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Mechanical Recycling of Expanded 
Polystyrene Foams 

Maisha Farzana Antora, Hassan Tawsif Tazwar, and Adib Bin Rashid 

Abstract Expanded polystyrene (EPS) foam, a widely used material for pack-
aging and insulation, presents significant environmental challenges due to its 
non-biodegradable nature. This chapter explores the mechanical recycling of EPS, 
emphasizing its importance and benefits. It covers the entire recycling process, 
starting with collecting and sorting EPS waste from industrial and consumer sources. 
Pre-processing steps, including cleaning, contaminant removal, and size reduction, 
are detailed to prepare the material for recycling. The core processes of mechanical 
recycling densification, pelletizing, and extrusion are examined, highlighting the 
equipment and techniques used to transform EPS waste into reusable material. 
Quality control measures essential for maintaining recycled EPS’s integrity, 
including physical and chemical property assessments and compliance with relevant 
standards, are discussed. Applications of recycled EPS for traditional uses like 
packaging and insulation and innovative applications in construction and consumer 
products are presented. The chapter addresses challenges such as contamination 
and economic viability, exploring technological advances and emerging research 
to overcome these issues. Through case studies and future directions, the chapter 
underscores the need for continued innovation and stakeholder engagement to 
enhance EPS recycling and foster a circular economy. 

Keywords EPS foam ·Mechanical recycling ·Waste management · Circular 
economy

M. F. Antora · H. T. Tazwar 
Department of Aeronautical Engineering, Military Institute of Science and Technology (MIST), 
Dhaka, Bangladesh 

A. B. Rashid (B) 
Department of Mechanical Engineering, Military Institute of Science and Technology (MIST), 
Dhaka, Bangladesh 
e-mail: adib8809@gmail.com 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 
A. Khan et al. (eds.), Uses and Products of Recycled Expanded Polystyrene Foam 
Wastes, Sustainable Materials and Technology, 
https://doi.org/10.1007/978-981-96-5618-9_1 

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-96-5618-9_1&domain=pdf
mailto:adib8809@gmail.com
https://doi.org/10.1007/978-981-96-5618-9_1


2 M. F. Antora et al.

1 Introduction 

1.1 Overview of Expanded Polystyrene (EPS) Foam 

Expanded polystyrene is a lightweight, low-density rigid plastic product utilized for 
insulation and packaging, among other uses. It is commonly known as “Styrofoam”. 
It is a closed-cell foam material derived from styrene and pentane, both of which are 
hydrocarbons sourced from petroleum and natural gas byproducts. Styrene forms the 
cellular structure, while pentane acts as a blowing agent [1]. It primarily consists of 
air, with a small amount of polystyrene. The air trapped within EPS cells contributes 
significantly to its insulation properties. Unlike other foams, the air remains trapped 
and does not degrade over time. This ensures consistent insulation performance 
throughout the product’s lifespan. 

Grey or silver EPS products incorporate carbon or graphite, which reduces radiant 
heat transfer and improves thermal insulation [2]. EPS is characterized by many 
good properties such as low density, heat-insulating property, moisture resistance, 
durability, sound-absorbing property and low coefficient of heat conductivity. Many 
researchers reported that the EPS’s static strength and Young’s modulus depend on 
density. High-density EPS has also been found to possess greater energy absorption 
capacity than low-density ones. It can also be observed that the compressive strength 
increases with the strain rate when the strain rate is over 113 1/s, whereas the densi-
fication strain decreases with the strain rate [3]. The desirable characteristics of EPS, 
a lightweight, rigid material, is makes it well-suited for applications where weight 
reduction is paramount. Its robust structure offers superior support and protection. 
Furthermore, EPS possesses exceptional insulating properties, effectively retaining 
or repelling heat as required. Additionally, its ability to absorb shocks and vibrations 
safeguards products during transportation and handling. EPS foam offers a stable, 
long-term thermal insulation performance despite initial fluctuations caused by the 
manufacturing process [4]. In Fig. 1, the primary characteristics of EPS have been 
shown.

EPS’s versatility extends across various applications, encompassing packaging, 
construction, and disposable products. Norway pioneered EPS as a lightweight mate-
rial for road construction on weak subgrades in the 1960s. Recognizing its addi-
tional benefits, EPS has gained popularity as a substitute for traditional improve-
ment methods in various civil engineering projects. Its ability to reduce vertical and 
lateral stresses while maintaining adequate compression strength has led to a surge 
in its application in embankment construction, slope stabilization, retaining struc-
tures, bridge abutments, and underground infrastructure [5]. In construction, it is 
used as insulation for walls, roofs, and floors, as well as ornamental features such as 
crown molding and baseboard [6]. It also serves as the framework for constructing 
lightweight filling structures and geofoams [7]. Apart from construction, EPS is 
employed in manufacturing disposables, floats, automobile parts, farming, craft, and 
model making. As EPS is lighter, they are ideal for packaging goods such as elec-
tronics, appliances, furniture, food items, machinery, equipment, and other industrial
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Fig. 1 Properties of EPS

products. EPS’s versatility has led to its widespread adoption across diverse indus-
tries. Nevertheless, its disposal presents environmental concerns, necessitating efforts 
to promote sustainable recycling and alternative materials. 

1.2 Importance of Recycling EPS 

Waste recycling has become an increasingly pressing issue for many nations world-
wide, particularly in developing countries. Expanded polystyrene (EPS) is commonly 
used as a shock absorber in electrical and electronic appliances. Therefore, with 
the increased production of electrical appliances EPS wastes increases significantly 
[8]. Despite attempts to increase recycling rates, EPS wastes regularly go to land-
fills. Improving recycling rates has been made, but still very low, considering that 
recycling could attain a whopping level of 100% with good formulation. EPS litter 
harms our planet because it spills into rivers and long degrading periods in landfills 
[9]. By poisoning the environment, it can lead to the death of animals. Research 
says that micro polystyrene beads can harm flies, among other organisms, and 
promote the accumulation of toxic substances. Proper waste management techniques
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should be adopted to resolve these issues, including recycling EPSs and disposing 
of them appropriately. This will aid in minimizing landfill waste, thereby reducing 
the negative impacts of EPS on nature [10]. 

EPS has a low carbon footprint because its efficient production method consumes 
less water and energy. Moreover, this material produces less waste due to its protec-
tive properties, thus saving transportation costs and resources. It also aids in reducing 
food waste by ensuring that goods reach their clients in the best possible conditions 
[11]. The blowing agent used with EPS is pentane, a natural hydrocarbon with negli-
gible ecological impact. Furthermore, since it is lightweight, EPS needs less trans-
portation fuel, contributing more to its small carbon footprint. The environmentally 
friendly process of making EPS involves steam as its main ingredient and uses water 
repeatedly. Consequently, minimal wastage is generated while very little of the total 
amount of oil consumed is required. EPS has a lower carbon footprint than any other 
packaging material, making it a more sustainable choice [12]. 

A ubiquitous plastic, EPS is produced in vast quantities globally, exceeding 14 
million tons annually. Notably, it exhibits one of the highest recycling rates after 
industrial use. Recycling EPS has several environmental and economic advantages. 
It reduces landfill waste, conserves resources, and lowers the carbon footprint. Addi-
tionally, it helps prevent marine pollution and generates revenue while creating jobs 
[13]. Overall, recycling EPS promotes a sustainable and circular economy. As a 
petroleum-based product, polystyrene is a non-renewable resource. Recycling EPS 
mitigates long-term environmental harm and presents financial opportunities for 
companies [14]. 

2 Understanding Mechanical Recycling 

2.1 Definition and Principles 

Mechanical recycling is an efficient way to manage waste. In mechanical recycling, 
waste materials are turned into new products through physical means like collec-
tion, sorting, washing, drying, shredding, re-granulating and compounding without 
significantly altering their chemical composition [15]. Methods such as extrusion, 
injection molding, or compression are employed in mechanical recycling. Put another 
way, and it requires carefully separating and washing out waste streams to preserve 
the quality of recycled materials for a more sustainable and resource-efficient future. 
Figure 2 shows the mechanical recycling process.

Mechanical recycling can be classified into pulverization, compaction, and extru-
sion. The purpose of pulverization is to reduce polystyrene into smaller pieces for 
remolding or as a filler. Thereby reducing waste, conserving resources and benefiting 
the environment. To compress EPS, hydraulic and screw compactors are commonly 
used [16]. Despite both means being able to effectively decrease EPS’s size, screw
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Fig. 2 Mechanical recycling methodology

compactors are usually more effective because they work better under pressure 
when compressed. Due to this precise pressure control, material is compressed more 
uniformly and effectively. Expanded polystyrene (EPS) is melted down and shaped 
into new goods like sheets or pellets using extrusion and injection molding tech-
niques. There are three main types of polystyrene: expanding foam, solid and rein-
forced. However, solid polystyrene can be easily recycled mechanically because of 
its relatively dense structure. In contrast, expanded polystyrene must go through a 
particular size reduction process before recycling owing to its porous, cellular nature 
[17]. 

Comparison with Other Recycling Methods (Chemical, Thermal, Biological) 

Recycling is a way to conserve resources, reduce landfill waste, and minimize envi-
ronmental impact. They can be categorized into various types. As shown in Fig. 3, 
all four types can be further categorized into many various sub-sections.

To summarize, in mechanical recycling of EPS, unwanted EPS is reduced in 
volume, melted, and then molded into useable goods using machinery (primarily 
extruders and compacting machines). Chemical recycling, on the other hand, is 
comprised of employing the appropriate solvents to reduce EPS waste in its monomer 
or solution. However, thermal recycling involves heating EPS waste to a controlled 
high temperature to break down long-chain hydrocarbons [8]. Finally, the waste 
materials are decomposed and transformed into useful products in biological recy-
cling. Although mechanical recycling is the more popular process of recycling, the 
elevated proportion of intricate composite materials, coupled with stringent quality 
standards for secondary raw materials, constitute the primary obstacles hindering the 
attainment of a higher recycling rate through mechanical processes [18]. Chemical
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Fig. 3 Types of recycling process

recycling can process materials with contaminants or low quality that are difficult to 
recycle by mechanical means. It can also produce high quality materials. However, 
they often require more energy than mechanical recycling and can also produce 
harmful greenhouse gas in the production process. Thermal recycling can process 
various waste materials, including those unsuitable for mechanical recycling, and it 
can produce energy. However, their environmental concerns, high capital costs and 
limited waste suitability makes them difficult for wider applications. Biological recy-
cling is the most sustainable and natural recycling process among the four [19]. This 
method also helps in improving soil quality. Nevertheless, it is a slow process. Also, 
the constraints of limited material suitability, quality limitations, and infrastructure 
requirements hinder the widespread adoption of biological recycling. In Fig. 4, a  
comparative study of recycling methods has been depicted. Mechanical recycling is 
a method that transforms waste into useful products via its physical change.

2.2 Advantages and Disadvantages 

Mechanical recycling has its own advantages and limitations. Mechanical EPS waste 
recycling is more environmentally friendly than chemical or thermal methods, as it 
does not emit volatile organic compounds (VOC) or offensive odors like petroleum-
based EPS solvents. Mechanical recycling is more energy-efficient than thermal
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Fig. 4 Comparison among recycling methods (mechanical, chemical, thermal and biological)

recycling because it doesn’t degrade EPS. The mechanical method of recycling EPS 
trash is cost-effective due to its direct approach. This recycling technology produces a 
variety of items, including plastic lumber and EPS insulating products. This approach 
is more convenient to recycle because of its available infrastructure and well-known 
and straightforward methodology. It is also less time-consuming than biological recy-
cling. On the other hand, the cost and quality of the finished product are the main 
drawbacks of recycling EPS mechanically [20]. It is important to remember that 
recycled materials frequently have worse quality than virgin materials, and mechan-
ical recycling of EPS is not always the most economical option. Contamination is a 
significant challenge in mechanical recycling, as it can reduce the quality of recycled 
materials and make them unsuitable for certain applications. This can also lead to 
equipment damage. In Fig. 5, the pros and cons of mechanical recycling has been 
shown.
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Fig. 5 Pros and cons of mechanical recycling 

3 Collection and Sorting of EPS Waste 

3.1 Sources of EPS Waste 

Disposal of EPS waste can cause severe environmental pollution. The primary 
sources of EPS waste include packaging, construction and building materials, dispos-
able products, floating devices, automotive components, etc. All these sources can 
be divided into two categories: industrial sources and consumer sources. 

Industrial Sources 

Industrial sectors are significant contributors to EPS waste due to their reliance 
on packaging and insulation materials. Industries like electronics, automotive, 
appliance, furniture, construction, food and beverage, and chemical/pharmaceutical 
sectors produce a lot of EPS waste primarily because they use it for packaging and 
insulation. Landfills are overwhelmed by the large amounts of industrial EPS waste. 
This waste can be harmful to the environment. To reduce the impact, these industries 
should try to use less EPS, recycle more, and look for alternative materials that don’t 
harm the environment. 

Consumer Sources 

Consumers are a significant source of EPS waste due to the widespread use of EPS 
products in everyday life. Common consumer sources include food packaging, furni-
ture packaging, electronics packaging, refrigerator, stove and appliance packaging, 
etc. Many disposable products, such as cups, plates, and cutlery made of EPS, are 
also used in our day-to-day lives. EPS is used in decorative items like crown molding 
and baseboards. These items are often discarded after single use, contributing to the 
accumulation of EPS waste in landfills and the environment. To minimize the impact, 
consumers can reduce their use of EPS products, recycle whenever possible, and 
support the development of sustainable alternatives.
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3.2 Collection Methods 

Effective collection methods are crucial for managing EPS waste and minimizing its 
environmental impact. Collection of waste is a labor-intensive process. It is also a 
very costly process. About one third of the total waste management cost is allocated 
for waste collection [21]. There are different methods of waste collection. Among 
them, drop-off centers and curbside collection are discussed below. 

Drop-Off Centers 

Specialized centers for waste recycling are a convenient location to throw away 
EPS from both home and business organizations. These centers have specialized 
equipment and methods for proper EPS waste handling. For instance, they may 
utilize processes such as pelletizing, shredding or densification to prepare EPS for 
recycling. The availability of these recycling hubs presents a simple and affordable 
option for all types of waste creators. 

Curbside Collection 

In this specific method of waste collection, EPS waste is separated from other recy-
clable materials or wastes. Municipal administrations provide special containers for 
EPS rubbish, and collection usually occurs on certain days or at specific times. Curb-
side collection is an efficient and convenient form of waste disposal that supports 
community recycling programs. 

There are several challenges in EPS waste collection. The significant barriers 
facing EPS waste collection include contamination with other materials, shortage of 
manpower to collect large amounts of refuse, and lack of infrastructure. To overcome 
these challenges, investment should be made in EPS recycling infrastructure, efficient 
collection systems should be established, and proper disposal should be promoted. 

3.3 Sorting Techniques 

Sorting expanded polystyrene (EPS) waste is a significant step in the recycling 
process. It ensures that the material is clean and free from contaminants, making 
it suitable for reuse in manufacturing processes. Sorting techniques are categorized 
into the following methods. 

Manual Sorting 

The manual sorting of EPS waste is a visual activity. Each piece of EPS waste must 
be inspected visually to unearth any pollutants or impurities. Included in this are also 
plastics, paper and leftover foods. This method requires sorting the garbage items 
based on their size, shape and appearance. In addition, they can be classified using 
colors that help distinguish them into different kinds or classes.
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Automated Sorting Technologies 

Automated sorting systems use advanced technologies to sort items quickly and accu-
rately based on their chemical or physical characteristics. Such methods are useful 
for very large waste streams (for example, in expanded polystyrene recycling). The 
referred technology employs various important approaches such as optical sorting, 
density separation, X-ray sorting, and magnetic sorting. In optical sorting, sensors 
like infrared radiation identify variations in the colors, shapes and surface properties 
of materials thereby enabling proper separation. Flotation or air classification tech-
niques can be used to separate EPS because it has lower density than many other 
substances. Magnetic separators assist in recovering metal contaminants from EPS 
garbage. X-ray technology can be applied to identifying substances depending on 
their atomic arrangement. This is particularly helpful for classifying materials with 
similar looks, but density or composition differs. By making recycling processes 
of EPS more automated, waste management programs can be made generally more 
sustainable and effective [22]. 

4 Pre-processing of EPS Waste 

The expanded polystyrene recycling process needs preprocessing which is one of its 
most significant aspects since it assists in making the waste reusable and reproducible. 
It consists of various processes aimed at eliminating contaminants, lowering mass of 
material and enhancing its standard. The sequential description of the pre-processing 
of EPS waste has been discussed here. 

4.1 Cleaning and Contaminant Removal 

EPS is cleaned using various methods to remove contaminants such as oil, dirt or 
other substances. Moreover, EPS waste also undergoes chemical treatment with some 
types of impurities removal. In this case, detergents and solvents are used. One 
more important step after washing and drying should be taken to EPS; otherwise, its 
processing and quality will be affected by moisture content. 

Techniques for Cleaning EPS 

Cleaning up expanded polystyrene waste for recycling is a vital step that helps to 
eliminate impurities which may interfere with recycling and affect the quality of the 
reclaimed item. Some cleaning techniques are discussed below. 

i. Physical cleaning: During physical cleaning processes, expanded polystyrene 
surfaces are cleaned up first with water and detergents to eliminate surface 
impurities. Afterwards, if some of these impurities persist, they are manually or
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mechanically scrubbed off. Subsequently, dirt and loose particles are removed 
using compressed air. 

ii. Chemical cleaning: The three different techniques that compose chemical 
cleaning include alkaline, acidic, and solvent cleaning. Solvents are utilized 
to dissolve and eliminate specific contaminants like adhesive substances or oils. 
Alkaline solutions are used to remove grease and acidic contaminants, whereas 
alkaline deposits or pollutants are removed through acid cleaning. 

iii. Advanced cleaning techniques: The cleaning technology has greatly changed 
by the advanced methods like Plasma and ultrasonic cleaning. The ultrasonic 
cleaning uses high frequency sound waves to enable getting rid of impurities 
from the expanded polystyrene surfaces. Alternatively, the use of ionized gas in 
Plasma cleaning enhances the surface characteristics of expanded polystyrene 
thus eliminating impurities. 

Handling Contaminated EPS 

Contaminated EPS contains foreign materials which makes recycling difficult. It’s 
crucial to carefully identify and separate tainted EPS [23]. The contaminated EPS 
must be stored safely to prevent additional contamination or any accidental release. 
For efficient transportation and storage, the weight of the impure EPS should also 
be as low as possible. The right cleaning methods must be applied for the removal 
of contaminants from the waste. Sometimes, disposal at a landfill may be the only 
feasible option when recycling and complete cleaning are not possible. The last 
resort for contaminated EPS is incineration, where recycling or safe landfill options 
do not exist. Alternatives may take innovative forms, such as chemical recycling 
and energy recovery. By chemical recycling, the polluted EPS is broken down into 
its base molecular units so that it can be reused in other products. Energy recovery 
involves turning contaminated EPS into a fuel through processes such as gasifica-
tion or pyrolysis [24]. Contaminated Expanded Polystyrene (EPS) can be managed 
properly by using these methods and adhering to safety protocols. This will reduce 
landfill dumping and promote a more sustainable approach to the management of 
waste. 

4.2 Size Reduction 

EPS are shredded into smaller sizes to ensure easier handling of waste and storage. 
It is mainly performed by two methods: shredding and grinding. 

Shredding 

Shredding is used to reduce materials into smaller pieces. The process is mostly used 
for making waste disposal easier, as well as improving transportability and recycla-
bility of different waste materials. Some advantages of shredding include significant
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size reduction, better recycling processing and prevention against accidental release 
of toxic substances. 

Grinding 

Grinding is a fundamental process in many industries, and it involves the removal of 
material from a workpiece by means of abrasive tools. It is crucial to recycle EPS 
as it reduces the materials’ volume and prepares it for re-use in various applications. 
In this process, EPS waste, employing grinding mills; specialized machines with 
rotating knives or hammers are crushed into smaller pieces. 

There are several challenges in pre-processing. Cleaning and sorting EPS waste 
can be complicated processes mostly due to contamination with other materials. 
Preprocessing becomes more challenging due to various densities, colors and shapes 
of EPS files used. Manual sorting and cleaning could also consume a lot of human 
resources and turn out ineffective for large quantities of refuse. However, prepro-
cessing has witnessed major advancements which have overcome several barriers 
[25, 26]. Modern sorting improves both speed and precision through state of the art 
sensors as well as algorithms that enhance accuracy levels when dealing with different 
wastes streams. Additionally, greener chemical treatment methods for destroying 
contaminants have been developed to make sorting less toxic in general. A further 
step towards better waste pre-processing is represented by energy-efficient processes 
designed for drying EPS refuse. This way effective grade EPS wastes can be obtained 
from disposable EPS enabled products thereby minimizing their adverse effects on 
society while supporting circular economy model. 

5 Mechanical Recycling Process 

Mechanical recycling is the process whereby waste materials are recycled for phys-
ical operations. For plastic to be recycled, it must first be shredded or ground into 
granules, impurities must be removed, and flakes must be separated. The melted 
recycled plastic is extruded into uniform pellets that can then be used in various 
production techniques such as extrusion, injection molding and blow molding. The 
properties of plastics depend largely on their molecular weights; usually, high molec-
ular weight plastics show high glass transition and melting temperatures, and they 
are tougher, more elastic, stiffer, more resilient, and viscoelastic. The processing 
time and number of recycling cycles can also influence the molecular weight of the 
recycled plastic. Repeated exposure to high temperatures, prolonged periods, and 
intense shearing can degrade polymeric materials, sometimes leading to unintended 
chemical reactions that either increase or decrease the molecular weight of the final 
product [27]. These structural changes affect both the material’s flow and mechanical 
properties. While manufacturers may add additives to restore material properties or 
ensure homogeneity, this often increases costs and can hinder future recycling efforts. 
In Fig. 6, the mechanism of mechanical recycling is shown.
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Fig. 6 Mechanism of mechanical recycling 

5.1 Densification 

Compaction Methods 

Densification is a process that enhances the density of materials which can be 
achieved through various methods. These include compression, which reduces 
volume through applied pressure; heating, which induces particle vibration and 
subsequent compaction; and incorporating denser substances to elevate overall 
density. Compaction methods are techniques used to reduce the volume of materials, 
often by increasing their density. There are numerous compaction methods. The clas-
sification of compaction methods is shown in Fig. 7. Mechanical compaction involves 
using rollers, rammers, or vibrating plates to compress materials like soil or asphalt. 
Thermal compaction methods include incineration and pyrolysis, which burn or heat
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Fig. 7 Classification of compaction methods 

waste materials to reduce their volume and generate energy. Chemical compaction 
uses chemical reactions to cross-link or polymerize materials, reducing their volume. 
Other methods include baling, shredding, and grinding to make materials more 
compact. 

The choice of compaction method depends on the type of material, the desired 
level of compaction, and the specific application. Densification is employed across 
diverse industries, including manufacturing, construction, and waste management, 
to optimize material properties, mitigate costs, and augment efficiency. 

Densification Equipment 

Different equipment is used for different compaction methods. Roller compaction 
uses heavy rollers to compress materials like soil or asphalt. Rammer compaction 
uses a rammer to compact materials in confined spaces, such as trenches or founda-
tions. A vibrating plate is used in plate compaction, and in pneumatic compaction, air 
pressure is used to compact materials like soil or sand. Thermal compaction relies 
on specialized equipment to burn waste and harness the resulting heat. Incinera-
tors, pyrolysis, gasification, and heat recovery systems are commonly used [28]. The 
choice of equipment depends on the type of waste and the desired outcomes. Chem-
ical reactors, mixers, temperature control systems, pressure vessels, and separation 
devices are commonly employed in chemical compaction. The specific apparatus 
utilized in chemical compaction is contingent upon the nature of the materials being 
processed and the desired outcomes. Besides, ballers, shredders, mold and many 
other equipment are used in densification.
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5.2 Pelletizing 

Process Description 

The method by which recycled materials are organized systematically onto pallets 
for improved storage, transportation and processing is called palletization. Palletiza-
tion optimizes operational efficiency since it reduces manual handling and increases 
space usage in accordance with its fullest potential. Furthermore, it aids in transport 
since it permits the use of varied means of transport without any hitch whatso-
ever. Besides, pallets protect recycled materials against damage during transit and 
storage periods. By utilizing this technique, recycling plants can enhance their effi-
ciency levels considerably, cut down on operational costs, andromote the success of 
mechanical recycling ventures [29]. 

Equipment Used for Pelletizing 

The equipment employing palletizing in mechanical recycling includes forklifts for 
lifting and moving pallets, pallet jacks for manual or powered transportation, pallet 
wrappers for securing materials with plastic film, and pallet dispensers that auto-
matically distribute empty pallets. These facilitate efficiency in handling, storage 
and transportation of recycled materials. Equipment used in palletizing is shown in 
Fig. 8.

5.3 Extrusion 

Extrusion Techniques for EPS 

The gathered EPS waste materials can be shaped by making use of the extrusion 
method. It is an adaptable technique for manufacturing a variety of items with 
dependable quality and exactness. Various approaches are included in extrusion 
techniques that are used to shape EPS into versatile products. The most prevalent 
technique, single-screw extrusion, utilizes a solitary rotating screw to propel EPS 
material through a die. Twin-screw extrusion, employing two rotating screws, offers 
enhanced mixing and process control. Co-extrusion, a method involving the simulta-
neous extrusion of multiple materials, facilitates the creation of layered or composite 
products [30]. Sheet extrusion produces flat EPS sheets, commonly utilized for insu-
lation and packaging. Profile extrusion yields shaped EPS profiles like pipes, rods, 
or channels. Foam extrusion, a technique that generates expanded EPS foam with a 
closed-cell structure, is frequently employed for insulation and packaging applica-
tions. The selection of an extrusion technique is contingent upon the desired product 
attributes, including density, shape, and size. Figure 9 shows the general extrusion 
mechanism of plastics.
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Fig. 8 Equipment used for pelletizing

Fig. 9 Extrusion mechanism
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Parameters and Optimization 

Extrusion techniques are essential for molding EPS into a variety of items. The 
regulation of different constituent parts ought to be done with utmost precision to 
obtain the best results. The choice of screw design, temperature, pressure, die design, 
and speed of feeding together with vacuum application and cooling methods are 
vital components [31]. It is possible to produce high–quality EPS products through 
minimizing energy usage as well as waste in this way: In detail experimentation, 
simulation, statistical analysis and process control ought to be carried out against 
these parameters which will culminate into the characterization of materials. 

6 Properties of Recycled EPS Products 

The potential applications of rEPS in various fields, such as construction materials, 
polymer composites, and insulation, requires an understanding of its properties and 
associated limitations. By addressing these challenges, researchers and industries 
can capitalize on the benefits of rEPS and develop more sustainable and innovative 
products. 

The mechanical properties of rEPS might even be better than those of pristine 
EPS. A study investigated the use of recycled EPS as a partial replacement for sand 
in rendering mortars. While mortars with added EPS have improved fluidity, their 
mechanical properties were negatively impacted. Recycled EPS flakes showed better 
performance than virgin EPS beads in terms of compressive strength (17.5 versus 
13.5 MPa) and flexural strength (5.5 versus 4.5 MPa). Water absorption rates varied 
greatly, whereas adhesive strength remained the same as the reference mortar’s. 
Consequently, these conclusions point to the possibility of using recycled EPS instead 
of sand for rendering mortars since it provides better fluidity and similar mechanical 
performance [32]. 

Eco-friendly polymer composites can be fabricated by using rEPS as the matrix 
which can contribute to lessen the environmental impact in the present context. 
Abdel-Hakim et al. [33] produced sawdust filled rEPS composites to assess the 
sound absorption, mechanical properties and biodegradability. The composites 
showed good sound absoprtion behaviour proportional to increasing sawdust content, 
however it had a negative effect on the mechanical properties. 20% inclusion of 
sawdust produced the best mechanical characteristics with 16.7% increase in tensile 
strength and 14.1% in flexural strength. At higher loadings beyond 20%, aggregation 
of sawdust particles initiated causing deterioration in performance. This was vali-
dated using scanning electron microscopy (SEM). Biodegradability of the compos-
ites were performed through soil burial for 90 days. Interestingly, the weight loss 
increased with the increase of filler loading. 

The properties of cement mortars partially substituted with recycling expanded 
polystyrene (EPS) was assessed by Petrella et al. [36]. The intention was to develop 
lightweight thermo-insulating composites having minimal water absorption and high
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hydrophobicity through an environmentally friendly and economical approach. The 
cement mortars were either partially or entirely replaced with rEPS of various sizes. 
While rEPS mortars had a higher thermal insulation due to their reduced density, 
there was also an associated loss in mechanical strength. Nonetheless, sand-EPS 
mixtures with 50% EPS were able to achieve a trade-off between thermal insulating 
capacity and the required mechanical resistance. In addition to being hydrophobic and 
having reduced water penetration rates, EPS mortars showed improved performance 
particularly for 2–4 and 4–6 mm size rEPS pieces. This was due to the low surface 
energy of rEPS alongside good particle distribution. These composites have lower 
densities, behave as insulators against heat transfer, making them more applicable 
indoors without harming nature and as a result, they become environmentally well 
oriented. Recycled EPS can also be effectively utilized in conjunction with epoxy 
matrix composites. A study observed how utilizing expanded polystyrene (rEPS) 
bubbles coated on their surfaces would influence the characteristics of epoxy matrix 
materials (Fig. 10a). Although rEPS reduced the density and mass, it also decreased 
the impact strength. The surface gloss was modified while hardness was almost 
constant. This study highlights that achieving a uniform distribution for rEPS is 
crucial and optimizing the amount for use in epoxy resin composites. Therefore, 
rEPS can be used to enhance lightness in epoxy resin composites, but care must be 
taken not to compromise on targeted mechanical properties [34].

Insulation materials made from rEPS can be a viable alternative for low-wage 
earners. A study proposed a new insulating material that was produced from recycled 
EPS, cement, plastic additives, and water (Fig. 10b). Characterization tests also 
showed that the obtained thermal conductivity range of 0.0603–0.0706 W/m K is 
competitive with commercial materials, which means it has the potential to be used 
for insulation. It also passed the electrical overheating test up to 960 °C and water 
absorption rate test. The material’s mechanical characteristics, such as bending load 
at break (18.3 N) and compressive strength (126.4 kPa), are suitable for non-structural 
applications. These results indicate that the proposed material is feasible and cost-
efficient in enhancing thermal comfort and decreasing energy use in low-income 
homes [35]. 

7 Applications of Recycled EPS 

Presently, rEPS find application in packaging mainly because of its good shock-
absorbing nature and heat insulating property. For instance, foam peanuts produced 
from rEPS are always used to pack and fill the empty spaces of shipping containers 
so that delicate goods are well protected from any sharp forces as they are shipped. 
Also, the rEPS sheets can be easily cut and molded to fit the product that is being 
packaged to suit the shape and size of that product. In the automobile sector, rEPS 
are applied to manufacture lightweight and high identifier parts like bumpers and 
dashboards [37]. These components assist in decreasing the overall weight of the 
vehicle thus enhancing the fuel consumption as well as maneuverability. In addition,
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Fig. 10 a rEPS infused epoxy/PA6 composites [34] and  b thermal insulation material fabricated 
using rEPS [35]

rEPS are applied in seat cushions, making drivers and passengers comfortable while 
on a drive. rEPS are used in medical applications mainly because they are non-toxic, 
biocompatible, and lightweight. For example, when developing a comfort, easy-to-
breath through oxygen mask, rEPS is used. Also, rEPS are applied to lab apparatus 
and convectional samples to protect them against damage when they are transported 
or stored [38]. Figure 11 illustrates some common uses of rEPS.
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Fig. 11 Generic applications of recycled expanded polystyrene (rEPS) 

rEPS are one of the most consumable products in the construction industries due to 
their flexibility, durability and versatility in its use. Other uses of rEPS are discussed 
below apart from the insulation boards and concrete aggregate uses. For instance, 
it can be applied as filler in constructions of roads as it has the added advantage 
of being lighter to enable good drainage. Moreover, the rEPS are also employed 
in geotechnical construction applications, such as soil stabilization and control of 
erosion. Its other attributes and general characteristics include very low weight and 
high-water absorption capacity, making it the right material in such uses. In addition, 
rEPS are used to protect pipelines and electrical cables by offering them insulation 
and shielding against harm in underground places [41]. They can also be used as 
subflooring, meaning they create a flat surface on which finished forms of flooring 
can be laid. Consequently, rEPS encompass numerous advantages in construction 
through energy efficiency, sustainability, and increased building performance [8]. 
Figure 12 shows the use of rEPS in construction materials.

When used in the asphalt mixture, the recycled EPS can improve the waterproofing 
capability for better resistance against moisture and thus improve the pavement’s
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Fig. 12 Usage of rEPS in construction materials: a lightweight concrete sandwich panels [31], 
b rEPS infused self-consolidating lightweight concrete (SCLC) [39], c rEPS light weight block 
[40], d light weight earth block [28]

service performance. Also, EPS has the added effects on the rheological characteris-
tics of the asphalt making it have higher resistance to the rutting and cracking [42]. 
In the paint industry, EPS could be used as a binder material in emulsion paints, 
which should be environmentally friendly in contrast to conventional binders. This 
can help reduce the amount of harm done to the environment in the production 
of paints while, in the same process the quality of paints may be enhanced [43]. 
Moreover, when the most important characteristics must be enhanced, EPS can be 
mixed with natural rubber and produce new products. These blends can be applied in 
automotive parts, footwear, and other consumer products with enhanced durability, 
flexibility, and other properties. In general, the recycling and reuse of EPS waste will 
not only help preserve the world from being filled and become a dumping ground for 
wastes but also offer a significant value in energy efficiency and optimum material 
performance [44]. 

8 Challenges and Solutions 

8.1 Common Hurdles 

Although mechanical recycling of EPS offers certain benefits, several challenges are 
still present which hinders it’s widespread adoption across the recycling industry 
(Fig. 13). Therefore, unique strategies are required to address these limitations to
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establish a more reliable process for recycling of EPS. One of the primary concerns 
is the lower quality of recycled EPS compared to the unprocessed material. This 
restricts its application in various fields and reduces its selling price. To mitigate 
this issue, advanced technologies are required to retain different properties such as 
density, strength, and thermal conductivity [45]. Research groups and institutions can 
take joint initiatives to develop more sophisticated equipment to ensure the excellent 
condition of recycled EPS. Another significant challenge is the higher operational 
costs associated with mechanical recycling compared to other techniques. The high 
costs can be lowered if efficient processes are implemented. This includes but is not 
limited to energy optimization and waste minimization. Higher end power-saving 
machines can be utilized effectively to control these costs. Additionally, government 
incentives and subsidies can attract investors in mechanical recycling facilities and 
make them more economically viable [46]. Due to the high upfront costs, scaling up 
mechanical recycling facilities is tedious. Partnerships between governments, indus-
tries, and NGOs can improve the development of a robust recycling infrastructure. 
Another significant issue is the high level of contamination associated with mechan-
ically recycled EPS. The EPS collects a lot of dust and debris, some of which are 
deeply embedded within the beads. This is comparatively easier to remove with other 
techniques. Strict quality control and advanced sorting technologies can help miti-
gate this issue. The disposal of EPS at the right place can be encouraged at locality 
levels to avoid unnecessary contamination as most used foams are collected from 
waste where all types of garbage are present [15]. 

Fig. 13 Challenges of implementing mechanical recycling of EPS
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Finally, limited market demand for recycled EPS can affect its commercial 
viability as customers may have dilemmas about the overall quality of the product. 
Enhanced marketing, targeted marketing efforts and product development can help 
increase consumer awareness and acceptance of recycled EPS products. The relax-
ation and amendments of government policies will allow the integration of recycled 
EPS into sectors which currently do not hold authorization for its use [47]. Through 
the address of the challenges with a combination of technological improvements, 
government support and collaboration of different industries the mechanical recy-
cling of EPS can be more suitable for optimal management of EPS waste. This will 
contribute to a cleaner environment and promote economic opportunities [48]. 

8.2 Technological Advances 

EPS recycling has seen significant innovations in recent years, especially in the 
areas of sorting and processing. These advanced techniques have helped the recy-
cling process to be more efficient, cost-friendly and sustainable. Optical sorting is 
one of the most effective technologies applicable in recycling expanded polystyrene 
(EPS). Through application of high-speed camera and special sensors, the EPS can 
be segregated from the balance waste flow through this process. On the conveyor belt, 
the EPS wastes are subjected to various tests that include density and surface texture, 
among others. Thus, the measurements performed in the system allow one to aim the 
EPS for further utilization and discharge it. This technology not only improves the 
process of recycling EPS but also reduces the probability of contamination of other 
forms of recycled items and, therefore, has positively impacted waste management 
industry [49]. 

Near-Infrared (NIR) Spectroscopy is another technique which is quite helpful in 
EPS recycling. Near-infrared identification and recognition technology identifies and 
recognizes the absorption and reflection of near-infrared rays in the waste materials. 
This type of spectroscopy will determine the chemical makeup of a material to 
separate EPS from other plastics and contaminants. It is then possible to distinguish 
the EPS from the rest of the waste material by means of the spectral signature that 
the NIR sensors have for sorting and recovering the material. NIR offers a non-
destructive and rapid method for EPS waste analysis, making it a valuable addition 
to optical sorting systems in EPS recycling facilities. AI algorithms can be used to 
correctly sort and classify data obtained from optical sorting systems as well as NIR 
spectroscopy of EPS, whereas robotic systems can be used to perform variety of 
functions increasing productivity and decreasing the number of employees needed. 
When integrated together with industrial EPS recycling techniques, such facilities 
can substantially improve the performance of EPS recycling to support the creation 
of a circular economy and reduce pollution [50].
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9 Case Studies and Success Stories 

9.1 Municipal and Corporate Initiatives 

California 

A local organization in Tuolumne County, California known as Master gardeners 
pick EPS waste that the citizens have disposed of. The recycler only takes clean 
food containers which must be placed in clear plastic bags. Tightly packed grade 
polystyrene which is used commonly to pack electronic items, and other products 
may be sorted and packed in colored plastic bags. They suggest that one should 
donate only clean packaging foam and rigid, white, foam insulation and ensure that 
all the items do not contain tape, labels, stickers, paint, cardboard and other things 
that are not polystyrene. They also state that food containers must be clean and free 
from any form of food residues as well as grease. Among them, there are restrictions 
on the acceptance of bubble wrap [51]. 

Texas 

Texas-based Dart Container has launched a new EPS foam recycling center in Ellis 
County, Texas. The 24/7 drop-off center accepts foam food service containers with 
the chasing arrows symbol of number six. After that, the foam is compressed and 
taken further to another company where the foam is used to manufacture other prod-
ucts. This organization seeks to prevent foam from being dumped to the landfills 
and encourage foam recycling for such uses as picture frames and moldings. They 
emphasize the environmental benefits of foam recycling, including reduced waste in 
production, landfill stability, and clean burning in energy-from-waste facilities [52]. 

Home Depot 

Home Depot is very active in environmental conservation, embodied in its recy-
cling program, which includes EPS (Styrofoam). Their program is about collecting 
EPS from appliances packaging, palletizing or compacting into blocks and sale to 
producers of insulation among other products. This effort is to decrease waste and 
promote a circular economy in society. By recycling, The Home Depot is there-
fore playing a worthy role in ensuring that EPS does not end up in the landfills and 
encouraging its reuse [53]. 

9.2 Lessons Learned and Best Practices 

Any successful EPS recycling scheme will require massive cooperation between the 
municipalities, various businesses, and the recycling companies. The public should 
be educated on the necessary and correct ways of disposing of the waste. Some of 
the key factors include curbside collection as well as the availability of drop-off
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centers that act as focal points in EPS collection [54]. To keep the program going, 
markets for recycled EPS must be developed by buying products from companies 
that use post-consumer material and/or coming up with new products. Monitoring 
and data collection are important to assess a program’s strengths and weaknesses 
and to verify its efficacy. These guidelines help communities achieve successful EPS 
recycling programs that positively impact waste management and the environment. 
Furthermore, increasing public awareness through health promotion activities and 
involving the public through EPS recycling campaigns and other community activi-
ties would also strengthen the EPS recycling programs. When people are motivated 
to embrace the physical act of participating in the recycling processes of their neigh-
borhoods, then this will be very effective in transforming the face of the environment 
[55]. 

10 Future Directions and Opportunities 

Presently, the market of EPS recycling is progressing due to the increase of envi-
ronmental awareness, strict regulations and technological developments. Increasing 
demand for the recycled EPS (rEPS) is seen in some developed countries as 
consumers are becoming more conscious regarding sustainability and environmental 
impact, increasing the market demand for the recycled products. However, this 
mindset of consumers is yet to be seen in developing and under- developed countries. 
The overall efficiency and cost-effectiveness are increasing with the introduction of 
modern technologies into the recycling process. This is in turn making it attractive 
to both consumers and businesses. Alongside, recycled EPS is also finding its way 
into various other applications, such as composite materials and construction. Some 
fields which are currently utilizing the rEPS most include packaging and automotive 
interior [31]. 

Governments are currently enforcing numerous policies and regulations to ensure 
recycling and reduce environmental negative effects. One of the major policies 
includes extended producer responsibility (EPR) laws being implemented in various 
countries worldwide. According to this, the producers or manufacturers are obli-
gated to take the responsibility of end-of-life discarded products and ensure proper 
recycling or disposal. This is also playing a significant role in EPS recycling [56, 
57]. Carbon pricing and emissions trading schemes also impose a financial cost on 
businesses associated with pollution. These policies encourage recycling of waste 
materials reducing the environmental impact as high emissions would lead to higher 
tax which is detrimental to business. Emissions trading schemes include cap and 
trade which sets a cap on the total amount of greenhouses gas that is allowed to be 
emitted within a specific jurisdiction. This indicates that the total amount of permitted 
emissions will be divided into smaller parts. These can be further bought and sold 
by businesses like stock trades. Therefore, a business exceeding this limit will have 
to either halt production or buy more permits from other businesses, which involves 
expenditure and further encourages fewer missions [58].
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The opportunities for developing the recycling infrastructure of EPS depend on 
certain factors that need to be addressed. To improve the EPS recycling rates, it is 
very important to invest in improved collection and sorting infrastructure to facili-
tate the efficient collection and processing of EPS wastes. The advancement of more 
efficient recycling machineries and processes developed through research and devel-
opments can help enhance overall efficiency. Ultimately, proper consumer awareness 
would significantly impact the EPS recycling programs where consumer and busi-
nesses’ active participation is needed. Apart from this, exploration for new novel 
applications of rEPS can be game-changing. This would create new markets and 
increase the demand for rEPS to a great extent. Effective research and development 
are needed for this purpose, which helps build innovative rEPS products. Moreover, 
the number of EPS foams sent to landfills for disposal would be reduced significantly, 
which is highly beneficial for sustainability. Collaboration between various indus-
tries would lead to new, multi-functional products that would appeal to consumers. 
Employing these strategies and utilizing the opportunities, the rEPS industry would 
grow to establish a sustainable economy to cut carbon emissions and foster businesses 
significantly. 

11 Conclusion 

This chapter gives a detailed description of the mechanical recycling process of 
Expanded Polystyrene foam and environmental benefits together with the business 
opportunities that may be realized from this process. Therefore, recycling could 
offer a promising future for EPS recycling provided that some issues associated with 
contamination, economic efficiency, and technological limitations are addressed. By 
carrying out more research and development and by also using the right collection, 
sorting and processing procedures, the recycling rates of EPS waste and the circularity 
of such waste can be increased. It is possible to state that mechanical EPS recycling 
for building a more sustainable future is possible as there are successful cases and 
new emerging technologies. However, it is important to admit the modern issues 
and limitations that must be solved. Some of the difficulties include contamination, 
mainly from other plastics and other foreign substances. It is therefore important to 
note that the feasibility of EPS recycling depends on factors such as market demand, 
cost of energy and availability of proper facility. Further, technological develop-
ment is needed to enhance the efficiency of sortation, densification and palletization. 
However, several challenges have been realized that will affect the recycling of EPS 
materials in the future. Current research and innovation are resulting in improved 
technologies in sorting and in the use of EPS in new products. The industry should 
therefore focus on how to overcome the challenges while at the same time exploiting 
the opportunities to achieve further improvements in its sustainability. It is also neces-
sary to establish policies and regulations to encourage EPS recycling. Recycling of 
EPS can be encouraged in the following ways: Governments should come up with 
incentives to encourage recycling and increase awareness of the same. In this way,
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through the promotion of EPS recycling, policy makers can help to make the EPS 
waste more circular and thus decrease its negative impact on the environment. There-
fore, it can be concluded that the mechanical recycling of EPS foam is a good chance 
to prevent the creation of waste, save resources and decrease the level of pollution. 
Industry can therefore overcome the challenges, build on the opportunities offered by 
technology and put in place proper policies to ensure that it records further progress 
towards sustainability. 
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Abstract Currently, the uses and/or applications of Expanded Polystyrene (EPS) 
are diverse, this is because it is a material that is mostly composed of air (about 
98%) and the rest of styrene. It has properties such as lightness, thermal and acoustic 
insulation, chemical resistance, compression resistance, resistance to humidity, etc. 
characteristics that make it become a versatile material for use in different indus-
tries such as the construction industry, packaging, food, and art industry. This text 
documents the different uses of EPS in each of these industries, as well as research 
and studies related to these applications and future perspectives that exist for this 
polymer. 

Keywords Expanded polystyrene (EPS) · EPS industry · EPS applications ·
Recycling 

1 Introduction 

Nowadays, the abuse of Expanded Polystyrene (EPS) consumption has generated 
significant amounts of pollution worldwide. We observe this consumption in our daily 
lives due to the qualities and properties that this material offers us, such as: resistance, 
lightness [1], acoustic insulation, resistance to humidity, thermal resistance, chemical 
inertia, durability [2], qualities that make the applications and uses of EPS convenient 
for different industries, this according to the final use that is wanted to be given to 
the material.
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Use of Expanded Polystyrene in industry (End-Use), 2021 

Graph 1 Use of expanded polystyrene in industry (end-use), 2021. Note Information adapted from 
the source Acumen Research And Consulting and Advisory [4] 

In 2016, the global production of Polystyrene and EPS was around 14.7 and 6.6 
MMT (Million Metric Tons) [1]. Currently, the Expanded Polystyrene market is 
estimated at 12.46 million tons in 2024 and is expected to reach 14.48 million tons 
in 2029 [3]. 

The uses of Expanded Polystyrene can be observed in the industry, in fields such 
as construction, industrial packaging, food, and others (See Graph 1) directly or also 
as additives for specific applications. 

2 Construction Industry 

Expanded polystyrene has been introduced in the construction industry for the 
construction of buildings and residences, thus forming part of the materials for 
their construction. High-density concrete and lightweight concrete are popular for 
construction due to their low cost. Some uses require a high-density material, but 
also depending on the application, materials with a lower density are required [5]. 
Examples of uses/applications of EPS in this industry are shown in Fig. 1.

2.1 Use of EPS as Thermal Insulation 

In this industry, there are a variety of materials for building constructions, however, 
there are other challenges such as energy consumption in these, due to the use of 
heaters for temperature control, however, these are not enough in addition to the fact 
that there are energy losses [6], which leads to a demand for energy to cover this need,
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Fig. 1 Common 
applications of EPS in the 
construction industry

Thermal insulation 
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Common applications of EPS in the construction industry

consequently today the construction industry seeks thermal insulation alternatives 
with good thermal efficiency at a lower cost, and one of these alternatives is the use 
of Expanded Polystyrene as a thermal insulation material. 

By definition, thermal insulators are materials or a combination of materials that 
are used to cause resistance to heat flow [7]. As is well known, Expanded Polystyrene 
are polystyrene beads that are usually expanded with pentane C5H12 so that these 
beads join together during the expansion process [8]. Due to this structure, this 
material has the property of having a low density and, together with a high thermal 
barrier, they allow obtaining lightweight insulation blocks for use as construction 
material. 

Expanded polystyrene has a thermal conductivity of 0.030 and 0.040 W/(mK) 
although this can vary due to factors such as humidity, temperature and density of 
the mass [6]. 

Although concrete is the most widely used material for construction due to its 
strength and durability [5], there is currently research to improve construction mate-
rials. Sariisik and Sariisik [9], developed a new method for producing lightweight 
concrete and EPS composite blocks, with pumice aggregates. The study revealed 
good thermal and acoustic insulation (thermal conductivity of 0.33 W/mK and 60 dB 
for acoustic insulation). In addition, this new production of blocks has the advan-
tage that by incorporating EPS foam into lightweight concrete with pumice, the unit 
weight along with the cost of these insulation blocks is lower compared to other 
construction materials, making it an economical material. 

On the other hand, the study carried out by Demirel [10] used pumice and EPS 
to manufacture insulation blocks, focusing on determining the optimal thickness for 
minimum heat transfer, finding the value of approximately 40 and 20 mm, obtaining
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Fig. 2 Illustrative image of the use of EPS as an additive in lightweight concrete 

good thermal insulation and compressive strength, with the additional characteristic 
that the EPS block with pumice is lighter. 

2.2 Use of EPS as an Acoustic Insulator 

Another example of this is noise insulation or acoustic insulation (See Fig. 2), in 
which the main function is to control the propagation of sound, that is, to reduce 
the transmission of noise between one place and another [11]. Recent research has 
focused on the reuse of EPS to replace gravel in the manufacture of lightweight 
cement [12], an example of this is the work carried out by Santos et al. [13], in 
which Expanded Polystyrene beads were added to concrete, discovering that this 
lightweight additive offers a 50% reduction in the transmission of sound vibrations, 
creating a good material for noise insulation. 

2.3 Use of EPS in Humidity Resistance 

Expanded Polystyrene as an additive in concrete also plays an important role in water 
absorption, since it is an important factor for the durability of the material. Studies 
have been carried out on the behavior of EPS/concrete, in which different behaviors 
are observed, this according to the quantity or concentration of EPS in the mixture 
with the concrete [14]. 

On the one hand, it has been reported that lightweight concrete with the addition 
of Expanded Polystyrene beads reduces water adsorption compared to a typical sand/ 
concrete mixture, an example of this is the case of Abdullah Imtiaz et al. [15], who in 
their research reported a decrease in water absorption from 6.90% (Concrete and sand
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mixture) to 3.65%, 3.80% and 4.12% (Lightweight concrete with EPS aggregates), 
this is attributed to the closed cell structure of EPS. 

On the other hand, an increase in water absorption is reported [5] when adding 
EPS to concrete, as it is well known the absorption process depends on the porosity 
of the material, to which adding EPS beads to concrete improves absorption by 
increasing the porosity of the EPS/concrete mixture, Adhikary and Ashish [14] 
explain that this increase in absorption is due to the poor adhesion between concrete 
and Expanded Polystyrene, in addition to the existence of spaces between these two 
materials causing a volume of air to be trapped. 

However, research has managed to reduce this increase in adsorption by imple-
menting microsilica and nanosilica creating optimal adhesion between the Expanded 
Polystyrene beads and the concrete [16]. 

2.4 Use of EPS for Compressive Strength as an Aggregate 
in Concrete 

There are other parameters such as compressive strength, a quality to determine 
the quality of concrete, as defined it is the capacity of the material to resist tension 
without breaking [17], according to ACI-213R-2014, structural concrete must have 
a compressive strength of ≥17 MPa and a density between 1350–1900 kg/m3. There 
are studies on how Expanded Polystyrene influences concrete for the evaluation of 
this mechanical property, an example of this is cellular concrete or expanded concrete, 
whose main characteristic is the integration of macroscopic voids [5], de Souza et al. 
[5] obtained a 93% resistance in three days, attributing this result to the number of 
voids in the concrete structure, a higher cement content, as well as the low density 
of the EPS granules. 

However, other investigations have had results in which the compressive strength 
is compromised by a low cement content in the concrete and a lack of natural coarse 
aggregate in the mixture [15]. 

2.5 Use of Recycled Expanded Polystyrene 
in the Construction Industry 

Currently, the recycling of Expanded Polystyrene has become a topic of interest due 
to its high consumption, causing damage to the environment, in addition to the fact 
that its useful life is short and takes years to decompose. Due to this, in the field of 
construction and civil engineering, materials that are friendly to the environment are 
sought. 

Nowadays, the incorporation of recycled Expanded Polystyrene in concrete has 
been sought. This practice leads to the recycling of Expanded Polystyrene, since
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a second useful life is given to Expanded Polystyrene as part of the construction 
material, thus avoiding the use of more raw material. In addition, it offers benefits such 
as reducing the consumption of raw materials by making EPS part of the construction 
material, since in the construction industry there is a considerable consumption of 
raw materials in addition to the fact that there is a considerable generation of waste 
during the process [18]. 

With this objective, Expanded Polystyrene waste has currently been incorpo-
rated into concrete production. In the manufacture of concrete with commercial EPS 
vs recycled EPS, their properties vary slightly, however the behavior between one 
material and another is almost similar/analogous [14]. 

Researchers have taken on the task of investigating these properties using recy-
cled Expanded Polystyrene, to evaluate the feasibility of the material to be used in 
constructions, as well as to examine possible improvements so that this practice is 
encouraged. An example of this is Zaragoza et al. [19]. 

We know that today construction materials are essential for homes and build-
ings, however, to have a sustainable construction industry, it is necessary to work 
and implement materials that meet essential requirements to reduce costs and 
energy in the construction of buildings and homes. As previously mentioned, recy-
cling expanded polystyrene is a good practice since it promotes this practice, thus 
developing ecological constructions and favors caring for the environment. 

3 Packaging Industry 

Another use or application of Expanded Polystyrene is in the packaging industry, 
due to its properties such as resistance to compression (ideal characteristic for stack-
able packaging goods), moisture resistance, lightness, chemical resistance, durability 
[20], modeling capacity (shapes) [21], among others, makes this material widely used 
in this sector and therefore the second industry (See Graph 1) where a significant 
amount of Expanded Polystyrene is consumed [4, 22]. 

There is a wide variety of products in which packaging with Expanded Polystyrene 
is required, examples of them are: household appliances, components and electronic 
material, furniture, tools, chemical products, pharmaceuticals, perfumery, cosmetics, 
etc., items that are fragile in nature [4], or due to their components they require more 
specialized (more careful) storage and transportation (See Fig. 3).

This application is usually seen in the storage of items, as well as their transporta-
tion, since it is an excellent cushioning material, that is, it provides impact protection 
to different products [23]. In addition to this protection, this characteristic of EPS 
prevents the merchandise from being damaged by vibrations during handling and/or 
transportation. 

In the packaging industry, one of the important factors when manufacturing this 
type of material is the design, since this will determine the protection efficiency it 
offers [21]. Two types of polystyrene foam are usually used in packaging, the first is
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Fig. 3 Uses of EPS in the packaging industry

open-cell rigid expanded foam and the second is closed-cell flexible expanded foam 
[21] (See Fig. 4), depending on the product, one or the other is used. 

As mentioned above, EPS has the quality of being modeled in a variety of shapes 
and sizes, these modeled according to the consumer’s need. These designs are key 
to fulfilling the function of avoiding vibrations and/or impacts of the product, since 
parameters such as the cushioning area are evaluated [23] and even studies are carried

Closed Cell Insulation               Open Cell Insulation 

Fig. 4 Closed cell insulation and open cell insulation 
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Table 1 Examples of 
packaging types Packaging shape Special protections 

Separators and supports Returnable packaging 

Closed packaging Industrial packaging 

Boxes for food products Thermal boxes 

Ice cream container 

Frozen desserts container 

Fillet containers 

Botellpack® 

MastroPack® 

Source MASTROPOR® [24] 
Note Information adapted 

out in the design process such as drop tests to see the faults and weaknesses of 
the design, for example Kassim et al. determined parameters such as Rib, Think-
ness, Layout and Sice for sustainable EPS packaging [21], thus existing a variety 
of configurations of shapes and types of packaging, an example of this is shown in 
Table 1. 

3.1 Future Prospects for the Use of EPS in the Packaging 
Industry 

Nowadays, the use of Expanded Polystyrene has become an environmental problem, 
due to its notable use in daily life. EPS being a non-biodegradable material, recycling 
this polymer has become a challenge, since the objective when recycling this material 
is to reduce the volume of EPS, as well as reduce storage and transportation costs, 
due to the characteristic of being a bulky material [25]. Expanded Polystyrene in the 
packaging industry has a short useful life, since it ends up as waste ending up in a 
landfill due to improper disposal [26]. 

For this reason, studies have been developed for the possible replacement of this 
material in packaging. Joyal et al. [26] worked on a biocomposite as a possible 
substitute for traditional EPS packaging, in which they used sawdust and mycelium 
fibers as a binding agent to form a composite, to which the results obtained by 
their research highlighted a dense and compact material, better thermal stability, less 
emission of toxic agents in a combustion process, and of course the nature of being 
a biodegradable material. 

On the other hand, Salini et al. [27], implemented the recycling of Expanded 
Polystyrene for possible packaging applications. In their study, they synthesized a 
biodegradable composite film, which contained EPS residues, cassava starch and 
epoxidized neem oil, obtaining good mechanical and thermal stability, low water 
absorption, good percentage of elongation, biodegradability is shown at 180 days.
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4 Food Industry 

The use of Expanded Polystyrene is also present in food packaging, due to the food 
safety offered by EPS [20], such as in the packaging of fish and seafood, meat 
and poultry products, fruits and vegetables, where EPS protects the products from 
impacts, dairy products, and EPS is also present in the fast food industry [28]. 

These types of Expanded Polystyrene containers are regulated by the Food and 
Drug Administration (US FDA) to ensure public safety and food, medicines, as well 
as medical devices, cosmetics for safe consumption [29], there are also regulations 
such as: (EC) No. 1935/2004, (EC) No. 2022/1616 and (EU) 2016/1416 that aim to 
establish certain criteria to ensure the safe consumption of food products that are in 
contact with certain polymers, such as EPS, including the manufacturing of these 
containers [20]. 

However, the consumption of EPS in this sector also plays an important role in 
the contamination of the environment by these wastes. The recycling of Expanded 
Polystyrene in the food industry is complicated since it can include certain contam-
inants and impurities, causing it not to be used in the packaging of food or food that 
is in contact with these recycled plastics [28]. An example of this is in China and 
Europe, where recycled plastics are prohibited from being used to be in contact with 
food [28]. 

Due to this impediment, it is important to implement materials that are more envi-
ronmentally friendly. Velasco et al. [30], developed a compostable container based 
on potato starch, seeking to keep chicken meat fresh, resulting in good mechanical 
properties, efficient liquid retention for the purpose of keeping chicken meat fresh, 
and by adding nisin it obtained an antimicrobial effect. 

Another similar example is that of Amaraweera [31], who together with his collab-
orators developed a method for the synthesis of foam based on cassava starch, a 
promising material for packaging applications. 

In conclusion, the use of Expanded Polystyrene in disposable materials (plates, 
trays, cups) for the food industry is important to have sustainable and environmentally 
friendly alternatives, since in this industry EPS is handled for single use, causing 
increasing pollution due to the use of this material. 

5 Uses of Expanded Polystyrene in the Aesthetic Industry 

Another important field to consider is the use of Expanded Polystyrene in the aesthetic 
industry, calling this type of industry because EPS is used in an artistic, creative way 
or in the form of crafts and decoration. 

In this application there are two postulates, some consider that the use of Expanded 
Polystyrene in aesthetics leads to significant contamination due to the use of virgin 
EPS, and on the other hand there is a tendency toward the use of EPS in this field, 
but for the purpose of recycling this material [32].
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Fig. 5 Aesthetic applications of EPS [32]. Note Information adapted 

Some examples of the use of EPS are shown in Fig. 5 
Taking into account the above, it is important in this field to implement the recy-

cling of Expanded Polystyrene to make this type of products for artistic purposes, so 
that this practice is sustainable and helps with the environmental problems caused 
by Expanded Polystyrene waste. 

6 Conclusion 

As we have seen, there is a wide use of Expanded Polystyrene, ranging from the 
construction, packaging, food, aesthetics and other applications that we can mention 
such as: protective helmets, life jackets, fillings for automobile components, etc. 
Due to the characteristics and properties of Expanded Polystyrene, a variety of items



“Industrial Uses of Expanded Polystyrene Foams” 41

can be manufactured for different purposes, creating advantages over some other 
materials, providing versatility in different industries due to the use of EPS. However, 
excessive use in some fields leads to significant contamination due to the short useful 
life of Expanded Polystyrene, as in the case of disposable packaging, in turn due to 
inadequate disposal and the low recyclability of this material, so it is important 
to implement and carry out the practice of recycling, since as mentioned above 
there are methods and alternatives in each of the industries for the total or partial 
replacement of this material, thus promoting the development of sustainable materials 
and consequently the care of the environment. 
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New Packaging Products from Recycled 
Expanded Polystyrene Foams 

Uplabdhi Tyagi and Anil Kumar Sarma 

Abstract This chapter elucidates techniques for producing packaging foams from 
recycled expanded polystyrene foams (EPS) for multiple utility. Advantages of EPS 
over other packaging materials and their environmental impacts threatening sustain-
ability have also been discussed. Method for recycling the EPS viz., mechanical, 
chemical and thermal with specific advancement in technology and recent publi-
cations have also been discussed. Biodegradable EPS and modern approach to use 
biological resources for EPS degradation and microwave assisted EPS degradation 
are some thrust areas of research. The primary focus of all recycling processes is 
however, the resource recovery with minimum environmental impacts. 

Keywords Expanded polystyrene foams · Degradation complexity · Recycling 
technologies · Packaging applications 

1 Introduction 

Expanded polystyrene (EPS) foams are essential in the modern world of pack-
aging. Their special properties including light weight, high insulation capability, 
and low cost make them valuable for application in packaging of food and bever-
ages, consumer electronics, construction items, and medical devices. Still, waste EPS 
remains a problem because of widespread use, as it degrades at such a slow natural 
rate that it becomes not useful within hundreds of years. Since EPS constitutes the 
majority of polystyrene plastic, its lifetime would persist for so many hundred years 
in environments that fill landfills, causing marine pollution; hence, recycling waste
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EPS is very crucial. The aim of recycling EPS is to transform the material back 
into reusable forms, creating a sustainable solution that has preserved its valuable 
properties while reducing impacts on the environment. The most efficient means of 
recycling EPS include its mechanical, chemical, as well as thermal process, and one 
of the popular methods of mechanical recycling encompasses grinding and melting 
the EPS with the help of a pellet for molding new products. Although this technique 
is energy saving and cheaper, it fails in cases of contaminated EPS [1]. In contrast, 
chemical recycling breaks down at a molecular level and offers the chance of recovery 
of all the basic components of EPS toward quality recycled material. This approach is, 
however more involved and costly but can involve contaminated EPS, thus affording 
a comprehensive recycling process. Thermal recycling, on the other hand, breaks 
down the EPS at high temperatures and captures its energy-rich content to generate 
power. This has a major disadvantage that emissions generated in this process must be 
strictly controlled in order not to cause pollution. Recent developments include hybrid 
and advanced recycling methods that bring elements of both mechanical and chem-
ical recycling together for enhanced efficiency, quality, and reduced environmental 
impact. New products in terms of recycled EPS arise along with the advancement 
of the technology of recycling EPS. With the help of EPS, waste is prevented from 
furthering the building of the circular economy. Lower demands on pristine mate-
rials that involve the adoption of recycled EPS for packaging reduce the ecological 
footprint associated with packaging industries. Moreover, the recycling of EPS into 
packaging material shows very good results concerning thermal insulation, shock 
absorption, and durable properties in comparison to pristine EPS [2]. That means 
that recycled EPS may be used in various forms for packaging applications including 
molded packaging for electronics, sheets of insulation for construction applications, 
and even for the more fragile custom packing requirements. Apart from the functional 
properties, the recycling of EPS packaging material has significant environmental 
advantages. Recycling EPS saves the industry from extracting petroleum resources 
and hence reduces the carbon footprint of the whole industry. For example, researches 
have indicated that EPS recycling can reduce greenhouse gas emissions by up to 50% 
compared to pristine polystyrene production. In addition, recycled EPS offers a more 
sustainable option in that it can be cycled several times without major loss in perfor-
mance. It is also aligned with the growing trend toward a circular economy, wherein 
materials are reused and recycled and will not cause any kind of adverse effects 
on the environment. However, despite these advancements, there are a few chal-
lenges that packaging is faced with when it is being extensively used in recycling as 
EPS. The foremost of those is contamination. In the case of food packaging EPS, 
grease or other contaminants in foodstuff disrupt the recycling process. This type of 
contamination also lowers the grade of recycled EPS and increases the processing 
cost since very high purification is required. The other minor challenges include 
the lack of already put in place infrastructures for recycling and proper collection 
systems specifically designed to accommodate EPS. Since EPS is voluminous, many 
recycling plants are not set up to process EPS since it is not in demand in the market 
thus recycling rates are limited. One negative effect of recycling on product quality 
is contamination with food residues or other materials. Also, economically, there
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exists an aspect where collecting, processing, and transporting EPS to be recycled 
might be very costly than pristine materials and such economic inequality somewhat 
hinders recycled EPS in penetrating the market. Last but not the least, technology 
to effectively convert used EPS into high-quality material is still under development 
that would sometimes limit the range of applications for recycled EPS [3]. Neverthe-
less, research work continues and technological advancements can already provide 
answers to these dilemmas with improved recycling methods minimizing the effects 
of contaminants, ensuring quality end product output. 

Therefore, the main focus of this chapter is to examine the journey of EPS from 
waste to resource, outlining the current technologies, challenges, and future prospects 
of recycled EPS in packaging applications. The subsequent sections will describe 
recycling processes of EPS in further detail, from established ones to emerging 
ones, the technical properties of the used recycled EPS, and retained in packaging 
applications. Further applicability in other industries may lead toward contribution 
toward sustainable packaging practices. This innovation, coupled with favorable 
policies and public awareness, is considered necessary for sustainable production 
during the shift of industries toward complete potential utilization of recycled EPS 
foams in packaging applications. From this analysis, it can be seen that there is a 
possibility of solving environmental issues without compromising on the functional 
demands of modern packaging applications through the usage of recycled EPS. 

2 The Journey of EPS from Waste to Resource 

The decades have seen transformations in how EPS foam is perceived, and its role in 
it. It was discovered in 1949, by D. Dow, in Germany. It soon became one of the most 
haled material for use in the 1950s, much to be sought after because it was light in 
weight with excellent insulating properties most especially fragile items. It was only 
from the 1960s that EPS started to gain usage as a building material to erect energy-
efficient structures. Its usage gained grounds in the 1970s among the food service in 
disposable cups and take-out containers. However, it also gave rise to the escalating 
environmental issues confronted by the United States of America. The EPA began 
feeling concerned over the waste concern of EPS, just as with other foams. The EPS 
exhibits high resistance to impact, superior heat insulation, and resistance to moisture 
properties, but other material alternatives have advantages that prove sustainable 
at the cost of durability, tolerance for moisture, and weight (Table 1). Because of 
its slow degradation rate (Fig. 1), it can accumulate in natural environments and 
degrade into harmful microplastics that affect the wildlife and penetrate the food 
chain. In addition, the production and burning of EPS contribute to greenhouse gases, 
which raise concern about air quality and global warming. Evidently, the perspective 
has shifted, wherein EPS is becoming far more important as a resource rather than 
waste [4]. There are new applications of recyclable EPS in insulation and other new 
packaging, which is also oriented toward the principle of a circular economy, seeking 
to enhance resource use efficiency and minimize waste. This transformation is further
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Table 1 Performance metrics of EPS in comparison to alternative packaging materials 

Material Properties Environmental impact Cost implications Ref. 

Expanded 
polystyrene 
(EPS) 

Lightweight (density: 
10–50 kg/m3), excellent 
thermal insulation 
(R-value: 3.6–4.2 per 
inch), high impact 
resistance 

Non-biodegradable 
(decomposes over 
hundreds of years), 
contributes 
approximately 30% to 
global plastic waste, 
significant marine 
pollution risk 

Low-cost 
production 
(~$0.80 to $1.50 
per kg) due to 
efficient 
manufacturing 
processes 

[6] 

Polyethylene 
(PE) 

Flexible (elongation at 
break: 300–800%), 
moisture-resistant, 
tensile strength: 
~20–30 MPa 

Recyclable (~30% 
recycling rate), 
energy-intensive 
(2–4 MJ/kg for 
recycling), contributes 
to microplastic 
pollution 

Generally low 
($0.70 to $1.20 
per kg), varies 
with type (e.g., 
LDPE, HDPE) 

[7] 

Polypropylene 
(PP) 

Rigid, high chemical 
resistance (can withstand 
temperatures up to 
100 °C), tensile strength: 
~30–50 MPa 

Moderate recycling 
rates (~10% recycling 
rate), fossil fuel-based, 
low biodegradability 

Higher than EPS 
($1.50 to $2.50 
per kg), cost 
affected by crude 
oil prices 

[8] 

Biodegradable 
plastics 

Compostable 
(biodegrades in 
90–180 days in industrial 
composting), derived 
from renewable resources 
(e.g., corn starch, PLA) 

Reduces landfill 
impact, however, not 
widely available; 
requires specific 
conditions for 
composting 

Higher 
production costs 
($2.00 to $4.00 
per kg), limited 
by availability 
and performance 

[9] 

Paper-based 
packaging 

Biodegradable, 
renewable, tensile 
strength: ~40–100 MPa, 
lightweight (density: 
300–800 kg/m3) 

Lower carbon footprint 
(~0.5–1.2 kg CO2 per 
kg produced), but 
concerns over 
deforestation and water 
use in production 

Moderate ($1.00 
to $2.00 per kg), 
dependent on 
sourcing practices 
and certifications 

[10]

supported by rising awareness among the people and change in policies of curtailing 
the use of single-use products of EPS in the commercial sector. Society can have 
a sustainable future in the management of EPS by considering the environmental 
impacts associated with EPS waste and embracing its potential for recycling and 
reuse. The 1990s witnessed the introduction of recycling facilities that reduced the 
amount of EPS to be put into landfills. When the cities began banning the use of 
single-use products made from EPS in the early 2000s, the industry started looking 
for ways to be environmentally friendly. It came up with recycling schemes and 
created biodegradable alternatives [5]. To this date, EPS is used but with the strongest 
motivation to find a more ecological way of making the plastic. This history calls for 
the balancing of those useful properties of EPS as an environmental need. 
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Fig. 1 Comparative analysis of degradation complexity of expanded polystyrene (EPS) with other 
plastic waste materials. Reproduce from an open access source [11] 

3 Current Technologies for EPS Recycling 

3.1 Mechanical Recycling 

Mechanical recycling of Expanded Polystyrene (EPS) is a very important process in 
that EPS waste can be recovered and reused without any chemical structure change. 
The method generally involves simple steps (Fig. 2) including collection, sorting, 
grinding, and remolding of EPS. The mechanical recycling has some drawbacks 
(Table 2) also. Contamination is an issue since EPS can be commingled with other 
materials, which complicates the recycling process and likely degrades the quality of 
recycled products. Additionally, the recycling rate of EPS is relatively low compared
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Fig. 2 Steps involved in mechanical recycling of EPS

to that of more common materials, such as PET or HDPE, implying fewer infrastruc-
ture or resources supporting recycling [12]. The mechanical process may also cause 
physical degradation of the material, such that the number of times that material 
may be recycled successfully is less than the ideal number. Therefore, mechanical 
recycling of EPS is a promising route for waste management and conservation of 
resources, but several issues face it to better proficiency and effectiveness. 

3.2 Chemical Recycling 

This involves breaking down these polymers, like EPS, into their constituent 
monomers or other useful chemicals through various chemical processes. It is also 
different from mechanical recycling due to the process used during such recycling 
(Fig. 3). While, chemical recycling of EPS has many benefits (Table 3). First, it saves 
the resources because waste EPS is converted back into valuable monomers and 
chemicals instead of relying on pristine fossil fuels in the production of plastics. The 
process supports the circular economy, where materials are utilized multiple times 
instead of being disposed and subsequently promoting less waste and environmental 
degradation. This indicates that chemical recycling also saves the material quality 
since the monomers attained are very pure, thus suitable for remanufacturing new 
EPS or any other high-grade plastics. Furthermore, the kinetics of polystyrene (PS)
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Table 2 Mechanical recycling of expanded polystyrene (EPS) 

Aspect Description Scientific outcomes Economic impact Ref. 

Process 
overview 

Mechanical recycling involves 
the physical breakdown of EPS 
into smaller particles or flakes, 
which are then cleaned and 
remolded into new products. 
This method preserves the 
polymer structure to a 
significant extent 

– Average  
recycling yield of 
85% of processed 
EPS 

– Thermal  
conductivity 
retained at 
0.030–0.040 W/ 
m·K 

Estimated market 
value of recycled 
EPS projected to 
reach $1 billion by 
2026 

[13] 

Key steps 1. Collection of EPS waste is 
done from packaging and 
construction sectors 

2. Manual or automated sorting 
to separate EPS from 
contaminants (e.g., food 
residue, adhesives) 

3. Waste EPS is mechanically 
shredded into flakes (size 
typically <25 mm) 

– Compressive 
strength 
post-recycling 
typically ranges 
from 200 to 
400 kPa 

– Over 80% 
retention of 
original material 
properties 

Reduction in raw 
material costs for 
manufacturers 
utilizing recycled 
EPS, potentially 
lowering product 
prices by 15–20% 

[14] 

Advantages – Average cost of mechanical 
recycling is approximately 
$0.20/kg, significantly lower 
than chemical recycling 
($0.50–$1.00/kg) 

– Over 1 million tons of EPS 
recycled annually in the U.S. 
alone, significantly reducing 
landfill contributions 

– Retains over 80% of the 
mechanical properties of 
pristine EPS, making it 
suitable for various 
applications 

– Mechanical 
recycling can 
maintain a tensile 
strength of 
400–600 kPa 

– Life cycle 
assessments 
(LCAs) indicate 
a reduction of 
CO2 emissions 
by 60% 

Creation of new 
jobs in recycling 
facilities, 
contributing to 
local economies 
and workforce 
development 

[15] 

Challenges – Degradation can result in a 
loss of impact resistance by 
10–15% 

– Presence of contaminants can 
lead to product failure rates 
of up to 30% 

– A study showed 
that recycled EPS 
experiences a 
10% decrease in 
impact resistance 
compared to 
pristine material 

Increased 
operational costs 
due to the need for 
advanced sorting 
and cleaning 
technologies 

[16]

chemical degradation involves significant changes in its weight-average molecular 
weight (Mw) over time, particularly under conditions like ultraviolet (UV) radiation, 
thermal treatment at ambient temperature, and at 80 °C. As degradation progresses, 
Mw typically decreases, indicating the breakdown of polymer chains. This model 
elucidates the randomness of chain scission events, enhancing the understanding of 
PS degradation dynamics (Fig. 4). Additionally, chemical recycling can be applied
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Fig. 3 Chemical recycling of EPS

effectively to various products of EPS, including those contaminated with other mate-
rials, which are unsuitable for mechanical recycling [17]. However, some challenges 
characterize EPS chemical recycling, which must be addressed to improve its uptake. 
Another factor is economic viability, chemical recycling processes are relatively very 
costly in terms of energy, catalysts, and specialized equipment in comparison to tradi-
tional methods of recycling [18]. Therefore, further research is needed to develop 
cheaper and consequently more acceptable chemical recycling technologies. As the 
demand for sustainable solutions grows, chemical recycling will play an increasingly 
important role in reducing the environmental impact of plastic waste while enabling 
the recovery of valuable resources. 

3.3 Thermal Recycling 

The thermal recycling of EPS involves breaking down the material using heat, 
allowing for the recovery of valuable resources and a significant reduction in landfill 
waste. There are several major steps involved in the process: collection and prepro-
cessing of EPS wastes; gathering EPS from different sources, separating it from
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Table 3 Chemical recycling of expanded polystyrene (EPS) 

Aspect Description Scientific outcomes Economic impact Ref. 

Process 
overview 

Chemical recycling 
involves breaking 
down EPS into its 
chemical components, 
typically through 
pyrolysis or 
depolymerization, 
allowing for the 
recovery of styrene 
monomer or other 
chemicals for reuse 

– High purity of 
recovered styrene 
can exceed 90% 

– Yield rates from 
pyrolysis can reach 
80% 

Market for recycled 
styrene projected to 
reach $2 billion by 
2025, driven by 
demand for 
sustainable materials 

[19] 

Key steps 1. Feedstock 
Preparation: EPS is 
sorted and cleaned 
to remove 
contaminants 

2. Size Reduction: 
Shredding the EPS 
into smaller pieces 
to enhance 
chemical 
accessibility 

3. Depolymerization: 
EPS is subjected to 
high temperatures 
(350–800 °C) in an 
inert atmosphere to 
break down into 
styrene and other 
byproducts 

– Styrene recovery 
rates can reach up to 
95% with proper 
process 
optimization 

– Generated 
byproducts can also 
be utilized, 
providing additional 
economic benefits 

Increased operational 
costs due to the need 
for high-temperature 
equipment and 
sophisticated 
purification processes 

[20] 

Material 
properties 
post-recycling 

– Recovered styrene 
can be polymerized 
back into 
high-quality EPS 
with properties 
comparable to 
pristine material 

– Additional chemical 
byproducts can 
include aromatic 
hydrocarbons, 
which have various 
industrial 
applications 

– Mechanical 
properties of 
recycled EPS can 
match those of 
pristine EPS, 
facilitating its use in 
high-performance 
applications 

Potential for reduced 
costs in production of 
new EPS by using 
recovered styrene, 
potentially 
decreasing prices by 
10–15% 

[21]

(continued)
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Table 3 (continued)

Aspect Description Scientific outcomes Economic impact Ref.

Advantages – Greater than 90% 
recovery of raw 
materials compared 
to mechanical 
recycling 

– Can handle 
contaminated EPS 
that may not be 
suitable for 
mechanical 
recycling 

– Studies show that 
chemical recycling 
can achieve >90% 
purity in recovered 
styrene, suitable for 
repolymerization 

Market potential for 
chemical recycling 
technologies is 
expected to grow 
significantly 

[22] 

Challenges – The need for 
significant heat 
energy makes the 
process costly 

– Requires advanced 
technology and 
expertise, making 
initial investment 
high 

– Residual 
contaminants can 
affect the quality of 
recovered materials 

– Energy  
consumption can be 
as high as 2.5 GJ/ 
ton of EPS 
processed, affecting 
economic viability 

Need for economic 
incentives to 
encourage investment 
in chemical recycling 
facilities and 
technology 

[23] 

a b  

Fig. 4 Kinetics of PS chemical degradation a changes in the weight-average molecular weight 
(Mw) of PS during degradation b the temporal changes in Mw are modeled according to the 
random scission kinetic model. Reproduce from an open access source [24]
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contaminants, mechanically shredding the EPS material into smaller particles to 
facilitate heating, controlled thermal decomposition of the preprocessed shredded 
EPS (Fig. 5). Normal heating is usually done at 250–400 °C where the polymer 
undergoes thermal depolymerization and breaks down into its monomers primarily 
styrene along with other products. This reaction may be carried out in a vacuum or an 
inert atmosphere to enhance yields and reduce oxidation of desired products. Volatile 
constituents are condensed during the degradation (Fig. 6). In addition, monomers 
styrene, that could have been used again for making new EPS can be separated and 
recovered and recycled after purification [25]. Residual residues remaining from 
this process have applications in filler contents within construction materials and 
composite formulations and thereby contributing toward better resource recovery 
and reduced wastes [26]. 

High energy consumption during the thermal degradation process is one of the 
major concerns (Table 4). Process energy efficiency is critical to the feasibility of 
the process in terms of economics. There must be an efficient supply chain and a 
market for the products to ensure commercial feasibility. Ways of increasing recycling 
rates include investment in infrastructure, such as recycling facilities and advanced 
technologies for improved efficiency in the thermal recycling process.

Fig. 5 Steps involved in 
thermal recycling of EPS
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Fig. 6 Thermal recycling of EPS with evolution of gaseous components. Reproduce from an open 
access source [27]

Table 4 Thermal recycling of expanded polystyrene (EPS) 

Aspect Description Scientific outcomes Economic impact Ref. 

Process 
overview 

Thermal recycling 
involves the pyrolysis or 
gasification of EPS to 
convert it into fuels, 
gases, or char, effectively 
recovering energy from 
waste EPS 

– Typical energy 
recovery rate ranges 
from 70 to 90%, 
depending on 
process efficiency 

The global market for 
recovered energy 
from plastic waste is 
expected to reach $3 
billion by 2025 

[28] 

Key steps 1. Pyrolysis: EPS is 
subjected to high 
temperatures 
(350–600 °C) in an 
oxygen-limited 
environment 

2. Condensation: Vapors 
are condensed to 
recover oils, while 
gases can be utilized 
for energy 

3. Char Recovery: Solid 
residues (char) can be 
processed further or 
used as a carbon 
source 

– Pyrolysis of EPS can 
produce around 1 kg 
of oil per 2.5 kg of 
EPS processed, with 
a calorific value of 
40–45 MJ/kg 

– Char produced can 
have a carbon 
content exceeding 
80%, making it 
suitable for various 
applications 

Reduced dependency 
on fossil fuels 
through energy 
recovery, with 
potential savings of 
$0.15–$0.30 per kg 
of EPS processed 

[29]

(continued)
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Table 4 (continued)

Aspect Description Scientific outcomes Economic impact Ref.

Advantages –  High Energy Recovery:  
Efficient conversion of 
EPS into valuable fuels 
and chemicals 

– Waste  Volume  
Reduction: Up to 90% 
reduction in waste 
volume, minimizing 
landfill use 

– Studies indicate that 
thermal recycling 
can lead to a 50% 
reduction in overall 
greenhouse gas 
emissions compared 
to landfill disposal 

Potential for 
generating revenue 
from energy sales, 
contributing to the 
profitability of 
recycling facilities 

[30] 

Challenges – Emissions Control: 
Requires advanced 
emission control 
technologies to 
mitigate pollutants 
(e.g., dioxins, furans) 

– High Energy Input: 
Thermal processes 
often require 
significant energy 
inputs, which can 
impact overall 
efficiency 

– Feedstock 
Contamination: 
Presence of additives 
or contaminants can 
complicate the thermal 
recycling process 

– Emission levels can 
vary significantly; 
optimized processes 
can achieve up to 
95% reduction in 
harmful emissions 

– Energy input can be 
as high as 20–30% 
of the total output, 
requiring careful 
process design 

Initial capital 
investment for 
thermal recycling 
systems can be high, 
but long-term 
operational savings 
can offset costs 

[31] 

3.4 Innovative Methods in Development 

Some of the innovative methods in the development of recycled EPS include Biolog-
ical Recycling, Design for Disassembly (DfD), incorporation of foaming agents 
during EPS synthesis, Microwave-Assisted Recycling, and advanced optical sorting 
with IoT collection technologies. Biological recycling is one of the best solutions 
to handle the issues related to waste EPS. This new, innovative process of recy-
cling focuses on the biological capabilities of microorganisms and enzymes for the 
degrading of EPS into simpler, degradable components. In recent years, a number 
of such bacteria were identified, specifically Pseudomonas putida that can utilize 
polystyrene as the carbon source and thus further degrade it. Other fungi, Aspergillus 
and Pencillium species have also been reported to break down EPS with the gener-
ation of non-toxic byproducts. Enzymatic mechanisms are also under study as a 
potential mechanism of EPS degradation. Researchers are isolating and engineering 
specific enzymes to degrade the polymer chains of polystyrene. Polystyrene hydro-
lase was recently identified as one such enzyme that could be used for the degradation
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of EPS [32]. In this context, biocatalysts applied in this situation would help in the 
breakdown of EPS at more mild conditions but reduce the overall environmental 
load in comparison with conventional chemical recycling techniques. In this way, it 
may turn EPS recycling into a more sustainable and efficient method if biological 
mechanisms are involved. 

Yet another new approach in EPS recycling involves DfD principles. Through 
designing the product at its final stage for easy, non-destructive disassembly, DfD 
assures a more efficient recycling process. In other words, manufacturers can design 
the product with modules that could be separated without using specific tools for 
disassembly and thereby enhance recyclability. This can be in the form of snap-fit 
or interlocking designs that can easily be taken apart, and hence there is responsible 
disposal. Further, DfD promotes the usage of materials which may be used together 
with EPS and separated easily. Adding biodegradable plastics or natural fibers to 
the EPS products can enhance the recycling effectiveness and avoid contamina-
tion (Fig. 7). A proactive approach toward designing EPS products helps to stretch 
the product lifecycle far beyond mere functionality and matches more universal 
objectives of sustainability. The EPS’s physical properties may also be modified to 
increase its recyclability and functionality. The method used in the production of EPS 
involves using environmentally friendly foaming agents. Such agents aid in the easier 
breakdown in the recycling processes with better recovery rates for the polystyrene. 
Lastly, by combining EPS with natural fibers, producers might produce compos-
ites retaining good mechanical properties but recycled more easily. These are fewer 
wastes but probably contribute to the development of sustainable building materials 
and solutions in packaging [33]. Furthermore, researches on the physical properties 
of EPS have their past, which made composite materials combine EPS with other 
polymers [34]. They can be designed to have the desired structural properties but are 
more recyclable. Building from material compatibility and lifecycle considerations, 
manufacturers then innovate new products which may also align with sustainability 
principles.

One new approach in this area is microwave-assisted recycling using microwave 
energy for degradation of EPS (Table 5). Microwave energy accelerates the internal 
heating inside the EPS and better than any thermal degradation in order to degrade. 
As a result, it attains efficiency and rapid processing by heating only at specific 
regions of localized regions. Accordingly, it greatly lowers costs associated with 
consumption and running the process. This has been one of the best advantages 
of microwave-assisted recycling: the contamination during the recycling process is 
reduced. Selective targeting of EPS means that additives or coatings are not degraded 
in the process, providing better quality products recycled from it. This new approach 
not only promotes the efficiency of recycling but also provides new means to integrate 
EPS into more sustainable manufacturing processes [36].

The collection and sorting technologies could impact recycling rates of EPS 
highly. Automated sorting systems based on AI and machine learning algorithms 
are increasingly being implemented in the recycling facilities. Because it makes use 
of physical features, it will be possible to identify and separate EPS from mixed 
streams, thereby allowing the recycling efficiency to increase. This involves optical
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Fig. 7 Typical polymer additives utilized to enhance the properties of recycled EPS. Reproduce 
from an open access source [35]

sorters that increase the EPS detection and separation precision based on infrared 
spectroscopy. Sensors and IoT technology could also be incorporated with smart 
collection bins to make it more efficient to collect the EPS. Such containers monitor 
fill levels and rates of contamination, which assists in applying data-driven waste 
management techniques. These will help the municipalities optimize their routes 
and schedules for the collection of EPS and collecting it in time before contamina-
tion or overflows occur. Such developments in collection and sorting technologies 
are important aspects in upgrading the overall effectiveness and efficiency of EPS 
recycling efforts. 

4 Applications of Recycled EPS in Packaging 

Recycled Expanded Polystyrene (EPS) is gaining value due to its versatility in pack-
aging applications because of its lightweight structure, mechanical properties, and 
durability. EPS is very low in density. The cost of transport and energy consumed 
will be quite less. The structure has many air pockets that make the EPS have unique
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Table 5 Innovative methods for recycling expanded polystyrene (EPS) 

Aspect Description Scientific outcomes Economic 
impact 

Ref. 

Biological recycling Utilizes microbial and 
enzymatic processes 
to break down EPS 
into biodegradable 
components. Certain 
bacteria and fungi can 
metabolize EPS, 
leading to the 
production of biogas 
and other 
biodegradable 
byproducts 

– Studies have shown 
specific strains can 
degrade EPS at rates 
of 1–5% per week 
under optimal 
conditions 

– Successful 
transformation into 
biodegradable 
compounds such as 
polyhydroxyalka-
noates 
(PHA) 

Potential cost 
savings in 
waste 
management 
and energy 
production 
from biogas, 
estimated at 
$50 per ton of 
EPS treated 

[37] 

Design for 
disassembly (DfD) 

A design approach 
that emphasizes 
creating products that 
can be easily 
disassembled for 
recycling, reducing 
waste and improving 
material recovery 
rates 

– Implementing DfD 
can increase 
recycling efficiency 
by up to 30% 

– Facilitates the 
recovery of up to 
90% of EPS 
materials in products 
designed with 
disassembly in mind 

Potential 
reduction in 
product 
lifecycle costs 
due to easier 
recycling 
processes, 
potentially 
lowering costs 
by 15% 

[38] 

Incorporation of 
eco-friendly foaming 
agents 

Use of 
environmentally 
benign foaming 
agents (e.g., CO2 or 
water-based systems) 
instead of traditional 
hydrofluorocarbons 
(HFCs) during EPS 
production, reducing 
environmental impact 
during manufacturing 
and disposal 

– The use of CO2 as a 
foaming agent can 
reduce greenhouse 
gas emissions during 
production by 
30–50% 

– Enhanced 
biodegradability of 
the resulting EPS can 
increase recycling 
rates 

Expected 
reduction in 
production 
costs due to 
lower 
regulatory 
compliance 
costs and 
potential 
government 
incentives for 
sustainable 
practices 

[39]

(continued)
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Table 5 (continued)

Aspect Description Scientific outcomes Economic
impact

Ref.

Microwave-assisted 
recycling 

A process that uses 
microwave energy to 
enhance the 
breakdown of EPS 
into reusable 
materials, such as 
styrene, through 
selective heating. This 
method improves 
efficiency by 
significantly reducing 
processing times and 
energy consumption 

– Laboratory studies 
indicate recovery 
rates can exceed 85% 
with reduced 
processing times (by 
up to 50%) 

– Enables the recycling 
of contaminated EPS 
that traditional 
methods may reject 

Initial 
investment in 
microwave 
technology is 
offset by 
reduced 
operational 
costs and 
increased 
material 
recovery rates, 
leading to a  
projected ROI 
of 20% 

[40] 

Artificial intelligence 
and machine learning 
(AI & ML) 

Utilization of AI and 
ML algorithms for 
optimizing the 
recycling process, 
enhancing sorting 
efficiency, and 
predicting material 
behavior during 
recycling. This 
technology can 
improve 
decision-making in 
recycling facilities 
and enhance 
operational efficiency 

– Implementation of 
AI systems can 
increase sorting 
accuracy by 90% and 
reduce contamination 
levels in recyclables 

– Predictive models 
can optimize 
processing 
conditions, leading to 
a 25% increase in 
recovery rates 

Cost savings 
from reduced 
labor in sorting 
processes and 
enhanced 
recycling 
efficiency, 
potentially 
lowering 
operational 
costs by up to  
30% 

[41]

impact resistance, which helps absorb shock and vibrations with great efficacy. It 
is not prone to corrosion and is resistant to environmental conditions because of 
moisture presence; hence, its performance will be stable in indoor or outdoor utiliza-
tion. For such kinds of durability, the storage with long-term usage application can 
be allowed to the recycled EPS. Further, it is easy to accept for various industries, 
including food, electronics, or any other industrial applications for the packaging of 
the recycled EPS. 

4.1 Food and Beverage Packaging 

Recycled EPS is widely utilized in the food and beverage industry due to its excep-
tional insulation properties. It is also an ideal material to use when packaging perish-
able goods, such as seafood, meat, dairy, and frozen foods. Because EPS is so light
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and retains temperature well, the packaged goods arrive at their destinations at the 
correct temperatures. In turn, the likelihood of spoilage of such perishable products 
during transport will be dramatically minimized. An example would be transporting 
ice cream or frozen dinners by using insulated EPS containers so that it would be kept 
frozen all throughout shipping. The fact that recycled EPS is not toxic and does not 
carry the characteristic of bacterial growth gives EPS containers a kind of hygiene 
advantage with foods [42]. The material does not permit sogging, ensuring a reten-
tion of food product quality. EPS can take almost any shape and form into different 
sizes to match food products, hence providing tailored compartments that prevent 
items inside the packaging from moving about. This customization is particularly 
beneficial for delicate items like fruits and vegetables, where bruising or damage 
must be minimized during transport. 

4.2 Electronics and Fragile Goods Packaging 

In the electronics sector, recycled EPS excels due to its shock-absorbing capabil-
ities, making it ideal for packaging sensitive and fragile items such as computers, 
smartphones, and glassware. Impacts and vibrations that are likely to result from 
handing and transit cause damage that is exactly what EPS prevents with its cush-
ioning feature. This is pretty significant for high-value electronics, which require 
secure packaging if they are to arrive intact. Custom-molded EPS inserts can cradle 
products to prevent movement or jostling, thus ensuring that the products stay in 
place and protected. In addition, post-consumer EPS can be processed so that it does 
not have static electricity to avoid destroying electronic products. This is beneficial 
in packaging sensitive appliances that might be negatively charged when exposed to 
static discharge [43]. The low weight of post-consumer EPS also saves on freight 
costs-the other advantage of using this material. In e-commerce, the freight cost 
apart from cheap shipping materials having protection features must be saved. That 
industry helps companies to suit their packaging strategy to a sustainability goal that 
appeals toward an environmentally conscious consumer that uses recycled material. 

4.3 Industrial and Commercial Packaging Solutions 

Due to its heavy-duty protection, recycled EPS is used very widely in industrial 
and commercial packaging. It is used for packaging of bigger items that require 
extra stability in the course of their transport. This includes machinery, automotive 
parts, and construction materials, all which are more likely to get damaged through 
compression resistance in EPS. In addition to this, recycled EPS also provides the 
industries with custom options. It can be molded to create specific inserts that will 
secure particular shapes. For example, appliances and industrial equipment, it will 
ensure the best protection by preventing the items from shifting during transport and
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preventing any possible damage [44]. The cost effectiveness of the recycled EPS is 
another added advantage, it is relatively inexpensive to produce, and can easily be 
molded, allowing companies to package products securely without incurring a lot of 
costs. 

5 Environmental and Economic Impact of Recycled EPS 
Packaging 

Recycling of EPS packaging provides much environmental and economic benefits as 
a result of carbon emissions decrease and resource saving to support waste reduction. 
Cost-effectiveness and growing market in recycled materials make reusing EPS from 
the recyclable ones an even feasible alternative source of sustainable packaging 
product. Life Cycle Assessments equally play a vital role by demonstrating such 
benefits to take firms in a more friendly direction toward the circular economy. 

5.1 Reducing Carbon Footprint and Resource Consumption 

It can save a good deal of carbon emissions produced in making it. Actually, produc-
tion of pristine EPS from raw material is one of the energy-intensive processes and has 
heavy carbon dioxide footprints. Normally, recycling requires half to three-quarters 
less energy than this. Recycling, for example, recycles polystyrene to produce some-
thing new takes more than 6.0 kg of CO2, whereas it reduces in most cases less than 
0.8 kg of CO2 per kilogram to recycle. It is that huge reduction that would definitely 
reduce climate change and fit entirely with the world’s initiatives to reduce green-
house gasses. Moreover, recycling EPS is an essential function in preserving non-
renewable resources. Because polystyrene is a by-product of waste, the use of pris-
tine materials-the majority of which are petroleum-based-is dramatically decreased 
once polystyrene is recycled. This reduces the environmental footprint in terms of 
resource extraction but also helps toward the circular economy where material is 
reused rather than waste. EPS is lightweight yet bulky, and recycling such a material 
minimizes landfill waste volume, thereby easing the burden on waste management 
systems and extending the useful life of existing landfills. The diversion of EPS from 
landfills is important because it is not biodegradable and would last hundreds of 
years, contributing to pollution and degradation of the environment [45]. An effi-
cient recycling program of EPS can help divert incredible amounts of material from 
the landfills thereby solving one of the greatest problems today in waste manage-
ment. Some 30% of all EPS used for packaging will end up as landfill material 
[46]. Using an effective recycling program, waste output is going to be lowered 
significantly among companies, helping to create a sustainable way of dealing with 
packaging matters. Additionally, reducing the volume of EPS in landfills mitigates
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environmental concerns related to waste decomposition, which can produce harmful 
greenhouse gases like methane and toxic leachates. 

5.2 Cost-Effectiveness and Market Demand 

From an economic perspective, recycled EPS packaging presents substantial cost 
advantages over its pristine counterpart. Lower material and energy costs in the 
production of recycled EPS often enable manufacturers to offer competitive pricing. 
Studies indicate that, depending on various market factors and local recycling infras-
tructure, recycled EPS can be produced at costs 10–30% lower than those of pristine 
EPS. This makes it economical, and the companies are enjoying reduced disposal 
fees, especially at a time when landfill expenses are rising in areas owing to strict 
regulations or a deficiency in capacity. Increasing market demand for green pack-
aging options further makes recycled EPS financially feasible. With consumers 
turning more environmentally aware, consumers are moving toward brands who care 
about the environment. Companies that use recycled EPS enhance their corporate 
social responsibility profile while differentiating themselves in a highly competitive 
marketplace. Besides, many other industries, such as construction, automobile, and 
consumer goods, are now considering using recycled EPS for several applications, 
which further enhances the market growth and opens up new business opportuni-
ties. Government support and regulatory frameworks are increasingly in favor of the 
recycling industry. In many countries, the government is offering incentives in terms 
of tax breaks or subsidies to those companies that have used recycled material in the 
product line [47]. Along with consumers’ growing expectations, legislative support 
becomes favorable for recycling EPS. Stringent laws with regard to plastic waste 
are also promoting the use of a more sustainable alternative, as demanded by the 
companies, thereby increasing demand for recycled EPS as an available alternative. 

5.3 Life Cycle Assessment of Recycled EPS Products 

A comprehensive Life Cycle Assessment (LCA) is essential for understanding the 
environmental impacts of recycled EPS products throughout their entire lifecycle. 
LCA tracks all environmental impacts associated with each life stage of a product. 
This can start from raw extraction to the production process, during delivery, use, and 
up to disposal. This presents the general ecological footprint left in recycling EPS, 
thus giving a chance to consumers as well as manufacturers to make the right material 
choices. LCA’s also showed that usually the environmental impact of the recycled 
EPS is lower compared to pristine EPS and alternatives. For example, there is a study 
indicating that the production of recycled EPS consumes less energy, emits fewer 
greenhouse gases, and extracts fewer resources compared to the case using pristine
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materials as well as a few other alternatives for packaging. Such a comparative anal-
ysis gives companies a yardstick against which they can measure their sustainability 
of packaging decisions. Similarly, LCA also becomes an important decision-making 
tool for stakeholders in the supply chain. As a result, manufacturers will be able to 
make improvements in the process, develop better designs for the products, and work 
toward reducing the impact on the environment [48]. It can help policymakers make 
supporting regulations that will align with stewardship of the environment. When 
regulatory pressures augment pressure on product sustainability, LCAs can help in 
getting ahead of the compliance curve for companies and may avoid hefty fines or 
even reputational damage. 

6 Challenges and Future Perspectives 

Technical as well as market-wise, many serious challenges face the application of 
recycled EPS in packaging. Quality control should form one of the other prime 
technical challenges. Used or recycled EPS must be superior in quality or quality 
compared to that of a new material in relation to market entry. So the mechanical 
strength, thermostability, and overall productivity of a recycled EP shall also be at 
an appropriate level like any pristine material. Lower, unreliable, and fluctuating 
quality declines the acceptance of the producer with the products. Problem like 
contamination is also another technical problem. The thing is that EPS are likely 
mixed up with all types of contaminants throughout the life cycle, starting from 
food waste to other plastics and many things that compromise its integrity. Methods 
for sorting and cleaning would be needed to improve the quality of recycled EPS 
for material production. Another challenge is processing limitations. Some of the 
traditional recycling methods involve grinding and melting. After several cycles, 
this may degrade the properties of the material, therefore lowering the quality of 
the recycled EPS. Therefore, new methods that may be developed to keep EPS 
from degrading while processing are needed. For example, solvent-based recycling 
or supercritical fluid processes may offer superior results but will need additional 
research and investment before it becomes more commercially viable. Beyond these 
technical barriers, there are also market barriers to be overcome. Higher processing 
costs generally increase the price of recycled EPS compared to pristine EPS. The 
cost penalties associated with these increases in processing costs render it difficult for 
recycled materials to compete on price. Recycling processes are usually costlier and 
will discourage the adoption of recycled EPS when pristine materials are relatively 
more economical. Consumer acceptance is also another huge market barrier. Many 
consumers resent accepting products whose material content is pristine because of 
what they perceive about the quality and safety of the material. There is a big need 
for awareness campaigns about how recycled EPS supports environmental benefits 
and its performance attributes. Raising consumer’s awareness about the benefits 
associated with using recycled materials goes a long way in encouraging market 
demand to shift to sustainable packaging solutions. Lastly, supply chain management
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logistics also present some challenges. In this case, EPS happens to be very light, yet 
very bulky, resulting in high cost and difficult transportation. This dispersed nature of 
EPS waste makes it difficult to create a steady supply of recycled material. Localized 
recycling initiatives and improvements in collection infrastructure can help reduce 
the logistical issues, leading to a better supply of recycled EPS in the market. 

Besides, the future of EPS usage in packaging appears very promising and even 
more so if applied within the context of sustainable packaging solutions. Adopting 
circular economy models would mean using the highest volumes of recycled mate-
rial possible while preventing as much waste as is conceivable. In the case of a 
circular economy, packaging has been structured so that the product is aimed for re-
use and recycling with a system that would recycle back EPS into production. This 
approach is resource efficient and also forms a means of contributing to environ-
mental sustainability. Further research into prospects for biodegradable alternatives 
made along with recycled EPS could open the way for further reduction in envi-
ronmental effects by novel packaging ideas. Bio-based additives or coatings could 
increase the biodegradable aspects of EPS packaging in ways that keep its prime 
functionalities, appealing to environmentally concerned consumers and businesses. 
Even government policies and market trends can be in favor of increasing usage of 
recyclable products. Governments of different countries have formulated policies to 
permit the rising demand for use of recyclable EPS, which results in the formation 
and development of infrastructure, such as tax exemptions provided by some govern-
ments to companies using products with higher percentages of recyclable materials 
and quotatian for recycling provided by these governments to encourage businesses to 
become resource-friendly and produce more recycling-friendly end products. Corpo-
rate responsibility initiatives increase, and companies set their sustainability goals, 
which now include the use of recycled materials in products. It not only increases 
brand image but also appeals to consumers that take care about environmental prac-
tices. The advancement of technology can shape the future of recycled EPS. The 
integration of artificial intelligence and automation into the systems of sorting and 
processing should improve the efficiency of operations in recycling. The implemen-
tation of AI algorithms will refine the sorting of EPS from mixed waste streams, with 
automation speeding up the processes involved in further steps such as processing. 
More critical development of LCA tools will be achievable as well since companies 
will consider assessments of environmental impacts at any stage of the EPS recycle 
lifecycle. This transparency will thereby facilitate decision-making and support the 
use of recycled material through proof of sustainability claims. 

7 Conclusion 

This chapter has outlined immense opportunities for recycled expanded polystyrene 
in sustainable packaging. Some environmental advantages that come through the 
recycling of EPS include reduction in the amount of waste directed to landfill as
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well as conserving resources in terms of the reuse of the same EPS material recy-
cled, therefore reducing carbon emissions tied to the production of new material. It 
is insulating, light in weight, and water-resistant, protecting the contents of prod-
ucts throughout their transportation and storage; recyclable EPS is thus a versatile 
candidate. From the perspective of economics, the recycling of EPS saves cost and, 
based on previous evidence, creates some employment opportunities in the recycling 
industries and firms involved in manufacturing. Superior technologies in recycling 
have developed to higher qualities with enhanced material availability. Manufac-
turers, recycler, and policymakers together can bring effective recycling system and 
more utilization of recycle material in their operations. The package industry can 
lead toward an ecologically good future and solve many other environmental issues 
through increased demand coming from environmentally conscious consumers. 
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Chemical Recycling of Expanded 
Polystyrene Foams 

Jorge Lopez-Tellez, Karen A. Escamilla, Israel S. Ibarra, 
and Jose A. Rodriguez 

Abstract Chemical recycling of expanded polystyrene foams is tertiary recycling 
and considered an alternative for low-cost waste treatment because of it is simple 
and environmentally friendly process. Chemical recycling of expanded polystyrene is 
described by three routes: (1) solvent-based polystyrene dissolution (2) polystyrene 
structural modification and (3) polystyrene depolymerization. These strategies repre-
sent a useful option to generate new materials such as: fiber, membrane, cationic 
exchanger resin (flocculant materials), polyelectrolyte, and fuel cell membranes 
and they was explored to obtain high value aromatic products: styrene (monomers 
and oligomers), toluene, propenyl benzene, ethyl benzene, benzoic acid and other 
aromatic compounds. This chapter presented and discussed current trends, advances 
and alternatives for chemical recycling of polystyrene wastes. 

Keywords Recycling · Expanded polystyrene · Depolymerization · Polymer 
modification · Solvent-based recycling 

1 Introduction 

Chemical recycling for polymeric materials is considered tertiary recycling [1] 
and has generally been described as the conversion of polymers into monomers 
or partially depolymerized to oligomers through a chemical reaction (depoly-
merization). Monomers obtained from depolymerization can be used for new 
polymerizations to reproduce the original or a related polymeric product [2, 3]. 

Chemical recycling can be classified considering the process and the type of 
the agents employed [4–6]. Chemolysis or solvolysis (solvent-based recycling) is 
based on polymers decomposition by chemical reagents to produce monomers and 
oligomers, reaction products can be repolymerized into new plastics. Depending
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on the type of chemical agent involved, the main chemolysis types for depolymer-
ization are alcoholysis, aminolysis, hydrolysis and glycolysis [6], in each case, the 
reagent compounds break of hydrolysable polymer bonds, offering several possibil-
ities depending on reaction conditions, product selectivity, yield, solvents, catalysts, 
temperature and pressure used [7]. 

Thermo-chemical recycling plastic wastes is another type of chemical recycling 
type in which the polymer is heated either in absence of oxygen (pyrolysis and hydro-
cracking) or with limited oxygen (gasification). Pyrolysis process consists in submit 
plastic wastes at temperature from 350.0 to 700.0 °C [8], while hydrocracking or 
catalytic cracking conditions involves a hydrogen atmosphere, high pressure, temper-
atures >350.0 °C in presence of a catalyst [4]. Gasification is the partial oxidation 
in the presence of steam, oxygen and air at temperatures in the interval of 800.0– 
1600.0 °C and pressures of 15.0–30.0 MPa, this process can produce synthesis gas or 
syngas [9]. Thermo-chemical process is included as thermal decomposition methods 
because of they depend more on the temperature, in addition, pyrolysis and catalytic 
cracking are techniques used in the production of fuels and oils from polymeric 
materials [10–12]. 

On the other hand, the EU Waste Framework Directive defines chemical recycling 
applied to polystyrene (PS) as any operation where waste materials are reprocessed 
into products, materials or substances, these do not include obtaining energy or repro-
cessing materials that will be used as fuels or backfilling operations [6, 13]. Under 
this context chemical recycling for PS is described in the literature by three routes 
(Fig. 1): (1) solvent-based PS dissolution can be recycled semi-chemical method 
[14], even though there is no modification in the chemical structure, recovery of the 
initial polymeric matrix allows the obtaining of materials that can be applied within 
various chemistry areas [15], (2) PS structural modification is the second route, 
in this treatment the PS is dissolved and the chemical structure is modified [16], 
and (3) depolymerization, a common recycling approach for PS through a polymer 
degradation to produce high value styrene monomers, oligomers and other organic 
compounds [17]. Notwithstanding, depolymerization occurs in pyrolysis, catalytic 
cracking and gasification and several authors in the literature have described them as 
chemical recycling, these processes do not fall within the definition according to EU 
Waste Framework Directive due to in the depolymerization process is produced fuel 
and oil, consequently they will not be included in the chemical recycling classifica-
tion for polystyrene. In addition, pyrolysis, and gasification are classified as thermal 
decomposition as they depend on the temperature. Therefore, chemical recycling for 
PS strategies would be discussed in the next sections.

2 Semi-Chemical PS Recycling 

First chemical PS recycling route is waste solubilization by solvents, in this case, PS 
does not suffer a depolymerization or rupture PS [14]. Therefore, this strategy has 
been defined as semi-chemical recycling, which allows a change in the PS shape and
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Fig. 1 Chemical recycling for PS according to EU waste framework directive definition

volume. However, PS does not present chemical structural modifications [14, 16]. PS 
waste solubilization does not require additional energy for material transformation, 
neither application of mechanical techniques, which is an advantage in reducing 
transportation and disposal costs. Furthermore, solubilization is a functional tool to 
remove adhered impurities from PS based on low solubility. 

Most important step to carry out the PS dissolution is the selection of the appro-
priate solvent [14, 18]. Due to the similarity in physical and chemical properties, 
PS dissolves easily in non-polar or intermediate polarity solvents such as: xylene, 
toluene, benzene, nitrobenzene, cyclohexane, chloroform, tetrahydrofuran, acetone 
and ethyl acetate [19, 20]. The presence of aromatic ring in the solvent chemical 
structure allows a better PS-solvent interaction. The resulting mixture (solvent-PS) 
has been used as a precursor in the manufacture of new materials with the aim of 
giving it a second use and application. In recent years, the manufacture of materials 
such as films, fibers and filters fibers have been developed. PS structural characteris-
tics allow it to be used as adsorbent material for extraction and analysis of aromatics 
compounds, mainly due to the ability to form π-π type interactions between aromatic 
rings present in PS and the compounds studied. This interaction mechanism favors 
the retention of the target compounds on materials manufactured from PS waste [21]. 

Fibers obtained from recycled PS is an adsorbent material which attracted great 
interest among researchers due to its easy preparation and potential applications. The 
most common technique to manufacture fibers is electrospinning. Generally, fibers 
are obtained in nanoscale and show excellent characteristics such as high surface 
area, high porosity, mechanical and chemical resistance, good chemical stability,
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interconnected ultrafine fibrous structure and high permeability which makes them 
a viable material for removal or filtration purposes [22]. 

PS nanofibers with diameter about of 400.0 nm, high porosity, large surface and 
high extraction efficiency were prepared by dissolving PS in a mixture of dimethylfor-
mamide and tetrahydrofuran (1:1). Extraction of antipsychotics (olanzapine, risperi-
done, paliperidone, clozapine, quetiapine, ziprasidone, and aripiprazole) in human 
plasma was carried out using this adsorbent and followed by a quantification using 
instrumental techniques such as high-performance liquid chromatography [23]. 

Besides to fibers, it is possible to obtain other materials from the PS solution with 
other morphology such as films that have been other characteristics that allow them 
in analytical methodologies. Ríos-Gómez et al. describe the manufacture of PS films 
supported on filter paper for the extraction and analysis of methadone in human urine 
samples. Yoghurt containers were used as a source of PS and chloroform to prepare 
the polymer solution, deposition of PS film is obtained by dipping pieces of filter 
paper into the solution mentioned above. PS films have provided good results in drug 
analysis in biological samples; by placing the material on a pipette tip, handling and 
sample volume required for testing are minimized [24]. Furthermore, the manufac-
ture of this material is a simple, fast and low-cost (green chemistry). PS films have 
been employed in analysis of small sample volumes, such as biological samples; 
however, is possible working with large sample volumes reducing the risk of cross-
contamination. PS from commercial containers was dissolved in tetrahydrofuran to 
fabricate films for polycyclic aromatic hydrocarbons analysis in water samples. The 
film was placed inside the tip of a pipette and 12 polycyclic aromatic hydrocarbons 
adsorbed and then determined by high-performance liquid chromatography [21]. 

Depending on the hydrophobic character of the materials manufactured from PS, 
other relevant application is the elimination of organic compounds present in aqueous 
media (dispersed oil phase). An adsorbent material was manufacture based on PS 
from food containers and natural cotton fibers. The procedure to manufacture this 
type of materials is quick and simple; an immersion of cotton fibers in a PS solution 
(chloroform). Through this method, the deposition of a polymer layer on the cotton 
fibers is favored, allowing the fiber to exhibit a high hydrophobic character. Strong 
interactions between fibers and aromatic compounds (fluorene or pyrene) have been 
described, in addition to a high separation of oil phase from aqueous media [25]. The 
development of adsorbent materials from natural compounds and polymeric waste 
turns out to be an ecological alternative due to a simple and economical way of 
manufacturing and the good results that have been obtained. 

Air filters can be obtained from the combination of layers of microfibers and 
nanofibers. It has been shown that by modifying the solvent used for PS recycling 
it is possible to obtain fibers of various sizes, which represents an advantage for 
industrial applications. When dimethyl formamide is used to dissolve the polymer, it 
is possible to obtain fibers with an average diameter of 8.9 µm, however, by adding 
a biodegradable solvent such as D-limonene to the mixture of solvents, it is possible 
to reduce the fiber size to 1.0 µm. An air filter was manufactured based on the 
combination of several layers of the above-mentioned fibers, the filter has a filtration 
efficiency of 99.4% and a quality factor of 0.099 Pa−1. These filters are promising
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due to the great advantages they offer such as their low cost and production time 
(12 min) [26]. In addition to materials where functionality is based on PS structural 
characteristics and properties, PS waste can be used in the manufacture of other 
materials where the main function is to be a support for depositing other compounds. 
The PS waste is a good support due to its stability, inert nature, low cost and easy 
accessibility. In general, the supports are manufactured by immersion of PS material 
in solution of the compound that will be supported. 

Chitosan supported on PS nanofibers has been described for removal of Pb (II) in 
aqueous media, nanofibers were manufactured from the dissolution PS waste in N,N-
dimethylacetamide. In a second step, it is necessary to immerse the nanofibers in a 
chitosan acid solution. Incorporation of −OH (hydroxyl) and −NH2 (amino) groups 
to nanofibers allows a strong interaction with metal ions, conferring a high adsorption 
capacity (137.4 mg g−1) [27]. On other hand, PS from yoghurt packaging was used as 
support to immobilize TiO2, used as a photocatalyst in the degradation of erythrosine 
and brilliant blue. In this case, PS waste only was washed with neutral detergent and 
water, followed by immersion in a 2.0% (w/v) TiO2 aqueous suspension solution at 
room temperature. The main advantage of this material is the reduction of chemical 
agents used and that exposure to high temperatures is not necessary to carry out 
the degradation of the dyes, under these conditions 98.0% colorants degradation is 
possible [28]. 

It has been shown that adsorbents manufacture of supports from food packaging 
material is an excellent alternative for water treatment based on adsorbents with 
the advantage of reducing PS waste environmental impact. In summary, various 
materials, with important applications, have been obtained from PS waste dissolution 
and some applications are collected in Table 1.

Organic solvents costs are attractive to industry for their applicability in extraction, 
cleaning, formulation, coating, and chemical production. According to European 
Solven Industry Group about 5 million tons of solvents are used by the European 
Industry per year [41]. However, some solvents present negative consequences for 
health such as: teratogenicity, nephrotoxicity, hepatotoxicity, neurotoxic disorders 
and carcinogenicity [40]. 

To reduce the negative impact of organic solvents in PS, it has been proposed the 
use of natural and biodegradable compounds. One of the first options described is the 
use of D-Limonene, a terpene presents in citrus peel, due to the characteristics allows 
that the polymer maintains a solubility similar to organic solvents mentioned above 
[42]. In this sense, natural compounds with similar chemical composition have been 
explored for the PS dissolution. Table 2 presents various natural solvents employed 
with their respective PS solubilities. Essential oils have high contents of terpenes 
and their derivatives, these have been evaluated, presenting important advantages: 
developing at room temperature and do not require specialized equipment. In addi-
tion, they are relatively economical and environmentally friendly. Flowers such as 
jasmine, orange blossom, lavender, lily, tuberose, gardenia, violet and ylang-ylang 
have been used to obtain essential oils with high terpene content and improve the 
residues PS dissolution [43]. As a perspective, it is intended to manufacture new
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Table 1 PS semi-chemical recycling and applications 

Solvent Morphology PS solution 
composition (% 
w/v) 

Application Ref. 

N,N-dimethylacetamide Nanofibers 15.0 Filter media 
(emulsions) 

[29] 

Dimethylformamide Nanofibers 15.0 Adsorption of organic 
solvents (acetonitrile) 

[30] 

Chloroform Magnetic PS 
nanocomposite 

2.0 Determination of 
parabens 
(methylparaben, 
ethylparaben, 
propylparaben and 
butylparaben) 

[31] 

Chloroform PS-cotton 
composite 
(fibers) 

2.0 PAHs remotion [25] 

Dimethylformamide, 
tetrahydrofuran (1:1) 

Nanofibers 15.0 Analysis of 
sedative-hypnotic 
(zaleplon, zolpidem 
and six 
benzodiazepines) 

[32] 

Dimethylformamide, 
tetrahydrofuran 

Fibers 20.0 Remediation of oil 
wastewater 

[33] 

Dimethylformamide, 
tetrahydrofuran (4:6) 

Nanofibers 10.0 Extraction of 
pesticides (diazinon, 
malathion, propargite, 
bromopropyrate, 
tetradifon and 
permethrin) 

[34] 

Dimethylformamide, 
tetrahydrofuran (8:2) 

Nanofibers 15.0 Extraction of 
Disulfine blue 

[35] 

Tetrahydrofuran Film – Packaging [36] 

Acetone, ethyl acetate 
(20:80) 

Film – Coating material for 
asphalt and 
infrastructure 
applications 

[37] 

Chloroform Film 3.0 Microextraction of 
methadone 

[24] 

Tetrahydrofuran Film 15.0 PAHs determination [21] 

Tetrahydrofuran Coating 15.0 PAHs determination [38] 

Dimethylformamide, 
d-limonene (3:1) 

Nanofibers 20.0 Air-filter [39] 

Dimethylformamide, 
d-limonene 

Nanofibers 25.0 Air-filter [40] 

PAHs Polycyclic aromatic hydrocarbons
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Table 2 PS solubility in 
several natural compounds Solvent PS solubility 

g/100.0 g solvent 
Ref. 

α-Terpinene 130.2 [44] 

γ-Terpinene 
d-Limonene 
Terpinolene 

130.6 
126.7 
125.2 

Geranyl acetate 
Bornyl acetate 

174.4 
67.2 

α-Pinene 43.8 

1,8-Cineole 54.8 

α-Phellandrene 125 [45] 

β-Phellandrene 122 

p-Cymene 212 

materials from the PS solution of using biodegradable, low-cost and environmentally 
friendly compounds, as well as evaluate the functionality of these materials. 

3 Chemical PS Structural Modification 

Second PS chemical recycling route is based on chemical polymeric modification 
without depolymerization [15]. There are several reports on electrophilic substitution 
on styrene ring as sulfonation, nitration or amination. The modified PS products have 
been widely used cationic exchanger resin (flocculant materials), polyelectrolyte, 
and fuel cell membranes [46, 47]. Sulfonation and nitration are the main strategies 
employed for PS modification, the initial step is reducing the PS particle size and 
subsequently the polymer phase is introduced into concentrated acid (sulfuric acid 
or nitric acid), the reaction is carried out at temperatures around 40.0 °C under 
stirring, the modified PS particles are separated and washed to remove excess reagent 
[48]. The second method consists of two steps; first the PS is dissolved using the 
appropriate solvent. Subsequently, concentrated acid is added, the mixture is stirring 
and moderately heated (25.0–90.0 °C) [46]. Both methods require some catalyst to 
improve the reaction [46, 49]. The main advantages of sulfonation and nitration are 
the increase hydrophilicity, proton conductivity and water-solubility [50]. 

Other sulfonation method was described by Dardeer and Toghan PS was dissolved 
in chloroform; then sulfuric acid was added. The mixture was stirred for approxi-
mately 8.0 h at 50.0 °C (until the reaction turns brown), using this method a sulfona-
tion yield of 65.0% is described [51]. Sulkowski et al. compared two sulfonation 
methods, the first method consists of pulverizing PS (0.40–1.04 mm), this was added 
to a mixture of Ag2SO4 as catalyst and H2SO4 at 80.0 °C for 2.0 h. The second 
method evaluated was sulfonation using silica sulfuric acid, which is added to a 
mixture of PS in 1,2-dichloroethane, the molar ratio of PS to sulfonating agent was
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1:2 for 7.0 h at 60.0 °C [49]. Both methods of PS sulfonic acid synthesis were eval-
uated as flocculants for the treatment of wastewater, because they exhibit properties 
of anionic polyelectrolytes, obtaining an ion exchange capacity similar to commer-
cial ion exchangers. The combination of sulfonated product with silica sulfuric acid 
shown better results in wastewaters treatment. 

Mahmoud et al., described a nitration method from residual PS, which initially 
PS was pulverized until fine particles were obtained followed by a washing step with 
distilled water to ensure the complete elimination of the adsorbed impurities, then the 
PS particles were placed to react in a mixture of concentrated nitric acid and sulfuric 
acid for 24.0 h. The modified material was used as adsorbent to remove Cd (II), Pb 
(II) and Hg (II) from water samples [52]. Table 3 shows the different sulfonation and 
nitration modifications for PS.

Amination or other functional group addition occurs in three steps, (1) PS is 
dissolved in an appropriate organic solvent, (2) the carboxyl group is grafted onto 
styrene ring by the Friedel–Crafts acylation reaction, usually the acylation reagents 
are acyl chlorides and Lewis’s acid catalyst (FeCl3 and AlCl3), and (3) and subse-
quently the acyl group is exchanged to derivatives of carboxylic acids. These new 
polymeric materials have been applied to adsorption of contaminants in several 
samples due to good chemical stability, high surface area and low solubility. Main 
interaction mechanism is π-π type interactions with various organic contaminants 
with aromatic groups into their structure. 

Pu et al. developed PS modification with dopamine and N,N′′-
dicyclohexylcarbodiimide. PS was dissolved in dichloromethane with succinic 
anhydride and FeCl3 as catalyst for addition a carboxyl group through the Friedel– 
Crafts, after, the dopamine and N,N′′-dicyclohexylcarbodiimide was added and 
stirred at room temperature for 12.0 h and the FeCl3/FeCl2 in NH3 solution was 
added for formation of magnetic particles at 80.0 °C for 20.0 min, the new material 
was used for Congo red and methylene blue extraction from wastewater [58]. Other 
alternative is the PS modification surface with phenyl hydrazine. PS surface modifi-
cation was carried out using carbon tetrachloride as dissolvent, anhydrous AlCl3 and 
acetyl chloride for acylation (50.0 min at 60.0 °C), afterward phenylhydrazine was 
immobilization for 60.0 min at 50.0 °C for the hydrazone formation. PS-hydrazine 
was applied in the adsorption of phenol [59]. 

PS hypercrosslinked polymer was synthesized, PS was dissolved in 
dichloromethane, formaldehyde dimethyl acetal and FeCl3 were added, and the 
mixture was allowed to reflux for 12.0 h. The Lewis acid catalyst allowed 
methoxymethyl groups to attach to additional phenyl rings, these transform into 
methylene bonds, resulting in very rigid cross-linked structures. Several aromatic 
building components were directly knitted together, resulting in networks with a 
high surface area and a high degree of microporosity. The characteristics of this 
material allowed CO2 adsorption [60]. Table 4 shows the different methods for PS 
structure modification.
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Table 4 Chemical modifications for chemical PS recycling by Friedel–Craft reaction and acyl 
group is exchanged to carboxylic acids derivatives 

Carboxylic acids derivatives Chemicals agents Reaction 
conditions 

Application Ref. 

Hydrazone (1) PS dissolved in carbon 
tetrachloride, AlCl3 and acetyl 
chloride 
(2) Phenyl hydrazine 

(1) 50.0 min 
at 60.0 °C 
(2) 60.0 min 
at 50.0 °C 

Remotion 
phenol 

[59] 

Amide (1) PS dissolved in 
dichloromethane, succinic 
anhydride and FeCl3 
(2) Dopamine and 
N,N′′-dicyclohexylcarbodiimide 

(1) Room 
temperature 
for 8.0 h 
(2) Room 
temperature 
for 18.0 h 

Remotion 
organic dyes 

[61] 

Ketone-Natural rubber (1) PS dissolved in 
tetrahydrofuran Maleic anhydride 
Boron trifluoride etherate 
(2) Maleation of PS and natural 
rubber dissolved in THF 
N-dimethyl aniline and benzoyl 
peroxide (catalyst) 

(1) Room 
temperature 
for 24.0 h 
(2) Room 
temperature 

– [62] 

Ketone PS dissolved in methylene chloride 
1,2,4-
benzenetricarboxylic anhydride and 
AlCl3 

60.0 °C for 
10.0 h 

Remotion 
methylene 
blue, 
Safranin T, 
and 
Malachite 
green 

[63] 

Oxidation-Polyethylenimine 
immobilization 

(1) PS granules in chromic acetic 
solution 
(2) Polyethylenimine in deionized 
water 
Glutaraldehyde 

(1) 100.0 °C 
for 8.0 h 
(2) Room 
temperature 
for 12.0 h 

Remotion 
humic acid 

[64] 

Crosslinked polymer (1) PS was dissolved in 
1,2-cichloroethane, carbon 
tetrachloride, formaldehyde 
dimethyl acetal, 
α,α′-dichloro-p-xylene, 
4,4′-bis(chloromethyl)-1,1′-bipheny 
and 2) AlCl3 in ethanol 

(1) Room 
temperature 
(2) 12.0 h at 
80 °C 

CO2 capture [65] 

Hyper crosslinked polymer (1) PS was dissolved in 
1,2-cichloroethane 
(2) Formaldehyde dimethyl acetal 
and FeCl3 

(1) Room 
temperature 
(2) Refluxed 
24.0 h 

CO2 capture [66] 

Amide (1) PS dissolved in 
dichloromethane, maleic anhydride 
and AlCl3 
(2) N,N′′-diisopropylcarbodiimide 
and tetraethylenepentamine 

(1) 5.0 h at 
room 
temperature 
(2) 24.0 h at 
room 
temperature 

Remotion 
Eriochrome 
Black T and 
Congo red 

[67]

(continued)



Chemical Recycling of Expanded Polystyrene Foams 81

Table 4 (continued)

Carboxylic acids derivatives Chemicals agents Reaction
conditions

Application Ref.

Amide-Magnetic 
nanoparticles 

(1) PS dissolved in 
dichloromethane, succinic 
anhydride and FeCl3 
(2) Dopamine and 
N,N′′-dicyclohexylcarbodiimide 
(3) FeCl3/FeCl2 in NH3 solution 

(1) 8.0 h at 
room 
temperature 
(2) 18.0 h at 
Room 
temperature 

Remotion 
organic dyes 

[58] 

Hypercrosslinked polymer (1) PS was dissolved in 
dichloromethane and formaldehyde 
dimethyl acetal and 
(2) FeCl3 

(1) 3.0 h min 
at room 
temperature 
(2) 12.0 h at 
40.0 °C 

CO2 capture [60] 

4 Chemical PS Depolymerization 

The last route for PS chemical recycling allows obtaining small molecules. Transfor-
mation by depolymerization is defined as a change in chemical structure to convert 
polymeric materials into monomers, oligomers, and other hydrocarbon compounds 
that serve as a starting point for the new materials [68]. This methodology offers great 
advantages to the circular economy, since it allows obtaining high-value compounds 
that serve as raw materials in the production of medicines, resins or fragrances. 

Due to the costs represented by the drastic conditions of the techniques, in recent 
years strategies have been developed using mild conditions (temperature <300.0 °C) 
and more economical chemical agents than conventional catalysts. A non-thermal 
plasma-enabled based method at ambient temperature and atmospheric pressure was 
developed to break C–C bonds by PS hydrogenation. PS is depolymerized using a 
reactor equipped with a dielectric barrier discharge plasma generator in presence of 
H2 flow. PS recycling under these conditions allows obtaining high commercial value 
hydrocarbons, CH4, C2H2, C2H4, C3H6, and C3H8, ethylene is the main reaction 
product which is an important starting material for the manufacture plastics and 
solvents representing an important progress to industry [69]. 

In addition to styrene, other molecules are obtained under ambient conditions 
from the PS chemical depolymerization such as toluene, propenyl benzene, ethyl 
benzene, and other aromatic compounds. In this sense, a novel alternative is the 
impact or friction forces on the solid materials surface, it has been described that it 
provides adequate chemical conditions. 

Reaction mechanism involving a mechanochemical process is carried out as 
follows: First, a homolytic rupture of C–C occurs in the PS macromolecule and under 
atmospheric conditions generates carbon-centered free radical species. Followed by 
the formation of free radicals which can react with atmospheric oxygen to produce 
peroxide intermediates. Peroxide species interact with the metal surface of the reactor 
(which acts as a catalyst) to produce the styrene [70]. Vibratory reactor, stainless 
steel containers and grinding balls have been employed to generate benzaldehyde
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and acetophenone through the mechanochemical depolymerization of PS. Under an 
inert atmosphere (N2 flow) the production of styrene is mostly favored, however, the 
incorporation of O2 flow increases the oxygenated products formation [68]. 

Another way to reduce the energy necessary for the transformation of PS is through 
the application of low-cost catalysts (solid), alkaline earth metals salts or oxides have 
shown high reactivity with the polymer. PS is transformed into benzene, toluene, 
ethylbenzene, styrene, isopropyl benzene and other (minor) compounds using cata-
lysts such as Mg, MgO and MgCO3 with reaction temperatures <450.0 °C. Under 
these conditions, it is possible to favor obtaining the styrene monomer yields >50.0% 
[71]. 

Another catalytic alternative is the use of metal catalysts supported on mesoporous 
surfaces such as zeolite, alumina, silica lumina and hydrotalcite [72]. Mixed catalysts 
described includes calcination of hydrotalcite, mixed metal oxides are formed due 
to the presence of di- and trivalent metal ions in the starting material, these metal 
oxide materials possess high surface area and high basicity. Park et al. studied the PS 
depolymerization employing hydrotalcite with different Mg/Al contents. Reaction 
was performed at 350.0 °C for 2.0 h; styrene, ethyl benzene and α-methyl styrene 
were obtained as main reaction products [73]. Vermiculite is other porous material 
studied for mixed catalyst fabrication. This mineral formed by iron, magnesium 
and aluminum silicates were used as a catalyst in PS depolymerization reaction at 
400.0 °C to production of styrene. The implementation of clay materials as catalysts 
in the transformation of PS proposes an economical tool, with less energy spending 
and friendly to the environment [74]. 

In recent decades, application of supercritical fluids has emerged as an alternative 
in the chemical transformation of plastics, similar to mechanochemical process, it 
uses mild reaction conditions that allow it to be a sustainable alternative to thermal 
treatment. Supercritical water (374.0 °C and 3200.0 psi) is a non-toxic, inexpensive 
solvent that has allowed the transformation of various polymeric materials. 

PS sample and water were place into a supercritical fluid reactor previously purged 
with argon, the sample is stirred until reaching 380.0 °C. Under these conditions 
the depolymerization occurs in 15.0 min showing a total conversion. The reaction 
products forms were styrene monomer, dimers and trimers of styrene, toluene, ethyl 
benzene and triphenyl benzene [75]. Methanol has been used under supercritical 
conditions (240.0 °C and 7.9 MPa.) to PS depolymerization, after 15.0 min of reaction 
a conversion of 92.0% weight was obtained. The exchange of solvents promotes the 
synthesis of 3-phenyl propanol, 3-phenyl-1-butanol and 1,3-diphenyl propane [76]. 

On other hand, non-polar solvent allows the dissolution and purification of the 
depolymerization products. Under this concept, the influence of toluene under super-
critical conditions (318.0 °C and 598.0 psi) for PS depolymerization has been eval-
uated, above 300.0 °C, ethylbenzene, styrene, benzene, among others, are obtained 
as depolymerization products. 1,3-diphenylpropane is the majority product obtained 
at temperatures below 300.0 °C, while at temperatures above 350.0 °C this product 
decomposes into a styrene monomer [77]. Transformation strategy of polymeric 
waste using supercritical fluids is a promising tool in chemical recycling because



Chemical Recycling of Expanded Polystyrene Foams 83

of the experimental conditions are environmentally friendly in contrast to thermal 
treatment. 

5 Other Chemical Techniques for PS Depolymerization 

Despite achieving depolymerization with the previously described methodologies, 
they present several disadvantages such as: high reaction temperatures, use of cata-
lysts and solvents [4], therefore, alternative depolymerization techniques have been 
proposed. Among the alternatives, photocatalytic upcycling presents advantages such 
as reduced process temperature, reaction rate, and product yields. PS photocatalytic 
was performed using an iron catalyst under light irradiation to obtain benzoic acid 
as the majority product, which is a high-value compound that is difficult and expen-
sive to synthesize. A depolymerization yield of 68.0% was obtained under 400.0 nm 
irradiation, an O2 atmosphere, and the application iron salts (FeCl3 and FeBr3) as  
catalysts for the formation of halogen radicals to produce various benzoic compounds 
(acetophenone and benzoic acid) [78]. Also, photocatalytic recycling in the absence 
of metal species has been studied, using p-toluene sulfonic acid monohydrate as 
a catalyst under irradiation at 405.0 nm at air atmosphere to produce formic acid, 
benzoic acid and acetophenone [18]. The use of microwaves to depolymerize PS 
presents an effective alternative to conventional heating methods, the application of 
microwaves increases reaction rates and reduces reaction times and costs [79]. Due 
to its effectiveness, this methodology has been mostly used in the production of fuels 
by pyrolysis [80, 81]. 

Enzymatic depolymerization is other effective method for PS depolymerize 
because it can gradually break down the polymer chains without the need to imple-
ment expensive reactions, unlike conventional methods that require the use of high 
temperatures and energy [82]. PS is depolymerized using various enzymes such 
as cytochrome P4500, alkane hydroxylases and monooxygenases. They have been 
shown to be highly potential in efficiently breaking C–C bonds in PS polymer 
chains; hydroxylating dioxygenases can break PS side chains to oxidize aromatic 
rings. Several of these enzymes are produced by microorganisms, and are discarded 
extracellularly, which in combination with other compounds adhered to PS surface 
[83]. Decomposition of the polymer begins with the initial cleavage of insoluble 
macromolecules into smaller fragments as styrene, it can be metabolized through 
two catalytic pathways: epoxidation of the methyl group or hydroxylation of the 
benzene ring, yielding products such as benzoic acid, benzaldehyde, acetophenone 
and ethylbenzene. Some of these products can be used by the bacteria to generate 
the enzyme [82]. PS was depolymerized using two enzymes, orphan aromatic ring-
cleaving dioxygenase and a hydrolase obtained from Exiguobacterium sp. RIT 594. 
It was observed an increase in carboxyl and hydroxyl compounds, as well as non-
conjugated double bonds, causing a styrene ring dearomatization. Furthermore, it 
was identified that the presence of molecular oxygen was a critical parameter for the 
depolymerization process, obtaining as products 2-hydroxypenta-2,4-dienoate and
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acrylic acid [84]. However, although the use of enzymes as biocatalysts is a promising 
area that allows obtaining diverse products and a highly efficient depolymerization 
under the concept of chemical recycling [85]. 

6 Conclusion 

PS chemical transformation is an innovative process with high recycling efficiency 
and low energy requirements. Chemical recycling methods emerges as an alterna-
tive for the reduction of polystyrene waste and its conversion to different chemical 
compounds (styrene monomers, benzoic acid, toluene and benzene). On the other 
hand, it is possible to obtain new materials and morphologies (waste dissolution with 
organic o natural solvents) and high-value products with diverse chemical appli-
cations such as filters or adsorbent materials when PS structural modification by 
nitration or sulfonation, depolymerization under mechanochemical, photocatalytic, 
enzymatic or supercritical conditions was applied. 
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Components of Expanded Polystyrene 
Foams 

Edwin A. Giles-Mazón, Victor Varela-Guerrero, 
and Maria F. Ballesteros-Rivas 

Abstract Expanded polystyrene (EPS) is an irreplaceable material due to unique 
properties like lightweight structure, impact tolerant properties and thermal insula-
tion making it essential for daily lives applications. It can be found in applications that 
take full advantage of these properties such as packing, construction and many others. 
This chapter explores the chemical composition of EPS, starting from the chemical 
components of the styrene monomer and its transformation into polystyrene (PS) 
and EPS. In the process of obtaining EPS, some additives are involved, which are 
substances that help to obtain EPS with certain characteristics and can also help to 
improve certain properties that are needed to efficiently use EPS in certain applica-
tions. In addition, the path to reach EPS of different densities is explored. EPS foams 
can be classified based on their density following international norms and standards. 
The norms ensure the quality of EPS products and define the physical parameters 
based on their density values. The value of density helps to know what properties 
each type of EPS foam has, for example, rigidity, mechanical resistance, thermal 
insulation and resistance to humidity are enhanced when the density values are high. 
Finally, this chapter highlights the close relationship that exists between the physical 
properties resulting from each type of EPS, and the apolar nature of styrene and its 
distribution between the air cells of EPS. 
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1 Introduction 

Expanded polystyrene (EPS) foam is one of the most common plastics used in our 
daily lives [1]. If the use of EPS foam increased, its waste has also increased propor-
tionality and the high consumption EPS represents a global environmental problem 
[2]. EPS is used in a plethora of applications like packaging, construction and house-
hold appliances due to their low weight, rigidity, high impact resistance, heat insula-
tion capabilities and moisture resistance property, making it difficult to replace [3]. 
The physical characteristics of EPS foams are due to their chemical components and 
their three-dimensional arrangement obtain by the additives added on EPS produc-
tion process [4, 5]. EPS is made of 98% air and 2% polystyrene (PS) particles [2, 
6]. PS is a thermoplastics substance (polymer that can be melted and molted) that is 
exceptional for reuse, redesign and recycling in the circular economy [1, 7]. In this 
chapter, we will explore the fundamental components of EPS foams, to understand 
better their chemical and physical properties that make EPS foams one of the most 
consumed plastics. In addition, understanding the chemical of EPS components leads 
to new methods of producing and recycling polystyrene considered sustainability [8]. 
Also, knowing the chemical behavior of the EPS components on determinate recy-
cling process is essential to predict the yield of a given value-added products results 
of the process. 

2 Components of EPS Foam and Chemical Properties 

EPS is a polymeric structure based on styrene monomer [4]. Styrene is found in nature 
in plants, bacteria and fungi, where it participates in some biochemical processes. 
However, to meet the market demand, styrene for plastic production is obtained by 
organic synthesis and is a petroleum-derived [3]. Therefore, analyzing this molecule 
considering each of its chemical components allows us to understand in greater detail 
the close relationship that exists between the arrangement and chemical properties 
of the styrene chains and the EPS physical properties. 

2.1 Styrene (C8H8) 

Styrene has a molecular formula of C8H8. It is a hydrocarbon made up of eight 
hydrogen atoms distributed and linked between eight carbon atoms [9]. This compo-
sition of only hydrogen and carbon atoms gives it the property of being a non-polar 
and hydrophobic molecule, which allows it to be impermeable to water and resistant 
to humidity, properties that are also maintained in its polymeric form, both in PS and 
EPS [4]. The molecular formula refers to the number and type of atoms present in 
a molecule, therefore, to obtain more information about the structure and chemical
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behavior of the molecule in question, the developed chemical formula details the 
mode in which the atoms are linked to each other within the molecule. Figure 1a 
shows the developed chemical formula from styrene [10]. Two functional groups 
are distinguished in the molecule: the phenyl group (C8H5−) which corresponds 
to the benzene ring with one less hydrogen and, as a substituent, the vinyl group 
(−CH = CH2), the corresponding radical of ethylene molecule (H2C = CH2) [11]. 
In fact, the names Phenylethylene and Vinylbenzene are synonyms of styrene, and 
they denote the presence of these functional groups. Functional groups are a certain 
set of atoms that have similarity in chemical properties and reactivity, so that they 
define the interaction of a molecule with others. In the case of styrene, its reactive 
properties are defined by the vinyl group, and it is the one that directly participates 
in the polymerization of the monomers to form PS (Fig. 1b and c). The phenyl group 
consists of a highly non-polar aromatic ring due to the delocalized distribution of its 
electrons, which gives rise to an electron cloud that extends throughout the carbon 
ring structure [12]. This configuration has a direct influence on the stability of the 
styrene molecule and the non-polar properties of the molecule, making it insoluble 
in polar solvents such as water and soluble in non-polar solvents. A phenomenon 
that is exploited in chemical recycling processes by dissolving PS and EPS or in 
adhesive manufacturing processes [2, 13, 14].

2.2 Polystyrene (PS) 

PS has the next molecular formula: (C8H8)n, where n indicates the number of times 
the styrene monomer is repeated. Figure 1b shows the structural formula of PS. It 
is observed that for polymerization to occur, the double bonds of the vinyl group of 
styrene are transformed into single bonds that allow the continuous addition of styrene 
monomers through the formation of new carbon–carbon bonds, releasing energy in 
the form of heat (exothermic process) and achieving monomeric elongation in the 
form of linear chains (Fig. 1c) [12]. 

Polystyrene is divided into two types: solid PS and expanded polystyrene (EPS). 
Commercial polystyrene is an amorphous material with a molecular weight Mw = 
100.000 ± 400.000 Daltons [4]. Molecular weight is the mass of a molecule and is 
defined as the sum of the atomic masses of the atoms that make up the molecule. 
For polymers, such as PS, their weight is defined by the average of the masses of the 
long chains of monomeric units [9]. 

The techniques for obtaining commercial polystyrene are different for solid PS 
and EPS. In general, if PS is to be foamed (EPS), they are based on a suspension 
process because the blowing agent can be introduced during polymerization, or on a 
bulk polymerization process for solid PS [4, 5]. After the polymer melt is pelletized, 
in small beads, the diluents are recovered and recycled [9].
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Fig. 1 Molecular structure of styrene (a) and polystyrene (b) (c)

3 Conversation of Expandable PS Beads and EPS Foams 

In the process of obtaining EPS the small beads formed by the polymerization of 
styrene are expandable PS beads. The production of high quantities of expandable 
beads of polystyrene involves the polymerization where the granules are formed 
and the addition of pentane and/or other blowing agents (like butane, or carbon 
dioxide), which diffuse into the granule [4–6]. Conversion of expandable polystyrene 
to expanded polystyrene is carried out in three stages: (1) Pre-expansion, (2) inter-
mediate mature and stabilization, and (3) formulation and molding (Fig. 2) [1, 3, 
6].

3.1 Pre-Expansion 

The expandable PS beads are put on machines called pre-expanders, where the 
temperatures increase between 80 and 100 °C. At higher temperatures, it may lose 
its physical properties due to temperature degradation. These temperatures rise the



Components of Expanded Polystyrene Foams 95

Fig. 2 The conversion process of expandable polystyrene to expanded polystyrene
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kinetic of the blowing agent into the PS granule where the inner pressure softens 
the material, increasing 40–50 times their original volume. Also, the density of the 
material falls from some 630 kg/m3 to values of between 10 and 35 kg/m3 due the 
compact PS beads turn into plastics beads with closed chambers that hold air in their 
interior [3–6]. 

3.2 Intermediate Mature and Stabilization 

On the second stage, the pre-expanded beads are cooled and the previously exposition 
to heat causes the pentane release and causing a vacuum in their interior that is 
balanced by air diffusing into them. The beads achieve greater mechanical elasticity 
and improve expansion capacity hence be processed with steam and/or hot air on 
block molds the union and growth continue [15]. 

3.3 Formulation and Molding 

On the last stage, the stabilized pre-expanded beads are transported to moulds where 
they are molten, using high temperature, which results in a cohesion of the beads. 
Good union of the beads are necessary to warranty efficient mechanical properties 
[16]. In this way, moulded shapes or large EPS blocks are obtained come in a variety 
of geometries and sizes [3, 5, 17]. 

4 PS and EPS Foam 

In general, expanded polystyrene is a white-colored foamed material. EPS foam is 
98% air and 2% PS. EPS chemical composition and molecular structure are very 
similar in all its commercial presentations. Therefore, the behavior of its phys-
ical properties and its potential applications are due to the differences between the 
treatments and types of additives used in the manufacture of EPS [18]. 

4.1 Physical Properties of EPS Foams and Density 

The physical properties are primarily determined by the density of EPS. EPS density 
is measured in kilograms per cubic meter (kg/m3). The higher the value, the greater 
the number of PS chains per cubic meter and the lower the percentage of air cells. 
In addition, this translates into greater resistance to compression (mechanical resis-
tance), greater rigidity and even greater resistance to moisture because the water
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Table 1 EPS classification according to its density [23] 

Class Average density (Kg/m3) Compressive strength (kPa) Moisture resistance (µg/m2s) 

L 11 50 710 

SL 13.5 70 630 

S 16 85 580 

M 19 105 520 

H 24 135 460 

VH 28 165 400 

retention capacity is lower due to the more compact arrangement of the PS chains 
(Table 1) [19]. Therefore, through density, information can be obtained about the 
physical properties and probable applications of the different EPS foam. Therefore, 
the classifications of the types of EPS foam are based on the density values and 
supported by international standards and norms that define the physical and mechan-
ical parameters of EPS [20, 21]. In addition, they ensure the quality of EPS in each 
country or region of the world [22]. 

4.2 Blowing Agents 

In general, the density and therefore the type of PS foam depends on the expan-
sion conditions and the type of blowing agent used during its production process 
[18]. As mentioned above, the expandable PS beads are polymerized while they 
are impregnated with a blowing agent like pentane, butane, or carbon dioxide [4, 
15, 16]. The blowing agent added is responsible for generating the cells within the 
material by expanding the PS granules. These cells fill with air by diffusion giving 
it characteristic light structure. 

4.3 Pentane (C5H12) 

Pentane is a hydrocarbon solvent coming directly from natural gas and crude oil 
[3]. Pentane is a blowing agent used to expand polystyrene beads during the EPS 
production process. Pentane is a slightly volatile liquid at room temperature, it not 
only foams the material, but also remains to some extent in the foam cells [4]. EPS 
that has been expanded with pentane can be more flammable, necessitating the use 
of flame-retardant additives in some cases. Pentanes are cheap, efficient, and provide 
good expansion due to their size, so larger cells can be generated in the EPS [24, 25].
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4.4 Carbon Dioxide (CO2) 

Carbon dioxide is a colorless gas composed of one carbon atom and two oxygen 
atoms (CO2). It can be used as a blowing agent for the expansion of PS beads; 
however, it is used to a lesser extent than pentane [26]. The main advantages of CO2 

over pentane are that it is a non-flammable gas, and that it can be obtained from 
industrial processes, avoiding generating additional emissions [27]. EPS expanded 
with CO2 tends to have smaller cells and therefore a denser structure than those 
obtained using pentane. In addition, because the size of the CO2 molecule is smaller 
than the pentane molecule, the expansion is less efficient [28]. 

4.5 Additives 

In the production of EPS, various additives are added to improve the properties of 
the material or adjust its final characteristics, such as fire resistance, UV stability, or 
mechanical durability (blowing agents have an important role on these properties) 
[29]. As mentioned above, EPS may still have some residual pentane, the pentane is 
a liquid inflammable, and it is common to find EPS with flame retardant substances 
such as tetrabromobisphenol A (TBBPA) o hexabromocyclododecane (HBCDD) [1, 
30, 31]. Bromine atoms on the chemical structure of these flame-retardant substances 
inhibit combustion. However, due to the environmental damage caused by HBCDD, 
it is being replaced by more sustainable flame retardants, since this compound is 
still present in the recycling process. To improve stability against UV radiation, 
substituted benzophenones, phenols, inorganic and organometallic additives are often 
added to protect EPS from degradation by exposure to UV radiation and prevent EPS 
deterioration over time and oxidation [32–34] Inorganic additives such as iron oxide 
(Fe2O3) are also often added, as pigments. Some organic dyes interact directly with 
the styrene units from the EPS, so it is easily stained. Titanium dioxide (TiO2) is  
also often added, like a photocatalyzer to transform organic pollutants into goods 
[35, 36]. Or even to improve its antimicrobial properties, silver salts are added [37]. 
Just as a certain density determines its application, the additives added in the EPS 
production process will depend on the desired application. 

5 Chemical Properties of EPS 

Considering again the example of moisture resistance, the denser the EPS foam, the 
more compacted its PS chains are to prevent water or water vapor from entering. From 
a chemical point of view, the non-polar nature of PS, given by the styrene monomers, 
makes EPS insoluble in water and other polar solvents such as alcohols, but vulnerable 
to non-polar solvents [2, 13, 38, 39]. The property of resisting microbial growth by
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PS and EPS is partly related to moisture resistance [3, 6]. Since if moisture does not 
accumulate, the conditions for the growth of microorganisms such as bacteria and 
fungi are not given, and this makes EPS products safe and can be used as packaging 
products intended for the food or pharmaceutical area. In addition, if it is required to 
include an inhibitory effect on bacterial growth, EPS can be coated with silver salts 
or other antibacterial organic materials [37]. Also due to the non-polar nature of PS, 
PS has low gas and liquid permeability. In addition, EPS is chemically stable to weak 
acids and bases, meaning it maintains its intact structure after prolonged exposure to 
these substances [3, 6]. For this reason, it does not react when exposed to everyday 
products or substances, making EPS products suitable for packaging and preserving 
food. For example, when used to store fruit, specifically some citrus fruits, they help 
retain vitamin C, preventing its loss while on the shelf [40]. 

6 Conclusion 

Expanded polystyrene (EPS) is a versatile material that can be used in many appli-
cations, making it one of the most widely used plastics in the world. Obtaining EPS 
involves chemical processes where various substances interact with the monomeric 
chemical components of polystyrene. Among these substances are additives such as 
blowing agents that play a crucial role in generating cellular structures and directly 
affect the final density, and therefore also its mechanical and thermal properties. 
Other additives give EPS specific characteristics such as fire resistance, greater dura-
bility when exposed to ultraviolet light and protection against oxidation. Thus, the 
range of application areas of EPS can be expanded, allowing its use in industries, 
construction, packaging, thermal insulation, sound insulation, among many other 
applications. 
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Polystyrene Foams” 
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and María F. Ballesteros-Rivas 

Abstract Expanded polystyrene, also known as EPS, is defined as a cellular and 
rigid plastic material composed mostly of air, which is characterized by its closed 
cellular structure. This structure gives it a series of exceptional properties, such as 
excellent thermal and acoustic insulation, lightness, strength and durability. Due to 
these properties of the material, it becomes attractive for applications in construction, 
packaging and, in addition, being recyclable, makes it an increasingly attractive 
option in a context of growing concern for the environment. 

Keywords Expanded polystyrene (EPS) · EPS density · Physical properties ·
Chemical properties · Biological properties of eps 

1 Introduction 

Polystyrene is a thermoplastic material defined as a hard, rigid and shiny synthetic 
resin produced by the polymerization of styrene. Due to its unique combination of 
lightness and strength, it is widely used in the construction, food, etc. industries 
[1]. There are several types of polystyrene, including general purpose polystyrene 
(GPPS), high impact polystyrene (HIPS) and expandable polystyrene (EPS). In 
Mexico, the national production of polystyrene reaches 417 thousand tons of installed 
capacity and the main producers are Styropek (12%), Novidesa (12%), Resirene 
(36%), and BASF (40%) (Graph 1).
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PS Industry Food industry Construction and packaging sectors 

Graph 1 Consumption of Styrofoam in Mexico. Source National Association of Plastic Industries 
(ANIPAC) 

According to the National Association of Plastic Industries (ANIPAC), consump-
tion of Styrofoam in Mexico is 125 thousand tons per year, which represents 29.97% 
of the total PS industry. Of these, 25% is used to manufacture disposable products 
for the food industry and the remaining 75% is divided between the construction and 
packaging sectors [2]. 

The applications of polymeric foams are always based on their properties. 
Polystyrene foam (EPS) is an industrial material widely used in road construction, 
automobiles, architecture, etc. [3] and is defined as a hard, rigid, shiny synthetic 
resin produced by the polymerization of styrene and is divided into two types: 
solid polystyrene (solid PS) and expanded polystyrene (EPS). The versatility of 
polystyrene (PS) lies in its ability to be reprocessed into resin, allowing it to be 
reused in a wide range of applications such as food packaging, office equipment, 
etc. [4]. By combining properties such as shock absorption, low cost, and simple 
production, EPS is positioned as an ideal material to protect products during trans-
port and as a protective element in construction. Expanded polystyrene (EPS) is a 
rigid, lightweight foam known for its excellent insulating and shock-absorbing prop-
erties. It is produced from styrene and pentane, compounds derived from petroleum 
and natural gas. The process involves synthetic beads that, when heated, expand and 
form a closed-cell foam. These beads contain a foaming agent such as pentane, which 
allows the density and final texture of the product to be controlled [5] (Fig. 1) [1].

These components combine to create a material with exceptional insulation and 
shock absorption capabilities, making it a versatile material with numerous appli-
cations. Its final composition is mainly air (98%) and a small proportion of raw 
materials (2%), which contributes to its exceptional performance. The conversion of 
expanded EPS takes place in three stages (Figs. 2and 3).
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Fig. 1 Expanded 
polystyrene molecule

Fig. 2 Conversion of 
expanded EPS

Polystyrene production begins with the extraction of crude oil, from which naphtha 
is obtained through a distillation process. Naphtha, after being subjected to desul-
furization, is transformed into benzene and ethylene, precursors of styrene. This 
monomer, through a polymerization process, is transformed into long molecular 
chains that give rise to polystyrene. This polymer, in the form of small beads, is 
pre-expanded, matured and stabilized, and expanded in the mold to obtain a wide 
variety of products, such as EPS containers [6]. 

During the EPS synthesis process, it can be modified with additives. These added 
substances make it possible to modify or improve the characteristics of EPS. The 
additives, which can be organic or inorganic in nature, are incorporated in minimal 
proportions to modify the properties of expanded polystyrene [7]. The additives 
used in the manufacture of EPS are classified into several types, each with a specific 
function:

• Plasticizing additives: Increase the flexibility and malleability of EPS, making 
it more resistant to deformation.

• Foaming additives: Produce air bubbles and this reduces the weight of the 
material, improving the thermal and acoustic insulation capacity.



106 D. L. Ortega-Solis et al.

Fig. 3 Expanded polystyrene process. Source How products are made?

• Reinforcing agents: Increase the rigidity and impact resistance of EPS, improving 
its mechanical properties.

• Antioxidant additives: Protect EPS from degradation when exposed to light and 
heat.

• Slip additives: Improve flow capacity during the molding process. These addi-
tives are especially useful in the production of large parts or parts with complex 
geometries. 

Among the most notable characteristics of expanded polystyrene foams are those 
shown in Fig. 4. In addition, the natural color of EPS is white due to the refraction 
of light.

As we have already mentioned, EPS is composed of a greater amount of air, 
which makes it a much lighter packaging material, reducing the total weight of the 
packaging and thus saving on the impact of transportation for these producers, as it 
saves on fuel consumption. Its ease of cutting and molding makes it a blank canvas 
for creativity, allowing the manufacture of customized parts with great precision. 
Whether in construction or product packaging, EPS adapts to any project that requires 
unique and complex shapes, offering an economical and versatile solution [8].
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Fig. 4 Characteristics of EPS [8]

2 Physical Properties 

2.1 Density 

One of the main characteristics of EPS is density, defined as the mass per unit volume, 
a key property that directly influences its performance and applications. Higher 
density implies a more compact structure, which translates into greater mechan-
ical strength, but can also reduce its insulating properties. The density of EPS foams 
can vary depending on the synthesis process, but these densities range from around 
10 kg/m3 to over 40 kg/m3. 

During the synthesis process of EPS, the density of the material can be determined, 
and we can determine these between three: low, medium and high density (Fig. 5).

• Low density EPS: This process involves the expansion of EPS beads by steam 
with a foaming agent. Its density value is between 10 and 20 kg/m3. Its applications 
are in sectors where it needs to be used as a lightweight material with a high thermal 
insulation capacity, as packaging for the protection of fragile products, in flotation 
for the fishing and aquaculture industry and in construction to be used as a thermal 
insulation material.

• Medium density EPS: In this process, the pre-expanded beads are subjected to 
higher pressures and longer molding times, which allow for molding and creating 
a denser EPS foam structure. The density range is between 20 and 30 kg/m3.

• High density EPS: Molding is done in multiple stages and cooling must be 
rapid to achieve a more compact EPS foam structure. This process is in line 
with the previous ones, the variation here is that the steam conditions and mold
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Fig. 5 Classification the 
density EPS 

temperatures are much more controlled. The density of this type of polymer is 
between 30 and 40 kg/m3. This foam stands out for its three properties, and offers 
a valuable alternative for applications that require these three properties:

• Greater strength: By packing more material into the same volume, the result is a 
stronger and more rigid foam that is applied to materials that require greater load 
capacity, durability and resistance.

• Greater durability: It does not deform or break, which allows it to be used in 
applications that need to withstand greater impacts and compression forces.

• Greater resistance: Used in applications that are in contact with water or 
humidity. 

The density of expanded polystyrene foams is a determining factor in their perfor-
mance. This physical property directly influences characteristics, making EPS ideal 
for a wide range of applications. 

2.2 Mechanical Strength 

The density of the material is closely correlated with the mechanical strength prop-
erties. The closed cell structure of EPS does not allow for a conventional tensile 
test, this closed structure gives the material a limited capacity for deformation under 
tension, which restricts its application in situations requiring stretching. However, in 
practice, EPS is mainly used under compressive loading conditions. By establishing 
a deformation criterion of 10%, a reference value is obtained that facilitates compar-
ison between different types of EPS and ensures compliance with quality standards. 
In summary, we can establish 4 properties that determine the mechanical strength of 
EPS (Fig. 6).
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Fig. 6 EPS properties that 
determine mechanical 
strength 

Expanded polystyrene particles have specific characteristics such as having low 
thermal conductivity and being resistant to low temperatures (mentioned later), for 
this reason this material is used in soil science, one of its main applications is to 
mix and compact it to form a new type of renewable environmental fill material. The 
very light density of renewable EPS gives a value of less than 1.2 g/cm3, which is 
reflected in a positive change for environmental pollution by decreasing its volume 
in addition to solving the problems of freezing–thawing and soil settlement. 

The physical and mechanical properties of soil in its freezing and thawing cycles 
have impacted so much that many scientists have studied how to improve this deteri-
oration that occurs in the soil. With the characteristics that EPS presents, this material 
arises as a new opportunity to be widely used in soft soil foundations, road filling, 
wall filling, pipe filling and other projects. Authors such as: Qishan Jiang et al. studied 
the soft soil subgrade treatment technologies, concluding that replacing lightweight 
soil is fast, reliable and economical, and established a calculation method for the 
thickness of lightweight soil replacement [9]. 

Li et al. conducted an experiment on filling the retaining wall with lightweight soil 
with EPS particles and the results showed that it could greatly reduce the soil pressure 
and vertical settlement. They analyzed the decompression mechanism and settlement 
deformation mechanism of lightweight soil fills in retaining wall engineering [10]. 

Another of the most recent researches demonstrated the use of EPS particles as 
soil filler. The authors Lifang et al. proposed a scheme of lightweight soil filler 
with expanded polystyrene (EPS) particles in cold regions [11] in their research 
they conclude that EPS particles allow to improve the frost resistance of light soils,
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however, when it increases above 2%, the soil cement bound to the EPS particles is 
limited and the frost resistance of light soils decreases [11]. 

2.3 Thermal Insulation 

The EPS structure, composed of 98% air trapped inside the cellular structure, makes 
it an excellent thermal insulator, capable of maintaining stable temperatures in a 
wide range of applications. This characteristic, together with its resistance, makes 
it an ideal material for construction as an insulating material for different building 
enclosures and/or for packaging fresh and perishable foods [12]. 

Thermal conductivity λ is a function of the thermal insulation capacity of the 
material, in the case of EPS this value varies. The graph shows this influence (Graph 2) 
[12]. 

In fact, current research has succeeded in developing EPS with even lower thermal 
conductivity, thanks to innovative raw materials incorporating special additives [13]. 
These “low conductivity” or “infrared absorbing” materials, usually gray in color, 
further expand the range of possibilities of EPS in applications where thermal insu-
lation is critical [12]. In addition to dimensional changes caused by temperature 
fluctuations, there are other alterations that expanded polystyrene can undergo when 
exposed to the effects of thermal action. This material can be used at extremely 
low temperatures without its properties being affected, except for dimensional vari-
ations due to contraction. However, its upper temperature limit is around 100 °C for

Graph 2 Graphic of thermal insulation, general values vary from 0.043 to 0.029 for all applications. 
Source Asociación Nacional de poliestireno expandido (ANAPE) 
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short-term use and 80 °C for continuous use under a load of 20 kPa. The thermal 
conductivity values have been reported by BSL/Dow in the graph. 

ASTM C578 is an international specification that establishes the requirements 
and characteristics of expanded polystyrene thermal insulation panels. This standard 
evaluates properties such as thermal conductivity, compressive strength and water 
absorption, thus ensuring optimal performance in construction applications. 

2.4 Compression Resistance 

EPS is the ideal solution for packaging large objects. Its ability to absorb impacts 
makes it an exceptional shock absorber, while its low density makes it easy to handle 
and store. In addition, its cellular structure gives it great resistance to compression, 
allowing loads to be stacked without risk of deformation [12]. 

2.5 Water Absorption 

The closed cellular structure of EPS acts as a barrier against liquid penetration. This 
property is more present in high-density EPS, although it does show a slight absorp-
tion when immersed in water. These values range between 1 and 3% by volume, 
which is why EPS foams are considered non-hygroscopic [12]. 

2.6 Water Vapor Diffusion 

On the other hand, the ability of EPS to resist the passage of water vapor is a key factor 
in its application. The µ factor, which compares the resistance of EPS to that of air, 
is used to determine the behavior of the material in relation to moisture. Water vapor 
can penetrate the cellular structure of EPS and this permeability is influenced by the 
differences in pressure and temperature on both sides of the material. The resistance 
of EPS to water vapor diffusion is quantified by the µ factor, which compares its 
resistance to that of air. In the case of EPS, this value usually ranges between 20 and 
100, indicating a higher resistance to water vapor diffusion compared to air. The low 
moisture absorption and excellent dimensional stability of EPS, over 98%, make it 
an ideal packaging material for sensitive products [14].
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2.7 Dimensional Stability 

The evaluation of this property is determined by the coefficient of thermal expansion 
and is situated within the values that range from 5–7 × 10–5 K−1, that is, between 
0.05 and 0.07 mm per meter of length and degree Kelvin and these variations are 
caused by the action of heat or subsequent contraction of the material [14]. 

2.8 Temperature Stability 

Expanded polystyrene foams can be altered by thermal action. This material can be 
used safely at extremely low temperatures, without affecting its properties, except 
for dimensional variations caused by contraction. With regard to the upper end, the 
temperature limit for use is around 100 °C for short-term actions, and around 80ºC 
for continuous actions and with the material subjected to a load of 20 kPa. 

2.9 Impact Absorption 

The high energy absorption capacity of EPS makes it the material of choice for 
protecting delicate products during handling and storage. This characteristic makes 
it indispensable in critical applications such as safety helmets, sports equipment and 
child car seats, where protection is paramount [15]. 

3 Chemical Properties 

EPS is a material that is resistant to many common chemicals and solvents, which 
contributes to its durability and longevity and continued use in a variety of appli-
cations. The following table details its chemical stability to some common solvents 
[12]. 

Active substance Stability 

Saline solution Stable 

Soaps and surfactant solutions Stable 

Chlorine Stable 

Dilute acids Stable 

Hydrochloric acid (35%), nitric acid (50%) Stable 

100% concentrated acids Not stable 

Alkaline solutions Stable

(continued)



“Characteristics of Expanded Polystyrene Foams” 113

(continued)

Active substance Stability

Organic solvents (acetone, esters) Not stable 

Saturated aliphatic hydrocarbons Not stable 

Paraffin oils, Vaseline Stable 

Diesel oil Not stable 

Alcohols (methanol, ethanol) Estable 

4 Biological Properties 

4.1 Microbiological Resistance 

All the characteristics of EPS allow it to be an inherently resistant material to the 
action of microorganisms such as bacteria and fungi, and this makes EPS products 
meet health, safety and hygiene requirements and can be used as packaging products 
intended for the food area. However, the disadvantage it presents is that when EPS 
is in the presence of dirt, it can be a carrier of microorganisms, without participating 
in the biological process [8]. 

Although EPS offers numerous beneficial properties, its life cycle reveals a consid-
erable environmental impact. The presence of contaminated EPS microplastics repre-
sents a serious risk to the health of ecosystems and living organisms. From its manu-
facture to its final disposal, this material contributes significantly to the pollution of 
ecosystems, positioning it as a global environmental challenge. It was mentioned that 
the density of EPS is much lower and this environmental behavior is of importance 
for the marine environment (Turner 2020). Microplastics have emerged as a potential 
carrier of many pollutants, such as persistent organic pollutants [16], antibiotics, and 
pathogens [17]. 

5 EPS Applications According to Its Characteristics 

5.1 Building and Construction 

EPS is extremely versatile and offers the perfect combination of mechanical and phys-
ical properties, including dimensional stability, permanent R-value, inherent water 
resistance and compressive strength, as well as offering longevity and sustainable 
green credentials [18].
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Efficient, durable and time-tested for over 60 years, EPS insulation is an effective 
way to meet design specifications and climate protection objectives that allow it to be 
used in construction. In this area we can highlight three characteristic applications:

• EPS Building Systems 

Concrete, a mixture of cement, sand and gravel, is a widely used building material. 
Insulated concrete form (ICF) panels are an innovative alternative [18] and are defined 
as structural wall panels made of a concrete core poured into interlocking expanded 
polystyrene (EPS) that holds the concrete together during the curing operation [19]. 

These panels, composed of a reinforced concrete core within an expanded 
polystyrene mould, offer an efficient construction system with excellent insulating 
properties. The EPS remains permanently in place as part of a wall panel and thus 
provides thermal insulation to the building and the reinforced concrete provides the 
structural system to the construction [20], that is, it is a three-layer composite mate-
rial that is joined by joining a thin layer (skin) on each side of a thick layer (core), it 
is the core that is made of EPS sandwiched between two oriented strand boards [21]. 

Evaluation of mechanical properties of EPS is critical given its predominant 
volume in ICFs. Few types of experimental research have been reported on exploring 
the characteristics of EPS. Chen et al. [Static and dynamic mechanical properties of 
expanded polystyrene] studied the compression and tensile characteristics of EPS 
with density of 13.5 kg/m3 and 28 kg/m3. Beju et al.  [22] reported the results of 
compression, flexural and water absorption tests of EPS with densities of 12, 15, 
20 kg/m3 and concluded that density is the main governing factor to control the 
properties of EPS.

• Geofoam for Civil Engineering 

EPS geofoam is a versatile material with multiple applications in civil engi-
neering and construction, it is primarily composed of expanded polystyrene (EPS), 
a lightweight closed-cell foam material. This composition involves the expansion 
of polystyrene beads, which are then fused together to form large blocks or panels. 
Thanks to its low density, high compressive strength and stability, this material offers 
innovative solutions to a wide range of challenges, from construction on soft ground 
to earthquake protection. Its ability to dampen vibrations and noise makes it an 
ideal choice for projects in urban areas, it is used in the construction of roads, high-
ways and airfields, railway track systems, beneath refrigerated storage buildings, 
sports stadiums and storage tanks to prevent freezing and ground heaving, and in 
underground building segments to reduce seasonal heating and cooling requirements 
[23]. 

As an engineered product, EPS geofoam allows builders to design for key geosyn-
thetic functions and select the best combination of products to achieve project 
objectives. The relevant specification for EPS geofoam is ASTM D6817, Standard 
Specification for Rigid Cellular Polystyrene Geofoam.
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• Bridge abutments 

EPS geofoam complements the properties of expanded polystyrene such as high 
compressive strength, allowing it to be used to replace compressible soils or in place 
of heavy fill materials and thus safely support the load of the roadway without over-
loading the underlying soils. This generally results in less differential movement at the 
interface between the bridge and the approach fill, reducing the cost of constructing 
the approach slab and its long-term maintenance.

• Stadium seating 

EPS geofoam can be used to form seating in places such as auditoriums, cinemas, 
gymnasiums and churches. The high compressive strength and light weight of EPS 
geofoam make it ideal for both new construction and renovation projects. 

5.2 Packaging—EPS Packaging for Use in Food 

It was previously mentioned that another of the characteristics of EPS is its zero 
capacity to absorb water and humidity, fundamental properties for use in food pack-
aging and to preserve any fresh food, such as meat products, fish, seafood, fruits and 
vegetables, in addition to not being a carrier of fungal and bacterial cultures due to 
its biological properties. In addition to these characteristics, EPS has the property 
of absorbing impacts and being a thermal insulator and these capacities allow the 
food not to suffer impacts during transport in addition to keeping the food in optimal 
conditions. EPS packaging can be in direct contact with food because it complies 
with the requirements of international health regulations [24]. 

6 Sustainability—Characteristics of EPS 
in the Environment 

The production of polystyrene has a considerable environmental impact. From the 
extraction of raw materials, such as oil, to the transformation processes and final 
disposal of the product, greenhouse gas emissions are generated that contribute to 
climate change. 

However, modern polystyrene manufacturing, despite being an alternative to 
harmful CFCs, presents a new problem: it releases significant quantities of hydroflu-
orocarbons (HFCs), potent greenhouse gases. Initially adopted as a less harmful 
solution, HFCs have proven to be an even greater environmental problem. Faced 
with this situation, governments have implemented measures to drastically reduce 
their emissions (Graph 3).

The range of properties of expanded polystyrene is very wide and highly customiz-
able and depends on various factors such as the manufacturing method, the gas used,
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Graph 3 Contamination residues from EPS

the cellular structure and the base material [3]. For example, the density of EPS is a 
critical factor in determining its properties. According to the British Plastics Feder-
ation, the density of EPS ranges from 12 to 50 kg/m3, which directly influences its 
compressive strength. Lower density equates to higher strength, allowing EPS to be 
adapted to a variety of applications [7]. 

7 Conclusion 

In this chapter we have identified expanded polystyrene as a versatile material due 
to its excellent chemical, physical and biological properties, highlighting thermal 
insulation. The density of EPS turns out to be a determining factor in its characteristics 
and its various applications. Some examples of how EPS acts in the construction 
and packaging industry were shown. We observed that as the density increases, the 
resistance of the material improves but one of its main characteristics is reduced; its 
insulation capacity. We can close the chapter by concluding that depending on the 
application, the desiccated density plays an important role. 
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