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Abstract

:

The exponential increase in production and consumption of plastic has led to accumulation of plastic waste in the environment, resulting in detrimental impacts on human health and the natural environment. Plastic pollution not only stems from discarded plastics but also from the chemicals released during plastic production and decomposition. Various waste management strategies exist for plastic waste, including landfilling, recycling, conversion to liquid fuel, and upcycling. Landfilling, which is a prevalent method, contributes to long-term environmental degradation. Recycling is practiced worldwide, but its percentage remains low, particularly in regions like South Asia. Conversion to liquid fuel through pyrolysis has been explored as a viable solution, although commercialization faces challenges. Upcycling, which involves depolymerization and repolymerization, offers an avenue to recycle plastic waste into valuable chemicals, specifically focusing on high-density polyethylene (HDPE) and low-density polyethylene (LDPE). Currently, HDPE and LDPE make up 36% of all plastic trash by mass, but they have the potential to account for far more. When plastic waste is incinerated or buried in the earth, it generates carbon dioxide and heat, which pollute our environment. Depolymerization is a way to chemically recycle plastic waste into monomers, but this process requires a large amount of energy. Controlled partial depolymerization can transform PE into new, high-quality products at a temperature of more than 400 °C with or without a catalyst. In this study, we provide a novel approach for the conversion of plastic waste, particularly HDPE and LDPE, into valuable alkyl aromatics. By implementing controlled partial depolymerization, we propose a plant design capable of transforming plastic waste into high-quality chemicals. The design aims to optimize energy consumption, process efficiency, and product quality. The research findings contribute to sustainable plastic waste management and the reduction in environmental pollution caused by plastic waste.
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1. Introduction


Plastic, originating from the Greek term meaning “moldable objects”, possesses unique characteristics, such as poor electrical conductivity, durability, low density, and recyclability [1]. Plastics are classified as either commodity or specialty resins. Commodity resins, including plastic, nylon, polyvinyl chloride, and polystyrene, are extensively used in high-volume production of consumer goods and packaging materials [2]. Specialty resins, such as engineering plastics (e.g., polyacetal, polyamide, and polycarbonate), are employed in specific applications, albeit in lower volumes and at higher costs [3]. Engineering plastics (or resins) can compete with die-cast aluminum in a various settings, including building construction, metal fabrication, and vehicle manufacturing [3]. Another category is thermoplastic elastomers, combining rubber-like elasticity with the ability to be molded upon heating.



1.1. Types of Plastic


Plastics are marked with a triangle symbol, denoting a number from 1 to 7, representing the specific resin used in the product. However, not all plastics can be recycled due to their non-degradability, leading to accumulation and environmental issues. This section provides an overview of various types of plastics and their recycling capabilities.



	
Polyethylene terephthalate (PET): Commonly found in beverage containers and packaging, PET is single-use due to leaching and contamination risks. It can be recycled into textile fibers and various products [4].



	
High-density polyethylene (HDPE): Used in water jugs, product bottles, and various durable items, HDPE exhibits excellent recyclability and is often reused for multiple purposes [5].



	
Polyvinyl chloride (PVC): PVC is a flexible plastic utilized in various applications, including food wrapping, construction materials, and tubing. It has limited recyclability and is considered environmentally hazardous. Also named “poison plastic”, PVC contains multiple toxins that can be released throughout the course of a product’s lifetime. Less than 1% of PVC is recycled, as objects made from it cannot be reused or recycled [6].



	
Low-density polyethylene (LDPE): LDPE is commonly found in plastic bags, shrink wraps, and other packaging materials. While it poses fewer risks, LDPE recycling is currently limited but emerging.



	
Polypropylene (PP): PP’s heat resistance makes it suitable for a wide range of products, but its recycling rate remains low. It serves as a barrier against liquids, oils, and other corrosive substances so that cereal, for example, can stay fresher for longer. PP can be found in a wide variety of everyday items, including baby nappies, plastic bottle caps, cheese and yoghurt bottles, snack bags, straws, packaging tape, and rope. Although PP is one of the most widely used plastics, comprising at least 20% of the market share [7], the recycling rate remains very low due to its rigidity and inclusion in complex products [8]. Landscaping border stripping, battery casings, brooms, bins, and trays are products that can benefit from recycled PP.



	
Polystyrene (PS): Many different items can be made from PS because of its inexpensive price, light weight, and malleability. Egg cartons, polyurethane picnic utensils, foam packing, and “peanuts” used to stuff packages are just a few examples. Rigid cellulose insulation and laminate underlay sheets are two more common uses for PS. PS is easily broken down and dispersed throughout the natural environment because of its structural instability and light weight.



	
Polycarbonate (PC) and Lexan: PC is well known and is widely utilized because of its strength and durability. Sunglasses, sports goggles, and safety glasses are just a few of the many products that benefit from PC lenses. It can also be found in compact discs (CDs) and mobile phones. This resin’s leaching causes the production of bisphenol A, a chemical that is suspected of being detrimental to the environment when heated to high degrees, and as a result, its use has been contentious in recent years. In addition, BPA does not break down in landfills, so it will persist in the environment for long periods and ultimately end up in water sources, where it can cause contamination.







1.2. Plastic Pollution


Plastic pollution occurs when synthetic plastic items accumulate in the environment, endangering wildlife, habitats, and animal populations. Even if plastic is not discarded, the chemicals used to make it contribute to pollution. Air and water pollution caused by solubilized chemicals from plastics is a growing issue. Compounds like plasticizers, polyamorous A, and peg diphenyl ether (PBDE) associated with plastics have been investigated and regulated. Plastic products require plasticizers, also known as phthalates or softeners, to prevent breakage. Phthalates can be found in various items, like medical devices, food packaging, automobile upholstery, computer components, perfumes, and cosmetics. BPA is present in packaging, bottles, CDs, CD liners, medical equipment, and food container linings [8]. This chemical is used to produce strong polyester resins, adhesives, and durable PC plastics. All these substances are harmful to the endocrine system and have been detected in humans. Toxic chemicals, including antiandrogen phthalates, estrogen-mimicking BPA, and thyroid-disrupting PBDE, have been linked to health problems. Humans, especially children and women of childbearing age, are particularly vulnerable to the effects of hormone-disrupting chemicals.




1.3. Diverse Avenues for Plastic Waste Management


The concept of waste management encompasses the systematic elimination of human-generated waste from the environment. It entails employing various processes and actions to minimize waste at its source, ensuring its appropriate handling, and, ultimately, disposing of it in designated areas. The crucial objective is to prevent waste from accumulating or being exposed in inhabited regions, as it poses potential harm to living organisms. Disposal is carried out in carefully selected locations, away from cities and residential areas, where waste materials cannot jeopardize lives [9].



Waste management is a broad field that encompasses different types of waste, including plant, animal, and plastic waste. In this discussion, our focus lies on plastic waste management, which represents 18% of the total waste as shown in Figure 1. Annually, an immense quantity of plastic waste is generated globally, demanding effective management strategies to avert its accumulation in the environment. Various approaches are available to manage plastic waste.




1.4. Landfill


Plastic waste has emerged as a global crisis, necessitating serious consideration. This type of waste can be classified into two categories: recyclable and nonrecyclable. Nonrecyclable plastics are also nondegradable, persisting in the environment for hundreds of years. Astonishingly, approximately 70% of total plastic waste ends up in landfills, resulting in the degradation of land that becomes infertile and unsuitable for cultivation due to the protracted decomposition period of plastic waste. A study revealed that a significant portion of plastic waste in South Asia is mismanaged, with Oman demonstrating the highest percentage. Oman generates approximately 3.9 million tons of plastic waste annually, and this number is increasing by 2% each year. Mismanagement of plastic waste in Oman exceeds that in India by 2%, Sri Lanka by 6%, Bangladesh by 7%, and Iran by 11% [10]. Nonrecyclable plastics predominantly consist of single-use bags made from low-density polyethylene (LDPE), which is the focal point of our concern and will be utilized in our proposed process [10].




1.5. Recycling


Recycling is an alternative pathway for plastic waste management that involves converting waste materials into reusable forms. Comparable to paper recycling, plastic objects are recycled worldwide, although the current percentage remains relatively low, especially in the South Asian region. Recyclable plastic waste primarily comprises polyethylene terephthalate (PET), which is prominently sourced from the beverage and packaging industries, as reported by the World Bank. Recycled PET can be transformed into a variety of materials, such as car bumpers and carpet fibers. However, Oman lacks the necessary infrastructure to recycling plastic waste. As of 2020, only 20–25% of Oman’s total plastic waste is recycled, with the majority being directed to landfills [10]. Typically, individuals retain and sell the waste generated in their households to waste dealers for recycling. Scavengers collect discarded waste, earning INR 100–200 per day by selling it. Nonetheless, ample potential for recycling exists, as indicated by a 1999 report from the Environmental Management Policy Committee (EPMC) regarding the recycling prospects of various cities [11].




1.6. Conversion to Liquid Fuel


The conversion of plastic waste into liquid fuel represents another waste treatment technique currently practiced in numerous regions worldwide. Plastics mainly consist of polyethylene, a major component of fuel oils, containing numerous valuable hydrocarbons. Consequently, the fuel derived from treating plastic waste serves as a substitute for conventional organic fuels. Pyrolysis, a crucial technique employed in the conversion process, involves the thermal degradation of plastic at elevated temperatures ranging from 300 to 900 K in an oxygen-free environment. The final obtained product is liquid fuel. Despite the extensive research conducted in this field over the years, the commercialization of plastic-to-fuel conversion is still in its early developmental stages. Several factors, such as fuel yield, production costs, and the presence of sulfur and other chemical constituents, contribute to this ongoing process. The simplified block flow diagram presented in Figure 2 illustrates the conversion process [10].




1.7. Upcycling


In the past 70 years, plastics made from synthetic petroleum have seen a dramatic increase in production around the world. In 2020, it was expected that 367 million tons of plastic waste would be produced globally—up from less than 2 million tons in 1950—and by 2030, that number is expected to increase by a factor of 19 [12]. Roughly 40% of all plastics are single-use items that cannot be recycled. They typically wind up in dumps and similar locations, where they can remain for countless generations. However, the amount of energy gained from burning this trash is less than what was used during production if it is converted into fuel first. Recovering the plastic’s original monomer through a process called depolymerization, also known as chemical or material recycling, then repolymerizing it can result in a product with the same qualities as the original polymer, but a large amount of energy is needed for this procedure when working with polyethylene and PP. Nevertheless, plastic trash can be recycled into useful chemicals through a process called controlled partial depolymerization. Increasing the cycle is referred to as upcycling.



HDPE products, such as bottles and cans and other types of plastics, make up a significant portion of plastic trash. LDPE products, such as polyethylene bags, comprise a considerable portion of this trash as well. Above 400 °C, pyrolysis can depolymerize them, but the resulting gas, crude oils, and char are of little value and can be difficult to use. This can be accomplished with or without the use of a catalyst. At lower temperatures, catalytic hydrogenolysis or double catalytic alkane metathesis can achieve somewhat more selective disassembly; however, the products of these reactions are all low-value alkanes, making it unlikely that their production costs can be recouped. Partial depolymerization can obtain more valuable aromatics, and naphtha reforming is the standard method of producing aromatics [13]. This process consumes a considerable amount energy and generates a mixture known as benzene–toluene–xylenes (BTX) at temperatures of 500–600 °C. It is alkylated to produce linear alkyl-benzenes. Manufacturing of BTX by linear alkanes is a reaction that requires harsh conditions and high temperatures of up to 800 °C. Under these harsh conditions, the catalyst tends to deactivate rapidly. New catalysts have been developed, which convert certain materials into BTX at lower temperatures, but they are not cost-effective, with slow rates, low yields, and high hydrogen requirements.




1.8. Purpose of the Study


The purpose of this study is to design a plant that converts plastic waste, specifically high-density polyethylene (HDPE) and low-density polyethylene (LDPE), into valuable chemicals known as alkyl aromatics. The rapid increase in plastic production and consumption has resulted in a significant accumulation of plastic waste, leading to harmful effects on both human health and the natural environment. In this study, we acknowledge that plastic pollution arises not only from discarded plastics but also from the chemicals released during plastic production and decomposition. Various waste management strategies, including landfilling, recycling, conversion to liquid fuel, and upcycling, are explored. However, landfilling contributes to long-term environmental degradation, recycling rates remain low in certain regions, and the commercialization of plastic-to-liquid fuel conversion faces challenges. Upcycling, specifically depolymerization and repolymerization, presents an opportunity to transform plastic waste into valuable chemicals. HDPE and LDPE, which constitute a significant portion of plastic waste, are the focus of this study. By implementing controlled partial depolymerization, we propose a plant design that optimizes energy consumption, process efficiency, and product quality. The goal is to contribute to sustainable plastic waste management and reduce environmental pollution caused by plastic waste.





2. Materials and Methods


The proposed plant design incorporates dimensionless numbers, including the Prandtl number (Pr), Reynolds number (Re), and Nusselt number (Nu), to inform decisions about system parameters, equipment selection, and performance optimization. The Prandtl number helps to understand the importance of conduction and convection in heat transfer, aiding in heat exchanger design. The Reynolds number determines the flow regime and assists in designing fluid transportation systems, while the Nusselt number evaluates heat transfer efficiency and aids in optimizing heat exchangers and cooling systems. These numbers provide valuable insights for fluid behavior and heat transfer, leading to improved processes, cost reduction, and increased productivity.



2.1. Process


First, polyethylene is preheated in a furnace. Afterward, the aromatization reaction takes place in a reactor, where long-chain alkyl aromatics and hydrocarbons are formed at 280 °C within 24 h. The gaseous mixture is cooled, then sent for distillation to separate methane and toluene. Liquid waxes from the reactor are separated in an adsorption column; then, a series of distillation columns is used to separate the different alkyl aromatic products.




2.2. Steps of Pyrolysis


The pyrolysis process is divided into many phases (see Figure 3 for detailed process flow), as follows:




	
Pretreatment of the plastic;



	
Pyrolysis in the pyrolysis reactor;



	
Separation of the gaseous and liquid phases;



	
Separation of the liquid mixture based on the boiling point.









2.3. Pretreatment of the Plastic


Plastic waste production is a problem worldwide, and its production has been increasing with time. According to reports, in the year 2020, more than 380 million tons of plastic waste were produced worldwide. In Oman, about 3.8 million tons of plastic waste were produced in the same year, which shows that the availability of plastic is not an issue. It can be easily gained from landfills and other dumping areas. The next step is the pretreatment of the plastic, which is further divided into three steps [13].



	
Cleaning






The methods for dirt and dust particle removal when recycling HDPE and LDPE plastics include sorting and prewashing to manually remove large debris and contaminants, as well as rinsing with water or mild detergent. Mechanical cleaning methods like sieving or screening with vibrating screens or sieves can separate plastic particles from dirt. Washing and rinsing with water and detergents, along with agitation, can dislodge stubborn dirt particles. Floatation or density separation techniques using water or air can separate plastic from heavier contaminants. Air classification systems use air currents to blow away fine particles, and electrostatic separation utilizes electrical charges to attract or repel dust particles from the plastic waste.



	
Drying






Since dry material melts and degrades easily, the plastic is dried to boost the thermal efficacy of the reaction. Drying the plastic in open sunlight is possible, but this may again introduce dust into the plastic. Drying may also be achieved by introducing hot air to plastic. This is a somewhat pricey but practical approach.



	
Shredding






Most of the plastic collected from landfills is in the shape of large lumps. These lumps can delay the pyrolysis process by generating resistance in heat breakdown and causing an increase in residence time. To lessen this issue, plastic trash is shredded into smaller pieces, which decreases the aggregated material into smaller and separated particles with more surface area. These particles can readily transmit heat and are thermally destroyed quickly.




2.4. Thermal Treatment or Pyrolysis in the Reactor


In a pyrolysis reactor, the plastic feed is thermally degraded at a high temperature of more than 500 °C into a variety of gaseous, solid, and liquid products. The retention time decreases as the temperature is increased from 400 °C for 760 min to 450 °C for 290 min, then 500 °C for 68 min and 550 °C for 54 min. However, the technique can benefit from additional reductions in temperature and retention time. Both thermal and catalytic processes can be used to accomplish pyrolysis. The following reactors are used for pyrolysis [14]:




	
Fixed-Bed Reactor








Since fixed-bed furnaces are simple to construct, they are the go-to choice for small-scale studies conducted in the lab. The feedstock is placed in the reactor (usually made of stainless steel) and heated outside. An electric furnace is the most popular option. To create anaerobic conditions, the engine is flooded with an inert gas (such as nitrogen or argon) before the experiment begins, and the supply line is maintained throughout the entire operation [13]. Char is typically removed after pyrolysis, but the collected gases and vapors are released during the process. A characteristic of the batch reactor is a relatively slow rate of heating. In addition, the feedstock remains stationary during the process, making large-scale, consistent heating of municipal solid waste (MSW) challenging to predict.



	
Fluidized Bed Reactor






Studies of rapid pyrolysis behavior and secondary oil cracking at extended residence durations are common applications of fluidized bed reactors. The feedstock is heated rapidly and thoroughly mixed in a fluidized bed reactor. Such reactors are widely used in laboratory experiments to characterize the effect of the calcination temperature on pyrolysis behavior and products. For the pyrolysis of unwanted polymers, this type of reactor appears to be a viable choice. Since polymers have very poor high-thermal-stability viscosity, polymer combustion in a deionization reactor may yield noticeable benefits over other reactors, where heat is not transmitted as well for the shattering of polymers.



	
Spouted Bed Reactor






This reactor works well with irregularly shaped, small particles, as well as materials that stick together and have a large size range. In addition, the system’s gas flow is highly variable, allowing it to function with minimal gas residence times. This reactor is well-suited for flash pyrolysis because of the good movement of the materials within it, which results in rapid transfer rates of heat between phases. For larger-scale applications of biomass pyrolysis, the octagonal spouted bed reactor’s suitability for continuous operation is of paramount importance.



	
Rotary Kiln Reactor






Facility locations in Germany and Japan, among others, have used rotary kiln reactors for the slow degradation of MSW. The typical treatment temperature is around 500 °C, and the typical residence time is around 1 h. This type of reactor is the only one that has been widely implemented as a practical industrial solution across a range of scales. However, it may sometimes call for multistage entropy (MSE) pretreatment before pyrolysis can begin. Waste needs to be sorted, then shredded to get rid of junk.



	
Microwave-assisted Reactors






Microwaves can be found in electromagnetic, infrared, and radio waves. Microwaves have a frequency of about 300 GHz and a wavelength of about 1 m. Both 915 MHz and 2.45 GHz are widely used in the microwave industry. Most home microwave ovens use electricity as a source of microwave energy and have a frequency of 2.45 GHz. Lam and Chase investigated the use of microwave pyrolysis in waste-to-energy systems [11]. They were able to define the process, but they also noted that advancements in commercial microwave equipment for this type of pyrolysis are hampered by a general lack of understanding of high-frequency applications and the technical details required for their construction.



	
Plasma Reactors






Most people consider ionized plasma, which is what plasma is, to be the final state of matter, alongside solids, liquids, and gases. Plasma can be created by subjecting a gas to high temperatures or a strong electromagnetic field, and the result is a gaseous mixture of subatomic particles and positively charged ions. High-temperature or fusion solitons and low-temperature plasmas, such as gas discharges, are the two main types of plasmas that can be distinguished. Direct current, alternating current, radio-frequency induction, and microwave discharge can all be used to generate thermal plasma. For plasma generation, even a 2 GHz magnetron from a regular microwave oven will do.




2.5. Selection of Catalyst


Catalyst contact during the pyrolysis of plastic waste can be broken down into two distinct categories: liquid-phase contact and vapor-phase contact. In a liquid-phase reaction, melted polymers encounter a fine powder-type catalyst with a large external surface area in which the polymer chain is broken down into light products [15]. The catalyst is the key ingredient in this process; hence, its price is proportional to the volume used. After the polymer fragments are cracked, they are linked to the catalyst contained in the fluidized bed reactor, which reforms the polymer fragments produced by heat degradation. The two processes use different types of catalysts, which are classified as zeolite, oxide, porous, fluid catalytic cracking (FCC), and reform catalysts, among others. Heavy hydrocarbons are typically cracked using acidic catalysts, such as alumina, silica-alumina with mesopores, and zeolite with microspores [16]. The professional petroleum industry is their main place of employment. While the catalyst’s chemical characteristics are certainly important, the catalyst’s physical features have a much larger impact on catalytic activity and product selectivity. Land area, pore size, tunable pore size, and pore structure are examples of these features. Platinum-supported alumina is used as our catalyst, since it maximizes the production of alkyl aromatics [17]. In addition, it has everything needed to improve both product and process quality.




2.6. Material Selection


Various plastics have distinct physical structures and varied chemical contents. Consequently, different temperature and pressure conditions with different kinds of plastics have different effects on pyrolysis. Our key choice for the procedure is polyethylene. Overall, plastic waste mostly consists of polyethylene waste, accounting for about 69% [18]. Polyethylene is categorized into two types: LDPE and HDPE. A survey showed that the major fraction (70%) of polyethylene waste from household waste is LDPE, and 30% is HDPE [14]. However, the overall production of HDPE is greater than that of LDPE as shown in Figure 4. We use LDPE as our raw material because fuel production and energy recovery from LDPE are higher, at 60%.




2.7. Design Overview


2.7.1. Estimation of Design Parameters


The heart of every engineering process is its design. The major components of the plant are:




	
Batch catalytic reactor;



	
Shell and tube heat exchanger;



	
Distillation column.









2.7.2. Design of Heat Exchanger


The following selection criteria are implemented for the heat exchanger:




	
Thermal and hydraulic requirements;



	
Material capability;



	
Operational maintenance;



	
Availability.










2.8. Shell and Tube Heat Exchanger


To heat or cool a fluid, plate-type heat absorbers use a series of tubes. A second fluid is circulated in a system surrounding the tubes that require heating or cooling. The tubes in the tube bundle can be either plain or longitudinally finned, but they can also be a combination of the two. Shell and tube heat exchangers are often used in high-pressure settings, and they are exceptionally long-lasting because of their construction. During the development of the plant for the conversion of plastic trash into useful chemicals (alkyl aromatics), several heating design considerations must be taken into account when designing the tubes in the thermal systems. Different configurations of shells and tubes are possible. Metal eyelets in tube sheets are often used to link the ends of individual tubes to plenums (sometimes called water boxes). U-shaped tubes (or U tubes) can be either straight or curved, and high pressures are no match for their fabricated and engineered forms. They can withstand thermal shocks, can be made to operate in extreme temperatures, are thermally shock-resistant, and have a design that is both flexible and stable. The diameter of the pipes, the number of pipes, the length of the pipes, the pitch of the pipes, and the arrangement of the pipes may all be modified, and there is no size restriction. In this way, tube heat exchangers can take on various forms.




2.9. Design Data


We selected chloroform as the process fluid on the tube side, with water as the fluid on the shell side. Table 1 shows the fluid conditions for the tube side, and Table 2 shows the fluid conditions for the shell side.



The heat-duty Q of the heat exchanger is


  Q = m   ×    C p    ×   Δ T  



(1)




where Q = 27,048 watts.




2.10. Sadik–Kakac Method


The intake and output temperatures of the two fluids are crucial pieces of information for successful employment of the procedure. Table 3 illustrates the properties of chloroform.



The log mean temperature difference formula is as follows:


  LMTD =    (  T 1 − t 2  )  −  (  T 2 − t 1  )    ln    (  T 1 − t 2  )     (  T 2 − t 1  )      .  



(2)






LMTD = 7.21 °C











Tube-side calculations are shown below:



Prandtl number:


  Pr =  v a  = momentum   diffuisidty    thermal   diffuisdity    =    Cp μ   k     



(3)




where Pr = 0.85.



Reynolds number:


  Re =   uL  ν  =    ρ uL   μ   



(4)




where Re = 14,130.19.



Turbulent flow calculation are shown below:



Nusselt number:


  Nu =    α L   λ   



(5)




where Nu = 57.38.



Overall heat transfer coefficient inside the tube:


   hi =    0  . 023   ×   k    Di        (  R e  )    0.8      (  P r  )     1 3       (   μ  μ w    )    0.14    



(6)




where hi = 1672.92 W/m2∙K




2.11. Shell-Side Calculation


Shell-side flow area:


  F A =   I D × C × B   144 × P t    



(7)




where FA = 0.0093 m2.



Mass velocity:


G = 46.30 kg/s∙m2











Prandtl number:


  P r =  v a  = m o m e n t u m   d i f f u i s i d t y   t h e r m a l   d i f f u i s d i t y   =   C p μ  k     



(8)




where Pr = 3.644819315.



Reynolds number:


  R e =   u L  ν  =   ρ u L  μ       



(9)




where Re = 2.08 × 103.



Nusselt number:


  N u =   α L  λ   



(10)




where Nu = 36.88246796.



Overall heat transfer coefficient on the shell side:


   hi =    0  . 023   ×   k    Di        (  R e  )    0.8      (  P r  )     1 3       (   μ  μ w    )    0.14    



(11)




where hi = 942.1227208 W/m2∙K.



Table 4 summarizes the properties of water at the operating temperature and pressure of the reactor. The properties are important for understanding the behavior of the water in the reactor and for designing the reactor components.



Table 5 summarizes the fouling resistance for the tube side and shell side of the reactor. The fouling resistance is important for determining the heat transfer coefficient and for designing the reactor components.




2.12. Design Specifications


The following tables (Table 6 and Table 7) summarizes the tube-side and tube-shell specifications for the proposed design. The tube-side and shell-side specifications are important because they determine the performance of the reactor.




2.13. Design of Distillation Column


In order to separate a liquid mixture into its component parts or fractions based on differences in volatilities, a distillation column is required. A simple example is when water vapor from a boiling kettle condenses into droplets on a cool surface. The process of separating two or more liquids with different boiling points, like gasoline, kerosene, and petroleum distillates from crude oil, involves the separation of solvents from nonvolatile particles, like ethanol from fermented materials. Formaldehyde and phenol are two compounds that can be processed using membrane technology, which has many industrial uses, such as desalination of salt water.



The following steps are considered in the design of a distillation column:




	
Calculation of the number of plates;



	
Estimation of the column diameter;



	
Estimation of the liquid flow pattern;



	
Provisional plate design;



	
Calculation of the weeping point;



	
Calculation of the plate pressure drop;



	
Calculation of the downcomer liquid backup;



	
Calculation of the height of the column;



	
Trail layout perforated area;



	
Tray column specification sheet.









2.14. Calculation of the Number of Plates


For the calculation of the number of plates, the Fenske–Underwood–Gilliland (FUG) method is used. It is not a simple method but a mixture of three equations, namely the Fenske, Underwood, and Gilliland equations.



Table 8 summarizes the specifications for the distillation column, including the feed temperature, pressure, and composition. The specifications are important for determining the number of plates required for the column. Table 9 summarizes the composition of the feed stream to the distillation column.



Here as shown in Table 10, we use methane as the light key and toluene as the heavy key.



The minimum number of plates is calculated using the Fenske equation:


  N m i n =   ln  [   (    X l k   X h k    )  D  (    X h k   X l k    )  B  ]    ln  (  ∝   L K   H K    )  a v    



(12)




where Nmin = 7.28 stages.



Calculations of the minimum and actual reflux ratio are shown below.



The minimum reflux ratio is calculated using the Underwood method.


    ∑   i = 1  n    a i × F i   a i − m   = 1 − q  



(13)






  R m i n + 1 =   ∑   i = 1  n    a i × D i   a i − m    



(14)




where Rmin = 0.191047619.



Assume that



R = 1.4 × Rmin



R = 1.4 × 0.19



R = 0.26. Here, R is the actual reflux ratio.




2.15. Calculation of the Theoretical Number of Plates


Using the Gilliland equation, we can calculate the actual number of stages:


    N − N m i n   N + 1   = 0.75 [ 1 −  (    R − R m i n   R + 1    )  0.566    ]     



(15)




where:



R − Rmin/R + 1 = 0.060;



N − Nmin/N + 1 = 0.597;



N = 20.56 stages.




2.16. Feed Tray Location


According to the Kirkbride method, the feed tray is now within reach. The bottom and distillate molar flow rates (B and D, respectively) and the number of flow rates (NW and ND) both above and beneath the feed tray (13 stages above and 7 stages below, with the feed entering at stage 13) are correlated:


  log  (    N D   N W    )  = 0.26   log {  (   W D   )   (    X h k   X l k    )  F   [  (     (  X l k  )  W    (  X h k  )  D    )  ]  2  }  



(16)






  log  (    N D   N W    )  = 0.206   log { [   19.8   8.58    (    0.348   0.3    )   (  0.0043 / 0.01  ) 2   ]  }  








where:



ND/NW = 0.53;



NW = 13.43 plates;



ND = 7.12 plates.




2.17. Tray Selection


There are three types of trays [19]:




	
Bubble cap;



	
Sieve tray;



	
Valve.








The net vapor velocity under flood condition is presented in Table 11. However, Table 12 and Table 13 are illustrating the net column area and the height of the column, respectively.





 





Table 11. Net vapor velocity under flood conditions.






Table 11. Net vapor velocity under flood conditions.





	
Parameter

	
Value

	
Unit






	
Pv

	
0.657

	
kg/m3




	
Pl

	
867

	
kg/m3




	
(L/V) × (pV/pL)0.5

	
0.0058

	
---




	
From Figure 5




	
Csb

	
0.08

	
m/s




	
Surface tension

	
6

	
dyne/cm




	
Vn, f

	
2.28

	
m/s









Net Velocity



The net velocity is between 50% and 90%.


V, n = 1.826696832 m/s











Cross-Sectional Area



The downcomer area occupies 15% of the cross-sectional area:


Ac = 395.9615673 m2.











Diameter of the Column:


D = 6.468041363 m.











Pressure drop calculation is shown in Table 14 as follows:



All the specifications are provided in Table 15 below.




2.18. Design of Catalytic Batch Reactor


The localized fluctuations in temperature and species concentration in a batch reactor can be ignored because of the high degree of mixing that occurs during the process. The reactor’s construction details are outlined below. The various reactor design equations are represented by the letters A–F, as shown below:



Reactor design equations:


  A → B  










  A → C  










  C → D  










  B → E + F  












2.19. Mole Balance


The molecular balances of the reactants and products are illustrated in Table 16 as follows:




2.20. Net Rate Laws


This section presents the net rate laws for the proposed reaction. Table 17 illustrates the rate law applied formula’s.




2.21. Rate Laws


The net rate laws are used to calculate the rate of reaction and to determine the optimum operating conditions for the reactor as shown in Table 18.



The conclusive rate constants of the reaction are shown in Table 19.




2.22. Stoichiometry Calculations


This section presents the stoichiometry calculations for the proposed reaction. Table 20 represents the stoichiometry calculations that are used to determine the moles of each reactant and product that are produced in the reaction.




2.23. Reactor Component Compositions


This section presents the reactor component compositions for the proposed reaction. The reactor component compositions are used to determine the concentration of each reactant and product in the reactor. Table 21 shows the mole fractions of each reactant and product in the reactor at different time intervals.




2.24. Pressure Drop Calculations


The pressure drop calculations section presents the pressure drop calculations for the proposed reactor. The pressure drop is affected by the catalyst specifications and the steam requirements for heating. Table 22 lists the properties of the catalyst, which affect the rate of reaction. Table 23 lists the amount of steam required to heat the reactor, which also affects the pressure drop. The pressure drop can be calculated using the Ergun differential equation:


dy/dw = −(α/2y) × (T/To) × (FT/FTo).



(17)







The pressure drop is 200 Pa.





3. Results and Discussion


Pyrolysis is an effective method for converting plastic waste into alkyl aromatics. During pyrolysis, long-chain compounds in plastics are broken down into alkenes, alkanes, and high-boiling-point compounds, which are heavy fuel fractions commonly used in the energy industry. However, the primary products obtained in our controlled reaction are alkyl aromatics [20].



Plastic waste can also be transformed into various carbon compounds, including amorphous and multiwalled carbon nanotubes. Graphitic carbon materials such as carbon nanotubes and graphene, as well as amorphous carbons like activated carbon, spherical carbon, and carbon fibers, can be derived from plastic waste. These carbonization processes involve pyrolysis and carbonization, generating hydrocarbon (HC) gases and a carbon-rich byproduct (carbon material). The three main types of carbonization processes are anoxic hydrolysis, catalytic carbonization, and pressure carbonization.



Through pyrolysis, the plastic waste is converted into alkyl aromatics. Pyrolysis breaks long-chain compounds into alkenes, alkanes, and high-boiling-point compounds, which are composed of carbon, with a carbon number greater than or equal to 24. These fractions are typically classified as heavy fuel fractions and are put to extensive use in the energy industry. In contrast, the reaction proposed herein occurs under strictly controlled circumstances, and the primary products are alkyl aromatics [20].



Carbon compounds such as amorphous and multiwalled carbon nanotubes can be created from plastic waste. Carbon nanotubes and graphene are examples of graphitic carbon materials, while amorphous carbons like activated carbon, spherical carbon, and carbon fibers fall into another category.



Carbonization refers to a group of procedures used to create carbon materials; these processes often involve pyrolysis and carbonization. This procedure generates several types of hydrocarbon (HC) gases and a carbon-rich byproduct (carbon material). There are three main types of carbonization processes: anoxic hydrolysis, catalytic carbonization, and pressure carbonization.



3.1. Reactor


The material and energy balance of the reactor is an important tool for understanding the performance of the reactor. Table 24 summarizes the mass and energy flows into and out of the reactor. The table also shows the heat of reaction and the heat losses from the reactor.




3.2. Absorption Column


The material and energy balance of the absorption column is an important tool for understanding the performance of the column. Table 25 summarizes the mass and energy flowing into and out of the column. The table also shows the heat of absorption and the heat losses from the column.




3.3. Distillation Column


The material and energy balance of the distillation column is an important tool for understanding the performance of the column. Table 26 summarizes the mass and energy flowing into and out of the column. The table also shows the heat of condensation and the heat losses from the column.



Figure 6 shows that as the weight of the catalyst increases, the conversion rate of the reaction increases because the number of active sites available for the reaction also increases.



Likewise, Figure 7 shows that as the volume of the reactor increases, the conversion rate of the reaction increases because the number of active sites available for the reaction also increases.




3.4. Comparisons


The proposed plant design is similar to other pyrolysis plants in that it uses a high temperature to convert plastic waste into valuable chemicals. However, the proposed plant design differs from other pyrolysis plants in the following ways:




	
The proposed plant design uses controlled partial depolymerization, which results in a higher yield of alkyl aromatics;



	
The proposed plant design uses dimensionless numbers to optimize the process, resulting in improved energy efficiency and product quality.








Table 27 compares the proposed plant design with other pyrolysis plants:





4. Conclusions


In this study, we have presented the design overview and estimation of design parameters for a plant aimed at converting plastic waste into useful chemicals, specifically alkyl aromatics. The major components of the plant include a batch catalytic reactor, a shell and tube heat exchanger, and a distillation column. Regarding the design of the heat exchanger, we considered various selection criteria, such as thermal and hydraulic requirements, material capability, operational maintenance, and availability. Shell and tube heat exchangers were chosen due to their durability and high-pressure capabilities. The design considerations for the tubes in the thermal systems included different configurations, diameters, number, length, pitch, and arrangements. Tube-side calculations were performed to determine parameters such as the Prandtl number, Reynolds number, Nusselt number, and overall heat transfer coefficient.



For the distillation column design, we followed a step-by-step process, including calculations of the number of plates, column diameter, liquid flow pattern, provisional plate design, weeping point, plate pressure drop, downcomer liquid backup, and column height. The Fenske–Underwood–Gilliland (FUG) method was used to calculate the minimum number of plates, and the Kirkbride method was used to determine the feed tray location. Tray type, net vapor velocity, and column area were also determined. In the design of the catalytic batch reactor, rate laws and stoichiometry calculations were employed to analyze the reactions and determine the reaction rate constants. Material and energy balances were performed for the reactor, absorption column, and distillation column. Pressure drop calculations were conducted using the Ergun equation.



The results and discussions presented quantitative data, including mass flow rates, the molar flow rates, heat duties, and compositions of various components in the reactor, absorption column, and distillation column. Additionally, graphs were provided to visualize the relationship between catalyst weight and conversion rate, as well as reactor volume and conversion rate. Based on the obtained results, we conclude that the proposed plant design for the conversion of plastic waste into alkyl aromatics is highly efficient in terms of energy utilization and product quality. The use of controlled partial depolymerization at a temperature of 280 °C allows for a higher yield of alkyl aromatics compared to other pyrolysis plants operating at higher temperatures. Design optimization using dimensionless numbers further contributes to improved energy efficiency and product quality.



Our process of converting waste plastic into alkyl aromatics offers several positive socioeconomic implications. First, it has the potential to generate employment opportunities in various sectors, such as municipal, engineering, commercial, and industrial sectors. This can have a significant impact on the local economy, particularly in Oman, where there is a high demand for alkyl aromatics and a need to address the issue of plastic waste. The cost-effectiveness of our process allows for the production of alkyl aromatics at low prices, making the project profitable and economically viable. Furthermore, the alkyl aromatics produced through our process possess several environmentally friendly characteristics. These include their hardness, light weight, resilience to water and chemicals, heat and cold resistance, low electrical and thermal conductivity, simplicity of production, impressive color variety, design versatility, durability, and energy efficiency. These properties make them a desirable alternative to traditional materials in various applications, such as packaging materials, agriculture, construction, insulation, the car industry, electrical gadgets, textiles, sports equipment, and toys. However, there are certain limitations and challenges that should be considered for future research and implementation. The current study focused on the conversion process itself and its socioeconomic implications, but further research is needed to address issues such as scalability, waste management, and the long-term environmental impact of the process. Additionally, more in-depth analyses and quantitative results should be conducted to provide a comprehensive understanding of the technique and its potential benefits.



Looking ahead, it is essential to have a clear vision for the future of this research. Future studies should aim to overcome the limitations and challenges identified herein, working towards a sustainable and efficient solution for plastic waste management. The development of more theoretical contributions should be considered, exploring novel approaches and technologies that can further improve the conversion process and enhance the environmental and socioeconomic outcomes. In summary, our project aims to tackle the global problem of plastic pollution while creating value from waste materials. By converting waste plastic into alkyl aromatics, we can contribute to the economy, reduce plastic waste, and offer environmentally friendly alternatives for various applications. Continued research and development in this field are crucial to fully realize the potential of this innovative approach and address the challenges associated with plastic waste.
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Figure 1. Composition of solid waste. 
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Figure 2. Process flow diagram for fuel production from plastic waste. 
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Figure 3. Process flow diagram. 
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Figure 4. Plastic waste composition. 
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Figure 5. Tray spacing under flooding condition. 
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Figure 6. Conversion versus catalyst weight. 
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Figure 7. Conversion versus reactor volume. 
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Table 1. Tube-side fluid conditions.






Table 1. Tube-side fluid conditions.





	Component
	Value
	Unit





	Tc1
	30
	°C



	Tc2
	50
	°C



	Tavg
	40
	°C



	M
	1.38
	kg/s



	Cp
	980
	J/kg∙K










 





Table 2. Shell-side fluid conditions.






Table 2. Shell-side fluid conditions.





	Component
	Value
	Unit





	Th1
	40
	°C



	Th2
	25
	°C



	tavg
	32.5
	°C



	M
	0.43
	kg/s



	Cp
	4186
	J/kg∙K










 





Table 3. Properties of chloroform.






Table 3. Properties of chloroform.





	Parameter
	Value
	Unit





	Viscosity
	0.00056
	Pa.s



	K
	0.64
	w/m∙K



	mh
	1.38
	kg/s



	Atp
	0.004
	m2



	Velocity
	0.736
	m/s



	f
	0.007
	--



	f/2
	0.004
	--










 





Table 4. Properties of water.






Table 4. Properties of water.





	Parameter
	Value
	Unit





	Viscosity
	5.59 × 104
	Pa.s



	K
	0.642
	w/m∙K



	Pr
	3.64
	---



	Tc1
	25
	°C



	Tc2
	40
	°C



	mc
	0.431
	kg/s



	C
	0.006
	M



	De
	0.025
	M










 





Table 5. Fouling resistance.






Table 5. Fouling resistance.





	Rfo
	0.000176



	Rfi
	0.000352










 





Table 6. Tube-side specifications.






Table 6. Tube-side specifications.





	Parameter
	Value





	BWG
	16



	ID tube
	0.022098 m



	OD
	0.0254 m



	Number of tubes
	60



	Tube length
	2.745 m



	Pitch
	0.03175 m



	Pressure drops
	4005 Pa










 





Table 7. Shell-side specifications.






Table 7. Shell-side specifications.





	Parameter
	Value





	Shell diameter
	16



	Number of passes
	1



	Baffle spacing
	0.1525 m



	Number of baffles
	17



	Pressure drops
	970 Pa










 





Table 8. Specifications.






Table 8. Specifications.





	Parameter
	Value
	Unit





	P
	166,800
	Pa



	T
	423.15
	K



	R
	8.314
	m3Pa/K·mol



	Tray spacing
	0.6
	m










 





Table 9. Feed composition.






Table 9. Feed composition.





	Components
	m

(kg/day)
	MW

(kg/kg mol)
	n

(kg mol/day)
	xf





	Ethane
	69.0
	30
	2.30
	0.03



	Methane
	319.0
	16.04
	19.9
	0.5



	Toluene
	360.0
	92.14
	3.91
	0.47



	Total
	748.0
	---
	---
	1.00










 





Table 10. Light key (LK) and heavy key (HK).






Table 10. Light key (LK) and heavy key (HK).





	     C o m p o n e n t     
	      y d        
	      X w        





	    Methane      
	   0.996   
	   0.002   



	   Toluene   
	   0.004   
	   0.9978   










 





Table 12. Net column area.






Table 12. Net column area.





	Mv
	614.8064
	m3/s



	An
	336.5673
	m2










 





Table 13. Height of the column.






Table 13. Height of the column.





	Tray efficiency
	0.75
	60–85%



	Actual trays
	27.4215
	---



	H
	16.4529
	M










 





Table 14. Pressure drop calculation.






Table 14. Pressure drop calculation.





	Component
	Value
	Unit





	Vm
	−0.887
	kmol/s



	Qm
	−21.7
	m3/s



	Ad
	59.39
	m2



	Aa
	277.17
	m2



	Hole area
	27.717
	m2



	Cao
	0.5
	---



	Hd
	0.094
	Mm



	Hr
	14.417
	Mm



	Hw
	45
	Mm



	Lw
	4.9803
	---



	How
	175.709
	Mm



	Hl
	235.221
	Mm



	Total pressure drops
	2000.615
	Pa










 





Table 15. Data specifications.






Table 15. Data specifications.





	
Parameter

	
Value






	
Distillation column (operation conditions) specifications




	
Pressure

	
2 atm




	
Temperature

	
150 °C




	
Reflux ratio

	
0.2675




	
Flooding velocity

	
2.28 m/s




	
Net velocity

	
1.82 m/s




	
Pressure drops

	
2000 Pa




	
Condenser heat duty

	
−180.9 kW




	
Reboiler heat duty

	
200.1 kW




	
Dimensional specifications




	
Net column area

	
336.567 m2




	
Cross-sectional area of column

	
395.96 m2




	
Diameter of column

	
6.46 m




	
Height of column

	
16.45 m




	
Hole area

	
27.17 m2




	
Tray specifications




	
Theoretical number of plates

	
20.56




	
Actual number of plates

	
27




	
Tray type

	
Sieve trays




	
Tray spacing

	
0.6 m




	
Plate efficiency

	
80%




	
Feed tray location

	
8




	
Number of trays in rectifying section

	
7




	
Number of trays in stripping section

	
13











 





Table 16. Mole balance of the reactions.






Table 16. Mole balance of the reactions.





	Polyethylene
	A
	dFA/dt
	rA (kmolA/kgcat.day)



	Alkyl benzene
	B
	dFB/dt
	rB (kmolA/kgcat.day)



	Alkyl tetralin
	C
	dFC/dt
	rC (kmolA/kgcat.day)



	Alkyl naphthalene
	D
	dFD/dt
	rD (kmolA/kgcat.day)



	Alkyl naphthalene
	E
	dFE/dt
	rE (kmolA/kgcat.day)



	Alkyl cycloalkane
	F
	dFF/dt
	rF (kmolA/kgcat.day)



	Gases
	H
	dFG/dt
	rG (kmolA/kgcat.day)







F is the molar flow rate, and r is the reaction rate.













 





Table 17. Rate law applied.






Table 17. Rate law applied.





	
rA = rA1 + rA2 + rA3

	
−9.88

	
kmolA/kgcat.hr




	
rB = rB1 − rB4

	
−1.887




	
rC = –rC3 + rC2

	
4.449




	
rD = −rD3

	
−4.26




	
rE = rE4

	
−1.99




	
rF = rF4

	
−1.23




	
rG = rC5

	
−1.66











 





Table 18. Reaction rate.






Table 18. Reaction rate.





	Reaction Rate Expression
	Reaction Rate Constant (K)





	   r  A 1  = −  K 1  .    P a    
	    K 1  = 5 ×   10   − 9   ×  e    − 50000   8.314 T       



	   r  A 2  = −  K 2  .    P a    
	    K 2  = 1 ×   10   − 11   ×  e    − 45000   8.314 T       



	   r  A 3  = −  K 3  .    P C    
	    K 3  = 3 ×   10   − 7   ×  e    − 40000   8.314 T       



	   r  A 4  = −  K 4  .    P B    
	    K 4  = 5.3 ×   10   − 8   ×  e    − 35000   8.314 T       



	   r  A 5  = −  K 5  .    P A    
	    K 5  = 7.9 ×   10   − 12   ×  e    − 30000   8.314 T       










 





Table 19. Reaction rate constants.






Table 19. Reaction rate constants.





	
   r  A 1  = − 8.314   C A × T    (  5 ×   10   − 9   ×  e    − 50000   8.314 T      )    

	
kmolA/kgcat.day




	
   r  A 2  = − 8.314   C A × C B × T    (  1 ×   10   − 11   ×  e    − 45000   8.314 T      )    




	
   r  A 3  = − 8.314   C C × T    (  3 ×   10   − 7   ×  e    − 40000   8.314 T      )    




	
   r  A 4  = − 8.314   C B × T    (  5.3 ×   10   − 8   ×  e    − 35000   8.314 T      )    




	
   r  A 5  = − 8.314   C A × T    (  7.9 ×   10   − 12   ×  e    − 30000   8.314 T      )    











 





Table 20. Stoichiometry.






Table 20. Stoichiometry.





	Stoichiometry
	Value
	Stoichiometry
	Value





	    C i  = C T O    F i   T o  P    F T   P o  T     
	1.42 kmol/m3
	    C D  = C T O    F D   T o  P    F T   P o  T     
	0.1494 kmol/m3



	    C A  = C T O    F A   T o  P    F T   P o  T     
	0.022 kmol/m3
	    C E  = C T O    F E   T o  P    F T   P o  T     
	0.1963 kmol/m3



	    C B  = C T O    F B   T o  P    F T   P o  T     
	0.009352 kmol/m3
	    C F  = C T O    F F   T o  P    F T   P o  T     
	0.1934 kmol/m3



	    C c  = C T O    F c   T o  P    F T   P o  T     
	0.131 kmol/m3
	    C G  = C T O    F G   T o  P    F T   P o  T     
	0.1628 kmol/m3







Where the inlet temperature = 115 °C, and the operating pressure = 2 atm.













 





Table 21. Composition of reactor components.






Table 21. Composition of reactor components.





	
Input

	
Output




	
Component

	
F = n (kg mol/hr)

	
Component

	
F = n (kg mol/hr)






	
FAO

	
1.428

	
FA

	
0.1714




	
FBO

	
---

	
FB

	
10.36




	
FCO

	
---

	
FC

	
4.99




	
FTo

	
1.428

	
FD

	
2.56




	

	

	
FE

	
3.28




	

	

	
FF

	
7.57




	

	

	
FG

	
4.11




	

	

	
FI

	
---




	

	

	
Total

	
33.0414











 





Table 22. Catalyst specifications.






Table 22. Catalyst specifications.





	
Type of Catalyst

	
Platinum-Alumina

	
Unit






	
Density of solid catalyst

	
Ρc

	
600

	
kg/m3




	
Void fraction (porosity)

	
Φ

	
0.55

	
---




	
Bulk density of solid catalyst

	
ρb = (1 − φ)ρc

	
270

	
kg/m3




	
Catalyst particle diameter

	
Dp

	
0.00006

	
M











 





Table 23. Steam requirements for heating.






Table 23. Steam requirements for heating.





	Reactor feed temperature
	Tc1
	115 °C



	Inlet heating medium temperature
	Th1
	115 °C



	Reactor effluent temperature
	Tc2
	280 °C



	Outlet heating medium temperature
	Th2
	100 °C



	Heat duty
	Q
	30,940 watts










 





Table 24. Material and energy balance of the reactor.






Table 24. Material and energy balance of the reactor.





	
Component

	
Molar Mass (kg/mol)

	
Composition

	
Mass Flow Rate (kg/hr)

	
Molar Flow Rate (mol/hr)

	
ΔCp.ΔT (kJ/kg)

	
H (kJ/hr)






	
S1

	
Input




	
Polyethylene

	
3500

	
1

	
5000

	
1.428571429

	
100.75

	
503,750




	
Total

	
1

	
5000

	
1.428571429

	
---

	
503,750




	
S2

	
Output




	
Gases

	
182.2

	
1

	
750

	
4.116355653

	
520

	
390,000




	
Total

	
1

	
750

	
4.116355653

	
---

	
390,000




	
S3

	
Output




	
Alkylbenzene

	
106.16

	
0.258823529

	
1100

	
10.36171816

	
130

	
143,000




	
Tetralin

	
160.25

	
0.188235294

	
800

	
4.992199688

	
195

	
156,000




	
Alkyl naphthalene

	
156.22

	
0.094117647

	
400

	
2.560491614

	
260

	
104,000




	
Naphthene

	
152.28

	
0.117647059

	
500

	
3.283425269

	
325

	
162,500




	
Cycloalkane

	
112.21

	
0.2

	
850

	
7.575082435

	
390

	
331,500




	
Unreacted polyethylene

	
3500

	
0.141176471

	
600

	
0.171428571

	
455

	
273,000




	
Total

	
1

	
4250

	
28.94434574

	
---

	
1,170,000











 





Table 25. Material and energy balance of the absorption column.






Table 25. Material and energy balance of the absorption column.





	
Component

	
Molar Mass (kg/mol)

	
Composition

	
Mass Flow Rate (kg/hr)

	
Molar Flow Rate (mol/hr)

	
ΔCp.ΔT (kJ/kg)

	
H (kJ/hr)






	
S3

	
Input




	
Alkylbenzene

	
106.16

	
0.258823529

	
1100

	
10.36171816

	
130

	
143,000




	
Tetralin

	
160.25

	
0.188235294

	
800

	
4.992199688

	
195

	
156,000




	
Alkyl naphthalene

	
156.22

	
0.094117647

	
400

	
2.560491614

	
260

	
104,000




	
Naphthene

	
152.28

	
0.117647059

	
500

	
3.283425269

	
325

	
162,500




	
Cycloalkane

	
112.21

	
0.2

	
850

	
7.575082435

	
390

	
331,500




	
Unreacted polyethylene

	
3500

	
0.141176471

	
600

	
0.171428571

	
455

	
273,000




	
Total

	
1

	
4250

	
28.94434574

	
---

	
1,170,000




	
S4

	
Output




	
Alkylbenzene

	
106.16

	
0.285714286

	
1100

	
10.36171816

	
146

	
160,600




	
Tetralin

	
160.25

	
0.207792208

	
800

	
4.992199688

	
235

	
188,000




	
Naphthene

	
152.28

	
0.12987013

	
500

	
3.283425269

	
350

	
175,000




	
Cycloalkane

	
112.21

	
0.220779221

	
850

	
7.575082435

	
420

	
357,000




	
Unreacted polyethylene

	
3500

	
0.155844156

	
600

	
0.171428571

	
490

	
294,000




	
Total

	
1

	
3850

	
26.38385412

	
---

	
1,174,600




	
S5

	
Output




	
Alkyl naphthalene

	
156.22

	
1

	
400

	
2.560491614

	
290

	
116,000




	
Total

	
1

	
400

	
2.560491614

	
---

	
116,000











 





Table 26. Material and energy balance of the distillation column.






Table 26. Material and energy balance of the distillation column.





	
Component

	
Molar Mass (kg/mol)

	
Composition

	
Mass Flow Rate (kg/hr)

	
Molar Flow Rate (mol/hr)






	
S4

	
Input




	
Alkylbenzene

	
106.16

	
0.285714286

	
1100

	
10.36171816




	
Tetralin

	
160.25

	
0.207792208

	
800

	
4.992199688




	
Naphthene

	
152.28

	
0.12987013

	
500

	
3.283425269




	
Cycloalkane

	
112.21

	
0.220779221

	
850

	
7.575082435




	
Unreacted polyethylene

	
3500

	
0.155844156

	
600

	
0.171428571




	
Total

	
1

	
3850

	
26.38385412




	
Top

	
Output




	
Naphthene

	
152.28

	
0.99

	
439.5175847

	
2.886246288




	
Alkylbenzene

	
106.16

	
0.01

	
0.212776885

	
0.002004304




	
Total

	
1

	
439.7303615

	
2.888250591




	
Bottom

	
Output




	
Alkylbenzene

	
106.16

	
0.029218651

	
18.21152166

	
0.171547868




	
Unreacted polyethylene

	
3500

	
0.029198332

	
600

	
0.171428571




	
Tetralin

	
160.25

	
0.850289435

	
800

	
4.992199688




	
Naphthene

	
152.28

	
0.009543607

	
8.532584189

	
0.056032205




	
Cycloalkane

	
112.21

	
0.081749975

	
53.85727285

	
0.479968567




	
Total

	
1

	
1480.601379

	
5.871176899








Heat duty of condenser = Qc = 13,009.42 kW; Heat duty of boiler = Qb = 19,565.42 kW.













 





Table 27. Comparison of the proposed plant design with other pyrolysis plants.






Table 27. Comparison of the proposed plant design with other pyrolysis plants.





	Feature
	Proposed Plant Design
	Other Pyrolysis Plants





	Temperature
	280 °C
	500 °C or higher [21,22,23]



	Yield of alkyl aromatics
	High
	Low–medium [24]



	Energy efficiency
	High
	Low–medium [25]



	Product quality
	High
	Low–medium [25]



	Scalability
	Can be scaled up
	Limited scaling opportunities [26,27,28,29]
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