The objective of this systematic review was to study the influence 
of recycling on the mechanical properties of plastics. A higher 
young’s modulus and tensile strength appear to be related to a 
higher crystallinity and lower elongation at break with decreasing 
molecular weight. Polymer blending is an intriguing technique for 
creating new polymeric materials with tailored properties. 
Homogeneous blends remain miscible if the degradation of the 

recycled material has not changed the chemical structure of the 
recycled polymer. The immiscibility of polymers affects the 
properties of heterogeneous blends more when blended. Blends 
must be considered biphasic materials, with inhomogeneities 
causing a variation in the mechanical properties. The mechanical 
properties of blends changed as a result of the processing steps. 
Property degradation is minimal, and some improvement can be 
seen after three or four extrusion steps. The current review found 
articles related to homogeneous and heterogeneous blends. 
Mechanical properties were compared between virgin and 
recycled components, blends and their constituents, blends with 
increasing ratio content of recycled material, and properties after 
multiple extrusion cycles. Future work should focus on only one 
category to perform more in-depth research. 
 

 
GENERAL DISCUSSION: RECYCLING MEDICAL 

PLASTIC PACKAGES 
 

Combining the results of the first and second systematic reviews 
provides information on the recyclability of medical plastic 
packages. A general interpretation of the findings will be outlined 
below, followed by a limitation and conclusion of the study.  
 

General interpretation 
The operating room (OR) has a high recycling potential for 
medical plastics, and medical packaging would be one of the first 
products considered to be recycled (Gill et al., 2020). The 
prevailing solution for mechanical recycling is sorting the 
material according to polymer type (Lee et al., 2002). Material 
properties can be affected by blending them with the same virgin 
polymer, blending them with a different polymer, or extruding the 
material multiple times. 

 
Limitation 

The findings of the first and second systematic review should be 
considered with a limitation. The first systematic review provided 
information on the materials found in medical plastic packaging 
and the second systematic review researched the influence of 
recycling on the mechanical properties of plastics. The choice was 
made to perform two separate research due to the scarcity of 
published data on mechanical recycling of medical plastics. Since 
the material investigated in the second study was derived from 
various uses rather than medical packaging, this could be 
considered a limitation. 

 
Conclusion  

The aim of this literature review was to map the research 
conducted on the recyclability of medical plastic packaging, 
identify existing literature gaps, and make recommendations for 
future research. To conclude, the first deliberation for hospital 
waste management should be recycling processes to move 
towards a circular economy. Incineration should only be 
considered for non-recyclable products as this process affects the 
environment due to releasing toxic gases. Medical packages 
which include one polymer can be recycled in neat form. 
Recycling multilayer packaging is more challenging than 
monopolymer packaging due to the different components. 
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Modified RMW guidelines, proper source segregation, and 
moving towards monomaterials in medical packaging would 
alleviate the recyclability. Mechanical properties differ per 
application; therefore, it is essential to research the effect of 
recycling on medical plastic packages. Follow-up studies should 
explore additional polymers from hospital waste during recycling 
to gain more knowledge on the recyclability of medical plastic 
packages. 
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