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STATEMENT OF THE PROJECT 

It is the objective of this report to shade light on the industry of polyethylene terephthalate 

as one of the most important polymeric industries including manufacturing technologies 

along with other technical and economical related aspects. The report concerns only the 

manufacturing of TPA as a monomer of PET and does not handle the manufacturing of 

other monomers (example: EG). The scope of this work is to recommend the most suitable 

technology for producing PET in Egypt. 

All the information in this report are based upon the assumption that the raw materials will 

be obtained from their sources with the required purity, and will not need further 

processing or purification in any of the processes required. 
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ABSTRACT 

The main objective of this report is to discuss the PET polymer product, and to 

recommend a technology for the production of PET resins. The two materials discussed in 

details throughout the report are TPA and PET; these are respectively the intermediate 

product and product of the recommended technology which is Eastman and Eastman 

IntegRex. This recommendation is the result of an evaluation that is done based on the 

weighted score method between the different technologies. 

At the beginning general information about PET and TPA is displayed. Then the 

production technologies which are divided into two parts, the first is for the production of 

TPA from its various raw materials, then the production of PET from TPA which are the 

polymerization technologies. PET Market studies shows price and statistics for the 

international and local market, and the availability of the raw materials in Egypt, 

accordingly recommending a working capacity. Finally the details of the evaluation and 

the recommendation are discussed with the result of Eastman and Eastman IntegRex as the 

recommended technology. 
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INTRODUCTION 

PET is a polymer that possesses great importance in the contemporary world of plastics. 

Being a thermoplastic i.e. recyclable polymer made it the number one choice for numerous 

applications which satisfies the world need for a greener and more ecological alternative to 

commonly used plastics such as polyethylene and others. 

Nowadays, Two PET grades dominate the global market fiber-grade PET and bottle-grade 

PET. They differ mainly in the end product properties such as optical appearance and 

production technologies where these properties can be controlled by molecular weight, 

intrinsic viscosity, and additives specific to each process or application. Other uses include 

film production and specialty nylons 
[17]

. 

The scope of this report will focus on bottle-grade PET because of its high demand 

especially in the Egyptian market. The report discusses the historical development of PET, 

its importance, properties and material handling considerations. 

Ever since its discovery in the beginning of 20
th

 century several companies were interested 

in providing production technologies to supply the increasing need for large amounts of 

PET. Technologies and their current licensors are discussed in detail with their flow sheets, 

chemistry and specific properties. 

The report splits the PET production processes into two main parts; monomer preparation 

and polymerization. Each of the technologies uses different raw materials, solvents, 

catalysts and reaction conditions with their advantages and disadvantages. After the 

detailed market study which has put into account both global and local markets’ 

considerations, a thorough evaluation study is constructed in the report to evaluate each 

technology according to standard evaluation techniques displayed in the evaluation 

section. 

The carefully studied numbers and statistics in the market section led us to suggest a 

suitable capacity for the PET production plant based on many factors listed in the same 

place. The summation of the work done in this project is shown in the recommendation 

part where a justified process is selected to produce PET and TPA in Egypt. Further 

desired information about the report as a whole and any given part is attached to this report 

in the form of an appendix where much more detailed data can be found. 
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1. HISTORICAL BACKGROUND 

Polyester was widely known as synthetic fiber derived from petroleum products with air 

and water, that was first developed in a laboratory during the twentieth century. Polyester 

as a polymer is formed from the chemical reaction of an acid and alcohol, where two or 

more molecules combine to make a large molecule whose structure repeats throughout its 

length.[2]  

1.1. Product Development 

In the United States at 1926 E.I Du Pont de Nemours and Co. started their research about 

very large molecules and produced nylon as the very first synthetic fiber. About ten years 

later research started to create polyester fiber, which was first produced in the United 

States. There are two types of polyester PET and PCDT, where PET is more popular and 

mostly used now. During the fifties the PET fiber was first introduced to the market under 

the name Dacron. Due to its advantage of not needing to be ironed, the fiber soon became 

famous. This increased the demand and so the production of PET fiber which expanded 

rapidly in the seventies. [22]   

PET production did not stop at the fiber phase, it was discovered later that it can be made 

into films used in many applications such as food packaging material, video tapes and 

professional photographing films. Also during the last ten years PET was introduced and 

accepted as bottle material for beverage selling and storing, this further improved the PET 

production and so the industry.
 [23] 

1.2. Technology Development 

During the period 1942-1944 Whinfield, Dickson and Hardy made TPA by 

dehydrogenating dipentene with sulfur to form P-cymene (P-isopropyl toluene),which they 

oxidized in two stages ,where in the first with dilute nitric acid ,and then with alkaline 

permanganate. The first commercial route for forming the PET fiber was through oxidation 

of p-xylene under pressure using dilute nitric acid. This method had some problems as the 

product contained color, and color forming impurities that could not be removed.  This 

required the replacement of this method by another that gives better product purity; this is 

why the method of esterification with methanol to form DMT evolved. [16] 

Later it was discovered that some DMT production routes are hazardous, so researches 

were made to produce TPA from p-xylene directly via air oxidation. Another problem was 

found then, which was the high oxidation resistance of the intermediate p-toluic acid. 
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Using acetic acid as a solvent and oxygen as an oxidant instead of air solved this problem 

enabling the use of TPA in polymerization directly.  

With the development of the process, the separation equipment also developed. This 

development opened the way for the production of PET as a beverages container. Because 

the bottle-grade PET needed higher molecular weight and intrinsic viscosity, the need for a 

more purification of TPA was essential. Now the production of TPA with the needed 

purity is applicable with considerable ease. 

2. IMPORTANCE OF PET AND TPA 

The importance of PET comes from the fact that it is widely used in many products either 

alone or as a co-monomer. Also the PET pre-polymerization intermediate (TPA) can be 

used to produce other products. The following part shade light on the importance of PET 

and its monomers, through stating the most important uses in which they are used. 

2.1. Uses of TPA 

TPA can be the di-acid in specialty nylons and specialty fibers, including certain high 

modulus aramid fibers. 
[5]

 In addition, modern detergents are provided with mixtures of 

anionic and nonionic polymers such as polymers from polyEG and TPA. PBT is produced 

by the reaction of TPA with 1, 4-butanediol, PBT is widely used as insulating material in 

electrical and electronic appliance.
 [7] 
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2.2. Uses of PET 

The bottle grade PET can be formed into either bottles or containers. These are used for 

the packaging of drinkable and edible products such as soft drinks, water, juice, baby food, 

peanut butter, salad dressings, oil and vinegar. Also used for other chemical products that 

is frequently used by consumers, such as cosmetics, pharmaceuticals and household 

cleaners. [5], [25] 

3. PROPERTIES OF PET AND TPA 

3.1. Properties of TPA 

TPA properties, as a PET production intermediate, are shown in the table below 

mentioning some physical and chemical properties. 
[6] 

Table 1: Physical and Chemical Properties of TPA 
[6]

 

 

 

 

 

 

 

 

 

 

3.2. Properties of PET 

PET exists in two states, a white semi-crystalline state and a transparent amorphous state 

where the PET is seen as glass clear. PET has high hardness, stiffness and strength, good 

toughness even at low temperatures and good creep resistance. PET has the advantage of 

having good electrical insulating properties and high resistance for different chemicals.
 [10] 

Some other physical, chemical and mechanical properties are displayed in the table below 

for PET in general. [26], [27] 

As PET (bottle grade) is a kind of transparent, wear-resisting and corrosion-resisting 

plastics with high strength and smooth finish, it has several uses. We can also find in the 

below table some of properties of bottle grade PET. [28] 

 

Properties Value 

Appearance White crystals or powder 

Melting point, °C 427 for sealed tube 

Triple point, °C 427 

Specific gravity at 25 °C 1.522 

Specific heat, J/Kg °K 1202 

Sublimation point, °C 404 

Heat of combustion at 25 °C, KJ/mol -3198 

Heat of formation at 25°C, KJ/mol -816 

Heat of sublimation, KJ/mol 142 
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Table 2: General Properties of PET 

 

4. HEALTH, SAFETY AND ENVIRONMENTAL CONSIDERATIONS 

Saving health, safety, and environment are important for any factory, the importance of 

those are not less than the importance of the profitability of the factory. So it’s important to 

know more about HSE of the intermediate and final products. 

Physical 

Properties 
Value Mechanical Properties Value 

Density ( g cm
-3

 ) 1.3-1.4 Coefficient of friction 0.2-0.4 

Flammability Self Extinguishing Hardness – Rockwell M94-101 

Limiting oxygen 

index 
21 % Izod impact strength ( J.m

-1
 ) 13-35 

Refractive index 1.58-1.64 Poisson’s ratio 0.37-0.44 (oriented) 

Resistance to 

Ultra-violet 
Good Tensile modulus ( GPa ) 2 - 4 

Water absorption – 

equilibrium 
<0.7 % Tensile strength ( MPa ) 

80, for biax film 190-

260 

Water absorption - 

over 24 hours 
0.1 % Chemical Properties State 

Viscosity at 

T=75⁰C 
600 mPa.sec Acids  resistance 

Good for most 

mineral acids 

Thermal 

Properties 
Value 

Alcohols, Ketones, 

Halogens, Greases &Oil; 

resistance 

Good 

Flash points above 200 ⁰C Alkalis  resistance 
Poor especially at 

high temperature 

Lower working 

temp.(°C) 
-40 to -60 

Aromatic hydrocarbons  

resistance 
Fair 

Specific heat (J.K
-

1
.kg

-1
) 

1200 – 1350 
Properties of PET bottle grade 

Thermal 

conductivity (W.m
-

1
.K

-1
 ) 

0.15-0.4 @ 23 Properties Value 

Heat-deflection 

temp.1.8MPa ⁰C 
80 Melting temperature 254- 256

o
C 

Heat-deflection 

temperature- 

0.45MPa (⁰C) 

115 Crystallinity ≥ 45% 

Coefficient of 

thermal expansion 

(x10
-6

 K
-1

) 

20-80 Density 1.38~1.40g/mm
3
 

Upper working 

temperature ( ⁰C ) 
115-170 Glass Temperature 82

o
C 

  Intrinsic viscosity 0.65 to 0.85 dL/g 
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4.1. HSE of TPA 

Eye contact with TPA may cause slight irritation, with pain or unclear vision. Inhalation 

may cause irritation of mucosal surfaces. Based on animal studies, high or prolonged oral 

exposure may lead to kidney changes, presence of blood in the urine or gallstones in 

bladder. TPA at concentrations equal to or greater than 0.1% is listed by NTP and OSHA 

as a carcinogen. TPA containers are kept tightly closed and sufficient ventilation must be 

used to keep employee exposure below recommended exposure limits. [29] 

4.2. HSE of PET 

Molten polymer will adhere to the skin and can cause severe burns. Eye contact with PET 

particles may cause irritation with pain or unclear vision. TPA cause no skin irritation or 

skin sensitization. Decomposition products may lead to skin, eye or respiratory tract 

irritation. PET in concentrations equal to or greater than 0.1% is not listed by NTP and 

OSHA as a carcinogen. Using local ventilation to control fumes from hot processing of 

PET is important.
 [29]   

An important environmental advantage of PET is that it can be recycled into new products; 

this decreases the amount of PET wastes. The recycling process of PET is either 

mechanical where the original polymer properties are being maintained, or chemical where 

it is returned to its intermediate or primary compounds and reprocessed. [29]
  

5. STORAGE AND TRANSPORTATION 

5.1. Storage and Transportation of TPA 

The relatively low selling price of TPA justifies the concept of large plants because 

economics of scale can be realized. Large scale production means high storage and 

transportation capacities. Storage of TPA is usually in silos as the product material is solid. 

Rail hopper cars or hopper trucks are used for transporting TPA if possible. Further, the 

high purity requirements make dedicated containers more preferred to prevent cross-

contamination. One-ton bags are used for TPA transportation. For shipment by sea or 

trucks, containers are often used. The containers are either 6 or 12 m long, and can be 

loaded with either 20 one-ton bags, or fitted with a one-piece polyethylene liner holding up 

to 20 tons charged directly into the lined container. [6] 
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5.2. Storage and Transportation of PET 

During storage and transportation of polyesters, exposure to moisture and temperatures 

above 120 °C must be prevented to avoid undesirable effects. The products are either 

stored in sealed, air tight drums at ambient temperature or in heated, insulated containers 

under nitrogen at 70 – 110 °C. In the liquid state PET can be transported in barrels or in 

heated, insulated bulk containers. In the solid state PET is transported in drums. Turbidity 

is sometimes observed in polyesters that are liquid at ambient temperature but have been 

stored for long periods of time at low temperature; this can be verified without affecting 

the quality of the product by heating the polyester briefly to 80 °C. Extra 

Recommendations for storage and transportation conditions of polyesters are provided by 

manufacturers. [5] 

6. MANUFACTURING TECHNOLOGIES 

Manufacturing of PET can be divided into two main sections; the first is TPA 

manufacturing, while the other is the polymerization step of TPA into bottle grade PET.  

6.1. TPA Manufacturing Technologies 

TPA can be manufactured from different raw materials and through several routes. Several 

technologies have been developed to achieve the most economic way of production. The 

following part explains different processes with flow sheets and technical description. 

6.1.1. Direct oxidation of p-xylene 

TPA is produced by oxidation of p-xylene. There are different technologies to produce 

TPA according to oxidation process as follow: 

1. Amoco oxidation process 

2. Toray co-oxidation process 

3. Mitsubishi Kasie multistage oxidation process 

4. Eastman multistage oxidation process 

P-xylene is the feedstock for most of TPA processes while acetic acid in water is the 

reaction solvent. Air is compressed to supply oxygen to the reaction and is added in excess 

to minimize formation of by-products, achieve high p-xylene conversion and provide 

measurable oxygen partial pressure. [5], [6] 

TPA is produced by catalytic liquid-phase reaction. The reaction is highly exothermic, 

releasing 2×10
5
 kJ per kilogram p-xylene reacted, that is removed by allowing the acetic 
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acid solvent to boil. Oxidation of the methyl groups occurs in 3 steps. Two intermediates 

are formed through the reaction, p-toluic acid and 4-formylbenzoic acid and finally TPA is 

produced. [5], [6]
  

 

 

 

6.1.1.1. Amoco process 

Purified TPA became commercially available from Amoco Chemical Co. in 1965. Amoco 

process involves purification of crude TPA by a separate step to attain the high product 

purity required for PET manufacture. This technology is the most used worldwide, but 

other processes have been developed and are operating commercially. [5], [6] 

As shown in figure 2 the feed passes to the oxidation reactor at which oxidation occurs. 

Most of TPA precipitates, because of its low solubility in the solvent. This yields a three-

phase system; solid TPA crystals; solvent with some dissolved TPA; and vapor consisting 

of nitrogen, acetic acid, water, and a small amount of oxygen. The over head vapors from 

the reactor are condensed in heat exchangers, and the condensate is refluxed to the reactor. 

Steam, which is generated by condensation, used as heating source in other parts of the 

process. Oxygen depleted gas from the condensers is scrubbed to remove most 

uncondensed vapors. [5] 

Oxidation reactor operates at 175 - 225 
⁰
C and 1500 - 3000 kPa, at residence time about 

2.5 hours. Reactor is lined with titanium to withstand the highly corrosive bromine and 

acetic acid. The pressure of hydrogenation reactor is held above the vapor pressure of 

water to maintain a liquid phase. [5] 

Catalyst used in oxidation reactor is multivalent heavy metal. Mostly, cobalt and 

manganese are the multivalent heavy-metal catalysts and bromine is the renewable source 

for the free radicals. A soluble cobalt – manganese – bromine catalyst system is the heart 

of the process. This yields nearly quantitative oxidation of the p-xylene methyl groups 

with small xylene losses. Various salts of cobalt and manganese can be used, and the 

bromine source can be HBr, NaBr, or tetrabromoethane. This catalyst system is used in 
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about 70% of the p-xylene oxidation processes, and this percentage increases as new plants 

employ it. [5], [6] 

The effluent stream from the reactor contains TPA as slurry. This slurry passes through a 

surge vessel that operates at a lower pressure than the reactor. More TPA crystallizes and 

the cooled slurry is then ready to be processed at close to atmospheric conditions. The 

slurry is fed to a centrifugation unit at which most of water removed from the product.  

After centrifugation, one stream is fed to the recovery unit and the other to a rotary drier. 

Preheated air is sent to the drier to remove the moisture present in the final product. TPA 

crystals are obtained from the drier by 99% purity, then conveyed to storage, from which 

they are in turn fed to the purification step. [6], [30] 

Water formed and some undesirable by-products must be removed from acetic acid 

solvent. Mother liquor from the centrifuge is purified in a solvent recovery tower to purify 

acetic acid. The purified acetic acid from the top of the tower is recycled to the reactor and 

combined with fresh acetic acid and the bottom product can be processed for catalyst 

recovery and regeneration. Vents from the oxidation process, are sent to a gas scrubbing 

tower then to water removal tower to remove the water formed as the overhead stream 

which sent to waste water treatment. [5], [6] 

Amoco process involves a purification unit to achieve the required purity before entering 

the polymerization step. The main impurity in the crude TPA is 4-formylbenzoic acid (up 

to 5000 ppm). There are also yellow impurities and residual amounts of catalyst metals and 

bromine.
 [5], [6] 

TPA crystals are dissolved in a hot process water to increase its solubility. The slurry 

formed contains at least 15 wt% TPA and the rest are impurities accessible to the 

purification reaction. The solution flows through a hydrogenation reactor. Hydrogen is 

added to the reactor, where it dissolves in the feed solution. In the reactor, 4-formylbenzoic 

acid is hydrogenated, in presence of palladium supported on carbon as a catalyst, to p-

toluic acid reducing its composition to less than 25 ppm. Various colored impurities are 

hydrogenated to colorless products. The catalyst is highly selective; the loss of TPA by 

carboxylic acid reduction or ring hydrogenation is less than 1%. [5], [6] 

After reaction, the solution passes to a series of crystallizers where the pressure is 

sequentially decreased. This results in temperature reduction, and crystallization of the 
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TPA. The more soluble p-toluic acid formed in the reactor, and other impurities, remain in 

the mother liquor. After leaving the final crystallizer, the slurry undergoes centrifugation 

to yield a wet cake, and the cake is dried to give the product TPA as a free-flowing 

powder. [5] 

TPA is the main product. More than 98% of the p-xylene is converted with a minimum 

yield of 95 mol%. Further, this is on a once-through basis. TPA from oxidation process is 

called technical or crude grade of phthalic acid, but the purity is typically greater than 

99%. It is not, however, pure enough for the PET production to reach the required degree 

of polymerization. [6] 

In the purification unit over 98 wt% of the incoming TPA is recovered as purified product. 

The purified TPA as a white powder is called polymer grade TPA which is suitable to be 

used in the production of  PET. [5], [6] 

6.1.1.1. Toray process 

Toray process, which developed in the late 60s, is considered as a modification on Amoco 

process. It was established in two main factories all over the world; one of them in 

Kodak’s subsidiary in the US and the other in Japan. It is no longer commercialized due to 

market considerations for by-products obtained from the process.
 [14], [47], [48] 

This process is based on co-oxidation of p-xylene in an aldehyde liquid medium such as 

acetaldehyde to produce a reasonable yield of pure fiber grade TPA. Air is used as a source 

of Oxygen and Cobalt or Manganese must be used to form the liquid catalytic acetate 

solution. Catalyst and feed are fed into the head of a bubble column while air is introduced 

at the bottom as shown in figure 3. 

The Toray process is characterized by the high temperature 100 - 150 
°
C, which in some 

cases may reach 240 
°
C, and high pressure 500 – 2000 kPa. The TPA formed is removed 

as a suspension in acetic acid then separated and purified. The problem that led to the 

discontinuing of licensing this process is the huge amount of acetic acid by product 

obtained, usually 0.5 - 1.1 ton acetic acid per ton TPA, which makes it suitable only for 

high market demand of acetic acid as a requirement. [14], [47], [48] 
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Figure 2: Flow Sheet of Amoco Process 
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Figure 3: Toray Process for Production of TPA 

 

6.1.1.2. Mitsubishi Kasei process 

In mid1970 Mitsubishi Kasei developed an oxidation process to obtain high yield pure 

forms of TPA without a separate purification step in which these products are called 

medium purity TPAs. [6] 

This process is used to reduce the 4- formyl benzoic acid concentration to 200 - 300 ppm 

in order to obtain suitable feed stock of TPA for polyester industry. This is done by very 

intensive oxidation and the separation step is eliminated as the high purity of feedstock is 

not critical. The product is often called medium purity TPA and accounts for about 11% of 

the TPA produced all over the world. [5] 

The oxidation process is the same as of Amoco oxidation where p-xylene, acetic acid, and 

catalyst are the reaction mixture to form the TPA. It differs from Amoco in number of 

oxidation reactors (two vessels), conditions and residence time (more than 2.5 hrs). [5], [6] 

The second oxidation vessel operates at higher temperature than the first one in order to 

oxidize p-xylene - acetic acid mixture in presence of catalyst to TPA. Where the solubility 

of TPA is increased with heating, the crystals dissolved with heating. Also at higher 

temperature acetic acid tends to be oxidized largely to carbon oxides and water. Although 
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the TPA is not completely soluble at the higher temperature, the crystals are digested. So 

the amount of the released 4-formylbenzoic acid decreases into solution and this means 

that the oxidation is completed so the need for a separate purification process is eliminated. 

The rest of the Mitsubishi process consists of solid–liquid separation and drying to obtain 

the powdered product and acetic acid recycled to the process after dehydration. [5], [6] 

6.1.1.3. Eastman process 

This process is proven suitable for the production of all kinds of fiber and bottle PET 

without limitations at international first grade quality specs. As shown in figure 4, p-xylene 

is the feed stock with air as oxidizing agent and acetic acid as a solvent. The reaction is 

catalyzed by Co
+2

, Mn
+2

 and bromide. [30], [13], [8] 

The solvent to hydrocarbon weight ratio in the oxidation reactor is in the range of 3 - 5. 

The catalyst is usually 0.1-0.2 wt% of the solvent used. The temperature and pressure 

inside the reactor are in the range of 185 – 204 °C and 1200 – 1750 kPa. The maximum 

recovery exceeds 95%. The residence time is less than 1 hr to accomplish complete 

conversion and about 98.3% yield is achieved. In addition to that, power generation from 

the process may reach 10,000 kW. [30], [8] 

Wash acid tank serves as the acetic acid reservoir that supplies acid deficiency in the feed 

stream to the oxidizer reflux tank and the filtrate tank. The filtrate tank collects the 

prepared catalyst solution, hydrogen bromides as well as filtrate from the filtrate treatment. 

The filtrate is used to control catalyst and acid concentrations. These all and p-xylene are 

fed together into the oxidizer. The weak acid stream from the oxidizer reflux tank is 

sprayed into the top of the oxidizer in order to prevent solid formation. The oxidizer is a 

bubble column reactor. [30], [8] 

A centrifuge is used to remove impurities from the CTA by the lean solvent that is 

obtained as the bottoms of the water removal column. This lean solvent consists of mixture 

of the oxidizer's overhead vapor (water, acetic acid and nitrogen) and solvent. Only 

impurities soluble in this solvent can be removed from CTA.
 [30], [8] 

Then CTA is purified to obtain EPTA in a post oxidation step done in two oxidizers. This 

process requires increasing the temperature to increase the conversion of the CTA 

impurities oxidation. TPA (TA) with lower impurity content is obtained from this 

oxidation. Finally, TPA is directed to crystallizer where it is converted to EPTA. EPTA is 
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then separated in vacuum flash drum and the solvent is recovered to the oxidizer reflux 

tank. EPTA is finally directed to rotary vacuum filter then dryer to get the final product.
 [30], 

[8] 

The outlet from centrifuge passes to overflow flash drum then to catalyst recovery and 

filtrate treatment unit where it is separated to get soluble impurities, insoluble impurities 

and the CTA residue. Both insoluble impurities and the CTA residue are burnt in the 

fluidized bed or buried in a landfill. The catalyst is recovered to a filtrate tank.
 [30], [8] 

The top stream of the water removal column enters WRC condensers. Then vent gas is 

separated from waste water in WRC reflux drum then directed to regeneration thermal 

oxidizer/ scrubber. The waste water got is directed to water treatment station.
 [30], [8] 

6.1.2. Hydrolysis of DMT 

DMT is an important intermediate in the production of TPA through oxidation-

esterification of p-xylene. It is formed through four steps. First, p-xylene is oxidized by 

oxygen from air to p-toulic acid in an oxidation reactor. Then, p-toulic acid is esterified 

with methanol to methyl p-toulic in an esterification reactor. Methyl p-toluate is isolated 

and returned back to the oxidation reactor in which it is oxidized to MMT, which is 

esterified to DMT to be purified. Then finally the DMT passes through a hydrolysis stage 

which consists of two reaction steps, where first the DMT turns into MMT, and then the 

MMT turns into TPA to enter polymerization. 



15 

 

Acetic acid

Ambient Air 

Waste water

Oxidizer Reflux 

tank
P-xylene

Catalyst

Filter tank

Oxidizer

Rankin 

cycle 

unit

WRC 

Condensers

WRC Underflow 

cooler

Catalyst Recovery

and

Filtrate Treatment

Insoluble 

impurities

Overflow 

Flash drum

Booster 

Compressor

Centrifuge

Wash acid 

tank

2
nd 

Post- 

Oxidizer

Dryer

Rotary 

Vacuum 

Filter

Vacuum 

Flash 

Drum 

Vacuum unit

LP Steam 

Generator

WRC 

Reflux 

Drum Off gas 

Preheater

Regenerative Thermal 

Oxidizer/Scrubber

Off gas 

vent

Off gas 

Expander

Process Air 

Compressor

Soluble 

impurities

Off gas

Dryer 

unit

M M M

RVF

Vaccum

system

M

M

Water 

Removal 

Column

Acetic Acid 

Vaporizer

1
st
 Post- 

Oxidizer Crystallizer

EPTA Product

 

Figure 4: Flow Sheet of Eastman Process 
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There are different technologies to produce DMT according to oxidation-esterification 

process. The following licensors have their own technologies for DMT production: 

1- Dynamite-Nobel and Hüls Troisdorf 

2-Chemische Werke Witten Hercules 

3-Sulzer Chemtech H&G Hegmanns 

6.1.2.1. Dynamite Nobel process
 

Hercules Inc. Dynamite Nobel AG process chemistry was patented in the 1950s. 

Modifications in commercial practice have occurred over the years, with several variations 

to be practiced commercially. [5] 

As shown in figure 5, oxidation takes place in one reactor, where fresh p-xylene and 

recycled methyl p-toluate are fed with oxygen supplied by a compressed air to a liquid 

phase reactor. This reactor operates at 140 – 150 
°
C and 500 - 800 kPa. At this step, p-

xylene and methyl p-toluate are oxidized respectively to p-toluic acid and MMT. These 

oxidation reactions are carried out by using a catalyst mostly cobalt with some manganese. 

[5] 

The effluent stream from the oxidation reactor is heated and fed with methanol to the 

esterification reactor. This reactor operates at 250 
⁰
C and 2500 kPa. P-toluic acid and 

MMT are converted non-catalytically to methyl p-toluate and DMT. [5] 

The stream out of the esterifier is fed to an expansion vessel, where the vapors come out of 

this vessel are fed to a methanol recovery column. Vapors overhead go to a methanol 

recovery unit, and the methyl p-toluate is recycled to the oxidizer. [5] 

The liquid from the expansion vessel is fed to a series of distillation columns, where crude 

DMT is taken. From the first column, methyl p-toluate is recycled to the oxidizer. The 

crude DMT is taken from the top of the second column. This crude DMT is then 

crystallized through two stage crystallization. [5] 

There is a heavy by-product that comes out of the second distillation column, which mixed 

with water from the oxidation reactor, and the slurry is centrifuged to give a cake sent to 

disposal, and a catalyst solution which is recycled. [5] 
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Figure 5: Flow Sheet of Dynamite Nobel Process 
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Finally DMT produced from Dynamite Nobel process and methanol-free water together 

with make-up water are first mixed in mixing vessel and then fed to the hydrolysis reaction 

column where DMT is hydrolyzed to TPA. This hydrolysis process, which developed by 

Degussa AG, is carried out in a batch reactor with zinc acetate as a catalyst. [5] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Hydrolysis Process Developed by Degussa AG 

 

The formed methanol is stripped off with steam from the evaporator. Stripping vapor of 

the hydrolysis reactor is distilled in a distillation column where the bottom product is the 

methanol-free water which recycled to mixing vessel and the top product is further 

separated in a second column into the methanol overhead that is recycled to the DMT plant 

and waste water bottom is sent to incineration. [5] 

6.1.2.2. Witten process 
 

Chemische Werke Witten Hercules is an alternative process for producing DMT from p-

xylene. It adopts the same chemistry of the previous process (Dynamite Nobel) but it 

differs in the technology sequencing and operation conditions. [9] 
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As shown in figure 7, oxidation takes place in reactors in series arrangement. Catalyst 

(cobalt naphthate), fresh and recycled p-xylene and methyl p-toluate are fed to the reactors 

which operate at 140 -170 
°
C and 400 - 700 kPa; the reactors combine the transformation 

of toluic acid and methyl hydrogen terephthalate to the corresponding esters. The catalyst 

(toluene sulfonic acid) is diluted by methanol before its introduction to the esterification 

reactor which operates at 200 – 250 
⁰
C. [9] 

The effluent is sent to a series of distillations. The first separates methanol/water mixture 

at the top which is then sent to a dehydration tower, while the bottom is sent to a column 

where the ester is fractionated under vacuum. Methyl p-toluate and excess p-xylene leave 

at the top and are recycled to the oxidation reactor. [9] 

The withdrawal, consisting of crude terephthalate, is redistilled under vacuum to remove 

heavy compounds, and then sent to a vacuum crystallizer 40-50 kPa using methanol as 

solvent. This is followed by a second crystallization or countercurrent washing with 

methanol to complete the purification. [9] 

DMT is then centrifuged, melt to remove residual methanol, and vacuum distilled. The 

molar yield of the operation in relation to p-xylene is about 87%. Finally DMT produced 

from Witten process passes through the same hydrolysis process, which mentioned 

previously, developed by DegussaAG. [9] 

6.1.2.3. Sulzer Chemtech /H&G Hegmanns process 
 

Sulzer Chemtech and H&G Hegmanns developed Dynamite Nobel process through a 

process that resulted in getting the DMT back to the competition with direct production of 

TPA. The main features of this improved process can be summarized in, high yield of p-

xylene, low material consumption, efficient energy recovery, heat integration and 

increased capacity. [31], [32] 

As shown in figure 8, Sulzer/H&G has modified the feed point configuration, the air 

delivery system and the revised control strategies. As a result a very high conversion has 

obtained with minimum by product formation. [31], [32] 

Actually, the most important improvement in this process is at the purification section. 

H&G developed the distillation system by using advanced vacuum distillation using 

Sulzer’s structured packing and internal. This increased the separation efficiency and the 

capacity in the distillation section. [31], [32] 
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Figure 7: Flow Sheet of Witten Process
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Figure 8: Flow Sheet of H&G Process 
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Changing the crystallization technology to a melt crystallization rather than suspension 

crystallization has an effect on decreasing the investment and the operating cost. This melt 

crystallization has featured the improved process by elimination of slurry handling, 

centrifuges, agitated vessels and other moving parts. Elimination of methanol recovery 

section and the energy required for this. The result is a high DMT yield with an un-limited 

purity. [31], [32] 

Finally as shown in figure 9, produced DMT passes through the hydrolysis process which 

is also developed by H&G Hegmanns/Sulzer. Hydrolysis is carried out at 260 – 280 
°
C and 

4500 - 5500 kPa. Methyl esters are hydrolyzed, and the resulting methanol/water mixture 

in the reactor overhead vapor stream is sent to a methanol recovery section. Methanol is 

recycled to the upstream esterification reaction while water is returned to the hydrolysis. 

The liquid phase from the reactor is sent to a series of crystallizers to recover PTA, which 

is subsequently centrifuged and dried to give a final product. [31], [32] 
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Figure 9: H&G Hegmanns/Sulzer for DMT Hydrolysis Process 

 

TPA produced via the hydrolysis of pure DMT has extremely high purity. The 4-

carboxybenzaldhyde content and p-toluic acid content, which may be problematic in other 

processes, can both easily be lowered to minimum. [31], [32] 

6.1.3. Oxidation of toluene 

An alternating raw material for production of TPA is toluene which is oxidized to benzoic 

acid. The potassium salt of the acid is disproportionated and acidified to give TPA. 
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The following processes show how was that route developed. 

6.1.3.1. Henkel II process 

Production of polymer grade TPA using disproportionation reaction of potassium benzoate 

salt is known as Henkel II or Raecke process. The process uses toluene as feedstock to be 

oxidized and sulfuric acid for neutralization of potassium salt. It also produces benzene 

and potassium sulfate as by-products. Figure 10, shows the process sequence: 

O
x
id

a
ti

o
n

1
8
5
 o

C

Adsorption

bed

Disproportionation

430 
o
C

CO2

Storage

S
p

ri
n

g
in

g
 t

a
n

k

KOH

Air

Toluene

Char coal

CO2 make up

Water recycle

TPA crystals Washing

Catalyst 

recovery

Catalyst recycle

Sulfuric acid

Drier

Waste water

Waste water

Vent

Waste

 water

Potassium sulfate

Adsorbtion residue

CO2

Benzene

PTA

 

Figure 10: Flow Sheet of Henkel II Process 
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Toluene is oxidized to benzoic acid in liquid phase over a cobalt acetate catalyst. The 

reaction occurs at about 165 
°
C and 1000 kPa with a yield of 90%. Then the reactor 

effluent of benzoic acid and toluene is separated and toluene is recycled while vent gases 

are refrigerated and passes over an adsorption bed of activated carbon to remove volatile 

organic components. [10], [49]  

 

 

Benzoic acid reacts with KOH to produce Potassium benzoate and potassium benzoate is 

separated by centrifugation. [9]
   

 

 

Potassium benzoate reacts in a disproportionation solid phase reaction. A stirred autoclave 

or fluidized bed reactor is used for this reaction under the conditions of 430 - 440 °C, CO2 

atmosphere, and Pressure 50 bar by using Cd or Zn benzoate catalyst. The reaction gives 

benzene and dipotassium terephthalate with a selectivity of 95%. [14]    

 

 

Benzene is separated from CO2 by condensation and CO2 is heated and recycled. 

Adsorption charcoal is added to the salt aqueous solution of dipotassium terephthalate to 

remove color then charcoal is filtered. The solution is introduced to a springing tank to 

react with H2SO4 and give TPA, which is separated by centrifugation and crystallized as a 

pure TPA, and dipotassium sulfate.
 [14] 

 

 

The cheaper feed of toluene than p-xylene used in other PTA production routes and the co-

production of benzene are all advantages for this route, however, this process is not widely 

commercialized as it suffers from some drawbacks as using sulfuric acid (corrosion 

problems), slow rate of solid phase disproportionation, large amounts of produced K2SO4  
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which may not have a commercial importance in many countries. [9]  

6.1.3.2. Phillips/ Rhone –Poulenc process (PRP process) 

The drawbacks of Henkel II process led to the modification done by Phillips petroleum/ 

Rhone –poulenc (France) which is based on exchanging of potassium ions between 

terephthalate salt and benzoic acid (Metathesing). The new process adapts the complete 

recycle of potassium ions which means that there is no production of dipotassium sulfate 

and also uses the toluene feed to purify the TPA product. The new modifications enhance 

the technical feasibility of the process. Figure 11, shows the main steps of the process: [9]
    

 

 

 

 

 

 

 

 

 

Figure 11: Block Diagram of PRP Process 

In the disproportionation reaction potassium benzoate is suspended in a medium of 

terphenyl mixture using ZnO catalyst with ratio of catalyst to reactant 1:10 to1:25 by 

weight and the residence time is 3 

hr.
 [49] 
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solid is dissolved in water with the ratio 3:1 water to solid and catalyst residue is filtered.
 

[49] 

Metathesizing is done by 1:1 mole ratio of benzoic acid to dipotassium salt in a 

temperature of 130 
°
C and 2 hrs residence time. TPA crystals precipitate in the medium 

and is sent to separator to be filtered as a cake and dipotassium benzoate with benzoic acid 

passes as a filtrate.
 [49]

  

 

 

 

Produced crystals contain traces of benzoic acid so it is sent to the extractor which is a 

vertical tower filled with toluene to extract traces of benzoic acid from TPA crystals. It 

operates under 170 kPa and 149 
⁰
C.

 [49] 

6.1.4. Other technologies 

Regardless the previously mentioned processes, several processes were experienced to 

produce TPA. Each of the following processes adapts its own route, however; most of 

them were not commercialized and did not exceed the pilot phase. All technologies 

mentioned in the following part are not included in the evaluation process. 

6.1.4.1. Nitric oxidation of p-xylene (Du Pont process)  

It was the first industrial process to manufacture TPA. This process was industrized by Du 

Pont which employs the liquid phase oxidation of p-xylene by nitric acid at 165 
°
C and 

1000 kPa, by the following overall reaction: 

 

 

 

The TPA formed is separated by precipitation and centrifuging. After drying it is esterified 

by methanol at 150 
°
C in the presence of sulfuric acid catalyst. Although the total yield is 

90 molar%, the presence of nitrogen compounds makes purification difficult and nitrogen 

oxides recovery encumbers the economics of the system.
 [11] 
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6.1.4.2. Ammoxidation of p-xylene (Lummus process) 

Ammoxidation process for the production of TPA from p-xylene was first licensed           

by Lummus then modified by Esso by adding oxygen in the ammoxidation process; this  

modification enabled the technology to be commercialized. [12] 

This process is done by first reacting p-xylene with ammonia on a catalyst producing TPN, 

and then the intermediate TPN goes through a hydrolysis reaction where it produces TPA 

and ammonia. [12] 

 

 

 

At first TPN is produced from p-xylene which is passed with ammonia and oxygen over a 

catalyst, oxygen is used to regenerate the catalyst in place. The catalyst used in Lummus 

process can be Vanadium, molybdenum or other metals while the catalyst used in Esso 

process is chromia and vanadia supported on alumina, which is the mostly used catalyst for 

this process. [50] 

Then TPA is produced from TPN by aqueous hydrolysis in the presence of Silica gel or 

silica-alumina supported on phosphoric acid as a catalyst. The produced acid is produced 

in the gaseous phase and then separated from the other gases by sublimation. [3] 

6.1.4.3. Production from o-xylene or naphthalene (Henkel I process) 

Henkel I technology, which developed to the industrial stage by Teijin Hercules Chemical 

Co. and Kawasaki Kasei Chemicals Ltd in Japan, is based on the potassium salts 

isomerization of phthalic acids. At present, this process is considered as an obsolete 

process and no industrial plants employ this process as it’s uneconomical in comparison 

with other methods.  [11] 

This process is considered as a different route for production of TPA starting with phthalic 

anhydride or its precursor, o-xylene or naphthalene vapors, as the raw material. 
[11] 

According to this process phthalic anhydride, which is mainly produced through vapor-

phase catalyzed oxidation of o-xylene or naphthalene in presence of V2O5 as a catalyst, is 

converted sequentially to monopotassium and then dipotassium o-phthalate by aqueous 

recycle of monopotassium and dipotassium terephthalate. 
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The dipotassium o-phthalate is recovered and isomerized into dipotassium p-phthalate in  

carbon dioxide and in the presence of Zn-Cd catalyst at a pressure of 10 - 50 atm and at 

350 – 450 
°
C according to the following equation: [6], [14] 

 

 

Then, dipotassium p-phthalate is converted into TPA by two methods .In the first one TPA 

may be formed in two steps as shown in the following equations: [52] 

The aqueous solution of the acid potassium phthalate obtained by 2
nd 

step reaction is 

recycled for use in 1
st 

step reaction, and the aqueous solution of potassium phthalate 

obtained in 1
st 

step reaction is recycled for use as the starting material of thermal 

rearrangement reaction after being dried by evaporation or by spraying. TPA produced 

may be purified by dissolving it in alkalis and precipitating it from alkaline solution with 

acids. [52], [53] 

The other method for producing TPA is by blowing carbon dioxide into an aqueous 

solution of potassium terephthalate to produce acid potassium salt of TPA (precipitate) and 

potassium carbonate (in mother liquor), and then the acid potassium salt of TPA is reacted 

with phthalic acid or anhydride in an aqueous phase so as to produce TPA (precipitate) and 

an acid potassium salt of phthalic acid (in mother liquor). A solution, of which main 

component is potassium phthalate, can be obtained by mixing the two mother liquor and 

boiling to expel carbon dioxide. [52] 
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The resultant solution can be recycled and reused for preparation of the aqueous solution 

containing crude potassium terephthalate and potassium phthalate, which is to be 

subsequently concentrated. [52] 

6.1.4.4. Mitsubishi process 
 

This process is based on the Gatterman / Koch reaction, which depends on carbonylating 

toluene to p-toluic aldehyde by CO at 0 
°
C, under 1500 kPa and in the presence of BF3 and 

HF according to the following reaction: 

 

 

 

Smaller amounts of o-toluic aldehyde are also formed and can be separated from p-toluic 

aldehyde by crystallization. And then purified p-toluic aldehyde is air-oxidized (by the 

technique employed for p-xylene) around 200 
°
C, under 2000 kPa and in the presence of 

manganese acetate, cobalt acetate and sodium bromide to give TPA according to the 

following reaction: [11] 

 

 

6.1.5. Production from recycling of PET 

PET can be recycled back to its initial raw materials PTA or DMT and MEG where the 

polymer structure is destroyed completely, or can be recycled back into its process 

intermediates like BHET. The following part shade light on different techniques to 

produce TPA from PET.  

6.1.5.1. Hydrolysis of recycled PET 

In this recycling process, PET-waste is directly hydrolyzed applying for instance 

supercritical water steam. CTA is separated then purified by re-crystallization in acetic 

acid/water mixtures similar to PTA purification. Industrial-scale lines based on this 

chemistry have not been known to date. [5], [36]  

http://en.wikipedia.org/wiki/Acetic_acid
http://en.wikipedia.org/wiki/Acetic_acid
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6.1.5.2. Alcoholysis 

The monomers used for PET polymerization are reformed if methanol is used for 

alcoholysis. Thus the polyester waste, under pressure and in presence of a catalyst, is 

transformed with methanol into DMT which may be further hydrolyzed to produce TPA. 

This methanolysis is rarely carried out industrially nowadays as the polyester production 

based on DMT shrunk and so DMT producers are disappearing step by step since the last 

decade. [5], [36] 

 

 

6.1.6. Production from coal  

This process, proposed by Occidental Research Corporation, consists in oxidizing a 

bituminous coal in the presence of potassium acetate and water, in a weight ratio 1/3.3/10, 

by oxygen at 260
 °C and under 10000 kPa. The product is mixed with cadmium iodide and 

heated to 400 °C, under 4000 kPa and in the presence of CO2 in order to convert o-

potassium salts to p-potassium salts by isomerization and potassium benzoate to potassium 

terephthalate by disproportionation. [12] 

TPA is obtained after number of separation operations with yield of 34 wt% to the coal 

feed. This process, which is unselective for TPA, isn’t economical today but offers an 

interesting possibility for the use of coal in the future. [12] 

6.1.7. Oxidation of p-cymene (bio-based Synthesis) 

Bio-Based production of TPA is done by oxidation of p-cymene which can be 

manufactured by the dehydrogenation of limonene (one of the terpenes families and exists 

in citrus fruit), as shown: 
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This green technology can be commercialized as 50,000 tons of limonene are produced 

annually through the citrus industry. Also its feedstock is renewable and can save cost of 

treating waste by converting it to raw material. [56]  

6.1.8. Electrolysis of terephthalate salts  

Pure TPA can be produced by electrolyzing aqueous solutions of potassium terephthalate 

or TPN in the presence of acid stronger than TPA to precipitate it. Dipotassium 

terephthalate is acidified by CO2 and converted to potassium hydrogen terephthalate which 

precipitates in low pH. The solution is sent to electrolyzer in which applied potential 

difference causes migration of potassium ions through membrane and TPA is formed on 

the anode. [54] 

 

 

 

In electrolyzer temperature is preferred to be 90 – 110 °C and applied voltage is about 5 - 

6.5 V.  Anode is made of columbium or titanium while cathode can be made of stainless 

steel. [54]
  

6.2. Polymerization of TPA to PET 

PET may be produced from EG and either DMT or TPA. High purity is required of all raw 

materials. In either case, the first step of the reaction is the formation of BHET as a pre-

polymer. Subsequent polymerization of this material (with the removal of EG) forms PET. 

BHET can also be manufactured by the reaction of TPA with ethylene oxide (ethoxylation) 

but this is not common. [12], [33]
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Direct esterification of TPA and EG was generally not preferred earlier because of the 

difficulties in the purification of TPA due to its low solubility and high melting point. 

However, with improvements in technology, the direct esterification method has been 

gaining importance. Most plants nowadays use TPA as it has the following advantages: [33] 

1- Increasing costs of DMT over TPA. 

2- The lower weight of TPA compared with DMT leads to lower storage cost 

3- The use of water instead of methanol as condensation agent 

4- No transesterification catalyst is required 

5- Higher molecular mass PET is obtained with superior quality due to their low content 

of carboxyl end groups and diglycol linkages. 

The extent of polymerization (apparent from the molecular weight of the polymer) is a 

function of the polymerization conditions and significantly affects the properties of the 

resin that is produced. As the polymer grows in length, both molecular weight and 

viscosity of the reacting mass increase; thus IV is frequently used as a measure of polymer 

molecular weight. When very high molecular weights are desired, as is the case for bottle-

grade PET resins, the polymerization may be carried out in stages, with different reaction 

conditions being utilized in each stage. [33] 

When starting with TPA, the first step in the polymerization sequence is an esterification 

of 1 mole of acid with 2 moles of glycol. Water is liberated in the process. The major 

breakthrough in the technology of this reaction involved operating at pressures above 

atmospheric and temperatures greater than the normal boiling point of glycol, to achieve 

shorter reaction times. Reaction temperatures range from 258 °C to about 263 °C and the 

water of reaction is removed from the system through a reflux column. Industrial use of 

these high temperatures and super atmospheric pressures are now almost universal. [33] 

The second step in the polymerization sequence is the polycondensation of BHET with 

liberation of EG for recycle. The reaction temperature must be above the melting point of 

the polymer 260 – 265 °C and below the temperature at which decomposition occurs too 

rapidly 300⁰C, so that temperatures between 275 °C and 290 °C are favored for 
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polycondensation. Both the high temperature, required to keep the polymer in a molten 

state, and the high viscosity of the polymer may cause degradation so triphenylphosphite is 

the preferred stabilizer. [33] 

The removal of glycol vapors (under vacuum) drives the equilibrium toward 

polycondensation. The partial pressure of glycol over the polymer melt must be reduced to 

less than 6 mmHg if useful molecular weights are to be obtained.  [33] 

Because the diffusion rate of by-product EG from the molten polymer is rate limiting near 

the end of the reaction, the EG must be separated as quickly as possible. This is 

accomplished by high vacuum and by mixing the melt so as to continuously expose a large 

amount of surface. The time of the reaction is at least two hours at 290 °C, depending upon 

the type of reactor used. Several reactors were designed for this purpose as illustrated in 

the following part. [17] 

Many catalysts have been developed that are effective during the polycondensation as well 

as during the initial esterification or transesterification. Of these, antimony compounds, 

such as trioxide or triacetate, are the most common. [36] 

The following processes use reactors of different designs and some of them mainly depend 

on melt phase, while others depend on SSP. Melt-phase polymerization is typically carried 

to an IV of about 0.60-0.65. The polymer is then converted to solid particles, crystallized 

and sent to SSP which is used to raise IV and molecular weight further. The required IV of 

bottle grade is 0.7 - 0.78 for water bottles and 0.78 -0.85 for CSD.
 
It is also worth to 

mention that PET waste can be recycled to PET pellets used for different applications.  [36] 

6.2.1. IPT (Invista Performance Technologies) NG3TM process  

As shown in figure 12, Invista's (formerly DuPont's) invented NG3TM process for 

manufacture of PET where EG and TPA are loaded into an esterifier then the esterified 

product is fed with EG and catalyst to a pipeline reactor. The pipeline reactor product is 

then fed to a column reactor which is designed to increase the degree of polymerization 

using a closed loop, nitrogen circulation system which allows elimination of the vacuum 

system. The resulting 0.2 IV prepolymer is fed to a rotoformer (a perforated rotating shell 

supplied with melt) and finally the product is directed to SSP to produce high IV pellets.  

[45] 
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Figure 12: Invista Process for Producing High Molecular Wight PET 

As mentioned above, NG3TM produces a low IV intermediate and then carries out most of 

the polymerization in the solid state rather than relying on the melt plant to produce an 

intermediate with a high IV (typically around 0.6-0.65). The novel feature of the 

technology is the formation of pastilles, a form of polymer solid particle that can be further 

polymerized in a conventional SSP plant. The pastilles are formed from low molecular 

weight polymer (degree of polymerization 20 - 30, 0.23 - 0.28 IV), and have a unique 

crystalline structure that aids further processing. [58] 

6.2.2.  M&G easy up process 

As shown in figure 13, M&G uses SSP to reach required IV. After heating solid 

prepolymer coming from melt phase polymerization in the pre heater, the reaction takes 

place in a special gas atmosphere which allows the use of smaller sized equipment. A 

horizontal kiln type reactor guarantees a perfect plug flow equivalent to 500 CSTR in 

series while ordinary reactors are equivalent to 10 CSTR in series. Product from reactor is 

send to finisher where final polymerization takes place then the product is cooled as 

crystals. Overall, the streamlined process requires half the equipment utilized in standard 

technology. The following scheme shows the SSP section only:   [33], [57] 
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Figure 13: M&G Process for Producing PET 

 

6.2.3. Udhe-Inventa-Fischer (2R) process (UIF)  

Udhe-Inventa-Fisher developed its older process by using two reactors two reactors (2R) 

rather than four. As shown in figure 14, it consists of a tower reactor and DISCAGE 

finisher or solid-state finisher. Esterification is done in the tower reactor where slurry of 

TPA and diol is prepared at a low mole ratio and fed under pressure or under vacuum at 

temperatures ranging between 170 °C to 270 °C. Prepolymer may be finished in the melt 

phase with DISCAGE reactor or in solid-state finishing unit to obtain the required end-

product features. Other polymerization products are separated in process column from the 

diol, which is then recycled back to the reaction. Spray condensers and vacuum units 

recover unreacted feedstock and recycle the diol.
  [8] 

6.2.4. Lurgi Zimmer DHI process 

The DHI process like normal PET process is based on the esterification/ transesterification 

of pure TPA/DMT with EG. As shown in figure 15, pure TPA is used, the TPA is mixed 

with EG and catalyst paste, then the mixture placed in the esterification system. The 

material splitted from the esterification/transesterification is passed into a column for raw 

material recovery. [25]   

The products from the esterification are fed to the pre-polycondensation, where the 

reaction is performed under vacuum. The vacuum is generated by a system that uses the  
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Figure 14: Udhe-Inventa-Fischer (2R) Process (UIF) 

 

process EG. The pre-polycondensation product is passed through to the final 

polycondensation. [25]   

Polycondensation takes place under vacuum and high temperature in SSP reactor. The 

polyester melt obtained from the reactor is processed in a granulation system integrated 

with a crystallization section that provides highly uniform, dust free granules. These 

granules are passed through a dealdhydization unit to reduce the acetaldehyde levels. [25]    
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Figure 15: DHI Polycondensation Process by Lurgi Zimmer 

6.2.5. Eastman IntegRex 

Eastman solved the problem of making the entire polymerization process in the melt phase 

by using a pipe reactor. Unlike conventional processes which raise the IV to the desired 

value in SSP, IntegRex technology raises it in melt form to about 0.75 which is three times 

of the value reached by other technologies in the melt phase
 [35]

. The applied vacuum in the 

used pipe reactor enables easy removal of by-products and eliminates mass transfer 

problem. [33], [17] 

As shown in figure 16, feed- which may be TPA solid or solution- is introduced with EG 

to a circulation loop where feed is dissolved by the esterification product with the aid of 

elevated temperature through heat exchange with heating medium. Esterification vent 

gases are sent to distillation column (not shown) to separate water from EG. [59] 

BHET produced from esterification is heated and sent to polymerization pipe which is 

divided into three sections; top, intermediate and bottom. Each section raises IV to a 

certain value while the applied vacuum increases through sections. Heat exchange can be 

provided between sections. The vent vapors of polycondensation, mainly EG, is condensed 

and sent to the process column where pure EG is the bottom product to be recycled to the 

circulation loop. Produced PET is cut to crystals and stored in silos. [60] 
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 Figure 16: Combined Esterification Polycondensation Pipe Reactor Developed by Eastman-IntegRex 

 

6.2.6. Ethoxylation of TPA 

Another route of PET production is based on the direct manufacture of the intermediate 

BHET from ethylene oxide and TPA, and then using BHET as a monomer to obtain PET 

(In other production methods BHET appears as intermediate in the polymerization reactor) 

as shown in the following equation: [12] 

 

 

 

 

Toyobo and Nippon Soda worked on the development of this route which is divided into 

two steps.
 [28]

 In the first step BHET, as shown in the figure 17, is produced by mixing 

ethylene oxide and TPA in mixing vessel in the ratio of 1:3 to 1:6 and a catalyst and/or 

solvent. The produced slurry is fed into pre-heater then reactor directly to seal pot where 

the product is then sprayed into receiver and dispersed into small particles which is further 

cooled and discharged through screw conveyor to BHET storage tank. During spraying 

powder into receiver, ethylene oxide evaporates so it will be separated in ethylene oxide 

recovery tank. [55] 
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Figure 17: Production of BHET 
 

In the second step BHET oligomers, which degree of polymerization is between 2 and 40, 

is polymerized in at least two stages of pipeline reactors as shown in figure 18. [15]
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Figure 18: Production of PET from BHET by Using Two Stages of Pipeline Reactors 
 

In the first stage oligomers, in melt form, after addition of EG are mixed in a static mixer 

then fed to 1
st
 pipeline reactor which operates under pressure within a range 230 - 2000 

kPa. [15] 

In the second stage an inert gas under positive pressure is injected in order to eliminate or 

reduce the problems of leakage of air into the system which can cause degradation 

reactions and development of colors in traditional vacuum polymerization systems. After 

mixing the mixture of melt and inert gas is directed into 2
nd

 pipeline reactor which operates 

at atmospheric pressure or vacuum to produce a prepolymer having an average degree of 

polymerization from 10 - 25 which is then may be feed to subsequent SSP reactor. [15] 
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6.2.7. Buhler process (PET recycle) 

At the present time, PET bottles are mainly recycled for technical applications. As food 

containers, however, the quality of such recycled material, especially as regards the visual 

aspects, is seldom satisfactory. The Buhler bottle-to-bottle process converts washed PET 

flakes from post-consumer bottles into bottle grade pellets. [35]     

As shown in figure 19, the process contains four typical stages for producing bottle grade 

PET; crystallization, annealing, SSP and cooling. The amorphous feed coming from low 

molecular weight polymerization of recycle is crystallized by heating in fluidized bed 

using air or nitrogen in temperature less than 185 °C to prevent oxidation (Yellowing). [17] 

Annealing is done to raise the melting point of crystals to higher values then used in SSP 

to prevent sintering. Roof type pre heaters are used for annealing using cross flow contact 

with hot nitrogen to raise crystals temperature to 210 - 220 °C. Crystals then are 

introduced to SSP reactor where degree of polymerization increases and then produced 

pellets are cooled and stored. The produced PET is free from contamination coming with 

waste and can be used for containers manufacturing. [17], [35]   
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Figure 19: Buhler Four Stages SSP PET Process 
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7. MARKET OF PET 

PET is one of the major polymers produced worldwide representing about 18 % of world 

polymer production and comes in third after polyethylene and polypropylene [36].
 
PET 

production profitability study is overviewed based on both local and global market. 

7.1. Global Production of PET 

Global production of PET in 2008 was approximately 50 million MTA. The main 

downstream industries based on PET are production of polyester fibers, accounting for 

around 65% of global consumption, and PET bottle resins consuming around 30%. Other 

applications occupy the remaining fraction containing polyester film and polyester 

engineering resins.
 [37]

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Global Uses of PET 

7.1.1. Worldwide major producers  

Major producers are China Petrochemical Corporation (Sinopec), Reliance Industries, 

Formosa Plastics Group, Gruppo Mossi & Ghisolfi, Far Eastern Textile and Alfa Group, 

and Eastman chemicals in America. [37] 

7.1.2. Global market forecast for PET 

In the next five years, the growth in PET resins’ production is expected to moderate to 

7.2% per year with beverages continuing to be the dominant outlet. Global demand is 

predicted to grow up to 17.3 million MTA in 2011. Strong growth in demand combined 

with low entry barriers has attracted far too much capacity, especially in Asia. [45] 
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Figure21:  Growth Rates of PET Demand 

It was estimated that production in the last five years has grown at an average of 10.5% per 

year to reach 15.8 million MTA in 2006. However, the forecast capacity growth is 4.5% 

per year, in the next five years it will be lower than demand growth, improving operating 

rates. Capacity is expected to reach 19.6 million MTA in 2011. [38]
  

Most of the capacity growth has occurred in Asia with the majority of plants being built in 

China. According to market forecast Asia will continue to produce the greatest capacity for 

the next few years and will be a major exporter as it takes advantage of its low cost 

position. [38] 

7.2. Raw Materials Worldwide 

Production of PET is mainly divided into two stages; the first stage is PTA production 

using p-xylene as a raw material in presence of acetic acid as a solvent. The second stage 

is the reaction between PTA and MEG forming PET. Hence the feedstock for PET 

production is p-xylene, acetic acid, and MEG. 

7.2.1. P-xylene 

Isolation of p-xylene accounted for 82% of 41.6 million MTA in 2008 of global mixed 

xylenes consumption. Asia is the largest p-xylene producing region, with 64% of capacity; 

North America produces 20% and Western Europe 9%. Global production of p-xylene in 

2008 was approximately 28 million metric tons. [37] 

ExxonMobil is the world’s leading producer of all xylenes except the m-xylene isomer. BP 

is another major producer of mixed xylenes and the second-largest producer of p-xylene 

and a major producer of its derivative, TPA. China Petrochemical Corporation and its 

affiliates have become the second largest producer of mixed xylenes and third-largest 
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producer of p-xylene and o-xylene. Reliance Industries Ltd. has also become a major 

producer of xylene products (except m-xylene).
 [37]  

7.2.2. Acetic acid 

The largest use of acetic acid is the manufacture of vinyl acetate monomer which 

represents 33% of the total production; the second largest derivative is the production of 

PTA which represents 22% of the total production which is used to produce PET bottle 

resins and polyester fiber.
 [37]

  

Global demand for acetic acid is forecasted by consultants to grow at 3-4% per year. 

Growth is much higher in Asia, pulled by strong demand in China. India is also seen as a 

country where there could be strong acetic acid demand growth in the future. [37]
  

The two biggest producers of virgin acetic acid are Celanese and BP Chemicals. Other 

major producers include Millennium Chemicals, Sterling Chemicals, Samsung, Eastman, 

and Svensk Etanolkemi.
 [36] 

7.2.3. MEG 

MEG is the most important of the commercially available EGs, accounting for 90% of EGs 

production. DEG and TEG are produced as by-products in the manufacture of MEG. 

Around 82% (18.5 million MTA in 2009) of MEG consumed worldwide is used for 

producing polyester fibers, resins and films. Strong growth in polyester demand has led to 

global growth rates of 5-6% per year for MEG. The second largest market for MEG is 

antifreeze formulations.
 [38] 

The major MEG producers are Eastman, Equistar Chemical Co., Formosa Plastics Corp 

(Owned by Chinese company Nan Ya Plastics), Huntsman Corp, Old World Industries, PD 

Glycol, SABIC, Shell and Dow Chemical. [39] 

7.3. Local Market of PET 

The supply and demand rates in Egypt are highly affected by many factors that are 

manifested in the high steady growth rate in PET consumption with the absence of 

production facilities. An introductory market analysis in Egypt is presented in the 

following lines with a brief emphasis on market forecast in the next five years. 



44 

 

7.3.1. Local production 

Although there are no current PET production companies working in Egypt now, one 

project is expected to be erected in the next 3 years. The future company is a joint venture 

between Echem and the Indian giant of petrochemical SAPL. The company will be 

established under the name of Egyptian Indian Co. for Polyester with production capacity 

of 315,000 MTA of which 20% will be domestically consumed.
 [40]  

7.3.2. Local consumption 

The shift in raw materials for plastic bottles in Egypt from polyethylene to PET had its 

great impact in the consumption rate jump in 2003. There are many downstream plastic 

bottles’ industries based on imported PET resins from various producers in the world. The 

figure shows the increase of PET demand in the Egyptian market in a period of 8 years. [4] 

 

 

 

 

 

 

 

 

Figure 22:  Consumption of PET Bottle Grade in Egypt 

7.3.3. Local market forecast 

According to the official data from Echem, the consumption, which reached 88000 MTA 

in 2008, is expected to grow steadily in spite of the world economic slowdown effect on 

developing economies.
[1]

 It is expected to pick up, growing at an average annual rate of 

approximately 4.3% during 2009–2013 (worldwide) 
[1]

 and about 5-6% annual rate for the 

same period (2009-2013) in Egypt and by the year 2013 the annual consumption would be 

97000 MTA.
[1]

 The increase in the annual expected consumption rate in Egypt is higher 

than worldwide speculations and even higher in the Middle East region in general, which 

have the largest regional growth forecasted to reach (9.3%). [37] 
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7.4. Raw Materials in Egypt 

Raw material availability in any industry is a vital and crucial component in the short and 

long term thinking of constructing any factory. The availability of the previously 

mentioned raw materials is discussed briefly in the next paragraphs. 

7.4.1. P-xylene 

P-xylene is available in low quantities in Egypt (about 1604 MTA
 [2]) which is not 

sufficient for an industry like PET. Although the little amount produced of p-Xylene, the 

demand is increased because it is used as a solvent in paint industry which is highly 

increased recently in Egypt. Producers of p-xylene are mainly oil refineries in Egypt like 

MIDOR. [3] 

P-xylene for the PET project would be imported. Producers of p-xylene are mainly oil 

producing countries like Saudi Arabia, Kuwait and UAE or Gulf region in general[3]. As a 

suggestion of p-xylene supplier; Aramco is most suitable because it comprises high 

production capacity and in the same time lowest shipping cost among all producers. Beside 

Aramco other suppliers like Oman Aromatic Company (OAL) (which produces 819000 

ton/year [41]). SABIC, Exxon Mobil and Shell can also be potential suppliers. 

The Aromatic complex project planned to be constructed according to Echem’s plan is 

very promising to the production of benzene and p-xylene.
 [4], [40] 

7.4.2. MEG 

There are fewer producers in Egypt (produce about 916 MTA
 [2]

). The most important 

MEG supplier is SABIC due to high production and shortest distance (i.e. lowest shipment 

cost). In addition to SABIC, Oman and Marun Petrochemical MEG unit at Bandar Imam 

(Iran) are also suggested as suppliers of MEG. 

Another Echem project with the name (second Olefin Complex Project) is subjected to 

establishment for the production of 500000 ton MEG. [4], [40] 

7.4.3. Acetic acid 

It is available from the sugar industry (like El Hawamdiyya Co) but low quantity (about 

56576 MTA [2]) and lower purity not suitable for PET industry. It is used mainly in 

domestic uses and additional amounts are imported. For these mentioned reasons, acetic 
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acid will be imported. Most common suppliers are BP and Celanese from south eastern 

Asia or the USA.
  [36] 

7.5. Capacity Recommendation 

The choice of a capacity for any given factory-to-be is not an easy decision because it 

depends on many factors such as supply, demand and market forecast of both local and 

global markets. The share of each partner can also affect the decision because of the 

occasionally conflicting interests among partners. There are two main approaches when 

dealing with capacity suggestion, the first of which is based on the end product market 

while the other is based on the possibility of marketing intermediate products along with 

the end product. The second approach is more suitable for the PET production project 

because it is mainly sectioned into two different factories where each of them can work 

independently.  [4] 

PET consumption is higher than its production in Eastern and Western Europe, Middle 

East and Africa which makes them a strong potential candidate for the PET to be produced 

in Egypt 
[20]

. For example, Western Europe consumes 3.15 million MTA and produces 2.3 

million MTA so it needs to import 0.85 million MTA (as shown in the appendix). Egypt is 

preferable than Asian countries as a supplier due to the import threat from Asia because of 

the higher prices and margins 
[21]

. Also location advantages of Egypt which include low 

logistic costs for sales to the EU and North American markets, access to the fast growing 

and underserved African and Middle Eastern markets, excellent port/infrastructure 

facilities, favorable trade agreements with the EU and WE and proximity to sources of 

MEG feedstock.  [42] 

The TPA market is similar because TPA consumption is estimated to increase by 4.8% in 

2008 and it is expected to grow an average 5.4% per year from 2008 to 2013 and around 

3.9% per year from 2013 to 2018. TPA is also used to make polytrimethylene terephthalate 

(PTT), polybutylene terephthalate (PBT), aramid fibers, polyacrylate resins, liquid crystal 

polymers (LCP), and specialty polyesters. [43] 

Based on the information mentioned above, the recommended percentage of both PET and 

TPA to be exported is higher than the locally consumed. The demand of PET in Egypt in 

2009 is expected to be 88000 MTA, which represents 25% of the recommended capacity 

of PET project referring to Echem’s study. The demand growth of PET is nearly 5% so the 
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consumption of PET in Egypt at the expected decommissioning phase of the PET project, 

which is assumed to be in 15 years, would be 155000 MTA which will represent 40% of 

total capacity of the project. So the recommended capacity of PET plant should be 385000 

MTA PET. The amount of TPA needed for 385000 MTA PET is 280000 MTA according 

to the ratio that 1 ton TPA gives 1.37 ton PET. By shifting the 60% export percentage the 

recommended capacity of TPA should be 700000 MTA.  

8. EVALUATION OF MANUFACTURING TECHNOLOGIES 

Evaluation is done based on comparing all commercialized technologies to be more 

realistic as it shows not only the chemistry of the industry but also the flow sheet structure 

and the production sequence. This enables the evaluation committee to compare between 

different technologies based on economical and technical factors besides the chemistry of 

production.  

Weighted score method is adopted as the best one for comparison. As the comparison is 

based on a combination of quantitative and qualitative factors, the evaluation task consists 

of listing comparison factors, assigning weight to each factor and translating the qualitative 

factors to numbers based on their relative importance in production.  

The local conditions, global trends and market directions are all considered while 

assigning weights of each factor. The factors choice and their weights are based on the 

personal judgment of the evaluation committee based on the collected information. 

Evaluation is done in two steps, the first is to choose a technology for TPA manufacturing 

and the other is to choose a polymerization technology. 

8.1. Evaluation of Monomer Manufacturing Technologies 

The choice of evaluation factors was done based on chemical engineering principles, 

economy, and safety. The TPC of each technology is used as a measure for its feasibility. 

Required raw materials’ amounts, solvent makeup and other materials used are calculated, 

assumed or obtained from literature. Prices of chemicals were obtained from only one 

source to guarantee equity of comparison. The factors and their details are: 

 Total production cost including profit ratio and utilities (steam, cooling water, fuel 

and electricity) which were tabulated for each competing technology as an essential 

part of the operating cost. 
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 Raw materials’ types, amounts and availability in the local market as bulk chemicals. 

 Fixed cost or the battery investment is represented in both type and number of 

reactors, separators, and heat exchangers besides the need of special materials due to 

corrosion problems.  

 Safety considerations and restrictions which represents by reaction conditions. 

 Types and amount of wastes (solid, liquid or gas) were taken as measures of the 

environmental impact.  

 The suitability of the production capacity limits to the recommended capacity by the 

market study affecting the choice and the required number of labor. 

 The availability of the know-how of the process in other industrial practices 

commissioned in Egypt or in the Middle East. 

An agreement on the weight assigned to each factor is done by the evaluation committee 

before starting evaluation to guarantee equality. Distribution of weights on each factor is 

done based on literature recommendation and previous reports done on the same field. 
[44] 

As shown in figure (23), over a total of 1000 points, the profit ratio factor was given 300 

points as it directly measures the scope of the project and hence it forms the most 

important criterion. Utilities consumption per ton of product was given 100 points and 

both were collected in one factor called (TPC). Hence TPC represents the most important 

criterion. 

The fixed cost (number of separators, reactors and heat exchangers) was given a weight of 

200 points, and the availability of raw materials was given 100 points. Safety consideration 

(represented by reaction conditions) factor was given 70 points due to the factor’s effect on 

operation simplicity, while the environmental impact of the plant is given 50 points. The 

rest is distributed between labors, capacity and know-how availability to maintain their 

relative importance as the following; labor 30 points, capacity 50 points, and know-how 

availability 100 points. 
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  Figure 23: Distribution of Weights for Each Factor 
 

The following technologies are either obsolete or not commercialized so they are not 

involved in evaluation:  

 Toray process (catalytic co-oxidation) has no available licensor, produces a lot of 

acetic acid and only two factories adopted it as a production method. 

 Lummus (Ammoxidation) was not fully commercialized so the production of TPA 

using this technology is only in pilot scale. 

 Dynamite noble (Oxidation-Esterification) was eliminated as the H&G technology 

entered as its modification, Although H&G also is Witten’s modification, Witten 

entered as an example of old technologies. 

 Henkel I (Isomerization) was also eliminated as not enough data was available about 

the technology and it is not economical compared to other technologies. 

 Mitsubishi process, production from coal are not commercialized 

 DuPont process (Nitric oxidation) as purification of the product from nitrogen 

compounds is not economic. 

 Electrolysis of terephthalate salts is not economic due to high electricity consumption. 

 Bio-Based production is still in the lab-scale and cannot be industrialized recently. 

 Recycle of PET is widely commercialized but it requires large amount of PET waste. 

The profit ratio PR is calculated for each technology by knowing the raw materials 

consumption amounts and prices of bulk chemicals. 
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For example Henkel II process consumes 1.35 ton toluene, 0.82 ton potassium hydroxide, 

and 0.6 ton sulfuric acid to produce 1 ton TPA besides 0.5 ton benzene and 1.05 ton 

potassium sulfate as by products. 

    
(         )  (       )  (         )

(        )  (         )  (       )  (        )
 

            

P.R is calculated twice for each technology; one for the TPA or DMT is the final product 

while the other is done based on PET as the final product. Further detailed examples are 

listed in the appendix accompanying the report. 

As it is apparent from table 3, Eastman technology for the production of TPA is the 

recommended technology, as it scored the highest score 73.8%, followed by Amoco then 

H&G. These weights are assigned based on the data available about each technology in the 

attached appendix. Also Eastman provides a discount $20-25 per ton below PTA prices 

which produces by Amoco process. 

The result is consistent with the historical development of processes. In the past, DMT was 

used so Witten and its modification H&G were the most widely used. After the shift from 

DMT to TPA Amoco became the most widely used technology till Eastman did its 

modification on it and became the new trend. 
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Table 3: Evaluation Result of Different Technologies 

 

 

 

 

 

 

 

Main Factors Details Total points AMOCO EASTMAN HENKEL II PRP WITTEN H&G 

Raw Materials Availability 100 25 15 25 15 15 15 

Fixed cost 

(equipment and 

corrosion problems) 

Number of reactors and their type 50 30 40 7 5 30 45 

Number of separators and their type 75 30 70 5 7 20 45 

Number of heat exchangers 25 10 12 20 20 15 23 

Material of construction to face 

corrosion if there is corrosion 
50 30 35 25 5 35 35 

Total 200 100 157 57 37 100 148 

Total Production 

Cost (TPC) 

Profit Ratio 300 191 239 198 267 157 185 

Utilities 

(Per ton 

product) 

Steam consumption 40 34 38 2 2 35 36 

Cooling-water consumption 10 7 6 1 1 9 6 

Electricity consumption 25 10 21 14 14 12 24 

Fuel consumption 15 5 1 2 2 8 8 

Process-water consumption 10 7 9 1 1 8 8 

Total 400 254 314 218 287 229 267 

Reaction conditions 

Pressure 35 31 30 18 18 33 22 

Temperature 25 24 22 12 12 17 17 

phase of reaction 10 8 8 1 2 8 8 

Total 70 63 60 31 32 58 47 

Environment Amount and types of emissions 50 32 46 8 15 25 25 

Capacity Range of Capacity for the technology 50 45 45 10 10 10 45 

Labor Number of labor required 30 26 26 18 18 18 14 

Knowhow 

Is there any new factory use this 

technology? 
45 45 45 5 5 20 25 

Are there any problems with the 

countries which give license? 
10 10 10 10 10 10 10 

Number of plants use this technology 

world wide 
25 25 15 5 5 8 10 

Are there factories around or inside 

Egypt that use this technology? 
20 20 5 5 5 5 5 

Total 100 100 75 25 25 43 50 

Total 
 

1000 645 738 392 439 498 611 
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8.2. Evaluation of Polymerization Technologies 

The polymerization step forms a separate plant and it has a number of licensors offering 

different technologies. All technologies have the same reaction path (esterification 

followed by polycondensation) but they are different in polymerization steps, the shape of 

the polymerization reactor and the phase (melt or solid state polymerization SSP) are the 

main evaluation criteria. 

Four areas of PET technologies are reviewed: 

1- PET by conventional melt plus solid-state polymerization (SSP) 

2- PET manufactured using solid-state process 

3- PET using modified melt polymerization with conventional SSP 

4- New melt phase polymerization 

In the first process most of the polymerization is carried out in the melt phase, which 

produces sales-grade PET for the polyester fiber market. Solid-state polymerization allows 

a higher molecular weight to be obtained, which is required for the blow-molded bottle 

market. It is a natural extension of the fiber process to simply add a solid polymerization 

stage to boost the molecular weight. This process is shown to be economically the least 

attractive of the three examined. 

The second process uses a novel technique for producing tough polymer particles at a very 

low molecular weight. This capability allows the mechanically complex melt 

polymerization section to be greatly reduced, with the bulk of the polymerization carried 

out in the simpler solid-state reactors.  

The third process uses the conventional melt plus SSP approach with major improvements 

in the melt polymerization stage only. These improvements allow the elimination of some 

agitated equipment, slightly reducing both capital and operating costs. The economics of 

this approach are improved over the first process but poorer than the second process. 

The fourth technical section is the new invented technologies that eliminate SSP. The 

following table contains examples for each type of technologies. 
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Table 4: Examples for Each Type of Technologies 

Process IPT Invista Buhler M&G 

EasyUP 

Inventa-

Fischer (2R) 

Lurgi 

Zimmer DHI 

Eastman 

IntegRex 

Steps 5 5 2 3 6 1 

Esterification Esterification Esterification Esterification Esterification Pipe 

Reactor 

Pipe Reactor Prepolym-

erization 

Rotary kiln 

SSP 

Espree Prepolyme-

rization 

 

Column Crystallizer 

FB 185 

 Discage 

finisher 

SSP  

Rotoformer Annealing 

roof type 220 

  Granulation  

SSP SSP   Crystallizer  

    Dealdhydation  

Intrinsic 

viscosity 

more than 0.6 more than 

0.6 

more than 0.6 0.55 - 1.3 0.86 0.75 

Phases melt – SSP melt -  SSP melt – SSP Melt Melt melt 

Utilities N2 closed 

circuit 

N2 No 

intermediate 

pipes 

No 

intermediate 

pipes 

No SSP No moving 

parts No 

SSP 

Plants  77 3 6 12 1 

Scale t/d 1150 1000 1250 1000 1500 1100 

 

Although a large portion of the plants all over the world uses the SSP. It is found that new 

processes that eliminate the SSP are better. The new trend in this industry is seeking 

eliminating the SSP as Lurgi Zimmer DHI and Eastman IntegRex. The Eastman IntegRex 

and Zimmer DHI process show 0.3-0.4 cents per pound advantage in total cost plus return 

versus a conventional SSP plant operating on PET chips from a melt-phase plant. This 

makes the final choice to be between both of them. 

An evaluation was done by Nexant Inc consultant office between two plants of the same 

capacity. One of them is conventional with 3 lines for polymerization while the other is 

integrated with 6 lines for polymerization as the pipe reactors are of lower limits, however; 

it shows that integrated plant has an identifiable advantage over the costs of the non-

integrated conventional plants. If it had been assumed that the pipe-reactor technology 

could support a larger per line capacity and a resultant three-line PET plant, the IntegRex 

cost advantage would have been even greater. [45] 
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The produced PET (Para Star Resin) is recyclable and can replace conventional PET used 

for carbonated drink applications, without the need for additional solid-stating. Eastman 

has built 350 000 MTA new PET production facility at its existing site in Columbia, SC. 

Eastman's existing PTA facilities will be improved using additional elements of IntegRex 

to supply intermediates for expansion. Eastman offers patent protected licensing 

opportunities in association with Lurgi on a global basis. [46] 

8.3. Recommended Technology 

Because of all the reasons and proofs stated above, the evaluation committee reached the 

conclusion that Eastman PTA and Eastman IntegRex are the chosen processes for 

manufacturing PET bottle grade as the integration between both of them seems to increase 

process simplicity and reduce the production cost more than the other processes. The 

committee decision agrees with the global trends as newly constructed plants adopted the 

same processes. 

The integration of Eastman PTA and Eastman IntegRex enables sharing utilities and 

coupling equipment which reduce the production cost as claimed by the licensor. The 

improvements that Nexant consultant office believes that it may be part of IntegRex 

include:  

 The use of aqueous TPA solution with EG in the PET plant eliminating TPA drying 

and solidifying equipment in the TPA plant and the slurry mix equipment in the PET 

plant.  

 Direct coupling of the water distillation in the CTA oxidation section to the reactor. 

This provides a lower removal cost of the water produced in the CTA reaction and 

lower waste treatment costs (removal of the acetic acid contained in the waste water).  

 Hydrogenation of 4-CBA and color impurities after esterification in the PET plant 

instead of in the TPA plant. [45] 

Eastman claims that the pipe reactor also has the following advantages: 

 Because the reactors are pipe with flexible orientation and layout, the plant can be 

designed for limited space conditions, such as areas that have interferences from other 

piping, columns, etc.  

 The pipe reactors do not require level or pressure control.  

 In a large part (or totally), pumps, reactor agitators, reactor screws (horizontal 

agitators), and associated seal systems are eliminated  
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 The pipe reactors can be welded without gaskets, which reduces emissions out of the 

reactor and air leakage into the reactor and hence improving product quality  

 The fabrication time for the traditional long-lead items is eliminated or greatly 

decreased and hence shortening the overall project schedule. [45] 
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Figure 24: Recommended Flow Sheet 
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Appendix I: Further Market Analysis 

Global Demand of PET  

 

PET and Its Raw Materials Prices
 

PET prices P-Xylene prices 

Region Price Region Price 

Asian market $1,010/ton FOB Asian market $1,000/ton CFR 

European market € 980/ton FD European market €795/ton FD 

American market $ 1,000/ton CFR American market $1,091/ton FOB 

Acetic acid prices MEG prices 

Region Price Region Price 

Asian market $400/ton CFR Asian market $740-750/ton CFR 

European market €480/ton FD European market €615/ton FD 

American market $410/ton FOB American market $882/ton FOB 

 

Change in PET Prices During The Last 3 Years in Europe Domestic FDW 
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Prices of Evaluation Process (first week of May 2009) 

Material Toluene Benzene P xylene O –xylene DMT TPA PET 
Phthalic 

anhydride 

Price 

(CFR 

USD/MT) 

630 560 1180 840 1100 925 1000 900 

Material 
Acetic 

acid 
MEG Methanol 

Ethylene 

Oxide 
KOH K2SO4 H2SO4 

 

Price 

(CFR 

USD/MT) 

530 550 200 1100 1300 1280 220 
 

 

Appendix II: Downstream Companies of PET Bottle Grade in Egypt 

Company Main product Address 

Port Said for plastics Bottles El basateen, Cairo 

Universal company for Bottles Bottles Borg El Arab, Alexandria 

Menas Plast Bottles and tools Borg El Arab, Alexandria 

Elseyoof El Haditha Bottles and home tools Borg El Arab, Alexandria 

Epco united plastic and chemicals Detergents and bottles Borg El Arab, Alexandria 

Sanabel for plastics Bottles, jars… Helwan 

Gama pack Bottles Giza 

Poly pet Bottles El-Sharkiyya 

El-Nil co Bottles El-Sharkiyya 

Nobel plast Bottles and detergents Zagazig 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix III: Profit Ratio Calculations (Per one ton of desired product) 
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1. Profit Ratio of PET Product  
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Appendix IV: Technologies Data 

1-Amoco Technology 

Main Factors Details Data Notes (further details) 

Raw Materials 

Amounts  (per ton TPA) 

P-xylene (0.68 ton) 
 

Acetic acid (0.06 ton) 
 

Hydrogen (6.24 m
3
) 

 
Availability 

  
number of reactors and their type 3 Hydrogenation reactor, two Oxidation reactors 

Fixed cost (equipment 

and corrosion problems) 

number of separators and their type 14 
3 crystallizer, 4 centrifuge or filter, 2 distillation, 3 scrubber, 2 

stripper 

number of heat exchangers 2 
 

material of construction to face corrosion if there is corrosion Titanium lining in oxidation 
 

Profit Ratio Profit Ratio 1.3168 Refer to Profit ratio calculations for details 

Utilities (per ton 

product) 

steam consumption amount 2 ton 
 

cooling water consumption amount 220 m
3
 

 
electricity consumption 700 kWh 

 
fuel consumption 9.00E+06 

 
process water consumption 0.2 m

3
 

 

Reaction conditions 

Pressure 1500 - 3000 kPa 
 

Temperature 175 - 225°C 
 

phase of reaction Liquid 
 

Environment 

gas emissions (VOC, CO) 28.8 kg/ton TA 
 

Liquid waste (waste water) 
  

Solid waste 
  

Capacity Range of Capacity of this technology 350,000 ton/year 
 

Labor Number of labor required (per shift) 8 
 

Knowhow 

Is there any new factory use this technology? Yes (Indonesia, 2005) 
 

Are there any problems with the countries which give license? No 
 

Number of plants use this technology world wide Most widely used 
 

Are there factories around Egypt or inside Egypt use this technology? Yes  (Ibn Rushd, SABIC) 
 

2-Eastman Technology 

Main Factors Details Data Notes (further details) 

Raw Materials 
Amounts  (per ton TPA) 

P-xylene (0.646 ton) 
 

Acetic acid (0.036 ton) 
 

Availability 
  

Fixed cost (equipment 

and corrosion problems) 

number of reactors and their type 3 Bubble column oxidizer, two post oxidizer 

number of separators and their type 6 

Water removal column, WRC reflux drum, Centrifuge, 

catalyst recovery and filtrate treatment, vacuum flash filter, 

Rotary vacuum filter 

number of heat exchangers 10 
 

material of construction to face corrosion if there is corrosion Titanium lining 
 

Profit Ratio Profit Ratio 1.3975 Refer to Profit ratio calculations for details 

Utilities (per ton 

product) 

steam consumption amount 0.355 ton (high pressure steam) 
 

cooling water consumption amount 251 ton 
 

electricity consumption 96 kWh 
 

fuel consumption 
  

process water consumption 
  

Reaction conditions 

Pressure 17.5 bar 
 

Temperature 204°C 
 

phase of reaction liquid - gas phase reaction 
 

Environment 

gas emissions (VOC, CO) Less than Amoco 
 

Liquid waste (waste water) 
  

Solid waste 
  

Capacity Range of Capacity of this technology 660,000 ton/year China 

Labor Number of labor required (per shift) 8 
 

Knowhow 

Is there any new factory use this technology? Yes China 

Are there any problems with the countries which give license? No 
 

Number of plants use this technology world wide Fewer than Amoco 
 

Are there factories around Egypt or inside Egypt use this technology? No 
 



3-Henkel II Technology 

Main Factors Details Data Notes (further details) 

Raw Materials 
Amounts  (per ton TPA) 

Toluene (1.35 ton) 
 

Potassium hydroxide (0.82 ton) 
 

Sulfuric acid (0.6 ton) 
 

Availability only KOH is not produced in Egypt 
 

Fixed cost (equipment 

and corrosion problems) 

number of reactors and their type 2 Liquid phase oxidation, fluidized or stirred autoclave 

number of separators and their type 14 
1 Distillation, 1 Adsorption, 2 centrifuge, 2 condenser separator, 1 

screen, 3 drier, 1 crystallizers, 3 filters 

number of heat exchangers 5 
 

material of construction to face corrosion if there is corrosion Dilute sulfuric acid at low temperature in the springing tank 

Profit Ratio Profit Ratio 1.3294 Refer to Profit ratio calculations for details 

Utilities (per ton 

product) 

steam consumption amount 15 ton 
 

cooling water consumption amount 900 m
3
 

 
electricity consumption 300 kWh 

 
fuel consumption 1.10E+07  

 
process water consumption 20 m

3
 

 

Reaction conditions 

Pressure 3E6 Pa 
 

Temperature 430°C 
 

phase of reaction heterogeneous solid gas 
 

Environment 

gas emissions Oxygenation vent gas 
 

Liquid waste (waste water) 
  

Solid waste 
Dust particles and powder of potassium 

sulfate  

Capacity Range of Capacity of this technology 100,000 ton/year 
 

Labor Number of labor required (per shift) 7 
 

Knowhow 

Is there any new factory use this technology? No 
 

Are there any problems with the countries which give license? No 
 

Number of plants use this technology world wide Only 1 Operated in the 70's 

Are there factories around Egypt or inside Egypt use this technology? No 
 

4-PRP Technology 

Main Factors Details Data Notes (further details) 

Raw Materials 
Amounts  (per ton TPA) Toluene (1.49 ton) 

 
Availability Available 

 

Fixed cost (equipment 

and corrosion problems) 

number of reactors and their type 3 Liquid phase oxidation, fluidized or stirred autoclave, Metathesizer 

number of separators and their type 13 
1 Distillation, 1 Adsorption, 2 centrifuge, 2 condenser separator, 

1 screen, 3 drier, 1 crystallizers, 1 filters, 1 extractor 

number of heat exchangers 5 
 

material of construction to face corrosion if there is corrosion Benzoic acid at low temperature in the springing tank 

Profit Ratio Profit Ratio 1.4445 Refer to Profit ratio calculations for details 

Utilities (per ton product) 

steam consumption amount 15 ton 
 

cooling water consumption amount 900 m
3
 

 
electricity consumption 300 kWh 

 
fuel consumption 1.10E+07 

 
process water consumption 20 m

3
 

 

Reaction conditions 

Pressure 3E6 Pa 
 

Temperature 430°C 
 

phase of reaction Suspension in triphenyl 
 

Environment 

gas emissions Oxygenation vent gas 
 

Liquid waste (waste water) 
  

Solid waste Dust particles and powder of potassium sulfate 
 

Capacity Range of Capacity of this technology 100,000 ton/year 
 

Labor Number of labor required (per shift) 7 
 

Knowhow 

Is there any new factory use this technology? No 
 

Are there any problems with the countries which give license? No 
 

Number of plants use this technology world wide Pilot plant Phillips petroleum /Rhone - Poulenc (France) 

Are there factories around Egypt or inside Egypt use this technology? No 
 

 



5-Witten Technology 

Main Factors Details Data Notes (further details) 

Raw Materials 
Amounts  (per ton DMT) 

P-xylene (0.63 ton) 
 

Methanol (0.38 ton) 
 

Availability 
  

Fixed cost (equipment 

and corrosion problems) 

number of reactors and their type 3 2 Oxidation, 1 esterification 

number of separators and their type 11 5 Distillation, 3 centrifuge, 2 crystallizers, 1 scrubber 

number of heat exchangers 8 
 

material of construction to face corrosion if there is corrosion No 
 

Profit Ratio Profit Ratio 1.2611 Refer to Profit ratio calculations for details 

Utilities (per ton product) 

steam consumption amount 1.5 ton 
 

cooling water consumption amount 100 m
3
 

 
electricity consumption 430 kWh 

 
fuel consumption 6.50E+06 

 
process water consumption 0.1 m

3
 

 

Reaction conditions 

Pressure 7 atm 
 

Temperature 250°C 
 

phase of reaction Liquid phase 
 

Environment 

gas emissions VOC, CO 
 

Liquid waste (waste water) 
  

Solid waste 
  

Capacity Range of Capacity of this technology 100,000 ton/year 
 

Labor Number of labor required (per shift) 7 
 

Knowhow 

Is there any new factory use this technology? No 
 

Are there any problems with the countries which give license? No 
 

Number of plants use this technology world wide 
  

Are there factories around Egypt or inside Egypt use this 

technology? 
No 

 

6-H&G Technology 

Main Factors Details Data Notes (further details) 

Raw Materials 
Amounts  (per ton DMT) 

P-xylene (0.606 ton) 
 

Methanol (0.36 ton) 
 

Availability methanol is available in Egypt E-Methanex, Damietta 

Fixed cost (equipment 

and corrosion problems) 

number of reactors and their type 2 Catalytic liquid phase oxidation, non catalytic estrification reactor 

number of separators and their type 6 3 Scrubbers, 2 vacuum distillation, 1 melt crystallizer 

number of heat exchangers 3 
 

material of construction to face corrosion if there is corrosion No 
 

Profit Ratio Profit Ratio 1.3083 Refer to Profit ratio calculations for details 

Utilities (per ton product) 

steam consumption amount 1 ton 
 

cooling water consumption amount 250 m
3
 

 
electricity consumption None 

 
fuel consumption 1.30E+06 

 
process water consumption 

  

Reaction conditions 

Pressure 2500 kPa 
 

Temperature 250°C 
 

phase of reaction 

liquid phase oxidation (homogeneous) 
 

liquid - vapor phase estrification 

(heterogeneous)  

Environment 

gas emissions Vent off gas 
 

Liquid waste (waste water) 
  

Solid waste Residue 
 

Capacity Range of Capacity of this technology 35,000 ton/year 
 

Labor Number of labor required (per shift) 6 
 

Knowhow 

Is there any new factory use this technology? 
  

Are there any problems with the countries which give license? No 
 

Number of plants use this technology world wide Yes 
Formosa Chemicals & Fiber Corp. in Taiwan (1989) , 

SASA in Turkey (1996) , German plant (1996) 

Are there factories around Egypt or inside Egypt use this 

technology? 
No 

 



 




