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[bookmark: _Toc283354986]Executive Summary

This is an introductory report of the design of a cumene production plant. Cumene is a widely used chemical for the production of phenol which is a feedstock for the production of polycarbonates(PC), widely used in modern society in the automobile sector, the optical media world, for plastic resins production and a lot of other important sectors. Cumene is mainly synthesized by a freidel-craft alkylation of benzene with propylene on an acid catalyst,this reaction and it’s side reaction are well understood, and plus a second reaction path can be added to the alkylation reaction, the transalkylation reaction which is done by reacting diisopropylbenzene with benzene over an acid catalyst; both of this reactions are well understood and well be developed in depth later on . One of the advantage of this process is a lot of study has been done on the alkylation reaction, most importantly on the different catalyst that can be used to carry it out, the first cumene process were carried out using catalyst such as AlCl3, boron trifluoride and hydrogen fluoride; later on a new process was introduced, this process used SPA (Solid Phosphoric Acid), it yields a very efficient and economical process, but it had some limitation and with the growing expectation for a high quality of the cumene from the producers, zeolites were used to catalyze this reaction. This improvements done troughout the years shows how important this chemical is. Also, it must be noted that while doing a process design a lot of things are taken into account such as, the profitability of building the plant, therefore a good understing of the market is crucial and also the environmental effect. For the feasibility of this process it is extremly important to have a high yield because of the price of our raw material which are benzene which can be obtained at 99.9% purity and the propylene obtained at a purity of 90-95%. A well optimized process can give up to 99.97% purity and a yield as high as 99.5%  As it is going to be shown in the next couple of pages, the cumene market is global and the demand is really high, and this trend is not expected to change soon. A brief description of the process in study is given below,  and some of the environmental and safety considerations are discussed. 
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[bookmark: _Toc283354989]Chapter 1: Background
[bookmark: _Toc283354990]1.1 History of Cumene 

The alkylation process of benzene with propylene over an acid catalyst to produce cumene was originally developed during World War II (1939-1945) to meet the demand for high octane aviation gasoline. In this early years of cumene production, a process was introduced by UOP which was called “UOP catalytic condensation process”, the process consisted of using a solid phosphoric acid (SPA) to oligomerize light olefin by-products from petroleum thermal cracking into heavier paraffin’s that was blended into Gasoline. Nowadays its usage is different; it has grown in importance as a feedstock for the production of phenol. 
Throughout the years a wide range of catalyst has been used for this alkylation reaction, such as boron trifluoride, hydrogen fluoride, aluminium chloride, and solid phosphoric acid (SPA). SPA is a very efficient and economical catalyst for the synthesis of cumene but it has certain limitations, such as yield, which it is limited to about 95%. Also SPA is not regenerable and must be disposed of at the end of each catalyst cycle. With phenol producers requesting for an improved cumene quality at higher purity levels in the 1990’s, the demand to find alternative production methods began to grow. New catalysts were tested to find out which one would produce a better cumene quality at a higher yield and also to develop a catalyst that was regenerable, reducing lower the cost of production. Materials such as: mordenites, MFIs, Y-Zeolites, amorphous silicia-aluminas, and beta-Zeolites were tested as catalyst for the alkylation process of cumene. The best out of these materials were modified to try to improve the selectivity of cumene and were tested rigorously. In the 1992, a new process for the production of cumene was in place, this process was based on using a modified beta-zeolite as catalyst that gave a more optimized process.







[bookmark: _Toc283354991]1.2 Marketplace Analysis 

[bookmark: _GoBack]Cumene is largely used in the production of phenol; approximately 98% of the cumene produced is used as a feedstock for the production of phenol, and also as a feedstock for the production of acetone.  Bisphenol-A which supplies the large polycarbonates market, is the number one phenol derivative. PC resins are used in automotive applications, architectural and security needs for glazing outlets, in the optical media industry for compact discs (CDs) and digital versatile discs (DVDs) and also for plastic bottles production. Some of this industry are softening and therefore slowing down the cumene growth, the automotive sector crisis, CDS and DVDs are used less with the emergence of mp3s, and the production of plastic bottles from BPA has raised some health concerns and some of this bottles are removed from the market. Caprolactam is also a phenol derivative, it is used to manufacture nylon 6, and this sector is growing too. 
[image: ]Figure 1: Cumene Value Chain
  
     Studies show that in recent years the cumene market has been growing at a rate of 4%. The main reason of this growth is due to the increase in production of bisphenol-A and its derivatives. The worldwide demand for cumene for 2011 is estimated to be 13.7 million metric tonnes per years. Figure 2.1.2 shows how the demand looks in different part of the world; the highest demand is in china which represents 40.9% of the worldwide demand, the second largest market is Europe which represents 25.4% of the demand. The demand in North America is also high, it represents 25.4% of the usage of cumene and the rest is distributed in the Central and Eastern Europe, South and Central America, and the Middle East.
[image: ]
Figure 2: Worldwide demand of Cumene for 2011
           China is increasing at a high rate their capacity of production of cumene and they are operating at 100% of their potential. The growth in this market is not expected to stop anytime soon. Although there is a slowdown in the European and North American market growth, environmentalist want to limit the usage of BPA, as mentioned above. In the Middle-East, there is an current effort to increase the capacity of production of cumene, with a current multi-billion dollars investment to build a world-scale naphtha cracker, for plants manufacturing propylene and ethylene derivatives, as well as a world-scale reformer and xylenes, benzene, cumene, phenol, and derivative units. The main risks to cumene demand will come from lower-than-expected polycarbonate growth, finding alternative ways of producing phenol, and problems with the supply of propylene. In addition, long term risks are the discovery of new feedstocks routes for the production of bisphenol-A or polycarbonates.
[bookmark: _Toc283354992]1.2.1 Economic Perspective

          The cumene market is expected to grow up to an additional 1.7 million metric tonnes before 2016. The main reason is the growing market of Asia which is growing at a high rate because of the increasing domestic demand of cumene. Many North American companies are exporting Cumene to china because of the economical advantage that the propylene price in North-America offers to the Asian. The price of propylene recorded in November of 2010 was 57.50 cents/lb for the polymer-grade propylene (PPG) and 56.00 cents/lb for the chemical-grade propylene (CGP), which is the one used mostly in the cumene process. The prices of these materials is tough to predict due of the fluctuation in the crude oil price. For January 2011, the price of propylene (CGP) went down to around 48-49 cents/lb, which is better for cumene production. Benzene prices during the month of November of 2010 was at $3.42/gal. The latest benzene price in the month of January 2011 was up to $3.80/gal. The reason of this increase is due to the cut-back of gasoline products produced by reforming. This process produces, at the same time, benzene as a by-product. The consequence is a decrease in the offer of benzene and therefore an increase in its price. The price of cumene has been increasing because of the surging feedstock values (propylene, benzene); the 2011 price for cumene is around 42-43$/lb.
There are a large number of cumene producers around the world, Figure 3 lists the North American cumene producers and gives us their location and the amount of cumene produced every year.The biggest producer is Shell Chemicals based at Deer Park, TX; it has an annual production size of 725 thousands of metric tonnes. Many of the producers listed have a production rate above 300 thousands of metric tonnes/year. The major licensers of the process used are ExxonMobil-Badger, UOP and DowChemical-Kellogg Brown & Root.  [image: ]
Figure 3: Cumene producers in North America
          The Asian market has a huge investment potential. The demand in 2011 is approximately 5.6 million metric tonnes based on a study done by SRI Consulting (Menlo Park). This same group studied the amount of Cumene produced in 2011 for the Asian market, estimated to approximately 5.2 million metric tonnes, where the major producers were China, Japan and China. Their production doesn’t meet their demand, and therefore they have to import from other countries which might be costly. The labour costs in Asia are generally lower than that of North American. The prospects of building a cumene plant in Asia will be considered and discussed the financial feasibility analysis section of this report.
Table 1: Cumene Producers in Asia
	Country
	Production(thousands of m.t/year)

	China
	1374

	India
	84

	Japan
	1460

	Korea
	655

	Singapore
	350

	Taiwan
	1265

	Total
	5188



[bookmark: _Toc283354993]1.3 Properties of Cumene

Isopropyl-benzene, more commonly known as cumene, occurs naturally in petroleum and coal tar. Cumene is characterized as a volatile, colourless liquid with a sharp, penetrating aromatic odor [Cavender, 1994]. 

Table 2: Properties of Cumene
	
	Cumene

	Molecular formula
	C9H12

	Molar mass
	120.19 g mol−1

	Appearance
	colourless liquid

	Density
	0.8618 g/cm3

	Melting point
	-96.0 οC

	Boiling point
	152.4οC

	Solubility in water
	insoluble

	Viscosity
	0.777 cP at 21 °C

	Critical properties Tc, Pc
	351.4°C, 3220 kPa

	Latent heat of vaporization
	367 J/g at 25°C



Care must be taken when handling and transporting cumene as it is flammable at temperatures exceeding 35οC. As well, cumene samples exposed to air can undergo oxidation to produce cumene hydroperoxide (CHP) (figure X), 
[image: ]
Figure X: Cumene oxidation to produce cumene hydroperoxide (CHP)

[bookmark: _Toc283354994]1.4 Properties of Raw Material used to produce Cumene

Table 3: Properties of Raw Material

	
	Benzene
	Propylene


	Molecular formula
	C6H6
	C3H6

	Molar mass
	78.11 gm/mol
	42.08 gm/mol

	Appearance
	Colorless liquid
	Colorless gas

	Density
	0.8786 gm/cm3
	613.9kg/m3(Liquid )

	Melting point
	5.5oC
	-185.2 oC

	Boiling point
	80.1oC
	-47.6 oC

	Solubility in water
	0.8 gm/l at 25 oC
	0.61 gm/l

	Viscosity
	0.652 CP at 20 oC
	8.34 µPa-s at 16.7 oC

	Critical properties (Tc, Pc)
	562.2 K, 48.98bar
	365.6K, 46.65bar

	Latent heat of vaporization
	30781 J/mol
	20055 J/mol



[bookmark: _Toc283354995]

Chapter 2: Process Description

[bookmark: _Toc283354996]2.1 Reaction Paths to Produce Cumene

Cumene is manufactured via an alkylation reaction of bezene with propylene over an acid catalyst. The properties of the catalyst have a significant influence on the optimization of the cumene synthesis process. The catalyst chosen to carry out the reaction will define the process parameters including the temperatures at which the reaction will be carried out, the yield of the product, the selectivity of the products, the life-cycle of the catalyst, and other safety and environmental related factors. The major catalysts used commercially to produce cumene include 

· Solid phosphoric acid (SPA) catalyst 
· Aluminum chloride catalyst
· Zeolite catalyst

For over fifty years, solid phosphoric acid (SPA) and aluminum chloride (AlCl3) have been used to synthesize cumene in the chemical industry. The process was further developed by the use of zeolite in the late nineties. Zeolites have gained increasing interest due to the corrosive and contaminating nature of alkylation processes based on Friedel-Crafts (AlCl3) or solid phosphoric acid (SPA) [Siffert, 1999].
A brief analysis of the characteristics and reaction mechanisms for each type of catalyst will be conducted, and will be used as the basis for the selection and preparation of the catalyst to be used in our cumene production facility.



[bookmark: _Toc283354997]

2.1.1 Traditional Alkylation Process using SPA & AlCl3 catalysts

Traditionally, industrial cumene production were carried out through an alkylation reaction of benzene with propylene over a acid catalyst such as solid phosphoric acid (SPA) or a Friedel craft (AlCl3) catalysts (Figure 1) [Han, 2000]. Generally, Friedel-Crafts alkylation reactions are Lewis acid-catylized electrophilic aromatic substitutions that produce alkylated end products.
[image: ]
Figure 1: Alkylation reaction of benzene with propylene to produce cumene


In the alkylation reaction, the Lewis acid reacts with the alkylating agent (ie: alkyl halide, alkene, alkyne, or alcohol) to promote the formation of a secondary carbocation, which can be visualized as positively charged carbon ion or carbonium ion. A secondary isopropyl carbocation, with a positive charge on the middle carbon, is favoured and will form more readily due to its more stable structure. Figure 2 illustrates the first step in the cumene process, which is the formation of an isopropyl cation.
[image: ]
Figure 2: Formation of a Secondary carbocation

Once the carbocation is formed, it will act as an electrophile and react with the nucleophilic aromatic benezene ring. Two electrons from benenze’s delocalized ring structure are used to form a bond with the carbocation. The new bond leads to a break the aromaticity of the benzene ring and formation of a delocalized cyclo-hexadienyl cation intermediate (Figure 3). The benzene ring will carry a positive charge. 

[image: C:\Users\admin\Desktop\indpropm1.GIF]

Figure 3: Formation of a delocalized cyclo-hexadienyl cation intermediate.

The cyclo-hexadienyl cation is then de-protonated to form iso-propylbenzene (cumene) (Figure 4). The electrons which were used to bond the hydrogen atom to benzene are used to regenerate the delocalized ring. 
[image: ]
Figure 4: De-protonated of cyclo-hexadienyl cation to form cumene


There are several possible side reactions that can occur during the alkylation of benzene with propylene. One important side reaction is known as polyalkylation, which occurs when multiple propyl groups attach to the benzene ring. Due to the resonance theory, the cumene is more reactive than the original benzene reactant [Wittcoff, 2003]. This is because the isopropyl group on cumene has a stabilizing influence on the intermediate cyclo-hexandienyl cation formed following the addition of the isopropyl cation to the aromatic ring. It has been shown that the ring carbon bearing the isopropyl group bears the positive charge. The consequence is that the cumene will undergo further alkylation with a propylene molecule to form the di-isopropylbenzene (DIPB) by-product. Both m-DIPB and p-DIPB isomers are commonly formed [Froment, 2001]. Similarly, DIBP formed will be more reactive than cumene and thus, once formed, will react with an available propylene reactant to form tri-isopropylbenzene (TIPB) [Dimian & Bildea, 2008]. The polyalkylation mechanism is show in figure 5.
[image: ]
Figure 5: Poly-alkylation of Cumene


The polyalkylate byproducts, DIPB and TIPB, can be converted back to cumene by reaction with benzene in a transalkylation reaction [Degnan, 2001]. TIPB 
[image: ]
Figure 7: Transalkylation of DIPB with benzene to form Cumene. 

[image: ]
Figure 8: Transalkylation of TIPB with benzene to form Cumene & DIPB.

Although not very common, the formation of primary carbocation will lead to the production of n-propylbenzene instead is cumene (figure 9). It will be important to minimize the amount of n-propylene produce since it will be difficult to separate it from cumene using distillation [Jiří Čejka, Herman van Bekkum, 2005]
[image: ]
Figure 9: Secondary isomerization to produce n-propylbenzene


Two propylene reactants can react in a dimerization reaction to form hexene (figure 10). Excess benzene can be used to suppress the formation of hexane.
[image: ]
Figure 10: Dimerization of benzene molecules to form hexane

The hexene by-product can then react with a benzene molecule to produce hexylbenzene or, instead, react with a propylene molecule to form nonene. In the presence of a Lewis acid, the hexene can become hydrogenated to form hexane (figure 11).

[image: ]
Figure 10: Formation of hexylbenzene, nonene, and hexane from hexane.

[bookmark: _Toc283354998]2.1.2 Current Zeolite-catalyzed Alkylation Process

The zeolite-based alkylations follow a Eley-Rideal mechanism. The size of the pores in the zeolite greatly influences the kinetics of the alkylation reaction [Siffert, 1999]. The reaction mechanism for the alkylation of cumene catylzed by beta-zeolite is show in figure 11.  The first step is the formation of an isopropyl cation on a protonic site of the zeolite (figure 11-1). The network of Bronsted acid sites influence the number of isopropyl cations that can form [Siffert, 1999]. Although there exists competitive adsorption between propylene and benzene, studies by Siffert et al (1999) have shown that the absorption of propylene is much stronger than that of benzene on protonated zeolite. The benzene to propylene ratio, when increased, will increase the separation between propylene molecules, reducing the amount of olgimerization observed. Once the isopropyl cation forms on the surface of the zeolite, the benzene molecule will undergo an electrophilic substitution with the isopropyl cation  (Figure 11-2), forming a cumene molecule and regenerating the zeolite catalyst. Further polyalkylation of cumene to form di-isopropylbenzene (figure 11-3) and tri-isopropylbenzene (figure 11-4) is also accompanied by the regeneration of the zeolite catalyst. Transalkylation of tr-isopropylbenzene with a benzene molecule will produce cumene and di-isopropylbenzene (figure 11-5). Di-isopropylbenezene can undergo further transalkylation with an available benzene molecule to produce cumene. Stoichometically, two moles of cumene molecules will form for each mole of benzene and di-isopropylbenzene that react.
[image: ]


Figure 11: Reaction mechanism for the alkylation of benzene with propylene over beta-zeolite.


[bookmark: _Toc283354999]2.2 Catalyst Properties & Characteristics 

[bookmark: _Toc283355000]2.2.1 Solid Phosphoric Acid (SPA) Catalyst:

The SPA catalyst is a compound of phosphoric acid supported by a solid material, such as kieselguhr or diatomaceous earth. SPA was the first catalyst that was used in the industry in the mass production of cumene. The alkylation reaction is usually carried out in a fixed bed reactor at a temperature within the range of 180-360 °C[footnoteRef:1]. SPA achieves a high propylene conversion that is nearly complete. As for the selectivity of benzene to cumene, it is approximately 95%. The yield could reach as high as 96-97%[footnoteRef:2]. The use of SPA is accompanied with some limitations regarding product purity and yield, as well as operational and environmental issues. One of these limitations is the fact that the transalkylation reaction of poly-isopropylbenzenes (PIPB), including DIPB and TIPB, back to cumene is not favored due to the insufficient phosphoric acid activity. [1:  Marcus Ceasar, The Production Of CumeneUsing Zeolite Catalyst Aspen Model Documentation, (1999)]  [2:   Alain Chauvel, Gilles Lefebvre, Petrochemical Processes: Major Oxy- Genated, Chlorinated And Nitrated, Editions TECHNIP, (1989)] 

Therefore, there will be PIPB remaining in the product stream coming out of the reactor. This limitation requires the use of a separation process following the reactor, and therefore, yield losses shall occur. Additionally, it is essential to remove PIPB and other heavy components in the bottoms of the last distillation column. In order to minimize the formation of PIPB, the process employs a high benzene/propylene (B/P) feed ratio in the reaction system to overcome the downside accompanying the use of SPA catalyst. 
Another limitation in SPA catalyst application in cumene production is the dehydration of the catalyst that arises from the high temperature at which the SPA-based reactor operates. This limitation is mitigated by the controlled addition of water for proper performance. However, the excessive use of water is undesirable, because it will cause the SPA pellets to have the tendency to agglomerate, which will result in shorter catalyst life and difficulties in unloading the reactor. The catalyst is not regenerable and must be disposed of after 6 to 18 months of continuous operation[footnoteRef:3]. [3:  Marcus Ceasar, The Production Of Cumene Using Zeolite Catalyst Aspen Model Documentation, (1999)
] 

[bookmark: _Toc283355001]2.2.2 Aluminium chloride AlCl3 Catalyst

Aluminum chloride is a catalyst that is particularly used in the production of ethylbenzene from benzene and ethylene; it is a catalyst that is used in liquid-phase alkylation processes. The alkylation reaction is carried out at temperature below 135°C (275°F), while the pressure should be at suitable rate good enough to maintain the reactants in the liquid phase[footnoteRef:4]. Since it is able to carry out the reaction at low temperatures, it can reduce the formation of oligomers which results in a yield as high as 98%[footnoteRef:5]. The effluent that leaves the alkylation reactor is mixed with recycled PIPB and fed to the transalkylation process in which the PIPB is converted back to cumene. The AlCl3 is removed from the reaction product by means of a three-stage wash system with water and caustic solution. [4: Marcus Ceasar, The Production Of Cumene Using Zeolite Catalyst Aspen Model Documentation, (1999)]  [5:  Harold Wittcoff, B. G. Reuben, Jeffrey S Plotkin, Industrial organic chemicals , Wiley-IEEE, (2004)] 

Usually, the aluminum chloride-based process uses four distillation columns in series to separate propane (contained in the fresh propylene), unconverted benzene, cumene product, and PIPB; the separation will occur at the top of each distillation column. The heavies will leave at the bottom of the last distillation column in a small stream of high boiling compounds. Aluminum chloride-based processes could achieve an overall selectivity of benzene to cumene of about 99%, because PIPB can be recycled to extinction in the reaction system. 
Aluminum chloride catalyst achieves improved product purity relative to the SPA-based process, because the AlCl3 catalyst reduces conversion of propylene monomers to a finite degree of polymerization (oligomerization) and suppresses the formation of tbutylbenzene (a final product impurity). The process requires a low B/P ratio that hovers from 2-3 on a molar basis, and it results in high-quality cumene. Additionally, catalyst activity can be compensated for by simply adjusting the catalyst feed rate[footnoteRef:6].  [6:  Marcus Ceasar, The Production Of CumeneUsing Zeolite Catalyst Aspen Model Documentation, (1999)] 


The limitation to the use of aluminum chloride is that it is highly corrosive, which deteriorates the equipment and thereby creating collateral damage
	      

  
[bookmark: _Toc283355002]2.2.3 Zeolite Catalyst:

The last catalyst to be discussed is zeolite. Zeolites are porous crystalline materials composed of a three-dimensional framework of SiO4 and AlO4 tetrahedra (a pyramid), each with a silicon or aluminum atom in the center. Similar to aluminum chloride, zeolite is sufficiently active to transalkylate PIPB back to cumene. In the feed, Benzene/Propylene ratio varies between 3 and 5 and with a benzene/PIPB molar ratio range of 4 to 10 in the trans-alkylation. Usually, the alkylation is carried out at a temperature 120-180°C with a pressure range of 300–600 psig. The product purity can be as high 99.97% with an overall selectivity of benzene to cumene that varies from 99.7% to almost stoichiometric, depending on the temperature the reaction occurs at; this is a direct effect of the molecular sieving zeolites, which is the ability to selectively sort molecules based primarily on a size exclusion process. Processes that use zeolite catalyst can achieve a yield as high as 99.5%. Zeolite is not highly corrosive, and therefore, in the absence of highly corrosive compounds, carbon steel can be used as the construction material throughout the plant. Also, zeolites can be used for several cycles and are therefore regenerable. Zeolite has a single drawback, which is the potential catalyst poisoning by feed contaminants. The feedstock quality is a determinant factor in deciding whether or not guard beds or additional feed pretreatment is required.  Zeolite has been used to retrofit existing SPA-based plants that resulted in increasing production capacity and product purity. Zeolites enjoy a variety of advantages that surpass the advantages of the previously mentioned catalysts, thus making it an optimal choice for consideration.
Each type of zeolite catalyst has its own characteristic shape, the shape variation results from the tetrahedral configuration from one zeolite type to another. The tetrahedra are linked by oxygen atoms forming ring structures that are unique to the specific type of catalyst. The size of the molecular species that pass through the pores is controlled by the dimensions of the ring structure. The number of tetrahedra in each ring structure determines the size of the zeolite pores. The aim is to use a zeolite that combines high activity, selectivity, and stability for cumene production. 
The main factors that constitute the differences between different types of zeolite are the surface area, pore size distribution, crystal size, and Si/Al molar ratio. On the other hand, these factors are subject to control, and therefore, can be used to improve the zeolite overall quality. For example, mixing zeolite with a binder material increases its resistance to attrition. Pore size distribution may be changed by de-alumination such as mineral acid treatment, anhydrous calcination, and steam treatment, leading to better catalyst performance. As for the Al/Si, this ratio is modified by acid treatment, which is used to increase Al/Si ratio.
In terms of size, medium-pore zeolites and wide-pore zeolites will be considered for the alkylation process. Medium-pore zeolites are used in many alkylation processes, especially in the production of vapor-phase ethylbenzene. Medium-pore zeolites require high temperatures to achieve acceptable rates of benzene diffusion. However, in the case of cumene production, high temperatures lead to excessive formation of n-propylbenzene (NPB) and propylene oligomers, as well as fast catalyst deactivation. The mentioned limitation is avoided by the use of wide-pore zeolites such as modernite or beta-zeolite, and thereby making the choice for this process.
The Al/Si ratio will be the determining factor to choose between modernite and beta-zeolite. The Al/Si ratio represents the acidity of the zeolite, which makes it important controlling parameter. The zeolite activity increases with the increase of the Si/Al ratio. Beta-zeolite Al/Si ratios range from 25-300 while modernite has a ratio of 10. Therefore, beta-zeolite has a higher Al/Si ratio making it the catalyst of consideration for this process. 

Table 4 – Characteristics of SPA, AlCl3, and Zeolite Catalysts

	Catalyst
	Yield
	Temperature
	Life Cycle
	Selectivity (Benzene:Cumene)

	SPA
	As high as 96-97%
	180-360°C
	6-18 months
	95%

	AlCl3
	As high as 98%
	135°C
	
	99%

	Zeolite
	As high as 99.5%
	120-180°C
	2-3 years (several cycles)
	99.7% to almost stoichiometric





[bookmark: _Toc283355003]2.3 Preliminary Block Flow Diagram (BFD) & Overall Mass Balance




Benzene will enter the process at a flowrate of 66785.16 kg/hr.  It will mix with the incoming benzene from the first distillation column. Propylene will enter the process at a flowrate of 5270.08 kg/hr and it contains 5% propane impurity. Propane is an inert species and hence increases the reactor volume as well as reduces the efficiency of the process. Benzene and propylene will mix and go through a heater to be heated up to reactor operating conditions. The reactor operating conditions will be T=180°C and P=3.5 MPa. Conversion of propylene is 97.34% using the beta zeolite catalyst. Selectivity of cumene with respect to propylene is 90.76%. As well as selectivity of p-DIPB with respect to propylene is 8.33%. The reactor effluent is sent to a flash drum that removes the fuel gas containing unreacted propylene and inert propane at the top of the column. Cumene, DIPB and benzene will leave from the bottom of column. The first distillation column will separate benzene from the incoming feed and recycle the benzene back to the reactor for re-use. By recycling the benzene, additional cost of purchasing this raw material can be saved. The subsequent distillation column will recover p-DIPB at the bottom of the column with a purity of 100% and a flowrate of 1561.68 kg/hr. The overhead product will contain cumene with a flowrate of 12607.2 kg/hr. Pure cumene vapours can be condensed and collected as the desired product. The calculations for all unit operations are in appendix C, with the necessary preliminary assumptions. The following table shows the overall material balance for the process:

Table ?: Overall Plant Material Balance
	
	
	INPUT
	OUTPUT

	
	molwt
	kmol/h
	kg/h
	kmole/h
	kg/h

	BENZENE
	78
	856.22
	66785.16
	0
	0

	PROPYLENE
	42
	118.92
	4994.64
	3.16
	132.72

	PROPANE
	44
	6.26
	275.44
	6.26
	275.44

	CUMENE
	120
	0
	0
	105.06
	12607.2

	DIPB
	162
	0
	0
	9.64
	1561.68

	TOTAL
	
	981.4
	72055.24
	124.12
	14577.04



Preliminary assumptions made in the material balance were the absence of heavies that were ignored due to their trace amounts, assuming 100% of unreacted benzene recycled in first distillation and plant will operate 330 days out of the year. Further assumptions are provided in appendix C.
[bookmark: _Toc283355004]
2.4 Process Feasibility Analysis

The following financial analysis will be used as a tool to forecast the feasibility and viability of a chemical plant start-up that seeks to penetrate a rich, competitive market with competitors that produce an average of an overall 13 million tons/year. The opportunity that lies in this business stems from the increasing demand of cumene production that is predicted to increase about 6% from 2011-2014. The analysis is based on the experience of a similar start-up business located in India. This start-up estimated its costs based on a 400 ton/day production. The following feasibility analysis considers the prospect of a 300 ton/day cumene production plant.
The key analysis parameters are cumene revenue, total raw material cost, total product cost, gross profit, after tax profit, and the rate of return. This analysis will project the years in which the business will sustain deficit until the break-even point is achieved. The break-even point is a point at which the business does not incur losses and does not generate profit. 
First, Cumene revenue is based on the market selling price, which is in the case of this analysis, 51 cents/lb. The generated revenue was calculated at $112,400,000.
 Secondly, the fixed capital investment will be considered based on the direct and the indirect costs. The direct cost is the sum of purchased equipment cost, installation, instrumentation, piping, electrical, insulation, and painting. The indirect cost is basically the costs that do not pertain to the cost of the installation of the plant, such as payment made to engineers, construction, contractors, and contingency. The fixed capital investment was estimated to be $ 21,533,142. This value was summed to the working capital value that was estimated at $3,229, 862. Therefore, the total capital investment cost was estimated at $24,763,004. The required investment from a group of investors is approximately $25 million to establish the plant. The total raw material cost was estimated at $47,774,043.  The estimation was made based on a market value of $3.75/gallon for benzene, and $1400/ton for propylene. 
Thirdly, the total projected cost, which is the manufacture cost and the general expenses, was estimated at $49,990,971.2 for the Indian plant. An adjustment was made to accommodate the 300 ton/day plant by subtracting the cost of raw material of the Indian plant and replacing it with the cost of the raw material of the 300 ton/day cumene plant. Therefore, the value of the total projected product cost was estimated at $91,251,590. Therefore, the gross profit, which is the total income minus the total product cost, was estimated at $21,148,410.1. Assuming that the tax rate is at 45%, the net profit would be $9,516,784.55. 
Finally, the rate of return that is the net profit divided by the total capital investment is estimated at 38.1%.  This estimation was based on a plant that contained only an alkylation step.
Assuming that the yield increased by a rate of 2%, given that the yield is subject to increase 2-4% on average, if a trans-alkylation step was added to the plant, this would increase the revenue to $114, 648, 000.  The inclusion of an additional reactor with additional employment, utility cost, and investment requirement will increase the direct and indirect costs. However, the cost information with regards to adding a trans-alkylation step to a reactor has not been accessible. Therefore, it is inconclusive at this stage of the process to determine the feasibility of including trans-alkylation to the cumene production plant. On the other hand, it is assured that the investment cost is subject to increase at a high margin, since the cumene plant that functions with alkylation and trans-alkylation steps will require additional equipment and increasing product cost. Also, the total product cost of an additional tran-alkylation step is unknown, and therefore, it will be necessary to predict a series of percentages of product cost increases that will be added to the alkylation only total product cost. The following table will explain this idea:


Table _: Percent (%) Increases in product cost

	Percent increases in
product cost ($)
	5%
	10%
	15%
	20%
	25%
	30%

	Product cost 
	95,814,169
	100,376,749
	104,939,328
	109,501,908
	114,064,487
	118,627,067

	Gross profit 
	18,833,830.6
	14,271,251
	9,708,671.6
	5,146,092.1
	583,512.65
	-3979067

	After tax gross profit
	8,475,223.78
	6,422,063
	4,368,902.2
	2,315,741.5
	262,580.69
	negative



As mentioned previously, the total product cost for an alkylation only cumene production plant was estimated at $91,251,590. Therefore, ranges of 5-30% of that value will be added to it to generate the total trans-alkylation product cost. It can be seen that from 5-25% increases the business will gain profit, but will incur losses at a 30% increase to the total product cost. It can also be seen that the maximum after tax gross profit was estimated at $8,475,223.78, whereas the estimated profit of the alkylation only plant generated almost $9.5 million in after tax gross profit. The tax rate was assumed to be 0.45. 
Another point worth mentioning is that the plant will not be operating at full capacity until it reaches the fourth year. The plant will start at a production rate from 50%, followed by 75%, 90% and 100% in subsequent years. Therefore, the alkylation only plant is predicted to incur deficits in the first three years, but will generate profit of $ 4.925 million in the fourth year.
Based on this preliminary analysis, the most feasible plant would be the one that operates with an alkylation step only. Also, a start-up should focus on positioning itself in the market before considering maximizing its production. This step is useful to mitigate possibilities of losses. The trans-alkylation step would be profitable if the plant produced cumene at rates much more than 300 ton/year, because the cumene revenue will cover the total product cost.
It is recommended to consider starting with an alkylation only plant in the first ten years, and upgrade to a plant that includes also a trans-alkylation step in the following ten years to mark the growth of the business that will have achieved credibility in the market and potential customer satisfaction. 
Table _ - Summary of Costs associated with Alkylation Process with & without Transalkylation.
	Key parameters
	Alkylation
	Alkylation with trans-alkylation

	Cumene revenue
	$112,400,000
	$114,648,000

	Total raw material cost
	$47,774,043
	Assume no change

	Total product cost
	$91,251,590
	Refer to previous table

	Gross profit
	$9,516,784.55
	Refer to previous table



 The disposal of DIPB is done by converting it to CO2, the cost to dispose CO2 is estimated to at $0.005/Kg. 
[bookmark: _Toc283355005]

2.3 Key Challenges to consider of the Project

[bookmark: _Toc283355006]2.3.1 By-products in Alkylation Reaction

An important object of the cumene process will be to minimize the production of by-products. The main reactions, alkylation and transalkylation, are accompanied by side reactions including isomerisation and dis-proportionation to produce unwanted byproducts. [Ding and Fu, 2005]. Possible by-products in the alkyation reaction include di- and tri-isopropylbenzene, n-propylbenzene, hexene, hexylbenzene, hexane, and nonene, The rate and extent of the side reactions depend strongly on the operating conditions and properties of the catalyst.
To suppress the production of polyalkylates byproducts, DIPB and TIPB, the reactor can be operated a lower temperature to improve the selectivity of cumene [Luyben, 2010], as higher temperature favours the polyalkylation reaction.  However, lowering the reactor temperature will result in a lower conversion of the propylene reactant due to decrease in the reaction rate. To compensate for a decrease in conversion, the size of the reactor can be increased the production rate. However, using a larger reactor will increase the cost of materials. An alternative method would be to use excess benzene to reduce cumene and propylene concentrations, favouring the reaction of benezene and propylene to produce cumene [Luyben, 2010].  Using an excess of benzene also minimizes olefin oligomerization and favours the conversion of the polyalkylates by-products, DIPB and TIPB, back into cumene by reacting each with a benzene molecule [Dimian & Bildea, 2008]. This process is known as trans-alkylation. However, using an excess of bezene would lead to higher separation costs as the excess benzene must be recovered and recycled.  
	Zeolites have been shown to suppress the formation of di- & tri-isopropylbenzene byproducts. This is due to the size selectivity characteristics found in their channels [Wittoff, 2003]. The rate of diffusion of larger polyalkylates out of the zeolite channel is lower due to hindrance effects. Smaller molecules, such as benzene & propylene are more readily able to travel through the channels. Consequently, benzene molecules are able to react with the stagnant polyalkylates, DIPB & TIPB, in a transalkylation reaction to form cumene [Wittcoff, 2003].


[bookmark: _Toc283355007]2.3.2 Exothermic nature of Alkylation Reaction

The alkylation reaction is exothermic in nature and so there will be a temperature rise in the reactor. The exothermic heat of reaction can be removed by producing high-pressure steam from boiler feed water in the reactor [Turton, 2009]. Reactor effluent can be recycled and used as a heat sink to increase the temperature of the reactor feed.

[bookmark: _Toc283355008]1.4.3 Propane Inert in Process

Propylene stream used in the alkylation reaction will contain 5% propane. Propylene is prepared by pyrolysis of petroleum fractions which contain trace amounts of propane. The small amount of propane will not be removed from propylene, but instead will be allowed to travel through the reactor, as it will not participate in the alkylation reaction. However, the presence of propane will have a slight effect on the conversion and selectivity in the reaction. An increase in the percentage of propane in the propylene feed will decrease the cumene yield from the reaction [Turton, 2009]. Noting that propylene and propane have boiling points of -47.6°C and -42.17°C, respectively, both can be removed from the reactor effluent using a flash drum and used as fuel gas [Turton, 2009].










[bookmark: _Toc283355009]Chapter 6: Environmental/Safety Considerations

[bookmark: _Toc283355010]6.1 Safety Consideration in Cumene Recovery, Storage & Handling of Raw materials:

A detailed description of the toxicologies and the physical, chemical, biological hazards can be found in the MSDS (in appendix I) of each of the raw materials and based on the potential risks associated; some management criteria should be applied. However, for the production of cumene, there is no alternative pathway that involves the use of less hazardous reactants, and therefore, effective control measures must be applied for reducing exposure to any of the above mentioned environmental elements.  
· Workers in proximity must be trained on the proper handling and storage of the respective raw materials.
· The storage of benzene prior to entering the reactor must be free of potential oxidizers like permanganates, peroxides, nitrates etc, in order to avoid any violent reactions.[footnoteRef:7] [7:  Reference: AQUIRE Database, ERL-Duluth, U.S. EPA, Phytotox.
http://www.ejnet.org/plastics/polystyrene/benzene.htm] 

· Floating-roof type storage tank is a good selection for benzene in order to prevent vaporization loses.
· Storage tanks must be tightly closed in a cool and ventilated area, away from direct sunlight. 
· Since all the raw materials and the products and by-products, benzene, propylene, Cumene and DIPB, are highly flammable, sources of ignition like open flames and other heating sources must not be in close vicinity of benzene storage, usage and handling. Also, the surfaces should be protected from heating sources by insulating it with glass wool. 
· Being a non-corrosive material, cumene can be stored in vessels made of carbon-steel
· Seals, gaskets and other lining parts should be made of aromatic resistant material 
· Metal containers that store or transfer of large volumes, 5 gallons or more, of benzene should be grounded. 
· The transportation tanks/drums/pipelines must be equipped with self-closing valves and flame arresters.
· Mechanical moving devices used for transportation must be enclosed with mesh guard.
· “Moderate environmental concentrations of benzene are unlikely to pose any great risk to land animals and, although it has a low to moderate toxicity to water dwelling organisms, only concentrations arising from significant spills are likely to produce major adverse effects”. Benzene belongs to the VOC (Volatile Organic Compounds) class, by the virtue of which, it aids the formation of low level ozone. These effects should be regarded with respect to any benzene lost in the process of its purchase, storing, and transportation, since none of the benzene leaves the process as a waste.[footnoteRef:8]  [8:  http://www.environment-agency.gov.uk/business/topics/pollution/23.aspx] 

· “Sunoco endorses the application of the pollution prevention hierarchy in such programs, stressing source reduction through process efficiency, internal recycling and other means.” This process does not involve benzene disposal, and internal recycling is the key characterization.[footnoteRef:9] [9:  http://www.sunocochemicals.com/HES/BenzeneBookFINAL.pdf] 

[bookmark: _Toc283355011]6.2 Safety Management and Disposal of Trace products – Hexene, Hexylbenzenes, & Nonene

· Hexene will be collected and atomized in combustion chambers
· Special care will be taken to prevent hexane from entering confined spaces, like sewers, due to risk of explosion
· Hexane could also be absorbed in vermiculite or dry sand and disposed in a secured sanitary landfill.[footnoteRef:10] [10:  http://www.cdc.gov/niosh/docs/81-123/pdfs/0167.pdf] 

· Spark-proof tools will be used  and the storage vessels will be kept away from all ignition sources
· Run-offs to water sources must be avoided.[footnoteRef:11] [11:  http://www.chemicaldictionary.org/dic/H/Hexylbenzene_2132.html] 

· Hexane storage must not be in contact with any oxidizers.[footnoteRef:12] [12:  http://www.osha.gov/SLTC/healthguidelines/n-hexane/recognition.html] 

· Storage vessels must not be heated to increase the discharge rate of product, for disposal purposes.  Use of check valves or trap in the discharge line to prevent hazardous back flows.[footnoteRef:13] [13:  http://www.megs.ca/MSDS/Pdf/Mix-Hexane,%20Isopentane,_Isobutane,_Butane,_Pro.PDF] 

[bookmark: _Toc283355012]6.3 On-Site Risk-Management in accordance with Company/Central Engineering Services:

· Ensure proper application of MOC and appropriate hazard analysis and risk assessments are performed on changes
· Confirmation of relevant resolutions and closures based on the respective recommendations from process safety studies, audits, and incident investigations, based on priority sequence
· Ensuring the correct coordination and effective execution of hazard and risk assessment studies
· Strict allowance of only trained site personals who recognize their role in process safety 
· Monitor additions and changes to codes and standards applicable to company operations.
· Develop and maintain contacts with related industrial processes, in order to remain abreast of Industry Best Practices.
[bookmark: _Toc283355013]6.4 General Considerations 

By implementing everyday engineering procedures and by virtue of theoretical knowledge and some practical experience, the complexity of the interactions of chemical process technology, mechanical and process design, process control, and Process Safety Management Systems (PSMS) must be evaluated and integrated within the process:
[bookmark: _Toc283355014]6.4.1 Identification of potential hazards:

a. Overpressure / under pressure hazards
b. Thermal expansion and brittle fracture hazards
c. Fire and explosion hazards
d. Dust explosion hazards
e. Static electricity hazards
f. Human factors hazards
g. Chemical and reactive chemistry hazards
h. Toxic exposure
[bookmark: _Toc283355015]6.4.2 Quantitative and qualitative evaluation of the risks associated with these hazards:

1. Knowledge of similar incidents that have occurred in similar industries in the past
2. Failure mechanisms that could lead to the lack of inspection of risks
3. Sufficient and effective hazard controls in place or needed

[bookmark: _Toc283355016]6.5 Life Cycle Analysis

Propylene and Benzene are used as feed for the production of benzene, the amount of benzene feed in the system is in excess and this incoming benzene must be stored in liquid tanks since it is highly volatile and avoid contact with heat and ignition sources and also isolate it form oxidizing agents or acids, therefore most of the benzene is not reacted and since benzene is expensive and losing it would be a huge loss, it is separated and recycled back into the reactor, since the reactions in this process are exothermic or it is partially recycled to the transalkylation reactor and to the alkylation reactor,since a recycle is done, the system has to be purged to avoid accumulation, and the disposal of the benzene is taken care of .The benzene is really volatile , good care must be taken to not have leaks, Most of the unreacted benzene is feed back to the reactor, some of the benzene might be found in traces in the other streams coming out of the separation units, such as our product which is mostly composed  of cumene and also some traces of DIPB and the oligomers. Most of the propylene is reacted, therefore not much effort are needed for its disposal, the feed propylene should be conserved in a well sealed tank so it doesn’t leak and must be handled carefully because it is highly reactive. Cumene is not feed into to system, it is obtained after the reaction, since it is a valuable product, the main objectif is to fully recover it ,it is done by separating it form the benzene, their shouldn’t be any problems for separating it from DIPB, Cumene, propane and the light oligomers, at the end of the process it should be conserved in the liquid phase since it is highly volatile, and also cumene is flammable ,far away from heat and ignition sources and well sealed so it doesn’t leak. 
The catalyst used id beta-zeolite is used as the catalyst it is highly regenerable, it is highly selective to, it minimizes olefin oligomerisation reaction that produces useless by-products. Moreover, it is possible to produce pure products by the conversion of Propylene, it has a life cycle of two to three years, with time it becomes less active, and some of it contaminates the products coming out of the reactor[footnoteRef:14]. [14:  http://www.chemlocus.com/news/news_search_read.htm?menu=D32&Sequence=2629&searchdate=&searchtype=0105&searchkey=&key=&ttype=&research=&researchkey=&rekey=&MainSearch=&cpage=15] 

The propylene feed into the system is not pure; it contains 5-10% propane is withdrawn as impurity in the reactor, as LPG. 
DIPB is produces from the alkylation of benzene and propylene because of the beta-zeolite, the DIPB can either be used as fuel and the rest as waste or when a transalkylation reactor is present some of it is recycled to it and the rest is used as fuel and waste.
[bookmark: _Toc283355017]6.6 HAZOP Analysis

Cumene is obtained trough the alkylation of benzene with propylene over an acid catalyst. Catalysts like aluminum chloride and solid phosphoric acid (SPA) are normally used. There are some inherent problems associated with the conventional acid catalysts. But there are some disadvantages of using solid phosphoric acid (SPA) Process, it has lower activity, therefore the reaction needs to be carried out at a higher temperature, and high temperature since we have flammable products in our system might require more safety consideration to avoid explosion or leaking out of the system and therefore pollution might occur; This catalyst are non-regenerability, this involves a lot of waste that needs to be taken care of and more money is spent to unload the catalyst from reactor and it is not an easy task; a lot of undesired side reaction occur, this reaction produces hexyl benzene .Aluminum chloride is a catalyst that is used in some tranalkylation units, it causes high corrosion, and is an environmental hazard, a little bit contaminates the cumene produce,therefore it requires a washing step for the removal of it for this more money is spent and more waste is created because of the usage of CO2. Better catalyst is being used for the cumene process (beta zeolite), that are more environmental friendly and also a better yield is obtained, the DIPB produced from the alkylation process can be used as a fuel to produce energy for the process, but this rises environmental concerns because it is highly blended, one way to avoid that issue is by having an extra reaction that converts the DIPB into cumene and gives a higher yield to. 
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[bookmark: _Toc283355020]C-1 Overall Material Balance calculations for Cumene Facility


ASSUMED DATA:

Conversion is 97.34% of propylene.
Selectivity: cumene to propylene is 90.76%.
Selectivity: p-DIPB to propylene is 8.33%.
Propylene feed is 95% pure and rest is propane.
Molar feed ratio of benzene to propylene 7.2:1.
Top product of benzene column is 100% benzene.
Top product of cumene separation column is 100 mole % cumene.
Bottom product of cumene separation column is 100mole % p-DIPB.
Propane is inert and it is used as fuel.
Heavies ignored due to trace amounts.
Plant will operate 330 days out of the year.


BASIS: 100000 tons/yr production of cumene


	PROPYLENE BALANCE
	
	

	
	

	



	
	



	




	




	
	
	


PROPANE PRESENT:




	
Benzene:
Benzene to propylene feed ratio = 7.2:1








DIPB:



	

	


	


[bookmark: more]Flash Drum:



Overhead Product: 





Bottom Product:



Benzene distillation column:
Preliminary assumption: Top product contains 100 mole% benzene. 



Overhead Product:
Can be assumed all unreacted benzene will be recycled.



Bottom Product:



Cumene distillation column:
Preliminary assumptions: Top product contains 100 mole % cumene; bottom product contains 100 mole % p-DIPB. Trace amounts of heavies (ie: Tri-isopropylbenenze) neglected in material balance.




Bottom Product:





Overhead Product:




Yield:      
1 mole of cumene is produced from 1 mole of propylene. 
Moles of cumene produced = 105.06 kmole/hr                                           
                                                                                                                                       
Moles of reactant fed = 118.92 kmole/hr
Yield of cumene based on propylene:
    






Overall Plant Material Balance:
	 
	 
	INPUT
	OUTPUT

	 
	molwt
	kmol/h
	kg/h
	kmole/h
	kg/h

	BENZENE
	78
	856.22
	66785.16
	0
	              0

	PROPYLENE
	42
	118.92
	4994.64
	3.16
	132.72

	PROPANE
	44
	6.26
	275.44
	6.26
	275.44

	CUMENE
	120
	0
	0
	105.06
	12607.2

	DIPB
	162
	0
	0
	9.64
	1561.68

	TOTAL
	 
	981.4
	72055.24
	124.12
	14577.04



  input=output + recycle










[bookmark: _Toc283355021]Appendix I – Material Safety Data Sheets (MSDS)


[bookmark: _Toc283355022]Appendix J – Team Task Allocation
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                                 Propylene   Benzene                      Cumene

Secondary Reaction:     C3H6      +    C6H5-C3H7   →           C3H7-C6H4-C3H7
                                  Propylene    Cumene               Di-isopropylbenzene (DIPB)
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