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ABSTRACT 

Renewable Aromatics from the Degradation of Polystyrene under Mild 

Conditions 

Nouf Aljabri 

 

Polystyrene (PS) is one of the most important polymers in the plastic sector due to its 

inexpensive cost as well as many preferred properties.  Its international market is 

expected to achieve $28.2 billion by 2019. Although PS has a high calorific value of 87 GJ 

tonne-1, there is no a practical method to manage its waste but landfill. As a result, the 

PS debris in the oceans has reached 70% of the total plastic debris. This issue is 

considered as the main economical and environmental driver of converting polystyrene 

waste into renewable chemical feedstocks.  

The aim of this work is to develop a catalyst for converting PS into renewable chemicals 

under mild conditions. We introduce FeCu/Alumina with excellent catalytic activity to 

fully degrade polystyrene with 66% liquid yield at 250 °C. The GC/MS confirmed that the 

primary products are in the gasoline range.  Next, we present the bimetallic 

FeCo/Alumina and successfully we have obtained 100% PS conversion and 90% liquid 

yield with maintaining the products selectivity. Later, the tri-metallic FeCuCo/Alumina 

was synthesized and showed 100% PS conversion and 91% liquid yield. Surprisingly, 

ethylbenzene was the major product in which 80 wt. % was achieved with excellent 

reproducibility. Furthermore, the real waste Styrofoam was thermally and catalytically 

degraded at 250 °C. Interestingly, a high styrene content of 78 wt. % was recovered 

after 30 minutes of the reaction under mild conditions. Keeping in mind that a good 
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balance between acidity and basicity is required to convert PS into aromatic under mild 

conditions catalytically. Finally, the catalysts performance was compared to literature 

reports and showed novel liquid yields. In conclusion, we have synthesized cheap, easy 

to scale up, and efficient catalysts to fully degrade PS into high liquid yields of aromatics 

with excellent selectivity. 
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Chapter 1 State of the Art 
 

1.1. Background 
 

Many efforts are focused on the conversion of plastic waste into valuable products by 

using primary, secondary or tertiary recycling approaches. The importance of converting 

the plastics waste catalytically into chemical feedstocks under mild conditions attracts the 

attentions due to tow reasons. First, increasing the number of plastics waste as a result of 

increasing the demand for their production. However, this increase in the production 

plateau is accompanying with environmental and economic risks. The second reason is 

the global depletion forecasting of famous oil reservoirs that expected to take place in the 

coming few years1.  

Polystyrene (PS) is a versatile thermoplastic polymer that has been adopted in different 

applications such as food packaging materials, refrigerators and electronics. The 

international market of this polymer is expected to achieve 28.2 billion dollars by 2019 as 

a response to its high global demand (Fig. 1.1). 

 

 

 

 

 

 

 

 
Figure 1-1 The Global market analysis of polystyrene and expanded polystyrene in the period 
of 2014-2020 (Zion research analysis, 2015). 
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 Although PS has many preferred properties, it suffers from poor biodegradability. 

Consequently, it was banned from different countries such as Malaysia and France. 

However, this is not limited to countries, but cities, such as Los Angeles and New York 

have applied it too. In fact, PS has a high calorific content estimated to be 40 MJ/kg, 

therefore, the energy and chemical recovery are reasonable approaches to convert PS 

into high aromatic yields 2. Polystyrene pyrolysis can be categorized as low-temperature 

pyrolysis (less or equal 600 °C), medium-temperature pyrolysis where the temperature 

is ranging between 600-800°C and high-temperature pyrolysis of 800°C and above3. At 

higher temperatures, higher gases product yields will be produced, where, the lower 

temperature is the most preferable for oil production. However, a temperature of 400 

°C and above is considered high and associated with high input energy. Therefore, the 

tertiary recycling by using catalytic approach can be a practical solution to convert PS 

into valuable products/fuel with lower input energy and higher oil yields. 

 1.2. Objectives and Contributions 
 

The goal of this work is to synthesize a heterogeneous catalyst platform that can serve 

economically and efficiently to degrade polystyrene into chemical feedstocks under mild 

conditions (Fig. 1.2). The expected contributions of this work are as follows;   

1- Synthesis of heterogeneous catalyst to degrade polystyrene under mild 

conditions. 
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2- Improve the liquid yield and conversion of the polystyrene degradation under 

mild conditions.  

3- Tailor the products selectivity toward the formation of aromatics.  

 

 

 

 

 

 

 

 

 

 

1.3. Polymers   
 

A polymer is a macromolecule made of repeated monomer building blocks via 

polymerization. Polymers can be classified as per their origin as naturally occurring such 

as DNA, cellulose, protein, silk and wool or synthetics such as polyethylene, polystyrene, 

Figure 1-2 The possible resulted aromatics from polystyrene thermo-catalytic degradation.  
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polyvinylchloride, etc. Also, it can be classified based on their thermal response as 

thermosets and thermoplastics.  

The thermoplastic can be linear such as Teflon, or branched such as, low-density 

polyethylene (LDPE). Thermoplastic polymers are flexible above their glass transition 

temperatures (Tg), and it can be solidified after cooling. Contrary, thermoset polymers 

such as network resins are decomposed without reforming after cooling. The most 

common thermoset and thermoplastic in the market are summarized in figure1.3. 

 

 

 

 

 

 

 

Furthermore, polymers can be classified based on the stereoisomerism. They can be 

categorized as isotactic where all the substituents are positioned on the same side 

usually this type of polymers is semi-crystalline with helix structure. In syndiotactic 

polymers, the substituents have alternative locations among the backbone of the 

polymers for exemplified a crystalline polystyrene that synthesized via metallocene 

catalysis polymerization. In the case of the random distribution of the substituents, the 

Figure 1-3 Most common thermoset and thermoplastic in the market. 
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polymer called as a tactic polymer, and polyvinyl chloride is an examples of this group 

(Fig 1.4).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nowadays, the term plastics commonly is equivalent to the term of polymers. However, 

the polymer term is not limited to plastic. The most traditional type of polymers are the 

hydrocarbon based polymers and they are well known by their poor biodegradability. 

The most common types of this group are listed below;  

Figure 1-4 Different polymer configurations. 
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1.3.1. Polyethylene  
 

Polyethylene (PE) is one of the most produced plastic; Freedonia has reported that the 

global demand of PE will be increased 4% in the next year 4, 5. The reasons behind this 

high demand are its low cost, variability, recyclability and straight forward process- 

ability. Polyethylene has many types classified based on their densities.  

The range of PEs densities is 0.918-0.965 g/m3 which affect the hardness and plasticity. 

PEs are ranked second after polypropylene in the packaging sector, however, PEs have 

many applications such as in tubing, electrical insulator, squeeze bottles, microwave 

proof container, reusable bags, toys, etc.3, 6. High-density polyethylene (HDPE) and low-

density polyethylene (LDPE) are the most common types among the other PEs. The high 

density polyethylene is a linear, crystalline and recyclable polymer characterized by its 

high strength.  The high-density polyethylene demand in Europe was 12.1% by plastic 

type in 20157. The collected HDPE and LDPE waste have high potential to be converted 

into fuel due to their high volatile contents 8. The proximate analysis of PEs are 

summarized in Table 1.1.  

1.3.2. Polyethylene terephthalate  
 

Polyethylene terephthalate (PET) is a thermoplastic polymer which mainly used to 

synthesize the water, soft drinks, cleaners and juice’s bottles. It represents 7.1% of the 

total plastic demand in Europe in 2015. However, PET has other applications including 

the printing sheets and the photographic film. Due to the high consumption of PET, the 



29 
 

accumulation of its waste cause increases in the transportation, handling, separation 

and overall recycling cost as a result of its bulkiness 8.  

1.3.3. Polypropylene 

 

Polypropylene (PP) is a saturated, linear and rigid polymer with high toughness, thermal 

and chemical resistance. It has many applications including bank notes, microwave 

proof containers, pipes, furniture, storage boxes, etc. Therefore, it ranked first with 19% 

in the European plastics demands by plastic type in 2015. However, it needs a high 

temperature above 328 °C to be degraded during the recycling process. Polypropylene 

waste gives rise to 24% among other plastic waste 8.Due to the varied applications of PP, 

it’s a global demand increases and expected to reach $133 billion by 2023 as per 

markets and markets report,2015.   

1.3.4. Polyvinyl chloride  

 

Polyvinyl chloride (PVC) is a versatile and low-cost thermoplastic polymer made of 57% 

chlorine and 43% carbon derived from fossil fuel. Due to the chlorine content, the PVC 

has excellent thermal resistance and electrical insulation 9. PVC has many applications 

such as garden hoses, window frames, cables insulator, medical devices, blood bags, etc. 

As a result of the high consumption, the global market of PVC is expected to reach $79 

billion by 2021. However, the high chlorine content in PVC structure is a major drawback 

as it tends to be released during the incineration of PVC at elevated temperature 8, 10.  

1.3.5. Polystyrene  
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Polystyrene is a thermoplastic polymer with broad applications such as packaging, 

goods, cups, trays, eyeglasses frames, etc. It is usually colorless; however, it can be 

colored using colorants like in the case of Styrofoam expanded ships. It can be found in 

two forms including high impact polystyrene and expanded form of polystyrene 8, 11. 

Although polystyrene is banned from being included in the roadside recycling program, 

its market shows a continuous growth. The PS market is expected to reach $28 billion 

within two years from now. The main reason behind this demand  increase and steady 

growth of the PS market is the increases of the worldwide population which resulted in 

raising the demand12. Other drivers for this growth is the increases in the applications 

and the inexpensive nature of PS. The light will be shed on polystyrene waste recycling 

state of the art in the upcoming sections 13-16. 

Table 1.1 Proximate analysis of most used polymers (* the carbon dioxide is GWP calculated as 
100 year equivalent to carbon dioxide emissions). 

Polymer 
E(GJ 
tonne-1) 

Water 

(kL tonne-1) 

*CO2
-e( 

tonne-1) 

Volatile 

(wt.%) 

Fixed 
carbon 
(wt.%) 

Recycling 
effective

ness 
Ref. 

High-density 

polyethylene 

 

76.7 32 1.9 
98.57-

99.81 

0.01-  

0.03 

High in 

case of 

product 

purity 

17, 18 
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1.4. Renewable based polymers versus non-renewable based polymers 
 

Low-density 
polyethylene 

 
78.1 47 2.1 99.70 0.0 

Poor due 
to 

heterogen
eity 

17, 19, 20 

Polyethylene- 
terephthalate 

 
82.7 66 3.4 

86.83- 
91.75 

7.77- 
13.17 

High 17, 21 

Polyvinyl-

chloride  

 

56.7 46 1.9 
93.70-

94.82 
5.19- 6.30 Poor 17, 19, 20 

Polypropylene  

 

73.4 43 2.0 
95.08- 

97.85 
0.16- 1.22 

Medium 

with 

great 

potential 

17, 21, 22 

Polystyrene  

 

87.4 140 3.4 99.63 
0.12 - 

0.20 
Very poor 17, 19 
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In the recent years, the bio-based polymers have attracted the attention as 

environment-friendly polymers due to their biodegradability. Polylactic acid (PLA) is one 

of the foremost produced renewable-based polymers. It has much application such as 

fruits packaging, diaper, electrical appliances, etc. 23. The PLA market is expected to 

reach $5.16 billion by 2020. However, a part of its biodegradability it suffers from two 

major drawbacks including high cost and its poor mechanical properties 23, 24.  Anyhow, 

a recent study showed that the PLA has a similar mechanical properties and non-

renewable energy requirements to polystyrene 25. For this reason, the life cycle 

assessments (LCA) has been used by many authors in the literature to compare the 

renewable based polymers to the non-renewable based polymers 26-28.  

The LCA is a useful comparison tool to estimates a certain product environment viability 

to its functional alternatives. The concept of LCA is to study different stages through the 

product’s life including the collection of the raw material, their transportation, the 

manufacturing process, product transportation to end users and finally the disposal. All 

of the collected data should help the industry in a way that provides enough 

information to develop a product and improve its properties. Furthermore, it helps the 

industrial sector to set new strategies and directions in the market 25, 28.  

 

The LCA can be classified as a cradle to gate, cradle to grave and/or cradle to cradle. The 

life cycle assessment of PLA and PS products is showed in figure 1.6 25. Polystyrene is an 

example of the hydrocarbon-based polymer; its synthesis starts with the cracking of oil 
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into ethylene. Later, the ethylene is reacting with benzene to form ethylbenzene (EB) 

which followed by a dehydrogenation of EB into styrene over an iron catalyst at 600 ºC 

(Fig. 1.5). The dehydrogenation of ethylbenzene into styrene is the main industrial 

process where more than 99% of the EB global capacity is converted into Styrene. The 

synthesis of styrene can be adiabatically or isothermally over potassium promoted iron-

based catalyst using fixed bed reactor in the presence of steam. The presence of 

superheated steam has many advantages including EB dilution, shift the reaction toward 

the styrene to increase the EB conversion, maintain the metallic state of the iron, 

reduces coke formation and supplies heat. Finally, PS can be formed using any of the 

preferred polymerization pathways such as free radical, ionic, thermal or anionic 

copolymerization. 

 

 

 

 

Figure 1-5 The industrially approach to dehydrogenate ethylbenzene into styrene monomer over 
iron catalyst. 

 

Polylactic acid (PLA) synthesis starts with planting any of PLA substrate for exemplified 

the corn followed by its harvesting. The corn-starch eventually is converted into lactate 

via fermentation, following by a production of PLA via ring opening-polymerization of 

lactide. The self-esterification of lactide is directing the formation of lactate stereo-

isomers (Fig. 1.6).  
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Figure 1-6 Life cycle flow chart of PS, PET and PLA products from cradle to gate, cradle to grave and cradle 
to cradle (E. stands for energy, G. stands for gas). 
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1.5. Life cycle assessment of Polystyrene versus Polylactic acid 
 

Medieval et al. has studied and calculated the environmental influence of bio-based 

polymer (PLA) and hydrocarbon-based polymers (PS and PET) from the cradle to the 

grave using different disposal scenarios. They showed that the transportation of raw 

chemicals (monomers), manufactured plastic containers and filled trays with fruits was 

the main contributor to the carbon dioxide emission through the product’s life cycle 

(Fig. 1.7).  In fact, both PS and PLA have the same non-renewable requirements this is 

because of the PET, and PS raw chemicals manufacturing are near to raw chemical 

production locations. The short distance between the locations in the case of PS, and 

PET is not applicable in the case of PLA. Therefore, the PS, PET and PLA have similar 

energy requirements but different origins of this need. 

 

 

 

 

 

 

 

 

Figure 1-7 The carbon dioxide emissions in kg equivalent of CO2 for a thousand of each type of products for PLA, PS 
and PET distributed by 16 or 28 or diesel railroad, (b) the non-renewable requirements in MJ for the same number 
of products. 
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In the same study, different disposal scenarios have been considered including four 

hypothetical scenarios and one actual situation as following;  

1. First scenario was 40% recycling, 30 % incineration and 30% landfill.  

2. Second scenario was 100% landfill  

3. Third scenario was 100% recycling  

4. The last hypothetical scenario was 50% landfill and 50% incineration  

5. The current situation is that 76.5% of the total waste is landfilled while 23.5 % 

only is incinerated  

In figure 1.8 clearly, one can see that in all the cases PS and PLA have emitted the same 

level of carbon dioxide. Notably, the PS has emitted less CO2 than PET this is mainly 

because PET production is required more monomers than PS for the same number of 

the final products. In addition, the energy consumption of PS, PET and PLA in the actual 

situation does not make any different. Suwanmanee et al. have calculated the non-

renewable energy requirements for both PS and PLA and their results were in good 

agreement with Madival’s result. Therefore, PLA does not offer a realistic alternative for 

PS  to reduce the energy consumption and CO2 emissions 24, 25.   

 

 

 

 
 

Figure 1-8  a) the CO2 emissions from five different disposal scenarios, (b) the energy consumption for disposing the 
same quantity of waste of each polymer type. 
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1.6. Plastics consumption: the environmental and economic factor  
 

Plastic has become an essential part of our modern life for more than 50 years. They 

have a very wide spectrum of applications in transportation, electronics, packaging 

materials, healthcare, household, construction and etc. The demand on the plastics 

production is increasing as a result of the urban expands and the continuous growth in 

the global economy. By 2019, the plastics market size is expected to reach $97.2 Billion 

with CAGR of 7.6% in the period between 2015- 2020. The current production capacity 

is estimated to be 300 million metric tons each year and is forecasted of annually 

growing by 4% as a response to this high demand 29.  However, about 95% of these 

plastic products are disposed of after a single use which not only causes a serious waste 

management issue but an annual economic loss estimated to be $80-120 billion in 

Europe. Unfortunately, the landfill of theses plastic waste is still the first option 

worldwide. Today, oceans, seas and rivers serve as gyres for the plastic waste, where 

this waste is become brittle and break down into microplastic which followed by 

monomers release due to water waves and the sunlight exposure. This process has a 

strong negative impact on the marine life via the ingestion and entanglement as well as 

destroying the fisheries which eventually impact humanity and the economy 30.  

Polystyrene is one of the most valuable polymers in the plastic sector due to its 

inexpensive cost as well as many preferred properties. The polystyrene production has 

reached $15 million by 200812 . However, polystyrene is well known by its poor recycling 

rate which makes its debris in the oceans reached 70% of the total plastic debris. B.G. 

Kwon et al. has collected and investigated the presence of styrene monomer, dimer and 
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trimer in samples of beach sand and seawater from North-east Pacific, Alaska and 

Hawaii. Notably, all the samples showed a high content of styrene analogs31.    

On the other hand, polystyrene has high volatile contents that reach 99 wt. % and 

similar calorific value to the fossil fuel which makes it an excellent candidate to serve in 

the plastic economy. Therefore, degrading polystyrene into chemical feedstock is a 

promising recycling pathway. In the following sections, the state of the art of PS 

degradation methods will be summarized. 

1.7. Polystyrene degradation literature efforts 
 

1.7.1. Types of catalytic cracking catalysts 
 

The catalytic degradation of PS can offer many advantages such as minimizing the 

reaction temperature and/or enhance the selectivity toward a certain product/s. 

Therefore,  PS degradation over different metal oxides or supported metallic sites such 

as  Fe 32, Cu 33, Mg 34, 35, Zn 36, Ni 37 and Pt 38 were studied.  Supporting materials 

including alumina 16, HZSM-5 13, TiO2 39 and silica-alumina 40 were employed; to enhance 

the surface area,  improve metals dispersion, and to increase the thermal stability of the 

catalyst. 

  1.7.1.1. Solid acids, solid bases and metal oxides  

 

The catalytic degradation of polystyrene over many solid acids, solid bases and metal 

oxides were extensively investigated through the literature. Ukei et al, have screened 

the catalytic activity of solid acids, solid bases and metal oxides groups at 350 ºC. The 

screened catalysts were including MgO, CaO, BaO, K2O, SiO2/Al2O3, HZSM-5 and 
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activated carbon. It was well stated that the dominant products in case of polystyrene 

degradation over solid acids are aromatics. One of the major products is PS due to the 

further cracking and hydrogenation of the resulted styrene. In the case of the solid base, 

the styrene recovery was the foremost pathway during the reaction due to the β-

scission. This is because the solid base sites are responsible for the proton elimination 

and the formation of carbanion which followed by β-scission to release the styrene. 

Among the solid base catalysts group, the BaO recovered 75 wt.% of styrene monomer 

and was announced as one of the most efficient catalyst to recover styrene so far41. The 

screened metal oxides including TiO2, Cr2O3, Fe2O3, Co3O4, CuO and ZnO were 

investigated at 350 °C and showed oil yield of 70-83 wt.%41. Tiwary and Guria studied 

the catalytic activity of alkali and transition metal oxides including CaO, MnO2, TiO2, 

PbO, Fe2O3, HgO, ZnO and Cr2O3. In their investigation, the catalytic degradation of PS in 

benzene solution was conducted in the presence of high hydrogen pressure of 100 

kg/cm2 at 250 ºC. Their observations have stated that there is a reverse relation 

between the catalytic activity and the electronegativity of the catalyst 42. Moreover, 

titanium oxide (TiO2) has many advantages such as low cost, excellent photo-catalyst, 

high photo-stability, safe to handle and good catalytic performance. Due to theses 

preferred properties, the photocatalytic activity of TiO2 was studied to degrade the PS-

TiO2-Ferric stearate composite under UV light irradiation at room temperature. The 

molecular weight of the composite was reduced to 80% after the irradiation for 48 

hours at ambient conditions as it showed in (Fig.1.9) 43.  
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1.7.1.2. Aluminum oxide based catalysts 

 

Aluminum oxide (Al2O3) is one of the common conventional catalyst’s supports to 

catalyze polymers degradation specifically and other chemical reactions generally 44.  

Kim and co-workers have supported a promoted iron over γ-Al2O3 catalysts. Transition, 

alkali and alkaline earth metals were used as promising promoters such as zinc, barium, 

magnesium and potassium to modify the supported iron-based catalysts. These 

promoted catalysts were used to degrade the expanded form of polystyrene (EPS) at 

400 ºC for 90 minutes. Among all of their prepared catalyst, the K-Fe/Al2O3 showed the 

highest liquid yield of 92% with styrene selectivity of 66 wt. %. The high recovery of 

styrene is due to the presence of strong basic sites and in-situ distillation to come over 

the styrene re-polymerization 32. Generally, the multi-metallic catalyst either Bi-metallic 

or tri-metallic catalysts can offer more desirable properties than the mono-catalysts 45-

49.   Kijenski and Kaczorek have reported their screening result of monometallic, 

bimetallic and tri-metallic which were supported over Al2O3 and SiO2 for the degradation 

of PS. The monometallic group including Cr2O3/Al2O3, Ni/Al2O3, Mo/Al2O3 and Co/Al2O3. 

The screened bimetallic group was including NiMo/Al2O3, CoMo/Al2O3 and FeCo/SiO2. 

Figure 1-9 SEM images of the polymer films after irradiation for 480 h. (a) The pure PS film, (b) TiO2-PS 
film, and (c) TiO2-Fe (St)3-PS film. 
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Based on their observation, the presence of high hydrogen pressure can reduce the 

required temperature to degrade PS from 400 to 375 ºC. In all of the screened catalyst, 

the major products were monocyclic compounds such as styrene and ethylbenzene. 

However, the ethylbenzene and saturated monocyclic products were increased in the 

presence of high hydrogen pressure due to the styrene hydrogenation. Furthermore, 

the wasted polystyrene (WPS) was degraded by impregnating of Mg, Zn, Al, Cu and Fe 

over Al2O3 at 450 °C. The impregnated zinc over Al2O3 showed a liquid yield of 91.5% 

and high styrene contents of 63 wt.%16.  

1.7.1.3. Zeolites based catalysts      

 

Zeolites are another example of solid acids which known by their good catalytic activity 

of polyolefin conversion. Zeolites properties including structure, acidity, pore sizes and 

length are essential parameters to enhance PS cracking. Therefore, the micro-porosity 

impact of different zeolitic catalysts on the PS degradation was investigated. The natural 

clinoptilolite zeolites (HNZ) was used to catalytically crack PS into aromatics at 400 ºC for 

two hours with minimum coke formation. The microporosity of the catalyst is playing a 

crucial role to produce high styrene content in the liquid yield. Furthermore, due to the 

micro-porosity of HZSM-5 was investigated at the same reaction condition of HNZ and 

showed similar results, both are producing higher styrene and lower ethylbenzene. 

Conversely, in the case of a mesoporous catalyst such as silica-alumina the increases of 

EB yield over the styrene monomer was observed. This is most likely due to further 

cracking, and hydrogenation of styrene inside the pores 13, 50-52. Similar to the HNZ 

catalytic performance, the HSCLZ produced higher styrene yields than the EB due to its 
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porosity at 400 ºC 14. In fact, the resulted liquid yield over zeolites is comparable to 

thermal degradation due to bulky nature of PS which cause a diffusion limitation and 

hindered the reaction from proceedings. Park et al, has reported that the high yield of 

styrene can be affected by the high surface area of the clay due to the crosslinking 

reaction 53. It was suggested that the high catalyst’s external surface area may offer a 

solution to reduce the mass transfer. In which the higher external surface area of the 

catalyst may allow the bulky PS to be cracked into oligomers on the surface. The further 

cracking of oligomers can be taking place inside the catalyst pores without steric 

hindrance to generate smaller weight preferred products. Recently, Pt was supported 

over both hierarchical-HZSM-5 and delaminated ITQ-6 with a high external surface area 

to come over the mass limitation. Both catalysts showed some conversion of PS into 

other products including aromatics, naphthenes, paraffin, oligomers and isoparaffins 

due to the accessibility and well Pt dispersion 38. In fact, the length of the products is 

proportionally related to the pore size; in which the larger the pore size gives the longer 

hydrocarbon chain. For example, the HZSM-5 catalyst gives high gases and light liquid 

yields due to the high microporosity surface. In recent years, the co-degradation of 

polystyrene and other polymers such as high-density polyethylene (HDPE) and 

propylene (PP) using zeolites were studied. Lee et al. studied the catalytic degradation 

of PS and HDPE mixture extensively using fluid catalytic cracking (FCC) at 400 ºC. It was 

found that the PS has accelerated the degradation rate of the mixture and enhanced the 

aromatics yields in the produced liquid 54, 55.  N. Miskolczi et al. reported that the 

temperature, catalyst acidity and grain size highly influences the degradation of PS and 



43 
 

PE mixture and improved the liquid yield 15. The HNZ has shown an excellent catalytic 

performance to degrade a mixture of PP and PS at 400 ºC for two hours. The produced 

liquid yield was composed of 99% aromatics with minimum coke formation 11.  

  1.7.1.4. Mesoporous framework based catalysts 

 

The mesostructured materials were used as catalysts or as supporting materials to 

degrade PS due to their large pore sizes which may provide a good access to PS. Not to 

mention that the mesostructured materials have a good acidity which lead to further 

crack PS backbone into other products. Serrano et al. have synthesized and tested the 

catalytic activity of HMCM-41, HZSM-5 and the amorphous Al2O3-SiO2 at 375 ºC. They 

have reported that the HMCM-41 is the most active catalyst among the tested catalysts, 

however, the conversion was slightly higher than thermal cracking of PS. Furthermore, 

the HZSM-5 and the amorphous Al2O3-SiO2 have showed similar or less conversion to 

the thermal degradation as well. This is because the presence of strong Brøntsed  and 

Lewis acid sites which encouraging the secondary reaction to take place in the 

mesoporous55. It is worth to mention that the amorphous nature of the catalyst is 

promoting undesired reactions including aromatization and isomerization. Jin et al. have 

prepared MCM-41 with variant magnesium’s content and examined their catalytic 

activity to degrade PS at 410 ºC. Their data suggested that the presence of MgO in the 

MCM-41 structure is a key to control the secondary reactions at high temperature 40. As 

the solid base sites are playing an important role to form the carbanion and 

depolymerize polystyrene. Thus, a K2O/Si-MCM-41 has been prepared to catalytically 

degrade PS into styrene at 400 ºC. The K2O/Si-MCM-41 catalyst recovered 69 wt.% of 
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styrene monomer ,however, the further increasing in the K2O loading above 9% cause 

disruption of the mesoporous structure56, 57.  

1.7.2. Types of cracking reactors  
 

As the PS catalytic degradation include mixing the reactants (PS and catalyst), balance 

the operational parameters such as the residence time and temperature. Therefore, the 

reactor type is playing a crucial role to direct the reaction toward the desired products 

formation. Mainly in the literature batch and semi-batch reactors are used, however, 

the fluidized bed reactor and microwave assisted pyrolysis were used as well.  

1.7.2.1. Batch and Semi-batch reactors 

 

The batch reactor is found to be the most preferable reactor for polymers degradation 

as it offers many advantages. The batch reactor is a closed system with no materials can 

be added or removed during the reaction course. Therefore, a good conversion can be 

achieved. On the other hand, the semi-batch reactor allows the materials addition 

and/or removal during the reaction time. As the reaction products can be removed out 

of the reactor before it further cracked or react, the selectivity can be enhanced. 

However, batch and semi-batch reactors have several disadvantages such as the 

production cost, variation in the products between the batches and a scaling-up 

complexity of the production process 8. Although, the catalyst direct contact with the 

waste can increase the liquid yield, however, it can cause an early deactivation of the 

catalyst by the formed coke and the polymer viscosity 58, 59.  
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Therefore, the balance between the reaction time and the selected contact mode as 

well as the cost of the catalyst are forming a golden triangle to achieve a high 

conversion.  

1.7.2.2. Continuous Flow reactor  

 

As the continuous flow reactor can be operated at steady state, it can offer great 

insights into the macroscopic degradation plausible mechanism. Furthermore, more 

information about the rate controlling step and the formation of liquid and gases 

products can be gained. Yet, it was used only in limited numbers of study to generate a 

macroscopic mechanism of the polymer degradation due to complexity of this type of 

reactions.  However, the continuous stirred tank reactor was used to study the thermal 

degradation of PS, PP and PE blend (Fig. 1.10). Murata et al. have proposed that the 

Figure 1-10 The used continuous flow stirred tank reactor in Murata's study. 
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degradation of the blend could take place via parallel pathways. It may start with a 

random session which includes the breaking of polymer chains into smaller chains 

(oligomers). This random chain session can lead to decrease in the average molecular 

weight of the polymers drastically.  The resulted oligomers in the reactor can undergo 

end chain session to generate the volatiles which can be further cracked to produce 

gases60.  

1.7.2. 3. Microwave assisted pyrolysis  

 

Recently, the microwave assisted pyrolysis (MAP) starts to gain much popularity to 

degrade plastic waste. It is considered as a green approach to degrade different 

materials as it provides fast and direct heating. The challenge is that the PS is a 

transparent to microwaves by its nature. Therefore, it needs to be mixed with absorbers 

61. The absorber role is to absorb the microwaves and convert them into heat to 

degrade PS. Some of the common used absorbers are carbon, metals or tires61-63. The 

microwave assisted pyrolysis reactor is showed in Figure 1.11. MAP can shorting the 

reaction time from hours to minutes due to the plasma formation which can achieve 

very high temperatures.  A. Undri et al. have used the MAP to degrade polystyrene into 

aromatics rich oil where styrene was a primary product. In their report, a tire pieces 

have used as an absorber to convert the microwave into high temperature 63. In another 

report, MAP with reduced pressure was used to convert PS into styrene and other 

aromatics by using carbon as absorber 62. Yet, scaling up the process to a pilot or plant 

scale will be challenging and costly. 
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Figure 1-11 Microwave assisted pyrolysis reactor schematic for PS  degradation. 

 

1.7.3. Effect of reaction parameters     
 

 1.7.3.1. Reaction temperature effect  

 

The reaction temperature is one of the most important factors that can tailor the 

product selectivity and improve the liquid yields. It was well indicated that the de-

polymerization of polystyrene into styrene monomer can be done thermally at high 

temperature (≥350 ºC) and relatively long reaction time (≥90 min.). Zhang et al have 

recovered 70 wt. % styrene monomer by thermal de-polymerization of polystyrene at 

350 ºC for three hours 64.  Later, many catalytic systems have been proposed to degrade 

polystyrene at a temperature range of 350 -500 ºC. Notably, the high-temperature may 

increase the liquid yield up to certain level till the liquid starts to be further cracked into 

gases 8, 35. On other hand, the use of low temperature can minimize the input energy 
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and as a result, reduce the process cost. However, the use of low temperature facilitates 

the secondary reactions to take place such as styrene re-polymerization and cross-

linking reactions 15, 65-68. Therefore, synthesize an energy-efficient catalyst to achieve 

100% PS conversion with a high liquid yield at low temperature can offer a practical 

solution for PS waste management issue. This could be doable by making a balance 

between all other key parameters such as the catalyst acidity, structure, geometry, the 

reactor type and exposure time.  

 1.7.3.2. Exposure time effect  

 

The thermo-catalytic degradation of polystyrene is a function of the exposure time. 

Limited reports in the literature have studied the exposure time effect on the 

degradation of polystyrene and its impact on improving both liquid yield and product 

selectivity 69, 70. The general thought is that the long exposure time leads to further 

cracking of larger oligomers into smaller products. But at the same time the long 

reaction time at high temperature is accelerate the formation of coke and gases. From 

other hand, the long reaction time at low temperature is encourage the side reactions 

to occur. Therefore, optimizing the reaction time and maintain a good balance between 

reaction time and temperature should be considered. Shah et al. have studied the 

reaction time effect on the degradation of PS over copper and zinc supported catalysts 

at 500 ºC and found that 60 minutes is the optimum reaction time 33, 36.  

1.7.3.3. Polymer to catalyst ratio effect  
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Polymer to catalyst ratio is another important factor to be considered either for PS 

degradation specifically or polymers degradation in general. Although, increasing the 

catalyst loading can shift the reaction toward more preferred products, improve the 

liquid yield, reduce the required temperature and consequently energy. However, using 

high catalyst load will increase the overall cost as result of the catalyst scaling-up. Not to 

mention that the scale-up will be more complicated as a result of controlling the 

distribution of the metal sites. Worth to mention that the mass transfer limitation might 

take place and as a result the catalyst will be deactivated shortly. In addition, the high 

polymer loadings may cause increases in the high molecular weight materials that 

adhere on the inner wall of the reactor 70. Therefore, it is important to optimize the 

polymer to catalyst ratio to control the liquid yield and compositions.  

1.7.3.4. Pressure and environment effect  

 

Although, the reaction environment could playing as a cofactor to facilitate the PS 

degradation. The effect of the reaction environment was not studied in the literature 

extensively as most of the reactions have studied under an inert environment. For 

example, the presence of radicals can improve the produced oil yields in case of an 

oxidative environment. Furthermore, PS degradation under hydrogen pressure is lead to 

the formation of EB due to styrene hydrogenation. However, some catalysts simply 

show better catalytic performance under an inert environment. Kijenski and Kaczorek 

have found that the catalytic degradation of PS over a variety of transition metals 

required less temperature in the presence of high hydrogen pressure than the same 

condition but under an inert environment71. Guria et al have degraded PS by using high 
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hydrogen pressure at 240 ºC and showed a drastically reduction in PS molecular weight 

with no volatiles 42, 72. The use of high pressure especially in the case of process scaling-

up is considered as an additional operational cost and associated with risk during the 

reaction. Generally speaking, we can say that the reaction environment is a catalyst 

property and it needs further investigation and analysis to be well understood. 

1.8. Catalytic degradation mechanism  
 

The thermo-catalytic degradation of PS is complicated since it consists of thermal and 

catalytic degradation pathways. Therefore, the mechanism of PS degradation over 

different catalysts was extensively studied. It was proposed that the degradation 

production pathway is a function of the catalyst nature (acidity or basicity) and reactor 

type 41, 73-76. In the case of using acidic catalyst, the reaction starts with a proton attack 

on the electrophilic phenyl group of polystyrene chain to produce intermediate 

carbenium ion 41. This protonation step is following with β-scission to degrade the 

intermediate carbenium resulting in a formation of benzene and another carbenium. 

The β-scission is taking place once again to degrade the other carbenium and produce 

another shorter carbenium chain and polymeric short chain. The indane formation can 

be produced via the 1, 5-addition of the carbenium with a neighboring phenyl group 

followed by a hydrogen elimination (Scheme 1.1). Therefore, the PS degradation over 

Brøntsed acidic sites can be known by its characteristic aromatic products. The formed 

oligomers will further crack over the catalyst and undergo several transformation 

processes leading to the formation of toluene, styrene, ethylbenzene, alpha-methyl 

styrene and coke. As a result of the successive products transformations, a concurrent 
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H+ and H- production will take place leading the styrene hydrogenation into 

ethylbenzene74. Therefore, the resulted oil of PS cracking over Brøntsed sites is full of 

aromatics.  

 

Scheme 1-1 Proposed polystyrene degradation over Brøntsed acidic sites by Zhang et al. 

 

However, the catalytic cracking of PS over basic catalyst it may start with the elimination 

of hydrogen from the PS chain to be adsorbed in the basic sites of the catalyst to form 

carbanions. Later, the formed carbanion is playing a crucial role to accelerate the de-

polymerization of PS chain to release styrene monomer as a major product. In fact, the 

basic site's role in the catalytic system is to generate the carbanion as a result of the 

proton elimination to unzip the PS. The carbanion may undergo several β-scissions to 

form shorter end-chain anion and styrene after each cleavage which resulted in a high 
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styrene recovery (Scheme 1.2). Finally, this process can be terminated when the 

abstracted proton recovered from the basic sites. Another reason for the high yield of 

styrene over the basic nature catalyst is that the cracking over acidic catalyst cause 

styrene hydrogenation to form EB while this is not the case over basic catalyst73, 77. 

Worth to mention that the transformations are causing coke formation which is less 

over the basic active sites. Therefore, the hydrogen transfer reactions which lead to 

styrene hydrogenation into EB is not a dominant pathway which contributes to high 

styrene yield over a basic catalyst. 

 

 

Scheme 1-2 The proposed mechanism of PS cracking over basic sites. 

Unfortunately, PS catalytic degradation over Lewis acid catalyst is less studied in the 

literature. However, it may started with a hydride ion removal from a phenyl position in 

the PS chain resulting in a formation of polystyrene cation PS+ 74.  This polymer cation 
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will undergo several transformations that enrich the aromatic content of the produced 

oil. As a result of the successive transformation, the cock formation will start to take 

place and cause accumulation of H- and H+ which leads to dramatic improvement in 

aromatic production.  

The mechanism of polystyrene degradation over a bi-functional metallic supported 

catalyst was investigated. The catalytic hydrocracking of polystyrene over Pt/H-Beta 

bifunctional (Lewis and Brøntsed) catalyst was studied. The degradation starts with 

breaking the polymer chain into two chains. The resulted polymer chains can be 

hydrogenated over the metallic sites. Further, the hydrogenation of olefins is taking 

place over the Brøntsed acidic sites followed by the generation of the carbenium. 

Finally, the reaction will be completed similarly to reactions over Brøntsed sites (Scheme 

1.3) 78. 

 

 

 

 

 

 

 

Scheme 1-3 Polystyrene degradation proposed mechanism over bifunctional metallic sites. 
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1.9. Challenges and future prospective  
 

Polystyrene is known by its poor recycling rate due to several reasons such as hygiene 

and transportation issues. Therefore, very limited number of recycling plants can recycle 

PS waste in all over the world. Additionally, the landfill option is an expensive solution to 

get rid of PS waste for exemplified the cost of excavators that required for landfill is 

high. Not to mention that the risk of the monomers leaching from the waste bulk and 

their impregnation in soil to reach drinking water. In fact, these issues are considered as 

a main economic driver of converting PS waste into fuel and chemical feedstocks. Yet, 

one of the most challenges for PS  catalytic degradation into fuel is the oil price. As the 

PS is directly derived from the fossil fuel, its price is proportionally influenced by the 

crude ceiling price. Therefore, the produced fuel from PS waste will be affected by the 

current oil price.  As a matter of fact, this conversion process will be highly valuable in 

the upcoming years due to the depletion that is taking place globally in most of the large 

oil reservoirs. Moreover, using mild degradation condition can mitigate the carbon 

emissions and come over the carbon tax issues. In the light of these facts, the design of 

an energy-efficient catalyst should be synthesized and more sophisticated process 

integration should be developed.  
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1.10. Conclusion  
 

More than 90% of plastic production is based on non-renewable energy in which 8% of 

the global fossil fuel is used in the production process. This 8% is predicted to reach 20% 

in the upcoming 30 years due to a high demand of the plastics production. Polystyrene 

is a hydrocarbon-based polymer with a high calorific value of 87 GJ tonne-1. Therefore, 

the catalytic recycling of polystyrene is a very promising approach for PS waste 

management issue.  We tried in this chapter to shed light on the steady growth of PS 

market and propose the best way to convert its waste into valuable products. We have 

shown most of the recent research work which studied and evaluated the potential of 

PS chemical recycling.  As it mentioned in this chapter, the required temperature for PS 

thermal and catalytic degradation is in a range of 350-600 ºC. Although, a large number 

of the catalysts were synthesized, characterized and screened still the results showed 

more improvements could be applied. In fact, the employing of the high temperature in 

the presence of the catalyst did not improve the liquid yield and/or selectivity greater 

than thermal degradation. It is worth to mention that the high temperature is 

preventing the researchers from the opportunity to study the effect of the metallic site. 

With this in mind, design a catalyst that can degrade PS waste at low temperature with 

maximum liquid yield and good product selectivity should be considered.  
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Chapter 2  Synthesis of the Bimetallic FeCu/Alumina for the Catalytic Degradation 

of Polystyrene under Mild Conditions 
 

2.1. Abstract 
 

In this chapter, we have synthesized bimetallic catalyst FeCu/Alumina and tested its 

catalytic activity towards polystyrene degradation under mild conditions. The bimetallic 

was fully characterized using Transmission Electron Microscopy (TEM), Scanning 

Electron Microscopy (SEM), Scanning Transmission Electron Microscopy-Electron 

Energy-loss Spectroscopy  (STEM-EELS), Energy dispersive X-ray (EDX), X-ray powder 

diffraction (XRD), X-ray fluorescence (XRF), CO2 and NH3 temperature programmed 

desorption (TPD). The catalytic degradation was conducted in a batch reactor without 

using a solvent at 250 °C. Different parameters were tested to boost up the liquid yield 

and tailor the products selectivity including reaction time, catalyst loading and pressure. 

At the end of the reaction, the final products were the remaining oligomers, and liquid 

product with no gases formation at 250 °C.  The remaining oligomers was separated 

from the catalyst and placed in a vacuum oven overnight at 60 °C and characterized 

using gel permeation chromatography (GPC). The produced liquid yield was analysed by 

Gas Chromatography-Mass Spectrometry (GC/MS) and confirms the primary products to 

be styrene, ethylbenzene, cumene, toluene and α-methyl styrene. The use of bimetallic 

FeCu/Alumina resulted in 100% PS conversion with 66% liquid yield under mild reaction 

condition. The use of FeCu/Alumina is providing a practical methodology for polystyrene 

catalytic recycling.   
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2.2. Introduction  
 

As it was earlier stated in the previous chapter, the use of high temperature (˃350 °C) in 

the catalytic degradation is limited the opportunity to study the real contribution of the 

catalyst.  Therefore, no catalyst was fluffily developed to reach the market which 

resulted in a poor implementation for these catalysts in the recycling plants. Not to 

mention that at high temperature the gained liquid yield from the polystyrene catalytic 

degradation was not significantly different than the thermal degradation in most of the 

cases.  In our contribution, we would like to develop a practical method to utilize PS 

waste by synthesizing an inexpensive and efficient catalyst to convert PS into aromatics 

under mild condition. In fact, the importance of degrading PS at low temperature is to 

reduce the input energy and therefore the total operational cost. Worth mentioned that 

at 250 °C the gases formation would be minimal which help to reduce the greenhouse 

gases formation. Bi-metallic catalysts are known by their improved catalytic properties. 

The synthesized catalysts should follow the below criteria; 

 Overall inexpensive cost in term of synthesis and scale-up  

 High liquid yield under mild conditions that can be comparable or higher than 

the employment of high temperature.  

 Good products selectivity at the reaction conditions  

 Straightforward synthesis scheme 

 Easy to scale-up  

Therefore, this chapter’s aim is to synthesize Bi-metallic catalyst consists of iron and 

copper over different supports to test its catalytic activity toward PS degradation at the 
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mild condition. In here, the iron and copper were selected for their known catalytic 

activity in many reactions as well as their low cost. Furthermore, the hypothesis behind 

using iron and copper is that copper was incorporated to enhance styrene recovery and 

iron is to improve liquid yield via C-C bond cleavage due to its Lewis acidity (Figure 2.1). 

The used supports were including aluminium oxide (Al2O3) and mesostructured MCM-

41. The Al2O3 is a commonly used as a support for active sites in catalysis due to its 

many preferred properties such as thermal stability, physical properties, acidic and basic 

properties. However, Alumina has a low adsorption sites surface density which 

facilitates the metals dispersion but causes loading capacity limitations 1. MCM-41 is a 

mesoporous silicate material was selected as a support material due to its high surface 

area and well-ordered structure. The high surface area might enhance the PS catalytic 

degradation although it can accelerate the rate of competitive reactions. Many reports 

showed the presence of solid acids is cause a good selectivity towards aromatics 

formation. Therefore, we examined the catalytic activity of natural clay due to its acidity 

2-4.    

 

2.3. Experimental details  
 

2.3.1. Materials  
 

Alumina (Al2O3), Iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O), Cupric nitrate trihydrate 

(Cu(NO3)2 3H2O), Alumina-silicate MCM-41 and PS tablets with an average molecular 

weight (Mw) of 96,000 g/mol were purchased from Sigma-Aldrich and used without 

further treatment. The PS samples were crushed before the degradation to enhance the 
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contact with the catalysts. All the solvents which were used to standardize the Gas 

Chromatography-Mass spectroscopy (GC-MS) including toluene, ethylbenzene, cumene, 

α-methyl styrene, benzene, styrene,  1,3-Diphenylbutane and 1,3-Diphenylpropane 

were purchased from Sigma-Aldrich. The tetrahydrofuran (THF) was used to dissolve the 

remaining oligomers was purchased from Sigma-Aldrich as well. The natural clay was 

received from Taiwan and used without any further treatment.  

 

2.3.2. FeCu over Al2O3 preparation 
 

Alumina slurry was sonicated for ten minutes and loaded with known amounts of iron 

and copper precursor’s solutions by the co-impregnation technique. Each mixture was 

stirred at 60 °C until the water was evaporated, and then dried in vacuum oven at 110 

°C for overnight. The CuFe catalysts platform was calcined at 350 °C for 4h. 

 

2.3.3. FeCu over MCM-41 preparation 
 

The MCM-41 was evacuated for six hours in vacuum oven to evacuate the pores prior to 

metals precursor loading. Then, 15 wt. % iron precursor solution and 5wt. % copper 

precursor solution were loaded into MCM-41. The mixture was heated at 60 °C with 

continuous stirring for three hours. The catalyst was vacuum dried for overnight at 110 

ºC. The vacuum dried FeCu/MCM-41 was calcined at 540 °C for four hours.  

2.3.4. Catalysts characterization  
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The BET surface areas of the impregnated catalysts as well as the parent materials 

were measured by surface area and porosity analyzer ASAP2420 Micrometrics using 

nitrogen adsorption and desorption at 77.4 K. BJH and single point of p/po= 0.99 were 

used to calculate the pore size distribution and pore volume. The surface morphology of 

the impregnated catalysts was determined by scanning electron microscopy (SEM). 

Transition electron microscopy (TEM) with both electron energy loss spectroscopy 

(EELS) and Energy-dispersive X-ray spectroscopy (EDS) were used (Fig_Apx.I.5-6). The 

catalysts compositions were determined by Bruker X-ray diffractometer (XRD), with Cu 

Kv radiation used at room temperature (2θ: 15°–80° at 40 KV, and 40 mA). The catalysts 

acidity was determined by NH3-temperature programed desorption (Fig_Apx.I.10). 

Briefly, 0.20g of each sample was weighted once at a time. The physisorbed water was 

removed by preheating each sample at 250 °C under a helium flow for two hours. The 

reactor was then cooled down to room temperature followed by introducing ammonia 

into the reactor at 100 °C. After an hour, the physisorbed ammonia was removed under 

the helium flow at 100 °C for 30 minutes. Finally, the sample was heated from 100 to 

600 °C at a rate of 10 °C/min. An on-line gas chromatograph with TCD detector was 

used to analyse the effluent gases. 

 

2.3.5. Apparatus and procedure  
 

 Different pressures, catalyst: polymer ratios and reaction times were examined to 

achieve the optimized reaction conditions (Fig. 2.2). All the degradation reactions were 

conducted in a batch reactor. The amounts of PS was fixed 2.0 g in all experiments and 
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catalyst were varied in the range of 100-500 mg. Later, the PS and known amount of 

catalyst were well mixed in a 25 mL reactor vessel before heating. The reactor was 

purged with nitrogen for three minutes to ensure the absence of oxygen. The reactor 

temperature was increased at 4 ºC/min to 250 °C and the reaction was heated for 

additional 30-180 minutes before cooled down to room temperature. The resulting 

liquid was collected, filtered and characterized by GC/MS. The remaining oligomers in 

the reactor was dissolved with toluene (5.0 – 10.0 mL). The catalyst was filtered and the 

toluene was removed in vacuo from the filtrate to give the oligomer mixtures, which 

were further dried in the vacuum oven at 50 °C overnight until the weight became 

constant. After the weight was recorded, the sample was dissolved in THF (0.2 g/mL) 

and filtered twice (nylon Acrodisc® membrane 0.45 µm) for the GPC analysis. 
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2.4. Results and discussion 
 

2.4.1. Catalysts characterization 
 

The physical properties of the parent materials before and after loading including BET 

surface areas, pore volumes and pore sizes of the support and catalyst candidates are 

given in Table 2.1. The adsorption/desorption isotherm shows that all of the catalysts 

are mesoporous. Also, the BET analysis shows that that the parent aluminium oxide has 

Figure 2-2 Schematic of reaction process. 
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a low surface area of 15 m2/g. In fact, the further decreasing in the alumina surface area 

after the deposition of the metal precursors is indicating the successful loading of metal 

oxides into the support. The pore volume almost in all the cases was the same which 

indicates that the parent structure was not destroyed after metals loading. The pore size 

of the catalysts was in the range of 27.4- 37.5 nm, however, all of the catalysts showed 

larger sizes than the parent. This increase in the pore sizes is attributed the expanding 

after the calcination process. The FeCu/MCM-41, BET surface area, is 769.4 m2/g which 

is smaller than the parent MCM-41 of 992.2 m2/g as indicating a successful loading. 

However, the pore size of both parent and FeCu/MCM-41 was not changed with metal 

loadings. Furthermore, the natural clay exhibited BET surface area of 72.3 m2/g and 

pore size of 9.50 nm. Thus we have prepared catalysts with a different range of BET 

surface area ranging from 6.5-992.2 m2/g, the pore sizes were in a range of 5-37.5 nm. 

This difference in surface area, pore sizes and support properties perhaps might 

contribute to the reaction products (Fig_Apx I.1, Table_Apx I.1).  Furthermore, XRF was 

used to confirm the quantities of metals oxides in the Aluminium supported catalysts 

(Table 2.1). In fact, the low metal loading is preferred to reduce the overall cost of 

catalyst synthesis if the catalyst fulfils the catalytic activity. The element mass% of the 

FeCu/MCM-41 and natural clay is showed in (Table_Apx I.2).  

 

Table 2.1 BET surface area, pore volume and pore sizes and the elemental analysis of the parent 
material before and after loadings. 

Material  Physical properties 
  

XRF 

(Mass%)  
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BET surface area 

(m
2
/g) 

Pore volume 

(cm
3
/g) 

Pore size 

(nm) 
Fe

2
O

3
    CuO Al

2
O

3
 

Alumina 

(Al
2
O

3
) 15 0.07 17 - - 100 

1 FeCu 7.0 0.09 27.4 0.35 1.5 98 

2 FeCu 6.5 0.07 30.7 0.2 0.5 99 

3 FeCu 8.4 0.07 37.5 0.5 0.3 99 

 

The XRD diffraction patterns were used to confirm the compositions of the bimetallic 

catalysts. The diffraction patterns of the catalyst candidates are slightly different the 

parent alumina. This is expected due to the low loading of the metallic sites however, 

there are small peaks are decreases with decreasing the copper loading. Furthermore, 

XRD patterns of the monometallic of iron and copper with similar loadings to the bi-

metallic did not show any different than the bi-metallic (Fig_Apx I.2) Thus, the peaks 

were appeared at 35.6°, 38.7° and 48.8° which matched the (002), (111) and (202) are 

indicating the presence of monoclinic  CuO phase 5, 6 (Figure 2.3). Also, the low and high 

angles compared to MCM-41 in addition to natural clay is showed in Appendix I (Fig_Apx 

I.3&4). 
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For further confirmation to examine the presence of metallic active sites, the 

STEM/EELS were used. The EELS maps were generated to show the distribution of the 

metal oxides on the support. The presence of the bi-metallic particles over the alumina 

surface was confirmed as shown in Figures 2.4. The STEM-EELS map of FeCu/MCM-41 

showed co-presence of both Iron and copper deposited in the MCM-41 honeycomb 

structure (Fig_Apx I.5). The STEM-EDS of the natural clay was showed zinc oxide 

Figure 2-3 XRD pattern of (a) alumina, (b) 1FeCu\Alumina, (c) 2FeCu\Alumina and (d) 
3FeCu\Alumina. 
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rectangular crystals. The STEM-EDS is showed in the appendices I of this chapter and is 

consistent with STEM-EELS (Fig. 2.4).  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The catalyst candidate’s morphologies were characterized by SEM (Fig.2.5). The 

morphologies of 2FeCu/Alumina and 3FeCu/Alumina showed irregular grains like 

structures. However, the highest loading of copper in 1FeCu/Alumina showed more 

Figure 2-4 STEM-EELS  maps showing metals distributions of (a-d) 1FeCu over alumina maps, (e-h) 2FeCu over 
alumina and (i-l) 3FeCu over alumina. 
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compact and dense structure. This is in good agreement with STEM-EELS as the surface 

morphology, and metallic active sites distribution are similar in all the catalyst 

candidates. Thus, alumina supported catalysts might show similar catalytic activity. 

 

 

 

 

 

 

 

 

2.4.2. Catalytic degradation activity  
 

2.4.2.1. General Screening   

 

The PS degradation in the presence of the prepared catalysts and natural clay was 

examined at 250 °C for 90 min under nitrogen. The degradation reaction in the absence 

of the catalyst was also conducted under the same condition. Noteworthy, the thermal 

degradation only resulted in a mixture of viscous oligomers. In light of these 

observations, the presence of the catalysts is essential for the effective PS degradation 

at 250 °C. The thermo-catalytic degradation of PS and PE over mesoporous materials 

and zeolites was studied in the literature. Many research groups have reported that the 

Figure 2-5  SEM images (a-b) Alumina, (c-d) 1FeCu\Alumina, (e-f) 2FeCu\Alumina and (g-h) 3FeCu\Alumina. 
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catalytic activity of mesoporous materials such as Al-MCM-41 is showed slightly higher 

activity than the thermal degradation of polystyrene at ˃350 °C 7-11. Our results were 

consistent with the literature, the presence of natural clay and FeCu/MCM-41 only 

resulted in molecular weight reduction. In fact, the MCM-41 and natural clay pore sizes 

are less than 10 nm which attribute to be blocked in early stages of the reaction. Due to 

the bulkiness of polystyrene and its high melt viscosity. Thus, cause quick acidic centres 

deactivation and internal diffusion limitations.  From another hand, the Alumina 

platform including 1FeCu, 2FeCu and 3 Fecu showed 100% conversion of PS and good 

liquid yield. This could be due to the large pore sizes and weak acidity strength. The 

3FeCu/Alumina was showed higher liquid yield than 1feCu and 2FeCu. Therefore, it was 

subjected to further investigation to optimized the reaction conditions and enhance the 

liquid yields (Fig.2.6). 
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Figure 2-6  Degradation of bi-metallic catalysts comparison of liquid yield% (Degradation conditions: reaction 
time 90 min, temperature 250 °C, catalyst loading 200 mg, N2 pressure 0 psig) the stars denote producing of 
oligomers only. 
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2.4.2.2. Pressure effect 

 

The effect of the pressure on the PS degradation was screened at 250 °C under nitrogen 

with pressures of 20, 40, 60 psig, respectively. No significant effect on the degradation 

performance and the products selectivity was observed (Fig.2.7). In all cases, 

ethylbenzene was identified as the major product, suggesting the end-chain session 

degradation mechanism 12.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 2-7 Pressure effect on PS catalytic degradation using 3FeCu\Alumina (Reaction 
conditions: temperature 250 °C, catalyst loading 200 mg and reaction time 90 min) 
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2.4.2.3. Reaction time dependence 

 

The reaction time is one of the most important parameters that influence the efficiency 

of the PS degradation. There have been a number of studies on the reaction time effects 

in the literature9, 13-15. As the decrease in the reaction time reduces the overall energy 

cost for the degradation reaction, a short reaction time is favoured as long as the 

efficient conversion is achieved. On the other hand, extending the exposure time 

increases the potential of further cracking of the liquid products into gases and the re-

polymerization of styrene under the batch condition. Consistent with these 

considerations, our data showed that increasing the reaction time up to 90 min offers 

the highest liquid yield (Fig.2.8). However, the styrene wt. % was decreased with 

increasing the exposure time as it tends to re-polymerise at low temperatures.  
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2.4.2.4. Catalyst loading effect 

The PS/catalyst ratio can be a crucial factor to the liquid yield and/or products 

selectivity. PS degradation was thus further tested using different catalyst loadings from 

Figure 2-8 Effect of reaction time on PS catalytic degradation using the 3FeCu\Al2O3 catalytic 
system (A) effect of reaction time on liquid yield% and (B) mass% of PS degradation 
products(Conditions: temperature 250 °C, N2 pressure 0 psig and catalyst loading 200 mg). 
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100 to 500 mg per 2.00 g of PS. Increasing the amount of catalyst from 100 to 200 mg is 

lead to an enhancement in the liquid yield, but further increasing in the loading up to 

500 mg resulted in lower liquid yields (Fig.2.9).  

 

 
 
 
 

 
 
 
 
 
 
 

 

These observations suggest the presence of secondary reactions, as styrene monomer 

tends to re-polymerize at 250 ºC to form oligomer chains over the catalyst surface. 

Therefore, a good balance between PS and the catalyst is a key to achieve full PS 

conversion, high liquid yields and improved products selectivity. 

2.5. Plausible degradation pathways 
 

The major products in the presence of the bimetallic catalyst are ethylbenzene, styrene, 

α-methyl styrene toluene, 1, 2-Diphenyl propane (D 1), 1, 3-Diphenyl butane (D 2), and 

cumene (Fig.2.10). The Benzene,1,1’,1’’-(1-ethanyl-2-ylidene)tris and 1,3-di)4-methyl 

phenyl)-2,2-di benzyl propane were scarcely appeared (Fig. 2.11)  Ojha and Vinu have 

Figure 2-9  Catalyst loading effect on PS catalytic degradation using 3 FeCu/Alumina(Degradation 
conditions: PS feed: 2.00 g, reaction time 90 min, temperature 250 °C, N2 pressure 0 psig) 
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recently reported the production pathways of different degradation products based on 

the acidic catalytic strength 16. The NH3-TPD results of our catalysts indicated the 

presence of weak acidic strength peak in comparison to the parent (Fig.2.12). 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-10  The major products chemical structures of PS thermo-catalytic degrdation products 
at 250 ºC. 

Figure 2-11 The minor products chemical structures of PS thermo-catalytic degradation products at 
250 ºC. 



  84 
 

Therefore, we propose that in our system, the acidic site/proton attack on the phenyl 

group of PS may play a role. Presumably due to the low degradation temperature, both 

the β-Scission and intramolecular radical shift reactions are both dominant reactions in 

our system. The β-scission is the most characteristic reaction which involves the end 

chain radical leading to the formation of styrene 17.  

 

 

 

 

 

 

 

 

 

The benzyl radicals can be formed via intramolecular radical shifts which can be 

terminated either with the polymer chains or with other 1-phenyl ethyl radicals to form 

the dimers 16. The presence of toluene may result from the protonation of the PS phenyl 

group followed by β-Scission, while the formation of α-methyl styrene is due to the 

intramolecular proton shift prior the β-scission (Fig. 2.13)16. It is worth mentioning that 

the increasing of the surface area of the catalyst leads to the decreasing of styrene 

yields because of the increasing rate of styrene repolymerization and crosslinking 

Figure 2-12 NH3-TPD of 3FeCu/Alumina. 
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reaction. Using the low surface area catalyst as well as low acidity is recommended to 

offer good styrene recovery and high oil yields at this very mild batch reaction condition. 

 

 

 

Figure 2-13 Proposed PS degradation mechanism at low temperature. 
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2.6. Conclusion  
 

In summary, efficient PS degradation catalyzed by a Fe/Cu bimetallic catalyst has been 

achieved to give C5-C9 products under mild conditions. Different reaction parameters 

including pressures, catalyst loading and reaction time were screened. Full conversion of 

PS was obtained by employing FeCu/alumina at 250 ºC. The balance between the 

exposure time, catalyst loading, surface area and catalyst acidity is important to reach 

the optimal liquid yield. The degradation process may start with a proton attack which 

resulted in aromatics formation with no coke or greenhouse gases. The next step is to 

develop the bimetallic FeCu/Alumina to enhance the liquid yields at this low 

temperature.  
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Chapter 3: 
 
 Synthesis of the Bimetallic FeCo/Alumina for the Catalytic Degradation of 
Polystyrene under Mild Conditions: Non-Renewable Aromatics Production 
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Chapter 3 Synthesis of the Bimetallic FeCo for the Catalytic Degradation of 

Polystyrene under Mild Conditions: Non-Renewable Aromatics Production 

 

3.1. Abstract  

The aim of this chapter is to boost-up the resulted liquid yield of polystyrene 

degradation under mild conditions. An iron and cobalt were supported on aluminum 

oxide by wetness co-impregnation. The bimetallic FeCo/Al2O3 was fully characterized by 

several techniques including XRD, XPS, STEM-EELS, NH3 and CO2-TPD. The PS catalytic 

degradation was performed in batch condition under an inert environment without 

further products distillation during the reaction course. The gel permeation 

chromatography (GPC) was used to analyze the remaining oligomers in the reactor and 

showed 100% conversion of PS. Successfully, we have achieved 91% liquid yield with an 

excellent products selectivity in C5-C9 range as it was confirmed by GC/MS. Furthermore, 

due to the low reaction temperature of 250 °C, the gases formation was not detected. 

Worth to mention that the further increases of FeCo/ Al2O3 catalyst loading did not 

encourage the secondary reactions including styrene re-polymerization and crosslinking 

reactions. After all, the bi-metallic FeCo/ Al2O3 is announcing itself as an energy-efficient 

catalyst due to its ability to convert PS under mild conditions into 91% liquid yield with 

full PS conversion at 250 °C.  
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3.2. Introduction  
 

The contribution of the renewable energy resources such as biomass and solar energy to 

meet the global energy demand was increasingly growing. At the same time, the non-

renewable resources end products such as plastic waste have received a considerable 

attention as a new energy/chemical feedstock resource. This is due to the increasingly 

growing of the worldwide plastic production. For instance, the total plastic demand in 

Europe has achieved 49 MT in 2015 where 70% of this high demand was located in six 

countries1.  

 

Although, the plastic production is high only less than 10% of the global plastic waste is 

recycled, and more than 50% of the total plastic waste is landfilled. Unfortunately, the 

Figure 3-1 Graphical abstract shows the catalytic conversion of polystyrene into renewable products by 
FeCo/Alumina under mild conditions. 
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landfill is still the first choice globally to dispose of the plastic waste. The landfill can be 

in well-engineered underground facilities or by just dumped the waste in deserts, 

oceans and rivers. Jambeck et al. have estimated that the plastic waste production from 

192 coastal countries was 275 MT in 2010 where about 12.5 MT has reached the 

oceans2. Therefore, many studies have shed light on the economical importance of 

converting these waste back into synthetic fuels and renewable chemicals. These efforts 

would have very substantial impacts on the global economy and the environment as it 

can mitigate the fossil fuel reserves declining and relief the emissions level. 

  

Among of the other marine debris plastics, polystyrene is represented 70% of total 

plastic waste due to its poor recycling rate 3. In fact, styrene monomer and other 

chemicals can be leached out and got ingested by the marine life and eventually impacts 

our food 4. Importantly, such chemicals can be impregnated in the beaches sand too. 

B.G. Kwon et al. have collected different beaches sand and seawater samples from the 

Pacific Ocean, Alaska and Hawaii beach. Their studies showed that all the samples 

contained styrene monomer and dimer which are carcinogenic 5. In fact, PS has similar 

calorific value to the fossil fuel and has a high volatile content reaches to 99%.  

Therefore, different catalysts were developed and screened to degrade PS back into 

valuable products catalytically. However, always there was a need to use a high 

temperature (˃350 °C) and relatively long exposure time that exceeds one hour. Worth 

to mention, the employment of the bimetallic catalysts in this field is very limited for the 

best of our knowledge as it shows in Table 3.1. 
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Catalyst category Liquid 
Y% 

Temp. (°C) Env. Rxn. Time 
(min.) 

Major 
products 

Bi-metallic catalysts      

Ni-Mo/Al
2
O

3
 70 375 Hydrogen 90 Aromatics 

Ni-Mo/Al
2
O

3
 71 400 Nitrogen 90 Aromatics 

Co-Mo/Al
2
O

3
 77 375 Hydrogen 90 Aromatics 

Co-Mo/Al
2
O

3
 73 400 Nitrogen 90 Aromatics 

Fe-Co/SiO
2
 81 375 Hydrogen 90 Aromatics 

Fe-Co/SiO
2
 72 400 Nitrogen 90 Aromatics 

Tri-metallic catalysts      

Ni-Fe-Co/SiO
2
 75 375 Hydrogen 90 Aromatics 

Ni-Fe-Co/SiO
2
 74 400 Nitrogen 90 Aromatics 

 

 

The iron was extensively used in different reactions and supported over many metal 

oxides, mesostructured materials and zeolites. On other hand, copper, cobalt and 

barium were investigated in different forms for their catalytic activity to degrade PS. For 

a matter of fact, the bimetallic can offer many advantages due to the synergistic effect 

between the supported metals. Therefore, the idea of coupling iron with other metal 

and incorporated the bimetallic over a supporting material is a promising approach.   

 

Table 3.1 All the Bi and Tri metallic catalysts that employed in polystyrene degradation field. 
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The iron-cobalt bimetallic is well known for its excellent catalytic activity especially in 

Fischer-Tropsch (FT) reactions 6-10. Additionally, the FeCo/SiO2 was tested for its catalytic 

activity to degrade polystyrene at a relatively high temperature and pressure about 12 

years ago in a communication 11. Unfortunately, no details were mentioned and shared 

with the scientific community about the catalytic activity of the system.  

 

In this efforts, we wanted to examine the catalytic activity of FeCo/Al2O3 under mild 

conditions without using pressure. Successfully, we have achieved a complete 

conversion of PS by using the bimetallic FeCo/Alumina at 250 °C with a high liquid yield 

of 91%. 

 

3.3. Experimental details  

 

3.3.1. Materials  
 

Alumina (Al2O3), Iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O), Cobalt nitrate 

hexahydrate (Co(NO3)2 6H2O), and PS tablets with an average molecular weight (Mw) of 

96,000 g/mol were purchased from Sigma-Aldrich and used without further treatment. 

The PS samples were crushed before the degradation to enhance the contact with the 

catalysts. All the solvents which were used to standardize the  Gas Chromatography-

Mass spectroscopy (GC-MS) including toluene, ethylbenzene, cumene, α-methyl 

styrene, benzene, styrene,  1,3-Diphenylbutane and 1,3-Diphenylpropane were 

purchased from Sigma-Aldrich. Tetrahydrofuran (THF) was used to dissolve the 

remaining oligomers was purchased from Sigma-Aldrich as well.  
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3.3.2. FeCo over Al2O3 preparation 
 

Gamma alumina slurry was sonicated for ten minutes and loaded with known amounts 

of iron and cobalt precursor’s solutions using the wetness co- impregnation technique. 

Each mixture was stirred at 60 °C until the water was evaporated, and then dried in 

vacuum oven at 110 °C for overnight. The CoFe catalysts platform was calcined at 500 °C 

for four hours. 

3.3.3. Catalysts characterization  
 

The BET surface areas of the impregnated catalysts, as well as the blank alumina were 

measured by surface area and porosity analyser ASAP2420 Micrometrics using nitrogen 

adsorption and desorption at 77.4 K. BJH and single point of p/po= 0.99 were used to 

calculate the pore size distribution and pore volume. Transition electron microscopy 

(TEM) with electron energy loss spectroscopy (EELS) were used (Fig. 3.4). The catalysts 

active sites phases were determined by Bruker X-ray diffractometer (XRD), with Cu Kv 

radiation used at room temperature (2θ: 15°–80° at 40 KV, and 40 mA). 

 

3.3.4. Apparatus and procedure  
 

Different metals loading, catalyst: polymer ratios and reaction times were examined to 

achieve the optimized reaction conditions (Fig. 3.2). All the degradation reactions were 

conducted in a batch reactor. The PS amount was fixed as 2.0 g in all the reactions and 

catalyst (100-400 mg) were well mixed in a 25 mL reactor vessel before heating. The 

reactor was purged with nitrogen flow for 3-5 minutes. Later, the reactor temperature 
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was increased at 4 °C/min to 250 °C and the reaction was heated for additional 30-180 

minutes before cooled down to room temperature. The resulting liquid was collected, 

filtered and characterized by GC/MS. The remaining residue in the reactor was dissolved 

with toluene (5.0 – 10.0 mL). The catalyst was filtered and the toluene was removed in 

vacuo from the filtrate to give the oligomer mixtures, which were further dried in the 

vacuum oven at 50 °C overnight until the weight became constant. After the weight was 

recorded, the sample was dissolved in THF (0.2 g/mL) and filtered twice (nylon 

Acrodisc® membrane 0.45 µm) for the GPC analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3-2 Illustration of polystyrene degradation steps 
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3.4. Results and discussion 
 

3.4.1. Catalysts characterization 
 

The bimetallic Fe-Co/Alumina diffraction patterns did not show any significant 

difference with respect to the metals loading. This is due to the low metals loading also 

it may suggest a good interaction between metal oxides and alumina (Figure 3.3). The 

XRD pattern was perfectly fit the α-Al2O3 in all the cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To confirm the presence of metals and show their distribution, the STEM-ELLS was used.  

Figure 3-3 The X-ray diffraction pattern of bimetallic Fe-Co/Al2O3 (a) 1Fe-Co/Alumina, 
2Fe-Co/Alumina and 3FeCo/Alumina. 
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As it showed in figure 3.4 the STEM-EELS proved the presence of both metals as well as 

their co-distribution. It was well stated that where the cobalt is found the iron is 

detected as well which may indicate the iron and cobalt are forming bi-metallic. Worth 

to mention that the spatial draft was used to prevent the beam divergence and ensure 

the accuracy of the collected data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4 STEM-EELS images of Fe-Co/Alumina (a-d) 1Fe-Co/Alumina, (e-h) 2 Fe-Co/Alumina, (i-l) 3Fe-
Co/Alumina (the cobalt is represented in green and iron in red). 
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Furthermore, the physical properties of the catalysts were analyzed to identify the BET 

surface area, catalyst pore volumes and size (Table 3.2). The BET surface area of the 

parent material Alumina was reduced after metal loadings which indicate the successful 

metals loading into the support. Noticeably, the pore sizes of the catalysts were 

increased in comparison with the parent material pore size. This increase in pore size is 

due to the pore expanding during the calcination process. From another hand, the 

catalysts pore volume remained unchanged with respect to alumina which may indicate 

that the pores of the supporting material were not blocked during the metals loading. In 

the case of 3FeCo/Alumina, the pore volume reduction is may explained by the 

increasing of the iron particles concertation, which has a diameter close to the diameter 

of the parent pore size and caused blockage to some of the pores 7.  

 

      Table 3.2 Physical properties of the bimetallics Fe-Co over Alumina. 

Catalyst BET surface area (m2/g) Pore size (nm) Pore volume (cm³/g) 

Parent  15.1554  18.89658 0.071597  

1FeCo/Al
2
O

3
 8.5406 33.16610 0.070815 

2FeCo/Al
2
O

3
 11.5352  25.82104  0.074463  

3FeCo/Al
2
O

3
 7.6666  28.69122 0.054991  

 

For further catalyst analysis, the elements quantification by XPS was used to identify the 

metals wt. % in all the synthesized bimetallic. To further reduce the cost, the total of the 

active species in the catalyst was maintained to be 2 wt. %. The iron loading was 
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increased from 1.2 to 1.54 wt. % in 1FeCo/Alumina to 3FeCo/Alumina respectively. The 

cobalt decreased from 0.8 to 0.6 wt. % in 1FeCo/Alumina to 3FeCo/Alumina (Table 3.3).  

 

     Table 3.3 The metals mass percentages in the Fe-Co/ Alumina catalysts candidates. 

Elements 1FeCo/Alumina 2FeCo/Alumina 3FeCo/Alumina 

Fe 1.21 1.31 1.54 

Co 0.8 0.62 0.62 

Al 35.69 36.3 36 

O 42.46 42.83 42.61 

C 19.85 18.93 19.33 

 

Many studies have the light on the influence of the catalyst acidity or basicity to 

reaction mechanism. Therefore, we have used the temperature program desorption 

with two probes CO2 and NH3 to identify the basicity and acidity consequently. The 

parent alumina has a low acidity strength this peak was not changed in 1FeCo; however, 

a strong acidic peak has induced. The iron loading increases in the case of 2FeCo and 

3FeCo only resulted in a medium acidic strength appeared which might be due to the 

Lewis acidity of iron. However, in the case of CO2-TPD, a medium basic strength was 

introduced after metals loading in all the catalysts. Theses, properties might importantly 

contribute to the catalytic properties of the catalysts (Fig. 3.5).  
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3.4.2. Catalytic degradation activity  
 

3.4.2.1. Metals loading effect  

 

Figure 3-5 (a) NH3-TPD and (b) CO2-TPD of bimetallic catalysts ( black: Al2O3, red: 
1FeCo/Alumina, blue: 2FeCo/Alumina and green 3FeCo/Alumina). 



102 
 

Iron and cobalt over alumina were synthesized with three different loadings of iron and 

cobalt precursors as it showed in the XPS analysis. The prepared bimetallic were labelled 

as 1FeCo/Alumina, 2FeCo/Alumina and 3FeCo/ Alumina. All the three catalysts were 

generally screened in which 200 mg of each catalyst was mixed with 2.0 g of PS and 

heated up to 250 ºC for 90 minutes as mentioned in section 3.3.4. Noticeably, all the 

bimetallic Fe-Co/ Alumina were showed good liquid yields of 70, 87 and 73% 

continuously (Fig. 3.6). The GC/MS was used to analyze the obtained liquid yields and 

the data showed that ethylbenzene, styrene, cumene, toluene α-methylstyrene and 

dimers are the major products. The remaining oligomers were dissolved in THF, filter 

and analyzed by the GPC (Fig_Apx II .1- 3). The GPC results have confirmed 100% 

conversion of polystyrene into smaller products. The molecular weight of polystyrene 

was sharply reduced from 96,000 to 8824 gmole-1. Furthermore, no gases formation was 

detected during the reaction due to the use of mild reaction conditions.  

Although the reaction was done under an inert environment without further pressure 

employment; interestingly, the ethylbenzene was a major product in all the cases. The 

ethylbenzene content in the liquid yields were 47, 52 and 51 wt. % continuously. 

Notably, with the products distribution was not significantly different by changing the 

metals loading. To further investigate the catalytic activity of these catalysts, we have 

focused on 2FeCo/Alumina as it showed the highest liquid yield of 87% and good 

styrene monomer selectivity. In the upcoming sections, we have studied different 

parameters to further boost- up the liquid yield or/and styrene monomer under this 

mild condition.  
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3.4.2.2. Reaction time effect  

 

Figure 3-6 General screening of the bi-metallic catalysts FeCo/ alumina catalytic activity 

(Catalyst 200 mg, PS weight is 2.0 g, temperature 250 ºC and reaction time 90 min). 
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The exposure time is playing a crucial role in the polymer de-polymerization. At low 

reaction temperature, the long exposure time is causing increases in the competitive 

secondary reaction which sacrifice the styrene content in the liquid yield.  

However, increase the exposure time when the reaction temperature is more than 360 

°C leads to further cracking of liquid yield into gases. On other hand, the shorter 

exposure time does not allow the reaction to be completed. However, ensure a good 

balance between the reaction time and the required temperature is important to 

enhance the conversion. Therefore, we have studied the reaction time effect on PS 

thermo-catalytic degradation at 250 °C with fixing the catalyst weight to be 200 mg.  

The results showed that the optimum reaction time to obtain highest liquid yield is 90 

min. The further reaction time increases did not yield a significantly enhanced the liquid 

yield. The maximum styrene monomer recovery was obtained in the early stages of the 

reaction which reached 45 wt. % at 30 min. Notably, the styrene monomer was 

decreasing gradually with increasing the exposure time. Thus, the highest obtained 

styrene content of 45 wt. % at 30 min. was decreased to 15 wt. % at 180 min. In fact, the 

additional reaction time is caused an increase in the dimerization pathway which cause 

styrene monomer decreasing and increases in dimers formation with increasing the 

reaction time (Fig. 3.7). The ethylbenzene content was increased from 33 wt. % at a 

reaction time of 30 minutes to reach about 50 wt. % at 90 min. The further increase in 

the exposure time did not cause further improvement in the ethylbenzene content.   
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Figure 3-7  The exposure time effect on PS degradation over 2FeCo supported over alumina (Catalyst 
200 mg, PS weight is 2.0g, Temperature 250 ºC and reaction time 90 min). 
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This is might suggested that the styrene and ethylbenzene have separated production 

pathways. Conceivably, as the ethylbenzene could be an indication for the end-chain 

session and therefore, it needs a longer exposure time to allow ethylbenzene content in 

the liquid yield to be further improved.  

The increasing in styrene dimers with extending the exposure time is due the 

dimerization of styrene monomer over iron oxides in the catalyst at 250 °C. The 

formation of dimer could be due to the styrene recombination or through the 

intramolecular hydrogen transfer that started with 1, 7 hydrogen transfer followed with 

7, 3 hydrogen transfer followed with β-session (Fig. 3.8). Also, it could a result if benzyl 

radical addition which followed with β-session 12. 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 3-8 Possible styrene dimers formation pathways (a) benzyl radical addition and (b) 7, 3 
Hydrogen transfer. 
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3.4.2.3. Catalyst loading effect  

 

The catalyst loading is one of the most important parameters that can alter the reaction 

selectivity and improve liquid yields. The high catalyst loading may reduce the required 

reaction time but also may attempt to accelerate the secondary reaction. Therefore, I 

have investigated a range of catalyst loadings including 100, 200, 300, and 400 mg at 

250 °C for 90 min. The obtained liquid yield was increased from 71% to 91% as the 

catalyst loading was increased from 100 to 400 mg (Fig. 3.9).  

Notably, the styrene monomer content in the produced liquid yield was not affected 

strongly by increasing the catalyst loadings. The catalyst loading increases from 100 to 

300 mg did not affect significantly the styrene monomer formation. However, further 

increases up to 400 mg cause a reduction in styrene content in the liquid yield. At the 

same time, the reaction becomes more selective toward ethylbenzene formation which 

is a characteristic product of end-chain session. Other minor products were detected by 

GC/MS including toluene, cumene, styrene dimers and α-methyl styrene. These 

products were maintained their selectivity up to 300 mg. Moreover, their weights 

percent were slightly decreased when the catalyst weight has reached 400 mg. This is 

due to the stability of these products under mild reaction condition. Worth to mention 

that these observation is opposite to the 3FeCu/Alumina as the styrene recombination 

was increased with increases the catalyst loading. The starting polystyrene is a bimodal 

with average molecular weight of 96,000 g mol-1 was steeply decrease to reach 8199 g 

mol-1  at 250 ºC (Fig_Apx II-3).  
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Figure 3-9 The catalyst loading effect on PS degradation (Temperature: 250 ºC, PS weight: 
2.0 g and Reaction time: 90 min). 
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3.5. Conclusion 
 

In summary, full polystyrene degradation catalyzed by FeCo/Alumina catalyst has been 

achieved under mild conditions. The major products of the degradation were 

ethylbenzene, styrene, α-methylstyrene, toluene, cumene and dimers as it was 

confirmed by GC/MS. The XRD has showed no different in the alumina pattern before 

and after loadings. However, the catalysts BET surface area was decreased which 

indicating a successful metal loadings. Furthermore, the STEM-EELS is showed the 

metals co-presence over the support surface and suggest that the metals are well 

distributed and has good interaction with the support. We succeed to obtain the highest 

liquid yield of 91 % at 250 °C, this is the highest yield in the literature for the best of our 

knowledge. A maximum styrene recovery of 45 wt. % was achieved at 30 min. The 

further increase in the exposure time is found to activate the competitive reaction at 

250 °C in batch conditions. The catalyst loading increasing caused a slightly reduction in 

the styrene monomer and dimers contents in liquid yield and ethylbenzene increase. 

Thus, we are proposing that the end-chain session is the main reaction and the 

combination of crosslinking reaction with end-chain session resulted in this improved 

liquid yield and EB selectivity. Thus, we have synthesized a cheap, easy to scale up and 

an efficient catalyst to degrade PS with high liquid yield, full conversion and excellent 

selectivity under the mild condition.  
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Chapter 4 The Selective Renewable Ethylbenzene Formation from Polystyrene 

Catalytic Degradation under Mild Conditions 
 

4.1. Abstract 
 

      The thermal de-polymerization of polystyrene (PS) into styrene monomer can be 

achieved at relatively high temperature (≥350 ºC). However, during the product 

purification and storage processes, styrene suffers from re-polymerization that 

significantly reduces the overall yields. Ethylbenzene is a key intermediate in styrene 

manufacturing where 99% of its annual production is utilized by the styrene market. In 

this chapter, we have synthesized FeCuCo over aluminium oxide alloy to catalytically 

degrade polystyrene into ethylbenzene at the mild condition and relatively short 

exposure time. The catalyst has characterized by XRD, SEM, STEM-EELS, XPS, and BET 

physical properties. The FeCuCo has shown a significant selectivity toward ethylbenzene 

formation at 250 ºC without applying hydrogen pressure. Successfully, we have achieved 

an excellent liquid yield of 91% where the ethylbenzene has reached 82 wt. %. Both 

NMR and GC/MS showed an excellant agreement regarding the ethylbenzene weight 

percent in the liquid yield. Furthermore, the GPC showed a full conversion of PS under 

the applied reaction conditions. The data is suggesting that the end-chain session and 

cross linking reactions are the dominant pathways in the degradation of polystyrene 

over FeCuCo to form ethylbenzene. This catalyst performance is the best in comparison 

with other catalysts in the field for the best of our knowledge. 
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Figure 4-1 Illustration of polystyrene conversion into ethylbenzene by using FeCuCo/Alumina under mild 
condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2. Introduction 
 

Plastic production has increased twenty times in the last fifty years. The continuous 

increases in the human activities are the main drivers for this increase in plastic 

demand. In fact, the plastic production in the packaging sector has achieved 26% of the 

total plastic production due to their several advantages. As per the world economic 

forum 2015, the global plastic packaging sector share has increased from 17 to 25% in 

the period from 2000-2015 due to the high global market need1.   However, about 95% 

of these plastic products are disposed of after a single use which not only causes a 

serious waste management issue but an annual economic loss estimated to be $80-120 

billion in Europe. Unfortunately, the landfill of the plastic waste is still the first option 

worldwide. Today, oceans, seas and rivers serve as gyres for the plastic waste, where 

this waste is become brittle and break down into microplastic which followed by 
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monomers release due to water waves and the sunlight exposure2. This process has a 

strong negative impact on the marine life via the ingestion and entanglement as well as 

destroying the fisheries which eventually impact humanity and the economy 3, 4.  

 

Polystyrene is one of the foremost polymers in the plastic sector due to its inexpensive 

cost as well as many preferred properties. Its production has reached $15 million by 

2008 and expected to reach $28 million by 20195. However, PS  is well known by its poor 

recycling rate which makes its debris in the oceans represent 70% of the total plastic 

debris. B.G. Kwon and his co-workers have collected and investigated the presence of 

styrene monomer, dimer and trimer in samples of beach sand and seawater from North-

east Pacific, Alaska and Hawaii. Notably, all the samples showed a high content of 

styrene analogues 4.    

 

From other hand, polystyrene has high volatile contents that reach 99 wt. % and similar 

calorific value to the fossil fuel which makes it a good candidate to serve in the plastic 

economy. Therefore, PS degradation into chemical feedstocks is a promising recycling 

pathway. Polystyrene pyrolysis at a high temperature is yielded relatively a high styrene 

monomer content in the liquid yield. Ward et al. have degraded polystyrene using 

fluidized bed reactor at high temperature of 580 °C and obtained high styrene selectivity 

of 83 wt.%6.  Kaminsky et al. have reported styrene selectivity of 65 wt.% at 520 °C in 

fluidized bed reactor7. As the catalysts can decrease the required reaction temperature 

and/or improve product selectivity many catalysts have been synthesized and 
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investigated for their catalytic activity to degrade PS such as Fe 8, Cu 9, Mg 10, 11, Zn 12, Ni 

13 and Pt 14. Supporting materials were employed to enhance the surface area, improve 

metals dispersions and increase the thermal stability. Some of the common supporting 

materials, including alumina15 , HZSM-5 16, TiO2 17 and silica-alumina 18 were used. It was 

well reported that the use of acidic catalysts such as zeolite is lead to enriching the 

content of aromatics in the resulted liquid such as ethylbenzene. In other contrast, the 

basic catalysts lead to increase the styrene monomer content in the resulted liquid yield. 

Uki et al. have shown 76.wt% styrene content in the liquid yield at 357 °C in batch 

condition by using barium oxide as a catalyst 19. However, the recovered styrene tends 

to re-polymerize during the storage time. Achilias et al. have studied the styrene re-

polymerization of the recovered styrene from polystyrene degradation. They found that 

the existed aromatics in the liquid yield serves as chain transfer agent, which causes 

average molecular weight and glass transition temperature reductions. Worth to 

mention that the polyaromatics hydrocarbon (PAH) impurities were found in the newly 

synthesized polystyrene. The presence of PAH has affected the newly prepared PS purity 

and makes it does not fit all the application 20.   

 

Therefore, we aimed to catalytically degrade PS into ethylbenzene as it is a key 

intermediate in styrene synthesis. Today, about 99% of global ethylbenzene production 

is used in the polystyrene manufacture. Ethylbenzene is stable compound at the storage 

and can be converted into styrene monomer to meet the global demand of the styrene 

market. Our FeCoCu/ Al2O3 alloy has shown 90% liquid yield with high selectivity toward 
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ethylbenzene of 82% at 250 °C for 90 min. The GPC showed a full conversion of 

polystyrene by using our energy-efficient and inexpensive catalyst.  

4.3. Experimental Details 
 

4.3.1. Materials 
 

Alumina (Al2O3), iron (III) nitrate nonahydrate Fe(NO3)3.9H2O, cupric nitrate trihydrate 

Cu(NO3)2 3H2O, cobalt nitrate hexahydrate Co(NO₃)₂·6H₂O and bimodal polystyrene 

tablets with an average molecular weight (Mw) of 96,000 g/mol were purchased from 

Sigma-Aldrich and used without further treatment. The PS samples were crushed to be 

in average particle size of 0.5 mm before the degradation reaction to enhance the 

contact with the catalyst. All the solvents which were used for GC/MS and GPC 

calibration (HPLC grade), were purchased from Sigma-Aldrich. 

4.3.2. Catalysts preparation 
 

4.3.2.1. FeCuCo over Al2O3 preparation 

 

Since the reduction of metal loading can reduce the catalyst synthesis cost, 1 wt. % 

FeCuCo/Al2O3 was synthesized by co-impregnation. The pre-evacuated alumina slurry 

was sonicated for 10 minutes. To prepare the impregnation solution a measured 

quantities of the metal precursors were added to deionized water. Later, the 

impregnation solutions were added to a known amount of the alumina in which is 

slightly higher than the pore volume. Then, the mixture was stirred at 60 °C for three 

hours, dried in a vacuum oven for overnight at 110 °C. Finally, the FeCuCo/Al2O3 catalyst 

was calcined at 550 °C for four hours. 
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4.3.2.2. Catalyst characterization  

 

The BET surface areas of the impregnated catalyst as well as the blank alumina were 

measured by surface area and porosity analyzer ASAP2420 Micrometrics using nitrogen 

adsorption and desorption at 77.4 K. The metal oxides distribution among the alumina 

surface was indicated by transition electron microscopy (TEM)/ electron energy loss 

spectroscopy (EELS) and electron energy dispersive spectroscopy (EDS). The surface 

morphology of the impregnated catalyst before and after the reaction was determined 

by scanning electron microscopy (SEM). Temperature programmed desorption 

determined the catalyst acidity and basicity. Briefly, 0.20g of each sample has been 

weighted once at a time. The physisorbed water was removed by preheating each 

sample at 250 °C in a helium flow for two hours. Then, the reactor cooled down to room 

temperature followed by introducing ammonia into the reactor at 100 °C. After an hour, 

the physisorbed ammonia was removed with introducing helium flow at 100 °C. Finally, 

after 30 minutes the sample was heated from 100 to 800 °C using a heating rate of 10 

°C/min. The temperature was fixed for 30 minutes in a helium gas flow. An on-line gas 

chromatograph with TCD detector was used to analyze the effluent gases. The XPS 

experiments were performed on a Kratos Axis Ultra DLD instrument equipped with a 

monochromatic Al Kα x-ray source (hν = 1486.6 eV) operated at a power of 150 W and 

under UHV conditions in the range of ∼ 10−9 mbar. All spectra were recorded in hybrid 

mode using electrostatic and magnetic lenses and an aperture slot of 300 μm × 700 μm. 

The survey and high-resolution spectra were acquired at fixed analyzer pass energies of 

160 eV and 20 eV, respectively. The samples were mounted in floating mode in order to 
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avoid differential charging. Therefore, XPS spectra were acquired using charge 

neutralization.  

4.3.3. Apparatus and analysis 
 

All the degradation reactions were conducted in a batch reactor. The amount of PS was 

fixed to be 2.0 g in all of the experiments and the catalyst weights was varying from 200 

to 500 mg. The Polystyrene particles and catalyst were mixed in a 25 mL reactor vessel 

before heating. The reaction simply was started under air and the stirring speed was 

fixed at 500 rpm during all the reactions. The reactor was heated with clamp-on heater 

and the incremental reactor temperature was at 4 °C/min to 250 °C and the reaction 

was heated for additional 90 minutes before cooling down to room temperature. The 

resulting liquid yield was collected, filtered (ION Chrom Acrodisc membrane 0.45 µm) 

and characterized by gas chromatography /mass spectrometry GC/MS (Agilent). The 

GC/MS was calibrated by using pure standards including toluene, ethylbenzene, styrene, 

cumene, styrene dimers, and α-methyl styrene. The determination of the most resolved 

peaks was conducted via retention time and the mass spectral library search. The 

response factors, from the five point calibration curves, were used to identify the weight 

of each peak. The GC/MS operating conditions are shown in Table 4.1.  The remaining 

residue in the reactor was dissolved with toluene (5.0 – 10.0 mL). Nuclear magnetic 

resonance (NMR) was used to analyze the produced liquid yield after by using d6-

cholroform as a solvent. Later, the used catalyst was filtered and the toluene was 

removed in vacuo from the filtrate to give the oligomer mixtures. This oligomers 

mixtures were further dried in the vacuum oven at 50 °C overnight until the weight 
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became constant. After the weight was recorded, part of the sample was dissolved in 

chloroform and analyzed with 13C-NMR. The rest of the sample was dissolved in THF (0.2 

g/mL) and filtered twice (nylon Acrodisc® membrane 0.45 µm) for the GPC analysis. 

Table 4.1 Instrumental conditions for GC/MS 

Instrumental Part Condition 

Column DB-200 (length 30 m x diameter 0.25 mm x 

particle diameter 0.25µm) 

Carrier gas Helium 

Injection temperature 250 ºC 

Oven temperature program 60 °C (8 min hold) to 250 °C (15 min hold) 

with 8 °C min-1 

Mass data acquisition Full scan 

Solvent delay No solvent delay 

 

4.4. Results and discussion 
 

4.4.1. Catalysts characterization 
 

The XRD diffraction patterns of the parent aluminum oxide before and after the metals 

loading are shown in (Fig. 4.2). There is no significant difference in the support’s 

diffraction pattern before and after the metals impregnation which is due to the low 

metals loading. Moreover, it may suggest good dispersion of FeCuCo within the support. 

The diffraction patterns are appearing at 19.8°, 32°, 37.1°,39.4°, 45.9°, 61.1° and 66.8° 

which corresponding to (111), (220), (331), (222), (400), (511) and (440) which have a 

good match with γ-Al2O3 XRD pattern 21, 22.  
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The reduction in both Brunauer-Emmett-Teller (BET) surface area and the pore volume 

of the support after the metals impregnation is indicated a successful metals loading 

(Table 4.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 However, as it shown in both table 4.2 and figure 4.3, the pore size was not changed 

after loading which suggests that the pore structure of the support was not destroyed.  

 

 

Table 4.2 Alumina and FeCuCo over Alumina Physical properties 

 

 

Catalyst 
BET surface 

area (m2/g) 
Pore size (nm) 

Pore volume 

(cm3/g) 

Alumina 256.31 13.16 0.84 

FeCuCo/Alumina 208.90 12.13 0.64 

Figure 4-2  XRD Pattern of (a) Parent Aluminum oxide and (b) FeCuCo/Aluminum oxide 
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 Furthermore, the nitrogen adsorption-desorption isotherm indicated the 

mesostructured nature of alumina before and after the metals loading as they exhibited 

type IV hysteresis (Fig. 4.3).  

 

 

 

 

 

 

 

 

 

 

 

 

The catalyst acidity and basicity are playing a crucial role in initiating the reaction and 

tailor the product selectivity. The CO2-TPD has shown a new medium strength basicity 

peak around 400 °C after the metals impregnation as it shown in (Fig. 4.4. a) 23. Worth 

to mention that the NH3-TPD has indicated an increase in the acidity after the metals 

impregnation into alumina. This may be owing to the Lewis acidity of iron in the system 

which may enhance the selectivity toward aromatics in the resulted liquid (Fig. 4.4.b). 

 

 

 

 

 

 

 

 

Figure 4-3 a) The Nitrogen adsorption-desorption isotherm and (b) pore size distribution curve of both 
support and catalyst. 
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4.4.2. FeCoCu/Al2O3 Catalytic degradation activity 
 

The catalytic degradation of polystyrene has started with mixing 2.0 g of PS and 200 mg 

of the catalyst for 90 min at 250 ºC. After cooling the reactor, the liquid yields was 

weighted, filtered and analysed as elaborated in section 4.3.3. The results showed an 

excellent liquid yield of 90% at 250 ºC and batch conditions. Surprisingly, significant 

selectivity toward ethylbenzene of 82 wt. % without apply hydrogen pressure was 

Figure 4-4 The temperature program desorption of the catalyst and the support 
material (a) CO2 TPD and (b) NH3 TPD. 
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achieved (Fig. 4.5). For further confirmation of the result, the reaction has repeated 

many time and showed excellent reproducibility as it showed in Appendices III (Fig_Apx 

III .2).  

 

 

 
Figure 4-5 Polystyrene degradation over FeCuCo/Alumina (a) the products selectivity (b) the 
liquid yield versus the remaining oligomers yields (Conditions: temperature 250 °C, exposure 
time: 90 min, catalyst loading 200 mg and under air). 

 

The results in Figures 4.5 in this chapter and Fig_Apx III.3 in appendices III were 

calculated based on GC/MS5 as it was illustrated in section 4.3.3. Furthermore, the 1H-

NMR spectrum was used to calculate the ethylbenzene selectivity in the resulted liquid 

yield and showed excellent agreement with GC/MS (Fig. 4.6). Interestingly, this high 

selectivity toward ethylbenzene formation is the first time reported in the literature to 

the best of our knowledge.  
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This extraordinary selectivity toward ethylbenzene in the absence of hydrogen pressure 

could be either due to a selective C-C bond session followed with product confirmation 

through the reaction course which causes a direct release to ethylbenzene.  

 

 

 

 

 

 

 

 

 

 

 

Another possible reason is the domination of the end chain session where styrene is 

formed via ß-session and converted into ethylbenzene. The cracking of the resulted 

oligomers over the catalyst can undergo several cross-linking reactions which are 

leading to the concurrent production of H+ and H-. This pool of hydrogen is contributing 

to the direct formation of ethylbenzene. As a result, the coke deposition over the 

catalyst starts to take place which is lead to catalyst deactivation. In fact, the cross-

linking reaction becomes a competitive reaction over the catalyst surface at low 

temperature. These successive crosslinking reactions are responsible for a formation of 

Figure 4-6 1H NMR spectra of the produced liquid yield 
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hydrogen pool. Furthermore, the styrene formed via the end chain session and maybe 

hydrogenated through this hydrogen pool. Therefore, we have characterized the 

remaining oligomers and the starting material with both GPC and NMR.  

 

 

 

 

 

 

 

 

 

 

 

 

A comparison between the starting material and the remaining oligomers in the reactor 

after the reaction completion by 1H NMR was showed an obvious reduction in the PS 

peaks (Fig. 4.7).  Furthermore, the GPC was showed a full conversion of the starting bi-

modal polystyrene in which the average molecular weight was reduced from 96,000 to 

1030 g/mole. This might suggest that the end-chain session is the dominant pathway for 

the catalytic degradation of polystyrene in the presence of FeCuCo/Alumina (Fig. 4.8).  

 

Figure 4-7 1H NMR spectra of polystyrene (a) the polystyrene before the catalytic degradation 
and (b) the degraded polystyrene after 
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To identify if the conversion of styrene monomer into ethylbenzene can be taking place 

over the FeCuCo/Alumina under the same reaction conditions. Additionally, to identify if 

the cross-linking reactions are responsible for styrene conversion into ethylbenzene at 

250°C over the FeCuCo/Alumina. We have conducted a negative control experiment 

where styrene monomer was used as a starting material instead of the PS under the 

same condition. Notably, the ethylbenzene was the major product in the liquid yield 

with 60 wt. %. In addition, the remaining styrene was polymerized to form polystyrene 

with average molecular weight of 96,000 g/mole (Fig_Apx III.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4-8 The Gel permeation chromatography of the remaining oligomers (in the left 
corner the GPC of the starting material) 
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Worth to mention that pure ethylbenzene was mixed with the catalyst and exposed to 

the same reaction condition of polystyrene degradation and showed no conversion. 

Thus, indicates that once ethylbenzene formed is not converted into other products (Fig. 

4.9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9  Blank experiments of styrene and ethylbenzene using FeCuCo/Alumina (a) product 
yields and (b) Products selectivity in wt.%  (Catalyst loading: 200 mg, exposure time: 90 min and 
under air). 
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4.4. 3. Catalyst loading effect 
 

Polystyrene to catalyst ratio can be a crucial factor to enhance the liquid yield and/or 

products selectivity. Therefore, PS degradation was further tested using different 

catalyst loadings from 200 to 500 mg per 2.00 g of PS. Notably, Increasing the amount of 

catalyst from 200 to 500 mg did not enhance the liquid yield nor the products selectivity 

(Fig. 4.10). Thus, we can consider that 200 mg is the optimum catalyst load. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-10 The Catalyst loading effect on PS degradation (Conditions: temperature 250 ºC, 
exposure time: 90 min. 
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4.4.4. Characterization of fresh and spent catalysts  
 

The catalyst deactivation takes place due to several reasons. However, the carbon 

deposition is yet considered as the main reason. This deactivation causes a loss in the 

catalytic activity which leads to stopping the reaction to regenerate or replace the 

catalyst24. Although, the deactivation in this work is expected due to the successive 

reactions which are taking place on the catalyst in batch conditions. Yet, find and study 

the changes that occurred in the catalyst after the deactivation may help to seek more 

understanding of how the catalyst was utilized during the reaction course. A full 

characterization profile of the catalyst before and after the reaction was conducted by 

many techniques. Scanning electron microscopy (SEM) images of the fresh catalyst did 

not show any metal clusters which may indicate the homogeneous distribution of the 

FeCuCo in the support. However, there are significant metal clusters in the spent 

catalyst due to the migration of the metals on the deposited carbon and aggregated 

among themselves.  

Figure 4-11 Scanning electron microscopy images (a) fresh catalyst and (b) spent catalyst. 
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This observation has reported before by R. Murray Gray were they showed the MoS2 

has migrated on the coke surface and formed aggregation25. This is cause increases in 

the particle size, reduction in the surface area and as a result decreases in the catalytic 

active sites.  Unfortunately, no ELLS maps were able to be generated to show the metals in 

the fresh catalyst which in good consistency with SEM. Notably, no clusters were 

detected in the fresh catalyst which may indicate the homogenous distribution of the 

metals in the support which suggested earlier by  XRD pattern. Moreover. The presence 

of the FeCuCo in the support was confirmed by STEM-EDS and may suggest the 

presence of an alloy (Fig_Apx III. 4). Furthermore, the carbon signal by EELS in the spent 

catalyst showed a shoulder indicating the organic nature of the deposited carbon. Thus 

another confirmation that the proposed hydrogen source is through the cross-linking 

reactions at 250 °C. The STEM-EELS for the spent catalyst showed the metal clusters 

which in good agreement with SEM. Notably, the copper clusters were detected only 

and the Fe-Co could not be located even after the reaction which suggest their good 

interaction with the support. The FeCuCo/Alumina has a nest-like structure morphology 

where it did not change significantly after the reaction (Fig. 4.12). The XPS was used to 

identify the oxidation states of the active sites before and after the reaction (Fig_Apx 

III.5-7).  We could conclude from the XPS that the active species in FeCuCo/Alumina did 

not change after the carbon deposition. Noticeably, 1 wt. % of metals loading is very 

close to the XPS limitation which is caused background noise. Therefore, obtaining a 

meaningful fitting and identify the oxidation states of the active species are not possible 

at this loading. Not limited to the background noise, but also because of the presence of 
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many metallic sites. However, in the case of alumina XPS which includes Al 2p and O 1s 

there was a clear shake up of a phenyl which indicating the coordination of deposited 

polystyrene over the aluminum oxide. 

 

Figure 4-12 Scanning transmission electron microscopy images (a) Fresh catalyst and (b) spent 
catalyst (in the corner EELS map of copper cluster the copper in green and oxygen in red). 

 

In fact, none of the monometallic namely Fe/alumina, Cu/Alumina and Co/Alumina 

showed this high selectivity toward ethylbenzene. It is well known in the catalysis that 

the bi and tri-metallic catalysts can offer many advantages over their monometallic 

catalysts due to several reasons such as the synergistic effect. Surprisingly, limited multi-

metallic catalysts were prepared and tested for polystyrene degradation. For the best of 

our knowledge, the examples which are mentioned in Table 4.3 are the only bi and tri- 

metallic catalysts which were tested to crack polystyrene and they were screened under 

relatively harsh condition.  We added our FeCuCo/Alumina in the table for comparison 
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purpose which showed that the degradation of polystyrene is possible under mild 

conditions with higher liquid yield than the literature examples and excellent selectivity.  

Table 4.3 The reported bimetallic catalysts results in the literature (A* in the table is stand for 
Aromatics). 

Catalyst Liquid Y% Temp. (ºC) Environ. Liquid Ref. 

Ni-Mo/Al2O3 70 375 H2 A*  

Ni-Mo/Al2O3 70.9 400 N2 A*  

Co-Mo/Al2O3 77.3 375 H2 A*  

Co-Mo/Al2O3 72.6 400 N2 A*  

Fe-Co/SiO2 80.5 375 H2 A*  

Fe-Co/SiO2 71.9 400 N2 A*  

Fe-Cu-Co/Al2O3 90 250 Air A* This work 

 

4.5. Conventional ethylbenzene production versus our approach  
 

Ethylbenzene is a key intermediate in styrene manufacturing; 99% of its annual 

production which is 23 million metric by tonne is utilized in styrene synthesis where 

later undergo polymerization to form polystyrene. The classical ethylbenzene 

production can be through three production process as following; 

4.5.1. Alkylation of benzene  
 

4.5.1.1. Alkylation of benzene with ethylene 

 

Alkylation of benzene with ethylene catalytically is the most common and yet preferred 

ethylbenzene industrial production process. Annually, about 53% of the world benzene 

production is utilized in the alkylation process to meet the global demand of 
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ethylbenzene26. This earliest production method was proposed the first time by M. 

Bahlsohn in 1879 and has commercialized since 1932.  This first industrial production 

process was required Fridel-Crafts strong Lewis acid catalyst such as AlCl3, AlBr3, FeCl2, 

CuCl2, ZnCl2 etc. at 160 °C. Polyethylbenzenes are formed during benzene alkylation step 

which can be recycled back into the alkylation reactor in which the trans-alkylation 

starts to take place till the thermodynamic equilibrium is achieved. Furthermore, 

ethylene molar ratio to benzene is playing a significant role in governing the final 

composition in the reactor26 (Fig. 4.13). 

Figure 4-13 Thermodynamic equilibrium of benzene alkylation to produce ethylbenzene (1: 

benzene, 2: EB, 3: DEBs, 4: tri-ethylbenzenes, 5: tetra-ethylbenzenes, 6: penta-ethylbenzene). 

 

The ethylbenzene production was taking place in a liquid phase which offer longer 

catalyst life and a better thermal control. However, this production pathway has several 
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drawbacks such as transportation and storage difficulties the catalysts due catalyst’s 

corrosively and toxicity.  Therefore, Y- type zeolite was used as a potential catalyst to 

replace the Fridel-Crafts catalysts and introduced for the first time by 

Lummus/Unocal/UOP and become commercial in 198927. This reaction was conducted 

in a liquid phase and required high pressure and low temperature to be completed.  

However, the Y-type zeolite has super-cages with 1.2 nm diameter and therefore, it 

suffered from diffusion constraints which affected the selectivity. To come over this 

limitation and to further improve the selectivity; the zeolite Beta was introduced. It has 

an opening slightly larger than the benzene which prevents the permit of larger 

molecules. Later, the Mobil-Raytheon has commenced new technology named as 

EBMaxTM which involve using MCM-22 as a catalyst28. This production process includes 

two phases (i) the liquid phase where the alkylation is taking place and (ii) gas-phase 

where the trans-alkylation is taking place in the presence of ZSM-5.  This technology 

showed many advantages; MCM-22 has long life estimated to be three years, improved 

the product yield, and reduced the benzene recycled stream. Afterwards, many studies 

have been initiated and suggested to improve the selectivity including synthesis other 

catalysts, studying several operational parameters impact such as temperature, reactor 

design, and feed compositions.  

 

4.5.1.2. Alkylation of benzene with ethanol 
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In this process, the ethanol dehydration is taking place first at 450 °C to form ethylene 

which later reacted with benzene to form ethylbenzene. However, as a result of the 

poor selectivity and conversion this process was not commercialize26.  

4.5.2. Styrene dehydrogenation  
 

It cannot be a commercially valuable approach as the 99% of ethylbenzene global 

production is to form the styrene, not the oppose case26.  

 

The common about all the ethylbenzene production is certainly the use of high valuable 

chemicals such as aromatic and aliphatic hydrocarbons which increase the overall cost. 

Not to mention, the number of the required reactors. In contrary, our approach to 

convert polystyrene into ethylbenzene at low temperature is very practical and 

promising. The full conversion of PS  into more than 80 wt. % ethylbenzene by using our 

FeCuCo/Alumina is offering a way to solve the polystyrene waste worldwide challenge. 

Moreover, it may help to relieve the carbon emission increases and provide economical 

ethylbenzene production route with excellent selectivity (Fig 4.14).   
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Figure 4-14 Ethylbenzene production processes (a) Current industrial ethylbenzene production process and (b) Our 
proposed ethylbenzene production process. 



138 
 

4.6. Conclusion  
 

In summary, full polystyrene degradation catalyzed by a FeCuCo/Alumina catalyst has 

been achieved under mild conditions. The major product of the degradation was 

ethylbenzene with 82 wt. % as it was confirmed by NMR and GC/MS. Furthermore, 

liquid yield of 90% was successfully achieved at 250 °C for 90 minutes as optimum 

condition. Importantly, increasing the catalyst loading did not alter neither the products 

selectivity nor liquid yield. The EDS has proved the presence of the iron, copper and 

cobalt oxides, however, the SEM and STEM-EELS did not show any metals cluster in the 

fresh catalyst. This is consistent with XRD which suggest that the metals are well 

distributed and have good interaction with the support.  Importantly, we are proposing 

that the end-chain session is the main reaction pathway. Plausibly, the combination of 

crosslinking reaction with end-chain session resulted in this improved liquid yield and EB 

selectivity. Thus, we have synthesized cheap, easy to scale up and an efficient catalyst to 

degrade polystyrene with high yield and extraordinary catalyst under mild condition.  
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Chapter 5 Thermal and Catalytic Degradation of Plastic Waste under Mild 

Conditions   
 

5.1. Abstract  
 

        The aim of this chapter is to study the thermal and catalytic degradation of the real 

waste plastic. The expanded form of polystyrene (EPS) and wasted water bottles 

caps which made of polypropylene (PP) were the subject of this study. Our data 

showed; the EPS thermal de-polymerization can be conducted at 250 °C with 

extraordinary liquid yield of 97%.  This high yield is plausibly due to the presence of 

impurities in the Styrofoam which induced structural abnormalities that 

accelerated the degradation.  Furthermore, the recovery of styrene monomer was 

reached 78 wt. % in 30 minutes under mild condition. Notably, the increases in 

exposure time caused about 50% reduction in styrene content due to styrene re-

polymerization in batch conditions. The catalysts addition was found to encourage 

the competitive reactions over the catalyst surface and resulted in less styrene and 

higher ethylbenzene and dimers contents in the yielded liquid. Moreover, the 

thermal and catalytic co-degradation of PP and EPS were conducted. The result is 

suggesting that the degradation of polypropylene is required a higher temperature 

than 250 °C.  
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5.2. Introduction  
 

The expanded form of polystyrene (EPS) or what is known commonly as Styrofoam ships 

was the subject of study in this chapter due to its poor recycling rate. One of the main 

obstacles that limit the Styrofoam recycling is that it contains only 5% of PS and 95% 

air1. Additionally, many reasons are limiting the practical recycling of polystyrene and its 

waste materials. For example, the EPS volume to size ratio is causing a transportation 

difficulties and might cause a serious environmental issue if an accident occurs to the 

trucks which carrying the ship. Due to these issues the current way to deal with EPS is 

simply by landfill it. As a consequence of this recycling limitation, the Styrofoam band 

was applied in many countries. The aim of this band is to reduce the EPS environmental 

negative impacts but it was not ultimate solution. As the life cycle assessment analysis 

of PS and PLA as a biodegradable polymer showed a similar energy requirements and 

carbon emissions level 2-4. Therefore, the EPS landfill is not a reliable solution as it could 

be converted into valuable products. 

As a result, the EPS chemical recycling is subjected to several trials in order to facilitate 

its degradation process However, all the trials so far were not applicable due to the cost, 

practicality and low environmental impact 5, 6.  From other hand, PP is one of the 

foremost polymer resins used in the industrial sector. It is a thermoplastic polymer and 

it represents 20% of the total global plastics production in the world. Although the 

thrombolysis of PP is required a higher temperature than the PS. Yet, the co-pyrolysis of 
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the PP with other materials such as EPS could facilitate its conversion to occur under 

mild conditions7.  

In this chapter, we have studied the degradation of real waste plastics including EPS 

ships and water caps made of propylene. The catalytic and thermal degradation of single 

polymers, as well as their co-degradation, were performed and evaluated. The 

Styrofoam degradation has achieved almost full conversion of EPS into liquid yield. At 

this mild reaction condition, 97 % liquid yield was achieved with three major products 

including styrene, ethyl benzene and cumene. This is shedding the light on the role of 

the structural abnormalities in the EPS backbone and their contribution to the 

degradation. The question later in our minds was if the Styrofoam can catalyse the 

thrombolysis of polypropylene. The data is suggesting that the co-pyrolysis of 

polypropylene will need a higher temperature than 250 °C. However, produced liquid 

from EPS degradation will be further cracked into gasses when PP starts to be converted 

into liquid at high temperature. Notably, we have found that Styrofoam degradation 

products were further tailored in presence of PP.  

5.3. Experimental Details 

5.3.1. Materials 
 

Alumina (Al2O3), iron (III) nitrate nonahydrate Fe (NO3)3.9H2O, and cupric nitrate 

trihydrate Cu (NO3)2 3H2O. Styrofoam ships were collected from shipped boxes, washed 

with methanol: water (70:30) solution and air dried on the bench. Later, the dried ships 

were dissolved in excess of acetone, shredded and dried overnight. The acetone was 
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purchased from Sigma-Aldrich. The polypropylene source was the waste water bottle’s 

caps. The wasted water caps were collected and shredded as well.  The shredded 

Styrofoam and polypropylene samples were in an average size of 0.5 mm. All the 

solvents which were used for GC/MS and GPC calibration (HPLC grade), were purchased 

from Sigma-Aldrich. The natural clay used in this chapter was collected from Taiwan and 

used without further treatment.  

5.3.2. Catalysts preparation 

5.3.2.1. FeCu over Al2O3 preparation 

 

Since the reduction of metal loading can reduce the catalyst synthesis cost, 1% 

FeCu/Al2O3 was synthesized.  Alumina slurry was sonicated for 10 min and loaded with 

different metal precursors of both iron and copper by the wet successive impregnation 

technique. Each mixture was stirred at 60 °C until the water evaporated, and then dried 

in a vacuum oven at 110 °C for overnight. Finally, the FeCu/Al2O3 catalyst was calcined at 

350 °C for four hours. 

5.3.2.2. Catalyst characterization  

 

The X-ray diffraction pattern was used to identify the crystal phases in the both 

natural clay and 3FeCu/Alumina as it showed in appendices IV (Fig_Apx IV.1 &2). As it 

was illustrated earlier in chapter 2; the parent XRD pattern was not changed after the 

FeCu impregnation due to the low metals loading. The Taiwanese natural clay’s XRD 

pattern is showed many crystals phases.  



148 
 

The BET surface areas of the Taiwanese natural clay, 3FeCu/Alumina and alumina 

were measured by surface area and porosity analyser ASAP2420 Micrometrics using 

nitrogen adsorption and desorption at 77.4 K.  The alumina's BET surface area was 

reduced from 15 to 7.5 m2/g after FeCu impregnating which indicates a successful 

metals loading (Table 5.1). In contrary, the natural clay has higher surface area of 72.3 

m2/g and smaller pore size of 9.50 nm. The varities in the catalysts properties might 

enhance the plastic waste degradation under mild conditions.  

 

Table 5.1 The catalysts physical properties  

Catalyst  BET surface area (m
2
/g) Pore volume (cm

3
/g) Pore size (nm) 

 Alumina 15      0.07  19 

3FeCu/Alumina 7.6  0.05 29 

Natural clay 72.38 0.17 9.50 

 

The metal oxides distribution among the alumina surface were indicated by both 

scanning transmission electron microscopy (STEM) and the energy-dispersive X-ray 

spectroscopy (EDS) (Fig. 5.1). The natural clay STEM-EDS was showed well distributed 

ZnO rectangles crystals. However, the 3FeCu/Alumina STEM-EDS has detected an 

irregular structure with co-existence of FeCu oxides. The catalyst acidity determined by 

temperature programmed desorption (Fig. 5. 2). 
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Briefly, 0.20 g of each sample has been weighted once at time. The physisorbed water 

was removed by preheating each sample at 250 °C in a helium flow for two hours. Then, 

the reactor cooled down to room temperature followed by introducing ammonia into 

the reactor at 100 °C. After an hour, the physisorbed ammonia was removed by 

introducing helium flow at 100 °C. Finally, after 30 minutes the sample was heated from 

100 to 800 °C using a heating rate of 10 °C/min. The temperature was fixed for 30 

minutes in a helium gas flow. An on-line gas chromatograph with TCD detector was used 

to analyse the effluent gases. The 3FeCu/Alumina has a low acidic strength which 

Figure 5-1  STEM-EDS of (a-b) 3FeCu/Alumina and (c-d) natural clay. 
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increased after the FeCu loadings. However, the natural clay has two peaks in the range 

of weak and medium acidity strengths.    

 

 

 

 

 

 

 

 

 

Figure 5-2 NH3-TPD of catalysts and parent material. 

 

5.3.3. Apparatus and analysis 
 

All the degradation reactions were conducted in a batch reactor. The amounts of EPS 

and PP were fixed to be 2.0 g in all of the experiments that concerned the degradation 

of EPS or PP only. In the case of the co-degradation reaction; different ratios of EPS: PP 

were used as the following (1.0: 1.0, 1.25: 0.75 and 1.75: 0: 25 g).  The shredded 

polymers with 1.0 mL acetone and 200 mg of the catalyst (in the case of catalytic 

degradation) were mixed in a 25 mL reactor vessel before heating. The reaction simply 

was started under air and the stirring speed was fixed at 900 rpm during all the 

reactions. The reactor was heated with clamp-on heater and the incremental reactor 

temperature was increased at 4 ºC/min to 250 ºC. The reaction was heated for 
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additional 30-90 minutes before cooling down to room temperature. The resulting liquid 

yield was collected, filtered (ION Chrom Acrodisc membrane 0.45 m) and characterized 

by gas chromatography /mass spectrometry GC/MS (Agilent). The GC/MS was calibrated 

by using pure standards including toluene, ethylbenzene, styrene, cumene, styrene 

dimers, and α-methyl styrene. The determination of the most resolved peaks was 

conducted via the retention time and the mass spectral library search. Furthermore, the 

response factors, from the five point calibration curves, were used to identify the weight 

of each peak. The GC/MS operating conditions are shown in Table 1.  The remaining EPS 

residue in the reactor was dissolved with toluene (5.0 – 10.0 mL). The remaining 

unreacted polypropylene was simply collected and weighted. The catalyst was filtered 

and the toluene was removed in vacuo from the filtrate to give the oligomer mixtures, 

which were further dried in the vacuum oven at 50 °C overnight until the weight 

became constant.  

Table 5.2 Instrumental conditions for GC/MS 

Instrumental Part Condition 

Column DB-200 (length 30 m x diameter 0.25 mm x 

particle diameter 0.25µm) 

Carrier gas Helium 

Injection temperature 250 °C 

Oven temperature program 60 °C (8 min hold) to 250 °C (15 min hold) 

with 8 °C min-1 

Mass data acquisition Full scan 

Solvent delay No solvent delay 
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5.4. Catalyst degradation activity 

5.4.1. General screening  
 

The EPS catalytic degradation has started with mixing 2.0 g of the EPS ships and 200 mg 

of the 3FeCu/Alumina in the case of catalytic degradation for 90 minutes at 250 °C 

under air. Furthermore, the thermal degradation of 2.0 g of EPS ships in the absence of 

the catalyst was studied at the same conditions. After cooling the reactor, the liquid 

yield was weighted, filtered and analyzed as elaborated earlier in section 5.3.3. 

Surprisingly, the thermal de-polymerization showed full EPS conversion into liquid yield 

with high styrene selectivity. The liquid yield was achieved 97% with 43 wt. % styrene 

monomer after conducting the reaction for 90 minutes (Fig. 5.3). In fact, it is well known 

that the thermal de-polymerization of polystyrene is a radically based degradation. This 

radical de-polymerization is consist of initiation, propagation, transfer and termination 

steps similarly to the radical polymerization. The main elementary reaction in the 

initiation step is the C-C bond cleavage at the weak links via end/ random chain session. 

The ß-session is the most important and frequent reaction which is responsible for 

yielding high styrene recovery and is taking place during the propagation step.  Unlike 

the radical polymerization, the β-session is an essential reaction in the de-

polymerization yet it is not dominant as many competitive side reactions are taking 

place at the same time. The hydrogen abstraction which can be either through 

intramolecular reaction such as backbiting or intermolecular reactions is occurring 

during the transfer step. 
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Finally, the EPS thermal de-polymerization comes to its end via the termination step. 

However, the catalytic degradation results by using 3FeCu/Alumina has showed 90% 

liquid yield with less styrene monomer and higher ethylbenzene selectivity (Fig 5.3).  

Figure 5-3 General screening of the expanded form of polystyrene (a) thermal vs catalytic 
degradation using 3FeCu/Alumina and (b) products selectivity (Temperature: 250 °C, 
reaction time: 90 min and catalyst weight: 200 mg). 
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Moreover, the Styrofoam ships contain impurities such as a colorant, expanding agents, 

etc. which causing structural abnormalities. The presence of theses weak links is leading 

to sharp molecular weight reduction which resulted in styrene recovery under mild 

condition. However, the resulted styrene undergoes further molecular arrangements to 

form ethylbenzene in the presence of 3FeCu/Alumina. Worth to mention that the 

thermal degradation was repeated many times and showed excellent reproducibility 

(Fig_Apx IV.3). The results are suggesting that the EPS thermal degradation can yield 

97% liquid at 250 °C with an excellent styrene selectivity. Therefore, we studied the 

effect of different parameters on the thermal degradation of EPS to understand the 

mechanism.  

5.4.2. The temperature effect 
 

As the complete conversion of EPS into liquid yield via thermal degradation is possible with 

gasoline range (C5-C9) products at 250 °C. The temperature effect was studied to examine the 

possibility of conducting the reaction under milder conditions. However, no reaction was 

conducted at 150 °C for 90 minutes which meet our expectations (Fig. 5.4). The further increase 

in temperature for 200 °C only allows the polymer to melt. These observations were predicted 

earlier as the polystyrene melting point is around 240 °C.  Therefore, the temperature of 250 °C 

is the minimum required temperature to de-polymerize the EPS under mild conditions. 
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5.4.3. Reaction time effect  

 

As we showed in the previous chapters, the exposure time is playing a crucial role to 

enhance the reaction selectivity and/ or liquid yield. In this chapter, the Styrofoam was 

fully de-polymerized into liquid yield with negligible remaining oligomers at 250 °C 

without applying pressure.  

 

However, we wanted to study the effect of exposure time on both the products yield 

and selectivity. High styrene monomer selectivity of 78 wt. % was achieved when the 

reaction was conducted for 30 minutes only (Fig. 5.5). The further increase in the 

exposure time caused sharp reduction in the styrene selectivity in batch conditions. 

Notably, the styrene yield was decreased from 78 wt. % at 30 minutes to reach 49% at 

60 minutes. The further increase in the exposure time from 60 to 90 minutes did not 

cause any significant drop in the styrene selectivity. Worth to mention, that while 

styrene content was decreased with increasing the exposure time; there was an 

Figure 5-4 The effect of temperature (a) 150 °C and (b) 200 °C. 
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increase in ethylbenzene and dimers were taking place. Therefore, the optimum 

exposure time to obtain the highest styrene content under mild condition is 30 minutes 

to avoid the styrene re-polymerization or conversion into other products.  

 

 

 

 

 

 

 

 

 

 

 

 
  

  

 

 

  

 

 Figure 5-5 The exposure time effect (a) products yields and (b) products selectivity.  
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5.4.4. Co-degradation of Expanded polystyrene and propylene  

 

Polypropylene (PP) is an important polymer in the plastic industry due to its several 

application7. Yet, the degradation of polypropylene usually is required high temperature 

(˃400 °C) and harsh conditions. As the EPS required mild condition without a catalyst; 

then the EPS may allow the PP degradation to occur under mild condition. Therefore, 

the PP thermal degradation was conducted with 2.0 g of PP in absence catalyst. 

Furthermore, the catalytic degradation of PP was investigated using tow catalysts are 

natural clay and the 3FeCu/Alumina. In the catalytic degradation, 200 mg of each 

catalyst was mixed with 2.0 g of PP or with 2:0 g of different EPS: PP ratios as it showed 

in section 5.3.3. Notably, neither the thermal nor the catalytic degradation of PP could 

be possible at 250 °C (Fig.5.6 .a). However, mixing EPS and PP waste in 1.0: 1.0 ratio 

resulted in a formation of two types of waxy materials one black which was difficult to 

be extracted from the reactor wall. The other waxy material was more like a buttery 

texture and has golden color with no liquid formation (Fig.5.6 .b).  

 

 

 

 

 

 

Figure 5-6  (a) The PP catalytic degradation and (b) the Co- degradation of EPS and PP (EPS: PP ratio is 1.0:1.0, 
temperature:  250 °C and exposure time: 90 minutes). 
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However, increases the EPS fraction from 1.0 g to 1.75 g resulted in the liquids 

formation which was mainly the polystyrene signature products. Moreover, the liquid 

yields were increased from 43 to 65% with increasing the EPS fraction. The reacted PP 

was converted into waxy material only. Worth to mention that, EPS is fully degraded 

into 97% liquid yield with high SM selectivity under the same reaction conditions (Fig. 

5.7).   

 

 

 

 

 

 

 

 

The presence of PP in the co-degradation has altered the reaction selectivity although 

its degradation did not proceed at 250 °C. As the 1:1 EPS: PP ratio only resulted in 

styrene, ethylbenzene and cumene formation. In contrary to the degradation of EPS and 

PS which resulted in styrene, ethylbenzene, toluene, cumene, α-methyl styrene and 

dimers. Surprisingly, the further increases in EPS ratio caused an increase in the 

selectivity toward toluene (Fig. 5.8).  

Figure 5-7 The resulted products of the PP, EPS and various EPS: PP ratios under mild conditions. 
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The addition of the natural clay and bi-metallic 3FeCu/Alumina to the EPS: PP (1.0:1.0) 

ratio did not enhance the degradation activity. The Natural clay has high surface area, 

different metallic sites and high acidity which is plausibly caused further crosslinking 

reactions. From another hand, the 3FeCu/Alumina was deactivated in the early stages of 

the reaction due to the melted polymers bulkiness and high viscosity which caused mass 

transfer limitation (Fig.5.9).  

 

 

 

 

 

 

 

Figure 5-8 Product selectivity of the thermal co-degradation of different ratios of EPS: PP. 

Figure 5-9 Product selectivity of the catalytic co-degradation of different ratios of EPS: PP. 
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5.5. Conclusion  
 

In summary, the expanded form of polystyrene and polypropylene waste were collected 

to study their degradation at a mild condition. The thermal degradation of EPS resulted 

in a full conversion of starting material into gasoline range products at 250 °C.  

Surprisingly, the thermal de-polymerization resulted in 78 wt. % when the reaction was 

conducted for 30 minutes under mild conditions without further distillation. However, 

the further increases in the exposure time caused about 50% reduction in the styrene 

selectivity, however, ethylbenzene and dimers formation were increased. Notably, the 

catalytic degradation using 3FeC/Alumina did not enhance the liquid yield but produced 

less styrene monomer than thermal de-polymerization. In fact, the β-session step has a 

very crucial role as it resulted in styrene monomer formation. Yet it is not the dominate 

pathway due to the presence of the competitive reactions over the catalyst surface 

and/or with increasing the reaction time. These results encouraged us to investigate if 

the EPS can facilitate the degradation of PP under mild reaction condition up to certain 

level. However, the data was showed that the PP is required higher temperature than 

250 °C to be further degraded. This chapter’s findings shed the light on the easy 

degradation of EPS waste which might change the way how we look at the Styrofoam 

waste and their environmental and economic impacts.  
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Chapter 6 Conclusions  
 

Polystyrene is a hydrocarbon-based polymer with a high calorific value of 87 GJ tonne-1. 

It is a thermoplastic polymer with many great properties such as insulation, and good 

chemical resistance. The international market of this polymer is expected to achieve 

$28.2 billion by 2019 as a response to the high global demand for its applications. 

Although polystyrene has many applications yet, there is no efficient and practical 

method to manage its waste, and therefore it has been banned in many countries. The 

landfill option is an expensive solution to get rid of PS waste for exemplified the cost of 

excavators that required for landfill is high. Not to mention the associated high risk with 

the monomers leaching from the waste bulk to reach the drinking water or be 

impregnated in soil. In fact, this issue is considered as a main economic and 

environmental driver of converting polystyrene waste into fuel and/or chemical 

feedstocks. Additionally, using mild degradation condition can mitigate the carbon 

emissions and come over the carbon tax issues. In the light of these facts, the design of 

an energy-efficient catalyst and the innovation of a practical recycling process should be 

considered.  

In this dissertation, the main interest is to design an energy-efficient catalyst that 

provides a practical solution to convert PS into valuable materials under mild conditions.  

I have synthesized several platforms of bi and tri-metallic catalysts using a wetness co-

impregnation method. Firstly, the bi-metallic FeCu/ Alumina is showed excellent 

catalytic activity and full polystyrene conversion. The GC/MS confirmed that the primary 

products are in the range of C5-C9 with 66% liquid yield.  This result was significant 
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evidence to prove that the PS can be catalytically degradable under mild conditions in 

the presence of right compositions.  

The next target was to maximize the liquid yield while maintaining the good obtained 

product selectivity. Therefore, I have synthesized FeCo/Alumina bimetallic where the 

cobalt replaced the copper. This bimetallic showed extraordinary catalytic activity 

toward converting PS into renewable aromatics. The product selectivity was in the range 

of C5-C9 with 100% PS conversion and 91% liquid yields at 250 °C. This FeCo/ Alumina 

bimetallic did not provide high liquid yield only but also required less energy input than 

the comparative examples in the literature. A high liquid yield of gasoline range and full 

PS conversion was successfully achieved under mild conditions.  

The next question in our minds was if the selectivity can be further tailored by using the 

same reaction condition. Therefore, a novel catalyst namely FeCuCo/Alumina, was 

synthesized to convert PS and its waste into valuable ethylbenzene under mild 

conditions with an extraordinary selectivity of 82% towards ethylbenzene formation at a 

high liquid yield of 99% and full polymer conversion without gas formation. The 

polystyrene conversion to ethylbenzene is achieved at a low temperature of 250 °C and 

relatively short exposure time of 90 min. 

 

Finally, FeCu/Alumina and natural clay were examined to degrade the expanded form of 

polystyrene. The data is suggesting that almost 100% liquid yield can be obtained 

without the need for a catalyst due to the presence of contaminants. Thus, the 
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containments are induce structural abnormalities in the EPS backbone. Interestingly, a 

high styrene content of 78 wt. % was recovered after 30 minutes of the reaction at 250 

°C.  

As per our observations, it is recommended to avoid using high surface area and high 

porosity materials to prevent the excessive side reactions and earlier deactivation. 

Furthermore, a good balance between acidity and basicity is required to convert PS into 

aromatic under mild conditions catalytically. Finally, all of these data are suggesting the 

possibility of cracking PS into very valuable products under mild condition by using these 

an energy-efficient catalysts. 
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Appendix I .  Synthesis of the Bimetallic FeCu for the Catalytic Degradation of 

Polystyrene under mild 

 
 

 

 

 

Table_Apx I.1 The physical properties of all the screened catalysts. 

Material  
Physical properties 

 
               

BET surface area (m
2
/g) Pore volume (cm

3
/g) Pore size (nm) 

 Alumina (Al2O3) 15 0.07 19 
               

1 FeCu 7.0 0.09 27.4 
               

2 FeCu 6.5 0.07 30.7 
               

3 FeCu 8.4 0.07 37.5 
               

MCM-41 992.26 0.98 5 
               

FeCu/MCM-41 769.47 1.30 5 
               

Natural clay 72.38 0.17 9.50 
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Table_Apx I.2 The element analysis mass% by XRF of the screened catalysts. 

Material  
Physical properties 

 
               

MCM-41 FeCu/MCM-41 Natural clay  

Fe2O3 0 1.14 2.57 
               

CuO 0 0.74 0 
               

SiO2 100 98.13 62 
               

CaO 0 0 14.65 
               

ZnO 0 0 20.45 
               

K2O 0 0 0.34 
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Figure_Apx I-1. Nitrogen isotherm of (a) all screened catalysts, (b) MCM-41 platform, (c) natural clay, and (d) Alumina 
platform. 



171 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure_Apx I-2 XRD pattern of the monometallic (a) Fe/Alumina, and (b) Cu/Alumina with different loadings. 
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Figure_Apx I-3 XRD pattern of MCM-41 platform (a) low angle, and (b) high angle the parent is represented in black and 
FeCu/MCM-41 is represented in red. 
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Figure_Apx I-4 XRD pattern of natural clay. 
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Figure_Apx I-5 STEM images and EELS maps of (a-d) 1FeCu/Alumina, (e-h) 2FeCu/Alumina, (i-l) 3FeCu/Alumina, (m) natural 
clay and (n-p) FeCu/MCM-41. 
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Figure_Apx I-6 STEM-EDS of (a-b) 1FeCu/Alumina, (c-d) 2FeCu/Alumina, and (e-f) 3FeCu/Alumina. 
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Figure_Apx I-7 GPC result of the pressure effect on the PS degradation over 3FeCu/Alumina (Reaction conditions: 
nitrogen,90 min and 200 mg of catalyst was used). 
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Figure_Apx I-8I.9 GPC result of the exposure time effect on the PS degradation over 3FeCu/Alumina (Reaction 
conditions: nitrogen, 90 min and 200 mg of catalyst was used). 

Figure_Apx I-8 GPC result of the reaction time  effect on the PS degradation over 3FeCu/Alumina (Reaction conditions: 
nitrogen, 90 min and 200 mg of catalyst was used). 
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Figure_Apx I-9 GPC result of catalyst loading effect on the PS degradation over 3FeCu/Alumina (Reaction 
conditions: nitrogen, 90 min and 200 mg of catalyst was used). 
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Figure_Apx I-10 Ammonia- temperature programming desorption (TPD) of all the screened catalysts. 
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Figure_Apx I-11 Carbon dioxide- temperature programming desorption (TPD) of 
3FeCu/Alumina. 
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Appendix II Synthesis of the bimetallic FeCo for the catalytic degradation of 

polystyrene under mild conditions: Non-renewable aromatics production 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure_Apx II-1 GPC results of general Fe-Co/ Alumina platform screening (under nitrogen, Exposure time: 90 min, Catalyst 
weight: 200 mg). 



182 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure_Apx II-2 The reaction time effect on the polystyrene molecular weight reduction (in the upper corner the PS peaks and 
molecular weight in gmol-1 before the degradation. 



183 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure_Apx II-3 The catalyst weight effect on the polystyrene molecular weight reduction (in the upper corner the PS peaks 
and molecular weight in gmol-1 before the degradation. 
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Appendix III The Selective Renewable Ethylbenzene Formation from Polystyrene 

Catalytic Degradation under mild Conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure_Apx III-1 Schematic diagram of polystyrene degradation under mild conditions. 
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Figure_Apx III-2 Reproducibility of converting polystyrene into ethylbenzene using FeCuCo/Alumina (Exposure time: 90 min, 
reaction temperature: 250 °C, Catalyst loadings: 200 mg, under air). 
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Figure_Apx III-3 The polymerization of styrene monomer over FeCuCo/Alumina at the reaction conditions (Catalyst loading: 200 
mg, Exposure time: 90min, Styrene: 2.0 g, temperature: 250 C and under air). 
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Figure_Apx III-4 STEM-EDS of fresh FeCuCo/Alumina and spent FeCuCo/Alumina (a) metals signal of fresh 
catalyst, (b) metals signal of spent catalyst, (c) STEM-EELS of carbon signal in fresh catalyst and (d) STEM-
EELS of carbon signal in spent catalyst. 
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Figure_Apx III-5 XPS of the metallic active species in FeCuCo/Alumina (a) Co 2p, (b) Cu 2p and (c) Fe 2p. 
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Figure_Apx III-6 XPS peaks assigned to the Alumina oxide before and after the reaction (a) Al 2p 
and (b) O 1s. 
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Figure_Apx III-7 XPS of carbon C1s signal before and after the reaction. 
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Table_Apx III.1 Elements qualification of FeCuCo/Alumina before and after reaction by XPS. 

 

 

 

 

 

 

 

 

 

 

Element Fresh Spent 

Fe 0.78 0.38 

Cu 0.37 0.25 

Co 0.47 0.38 

Al 38.03 27.85 

O 44.99 33.14 

C 15.35 37.99 
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Appendix IV Thermal and Catalytic Degradation of Plastic Waste under mild 

Conditions   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure_Apx IV-1 XRD pattern of natural clay. 
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Figure_Apx IV-2 XRD pattern of 3FeCu/Alumina. 
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 Figure_Apx IV-3 The thermolysis of the expanded form of polystyrene reproducibility. 


