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Nanosized zeolite beta was synthesized from a freshly prepared silica xerogel mixed 

with aluminium isopropoxide and a solution of tetraethylammonium hydroxide, followed by 

hydrothermal crystallization at 135°C for various periods. The influence of ultrasound 

irradiation during the gel formation step on physico-chemical and catalytic properties of 

zeolite beta were investigated. The effects of different parameters : ultrasound irradiation 

periods, crystallization time and the Si/Al ratios in gel were also studied in comparison with 

zeolite beta prepared without ultrasound irradiation. The zeolite beta samples were 

characterized by X-ray diffraction, scanning electron microscopy, ICP-AES, 27AI_MAS_ 

NMR, nitrogen adsorption and ammonia temperature programmed desorption techniques. 

Pure zeolite beta can be synthesized with employing ultrasound radiation after crystallization 

for only 16 h. Application of ultrasound radiation did not affect the structures but had 

significant effect on particle size of zeolite beta. Ultrasound irradiation caused not only yield 

of zeolite beta increased but also more aluminum incorporated into the tetrahedral framework 

position resulting in higher acidity. The catalytic property of synthesized zeolite beta was 

investigated in polypropylene and high density polyethylene catalytic cracking under different 

conditions. The cracking of high density polyethylene is more difficult than that of 

polypropylene. When zeolite beta was used as catalyst, the conversions of both plastics are 

greatly more than that in the absence of catalyst. The plastic conversions and yields of liquid 

products depend on the cracking temperature and the plastic to catalyst ratio. Nevertheless, 

the Sil AI ratios in catalyst in the range from 40 to 80 do not affect plastic conversions and 

product yields. Application of ultrasound radiation to the sample with the low Sil AI ratio of 

20 provides the highest conversion as well as liquid product yield due to the highest acidity of 

the catalyst. The product selectivity is affected slightly. The gas products obtained by 

polypropylene and high density polyethylene cracking are mainly propene, i-butene and C/ o 

The liquid products obtained by cracking of both types of plastic are mainly in the boiling 

point range from C6 to C9• The used catalyst can be regenerated easily by simple calcinations 

and its activity still does not change significantly. 
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CHAPTER I 

INTRODUCTION 

In recent years, Plastics have become the material of choice for wide-ranging 

applications: household, agriculture, construction, packaging, etc. The world's plastics 

consumption has increased rapidly from around 5 million tones in the 1950s to nearly 

170 million tones today. Packaging is the largest single sector of plastics use in the 

UK [1]. It is not without reason that plastics have experienced such rapid 

development. Plastics are materials with extremely wide spectrum of possibilities. 

Their properties can be summarized briefly as follows [1, 2]: 

• Plastics are light. Their density varies between 0.8 and 2.2 g/cm3
• They are 

thus lighter than metal and ceramics, reducing fuel consumption during 

transportation. 

• Plastics have high chemical, water and impact resistance. 

• Plastics are often transparent and can be colored as desired. 

• Plastics are excellent thermal and electrical insulators. 

• Plastics exhibit a wide, variable spectrum of mechanical properties. They can 

be soft and elastic as well as hard and rigid. 

• Plastics are extreme durability. 

• Plastics are good safety and hygiene properties for food packaging. 

• Plastics are relatively inexpensive to produce 

• Plastics can be reused and recycled by means of a number of different 

methods. 
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Plastics can be classified as thennoplastic and thennosetting resins (Table 

1.1). Thennoplastics make up 80% of the plastics produced today, while thennosets 

make up the remaining 20% of plastics produced [3]. 

Table 1.1 Two Basic Types of Plastics [4] 

the original condition when cooled. 

Can be shaped by extrusion or molding 

processes 

Are recyclable and can be transparent 

Examples: polyvinylchloride (PVC), 

polypropylene (PP), polyethylene (PE), 

polyethylene terephthalate (PET), 

polystyrene (PS), etc 

when heated and cannot be softened by 

reheating 

More rigid and can crack/chip on impact 

Not recyclable and transparent 

Examples: polyesters, polyurethane (PU), 

melamine etc. 

Most consumers recognize the types of plastics by the numerical coding 

system created by the American Society of Plastics Industry in the late 1980s. There 

are six different types of plastic resins that are commonly used to package household 

products. The identification codes listed below can be found on the bottom of most 

plastic packaging [5]. These types and their most common uses are shown in Table 

1.2. 
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Table 1.2 Commodity Plastics and Their Uses [1] 

Type Abbreviation Major Uses 

l~ 
PET Polyethylene terephthalate - Fizzy drink bottles and 

oven-ready meal trays. 

III 
HDPE High-density polyethylene - Bottles for milk and 

washing-up liquids . . ~ 

III 
PVC Polyvinyl chloride - Food trays, cling film, bottles for 

squash, mineral water and shampoo. , . 

III LDPE Low density polyethylene - Carrier bags and bin liners. 

& PP Polypropylene - Margarine tubs, microwaveable meal 

trays. 

III 
PS Polystyrene - Yoghurt pots, foam meat or fish trays, 

hamburger boxes and egg cartons, vending cups, plastic 

cutlery, protective packaging for electronic goods and 

toys. 

& 
OTHER Any other plastics that do not fall into any of the above 

categories. - An example is melamine, which is often used 

in plastic plates and cups. 

Chemical Market Associates, Inc. (CMAI), a Houston-based global chemicals 

and plastics consulting firm, estimates that in 2005, nearly 165 million metric tons of 

commodity plastics were consumed worldwide. An average weight composition of 

the different type of plastics present in Western Europe is shown in Figure 1.1. 



World Major Thermoplastics 
2005 Demand by Major Polymers 
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World polymer demand = 167. 1 Million Metric Tons 

Figure 1.1 World major Thermoplastics 2005 demand (CMAI) [6] 

Demand for Global Thermoplastics is dominated by Polyolefms (pP & PE). 

They represent over 63 % of all the commodity resins consumed on an annual basis. 

PP represents the single largest category at 24 %. PE is the largest category including 

LDPE, LLDPE & HDPE. Polyethylene can be found in the market in several grades 

[7, 8]: 

1. Low density polyethylene (LDPE) is an ethylene homopolymer produced in 

a high pressure uncatalyzed process, which contains long and short branches; these 

branches in LDPE prevent a good packing of polymer molecules and in consequence 

the polymer melts at low temperatures. 

2. High density polyethylene (HDPE) was firstly obtained in 1958 by the use 

of Phillips and Ziegler-Natta catalysts. This grade, which consists in unbranched 

polyethylene molecular chains, has a higher melting temperature, but also a higher 

fragility. 

3. Linear low density polyethylene (LLDPE) was produced in the 1980s by 

copolymerization of ethylene with other olefins like I-hexene. Thus, a great quantity 

of short branches was added to the main polyethylene chain, achieving intermediate 

properties between HDPE and LDPE. 



S 

The disposal of plastics products also contributes significantly to their 

environmental impact because most plastics are non-degradable. There are many 

alternatives to manage plastic waste such as landfill, recycling, and incineration; 

however, each of these methods has disadvantages. Landfill treatment of plastic waste 

is less desirable due to high cost, poor biodegradability and the possibility of 

unacceptable emission [9, 10]. Incineration of plastic waste finds strong social 

rejection because of possible atmospheric contamination. Recycling is a popular 

recovery path but recycled plastic product often costs more than virgin plastic. In 

2006, only about 3.S% of all plastics generated are recycled compared to 34% of 

paper, 22% of glass and 30% of metals. At this time, plastics recycling only 

minimally reduce the amount of virgin resources used to make plastics. Recycling 

papers, glass and metal, materials that are easily recycled more than once, saves far 

more energy and resources than are saved with plastics recycling [S]. 

Recycling process is divided into two groups: mechanical recycling and 

chemical recycling. Mechanical recycling involves the melting and re-moulding of 

used thermoplastics for the production of low grade products. Chemical recycling 

embraces a variety of processes designed to convert plastic waste into petrochemical 

feedstock for use in the production of refined chemicals or fuels [11]. 

An alternative strategy is chemical recycling, which has attracted much 

interest recently with the aim of converting waste polymers into basic petrochemicals 

to be used as feedstock or fuel for a variety of downstream processes. Two main 

chemical recycling routes are the thermal and catalytic degradation of waste plastic 

[12]. 

1. Thermal degradation requires high operating temperature, typically more 

than 500°C and even up to 900°C, and proceeds with low yields into the 

corresponding raw monomers [13, 14]. Moreover, thermal conversion of PE and PP 

leads to a wide product distribution with poor economical value, which should be 

further upgraded [IS]. 

2. Catalytic degradation of plastic waste is a method to obtain valuable 

products from polymers [16]. Catalytic cracking have several advantages over a 

purely thermal process. First, catalysts promote the degradation reaction to occur at 

lower temperature, with implies lower energy consumptions. Second and most 

importantly, the shape selectivity exhibited by certain catalysts allows the formation 
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of a narrower distribution of products, which may be directed towards light and 

aromatic hydrocarbons with higher market values [11]. 

Since catalytic technology is the key technology for petroleum refining and 

petrochemical processing and catalyst is the core of catalytic technology, the 

development of new catalysts would have a great impact on petroleum refining and 

petrochemical industry [17]. A number of authors have reported promising results on 

the cracking of polyolefins over several acid catalysts like zeolites, clay, and 

meso structured materials [18-21]. Differences in the catalytic activities of these solids 

have usually been related to their acid properties, the strength and number of acid 

sites [11]. Zeolite beta is one of the most attractive zeolite because of the tbree

dimentional large-pore channel system, large available micropore volume, and the 

presence of active sites in different concentrations that are useful in a number of acid

catalyzed reactions [22]. Several works have been published using zeolite beta as 

solid-acid catalysts for catalytic cracking [23-30]. Some of the studies reported in the 

literature will be reviewed below. 

R. Nakao et al. [23] studied activity of homemade BEA zeolite prepared by a 

hydrothermal synthesis method (BEA(HTS» in catalytic cracking of hydrocarbons 

compared with commercial BEA zeolites. The results showed that homemade BEA 

had more Bmnsted acid sites than commercial BEA zeolites, and exhibited much 

higher activity in catalytic cracking of hydrocarbons, especially n-heptane. The initial 

activity of BEA(HTS) was about three times as high as that of HZSM-5. In addition, 

BEA (HTS) gave high n-heptane conversion even after the regeneration treatment. 

L. Bonetto et al. [24] studied zeolite beta catalysts with different crystal sized 

in catalytic cracking of gas-oil. The sample with an average crystal size of 0.4 ~m 

showed an optimum compromise between stability, activity and selectivity. This 

sample, before and after steaming, gave a slightly lower selectivity to gasoline than a 

high and a low unit cell size USY zeolite, respectively. The optimum zeolite beta 

produced more liquefied petroleum gas alkenes that were useful for alkylation 

gasoline production. Zeolite beta with the same Sil Al ratio, but with crystal size in a 

narrow distribution countered at ca. 0.17, 0.40 and 0.70 ~m were used in order to 

study the stability. The result showed that the stability of zeolite beta slightly 

increased with increasing crystal size. 
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G. Manos et aZ. [25] explored the catalytic cracking of HDPE over ultrastable 

Y, Y, 13 zeolites, mordenite and ZSM-5 at 360°C. The structure of the zeolite 

framework has shown a significant influence on the product distribution. Over large

pore USY, Y and 13 zeolites, alkanes were the main products with less amounts of 

alkenes and aromatics and only very small amounts of cyc10alkanes and cycloalkenes. 

Medium-pore mordenite and ZSM-5 gave alkenes as major products. The 

hydrocarbons formed with medium-pore zeolites were lighter than those formed with 

large-pore zeolites. A similar order was found regarding the bond saturation: 

(more alkenes) ZSM-5<mordenite<I3<Y<USY (more alkanes) 

D.P. Serrano et aZ. [26] reported the catalytic cracking of polyolefin mixture 

consisting of 46.5 wt% LDPE, 25 wt% HDPE and 28.5 wt% PP at 400°C over a 

variety of acid solids as catalysts. The activity order was found as follow: 

n-HZSM-5>H-beta>HMCM-41»Si02-Ah03>HZSM-5>HY>thermal degradation 

The activity order found for the different catalysts was related to their respective 

properties and the nature of the polyolefin mixture. Zeolite beta leads to a high 

conversion because the presence of a high external surface area enhances its cracking· 

activity. The external acid sites are not sterically hindered for the conversion of the 

bulky polyolefin molecules. Significant differences are observed in the product 

distribution: n-HZSM-5 shows the highest selectivity toward C I -4(50 wt %), H-beta 

leads mainly to liquid hydrocarbon CS_12(60 wt %), whereas HMCM-41 yields both 

Cs_12(54 wt %) and C13-30(32 wt %) fractions. Regarding the selectivity by carbon 

atom number, in all cases C4 fraction was the major products, although its value 

changes widely depending on the catalyst. 

A. Marcilla et al. [27, 28] studied the effect of the addition of a 

nanocrystalline H-beta zeolite in the pyrolysis of a commercial LDPE using dynamic 

conditions in a thermobalance and in a batch reactor. The results have been compared 

with those obtained using a HZSM-5 zeolite. The results presented the great catalytic 

effect of H-Beta, with an important influence over the decomposition of the polymer 

even at very low zeolite concentration. Although this mixture had a saturating effect 

at a certain concentration of catalyst (around 7%), a remarkable effect in the first steps 

of LDPE decomposition as increasing the catalyst loading has been observed, which 

has been attributed to the external acid sites presents in the nanocrystalline zeolite. 

The HZSM-5 zeolite produced a gas richer in C3 compounds than H-beta zeolite, 
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whereas the gas obtained in the catalytic cracking of LDPE with H-beta produced a 

gas richer in C4 + Cs than HZSM-S. The H-beta zeolite permits to obtain a gas with an 

elevated weight fraction of isobutane as compared with the HZSM-S zeolite. This 

different behaviour can be explained by the different pore structure: the higher the 

pore size, the higher the isobutaneln-butane ratio. 

J. Aguado et al. [29] have investigated and compared the behavior of six acid 

solids of varying acid and textural characteristics for their catalytic activity in the 

degradation of LDPE, HDPE, and two plastics of recycled polyethylene of urban and 

agricultural origins using thermogravimetric and differential thermal analysis. The 

catalysts used in this work were three zeolitic materials (standard ZSM-S, 

nanocrystalline n-ZSM-S and Beta) and three mesostructured solids (sol-gel Al

MCM-41 (sg), hydrothermal AI-MCM-41 (by) and Al-SBA-1S). The catalytic activity 

of each acid solid has been related to its capacity to shift the degradation reaction to 

lower temperatures. Despite showing strong acid properties, standard ZSM-S zeolite 

exhibited a very low catalytic activity on most plastics, which was attributed to 

diffusional impediments that affected the access of the bulky polymer molecules to its 

internal active sites. These impediments were partly overcome in the case of Beta 

zeolite and even more markedly with nanocrystalline n-ZSM-S, which exhibited the 

strongest catalytic activity due to a combination of strong acid properties and large 

external surface area. Owing to their non-crystalline nature, mesostructured solids 

showed weaker acid properties than their zeolitic counterparts. However, this 

disadvantage was partly compensated by the presence of larger pores that reduced 

diffusional hindrances. Thus, AI-MCM-41 (by) exhibited one of the highest catalytic 

activities, largely surpassing the performance of crystalline solids with stronger acid 

properties. The catalytic activity of all the acid solids tested in this work was 

significantly reduced when they were used on waste plastics. This deactivating effect 

was more notable in mesostructured solids. 

Recently, Y. 1. Lee et al. [30] reported the influence of nanocrystalline H-Beta 

zeolite in liquid-phase degradation of high-density polyethylene at 380 °C. 

Nanocrystalline H-Beta zeolite with a crystallite size of about 10 nm and low SiiAI 

ratio (10.7) was found to be an efficient catalyst in the liquid-phase degradation of 

HDPE, producing a large amount of liquid products (80%) with high selectivities for 

C7 - Cl2 hydrocarbons that are suitable as fuels. HDPE of 10 g could be completely 
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converted to lower hydrocarbons even with 0.03 g of the nanocrystalline H-Beta 

zeolite at 380°C. Both the crystallite size and acidity ofH-Beta zeolites are important 

factors influencing their catalytic activity and product distribution. The high activity 

and high liquids yield of nanocrystalline Beta zeolites can be rationalized by 

considering the rapid cracking of HDPE over the strong acid sites on the external 

surface and fast mass transfer of cracked fragments in the pores of nanocrystalline H

Beta zeolite. The decreased intracrystalline residence time of cracked fragments leads 

to less cracking reactions, resulting in high liquid products yield. 

As previously reported, zeolite beta has efficiency in the catalytic cracking of 

polyolefin. The interconnected large pore network, high surface area and strong 

acidity distribution of this catalyst allow plastic wastes to be degraded with high 

activity. The obtained products were controlled by pore size, acid strength, and 

particle size of the catalyst. The role of nanocrystalline catalysts in polyolefm 

cracking are very important because the increase of external surface area leads to the 

Tapid primary cracking of HDPE over the strong acid sites on the external surface and 

fast mass transfer of cracked fragments in the pores of nanocrystalline zeolite, 

resulting in high liquid products yield. This work intends to synthesize nanosized 

zeolite beta catalyst and study the influence of ultrasound irradiation during the gel 

formation step on physico-chemical properties and use in catalytic cracking of high 

density polyethylene and polypropylene wastes. Moreover, different parameters: 

ultrasound irradiation periods, crystallization time and the Sil Al ratios in gel were also 

studied in comparison with zeolite beta prepared without ultrasound irradiation. 

Objective 

To study the influence of ultrasound irradiation during the gel formation step 

on physico-chemical and catalytic properties of zeolite beta. 
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Scopes of This Work 

1. To synthesize zeolite beta catalyst and study the effect of ultrasound 

irradiation periods during gel formation step, crystallization time, and SilAI 

ratios. 

2. To investigate the efficiency and stability of zeolite beta for cracking of 

polypropylene and high density polyethylene wastes. 

3. To study activity of regenerated zeolite beta catalyst. 



CHAPTERTI 

THEORY 

2.1 Zeolites 

Zeolites are crystalline aluminosilicates that contain uniform pores and 

cavities with molecular dimentions. The structures of zeolites consist of an extensive 

three-dimensional network of Si04 and AI04 tetrahedral. The tetrahedral are cross

linked by the sharing of oxygen atoms as shown in Figure 2.1 

Figure 2.1 The structure of zeolites. [31] 

The AI02- tetrahedral in the structure determines the framework charge. This 

is balanced by cations that occupy non framework positions. The structure formula of 

a zeolite is best expressed for the crystallographic unit cell as: 

Mxln [(AI02) x (Si02) y]. w H20 

Where M is the cation of valence n, generally from the group I or II ions, 

although other metals, nonmetals, and organic cations are also possible, w is the 

number of water molecules. Water molecules presented are located in the channels 

and cavities, as the cations that neutralize the negative charge created by the presence 

of the AI02- tetrahedral unit in the structure. The y/x usually has values of 1-5 

depending upon the structure. The sum (x+y) is the total number of tetrahedral in the 

unit cell. The portion [ ] represents the framework composition. 
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The marvelous importance of zeolites and related materials in a variety of 

catalytic processes can be attributed to their superior properties in comparison with 

other types of materials. Some of their advantages are listed below: 

I. Large surface area and adsorption capacity 

2. The possibility of controlling the adsorption properties by tuning the 

hydrophobicity or hydrophilicity ofthe materials 

3. The pore openings and cavities in the range of 5-12 A 

4. Insoluble materials and well defined pore structures 

5. Different types, different properties 

6. The presence of shape and size selectivities 

2.1.1 Zeolite Structures [31] 

The structure of zeolite consisted of a three-dimension framework of the 

tetrahedral primary building units when tetrahedral atoms are silicon or aluminum as 

shown in Figure 2.2 

Silicon or Aluminum 

Figure 2.2 A primary building unit of zeolites. 

Zeolites have a common subunit of structure so called primary building units 

of (AI,Si)04 tetrahedral, therein the Si or Al distribution is neglected. A secondary 

building unit (SBU) consists of selected geometric groupings of those tetrahedral. 

There are sixteen such building units, which can be used to describe all of the known 

zeolite structures; for example, 4, 5, 6 and 8-member single rings, 4-4, 6-6, and 8-8-

member double rings, and 4-1,5-1 and 4-4-1 branched rings. The secondary building 

units (SBU) are shown in Figure 2.3. Most zeolite framework can be generated from 

different SBU. 
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Figure 2.3 Secondary building units (SBU) in zeolites structures. [32] 

Most zeolite frameworks can be generated from several different SBUs. For 

example, the sodalite framework can be build from either the single 6-member ring or 

the single 4-member ring. Some ofthem are shown in Figure 2.4 



14 

sodalite zeolite A faujasite 

Figure 2.4 The structure of sodalite, zeolite A and faujasite-type zeolites [33] 

The different ring sizes found in zeolites, based on the different number of 

tetrahedral atoms defining the opening, are shown in Figure 2.5. The ring sizes are 

often mentioned as the number of oxygen atoms which are equal to the number of 

tetrahedral atoms. 

(a) (b) (c) 

Figure 2.5 Examples of the three types of pore openings in the zeolite molecular 

sieves (a) an 8 ring pore opening (small pore) 

(b) a 10 ring pore opening (medium pore) 

(c) a 12 ring pore opening (large pore) 
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2.1.2 Acid Sites of Zeolites 

Most industrial application of zeolites are based upon technology adapted 

from the acid silica/alumina catalysts originally developed for the cracking reaction 

[34-36]. This means that the activity required is based upon the production of 

Bmnsted acid sites arising from the creating 'hydroxyls' within the zeolites pore 

structure. These hydroxyls are formed by ammonium exchange followed by a 

calcination step. Zeolites as normally synthesized usually have Na + balancing the 

framework charges, but these can be readily exchanged for protons by direct reaction 

with an acid, giving hydroxyl groups, the Bmnsted acid sites. Alternatively, if the 

zeolite is not stable in acid solution, it is common to use the ammonium, NH/, salt, 

and then heat it so that ammonia is driven off, leaving a proton. Further heating 

removes water from Bmnsted site, exposing a tricoordinated AI ion, which has 

electron-pair acceptor properties; this is identified as a Lewis acid site. A scheme for 

the formation of these sites is shown in Figure 2.6. The surfaces of zeolites can thus 

display either Bnmsted or Lewis acid sites, or both, depending on how the zeolite is 

prepared. Bmnsted sites are converted into Lewis sites as the temperature is increased 

above 500°C, and water is driven off. 

Zeolite as-synthesized 

Br00sted acid fonn 
of zeolite 

Lewis acid fonn 
of zeolite 

Na + 

o 0 0 0 0 0 0 
""Si"/ ~ /' ~Si"/ ~Si"/ ~.,/ ""'Si /' 
/\ /\ /\ 0/\ 0/\ /\ 
000000 0 000 

Hydrogen ion exchange 
(or ammonium ion exchange 
followed by beating) 

H + H + 
J I 

o"" . .,/o~./'o~ . .,/o~ . .,/o~ . .,/o""'./'o 
s. Al s. S. Al S. 

/ \ /\ /\ /\ / \ / \ 
000000000000 

, H , 0 l (::ing above 500'C) 

o 0 0 0 0 
""Si"/ "-AI /' ~Si /' ~Si"/ ~I 
/\ /\ /\ 0/\ /\ 
000000 000 

Figure 2.6 The generation ofBmnsted and Lewis acid sites in zeolite [37]. 
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2.1.3 Shape Selectivity 

Shape selectivity plays a very important role in catalysis. Highly crystalline 

and regular channel structures are among the principal features that zeolite used 

as catalysts offer over other materials. Shape selectivity is divided into 3 types: 

reactant shape selectivity, product shape selectivity and transition-state shape 

selectivity. These types of selectivities are shown in Figure 2.7. Reactant shape 

selectivity results from the limited diffusivity of some reactants, which cannot 

effectively enter and diffuse inside the zeolites. Product shape selectivity occurs when 

diffusing product molecules cannot rapidly escape from the crystal, and undergo 

secondary reactions. Restricted transition-state shape selectivity is a kinetic effect 

arising from the local environment around the active site: the rate constant for a 

certain reaction mechanism is reduced if the necessary transition state is too bulky to 

form readily. 

Reactant selectivity 
lZZZ77777J 

----~> ----->~ 

V/ZZZZZZl 
~rz7Zzzz7n 

Product selectivity 

IZZZZ7Zzza 
-~> ©C pt -@- -~> --@-

[77Z Z Z 7 ZZ/f 
Transition selectivity 

Figure 2.7 Three types of selectivity in zeolites: reactant, product and transition-state 

shape selectivity [33]. 
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2.2 Zeolite Beta 

Zeolite beta is an old zeolite discovered before Mobil began the "ZSM" 

naming sequence. A zeolite beta which is high silica zeolite was initially synthesized 

by Wadlinger et al. [38] using tetraethylammonium hydroxide as the organic template. 

The unit cell composition of zeolite beta is: 

Nan[(AI02)n(Si02)64-n] 

The structure of zeolite beta was recently determined because the structure is very 

complex and interest was not high until it becomes important for some dewaxing 

process. 

Zeolite beta is generally formed as a very small catalyst, less than I flm which 

diminish its stability. On the other hand, it is known that the crystal size of a zeolite 

catalyst can influence the reaction activity and selectivity [39]. Zeolite beta have been 

used as a cracking catalyst for higher production of olefins, and an increase in the 

formation of these products was observed, as well as in the catalyst stability by 

increasing the crystallite size. 

2.2.1 Structure of Zeolite Beta 

The tetrahedral framework of zeolite beta is disordered along the [001]. The 

disordered structure and the three simple ordered polymorphs and related though layer 

displacements on 00 I planes. Zeolite beta exhibits characteristic properties of the 

presence of 12-member-ring connected together in three dimensions cause two 

different type channels: straight channel (100) and sinusoidal channel (00 I) [40, 41]. 

The smaller building units are double six-ring units connected by two four-rings and 

four five-rings unit. These are connected to form chains along the [00 I J direction 

[42] . The three polymorphs of zeolite beta show in Figure 2.8. 

I. Polymorph A: tetragonal crystal system, two different pore opening 

dimensions: 0.60 x 0.56 nm and 0.60 x 0.73 nm 

2. Polymorph B: monoclinic crystal system, two different pore opening 

dimensions: 0.68 x 0.55 nm and 0.68 x 0.73 nm 

3. Polymorph C 
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Polymorph A Polymorph B Polymorph C 

Figure 2.8 Zeolite beta polymorphs [43] 

Ordinarily, zeolite beta consists of an intergrowth hybrid of two distinct 

structures termed polymorphs A and B and the polymorphs grow as two-dimensional 

sheets and the sheets randomly alternate between the two. A hypothetical polymorph 

C, closely related to A and B, was first described by Newsam et al. in 1988 [44,45] . 

Recently, Corma et al. synthesized the pure polymorph C structure either in the 

presence of fluoride anions [46] or in a fluoride-free system under alkaline conditions 

[47]. Synthesis of zeolite beta was carried out in wide range of SiiAI molar ratios 

(from 0 to infinity). 

2.2.2 Characterization of Zeolite Beta 

Zeolite beta has a strong acidity and large specific surface area. Reliable 

characterization of the zeolite structure requires the use of five independent 

techniques: 

(a) X-ray powder diffraction (XRD) 

(b) Scanning electron microscopy (SEM) 

( c) Nitrogen adsorption-desorption isotherm 

(d) Temperature-programmed desorption (TPD) of ammonia 

(e) Solid state 27AI-MAS-NMR 
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2.2.2.1 Powder X-ray Diffraction (XRD) [48] 

X-ray powder diffraction (XRD) is an instrumental technique used to 

identify minerals, as well as other crystalline materials. XRD is a technique in which a 

collimated beams of nearly monochromatic. X-rays is directed onto the flat surface of 

a relatively thin layer of finely ground material. XRD can provide additional 

information beyond basic identification. If the sample is a mixture, XRD data can be 

analyzed to determine the proportion of the different minerals present. Other 

information obtained can include the degree of crystallinity of the minerals present, 

possible deviations of the minerals from their ideal compositions, the structural state 

of the minerals and the degree of hydration for minerals that contain water in their 

structure. Figure 2.9 shows a monochromatic beam of X-ray incident on the surface of 

crystal at an angle9. The scattered intensity can be measured as a function of 

scattering angle 29. The resulting XRD pattern efficiently determines the different 

phases present in the sample. 

T e -
e--o~ __ 

Figure 2.9 Diffraction of X-ray by regular planes of atoms [49] 

Using this method, Braggs' law is able to determine the interplanar 

spacing of the samples, from diffraction peak according to Bragg angle. 

nA. = 2 d sin9 

Where the integer n is the order of the diffracted beam, A. is the 

wavelength; d is the distance between adjacent planes of atoms (the d-spacings) and 9 

is the angle of between the incident beam and these planes. 
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In the simulated powder pattern of zeolite beta, shown in Figure 

2.10, the intensity is plotted against the diffraction angle 2Theta. Diffraction patterns 

are simulated for materials in the disordered series indicated in steps of 10% 

intergrowth. 

2 8 14 26 32 3S 56 62 
2Thda (degr.) 

Figure 2.10 Simulated powder patterns of materials with stacking disorder in the 

zeolite beta family 

2.2.2.2 Scanning Electron Microscopy (SEM) [50, 51] 

Scanning electron microscope (SEM) uses a focused beam of high

energy electrons to generate a variety of signals at the surface of solid specimens. The 

signals that derive from electron-sample interactions reveal information about the 

sample including external morphology (texture), chemical composition, and 

crystalline structure and orientation of materials making up the sample. In most 

applications, data are collected over a selected area of the surface of the sample, and a 

3-dimensional image is generated that displays spatial variations in these properties. 
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Areas ranging from approximately 1 cm to 5 microns in width can be imaged in a 

scanning mode using conventional SEM techniques (magnification ranging from 20X 

to approximately 30,000X, spatial resolution of 50 to 100 nm). The SEM is also 

capable of performing analyses of selected point locations on the sample; this 

approach is especially useful in qualitatively or semi-quantitatively determining 

chemical compositions (using EDS), crystalline structure, and crystal orientations 

(using EBSD). The morphology of the uniform zeolite beta can be easily observed in 

SEM as Figure 2.11 if the sample is conventionally prepared. 

Figure 2.11 Scanning electron micrograph of a zeolite beta sample [30] 

2.2.2.3 Nitrogen Adsorption-Desorption Isotherm 

The N2 adsorption technique is used to determine the physical 

properties of microporous molecular sieves, such as the surface area, pore volume, 

pore diameter and pore-size distribution of solid catalysts. 

Adsorption of gas by a porous material is described by an adsorption 

isotherm, the amount of adsorbed gas by the material at a fixed temperature as a 

function of pressure. Porous materials are frequently characterized in terms of pore 

sizes derived from gas sorption data. IUP AC conventions have been proposed for 

classifying pore sizes and gas sorption isotherms that reflect the relationship between 

porosity and sorption. The IUP AC classification of adsorption isotherms is illustrated 

in Figure 2.12. Six types of isotherms are characteristic of adsorbents that are 

microporous (type I), nonporous or macroporous (types II, III, and VI) or mesoporous 

(types IV and V). 
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n 

N 

Figure 2.12 The IUPAC classification of adsorption isotherm. [52] 

Adsorption isotherms are described as shown in Table 2.1 based on the 

strength of the interaction between the sample surface and gas adsorbate, and the 

existence or absence of pores. Pore types are classified as shown in Table 2.2. 

Table 2.1 Features of adsorption isotherms [53] 

Features 

Type Interaction between sample 

surface and gas adsorbate 
Porosity 

I Relatively strong Micropores 

II Relatively strong Nonporous 

III Weak Nonporous 

IV Relatively strong Mesopore 

V Weak Micropores or Mesopore 

VI 
Relatively strong Sample surface 

Nonporous 
has an even distribution of energy 
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Table 2.2 IUPAC classification of pores [54] 

Pore Type Pore diameter / nm 

Micropore Upt02 

Mesopore 2 to 50 

Macropore 50 to up 

Pore size distribution is measured by the use of nitrogen 

adsorption/desorption isotherm at liquid nitrogen temperature and relative pressures 

(PlPo) ranging from 0.05-0.1. The large uptake of nitrogen at low PlPo indicates filling 

of the micropores (<20 A) in the adsorbent. The linear portion of the curve represents 

multilayer adsorption of nitrogen on the surface of the sample, and the concave 

upward portion of the curve represents filling of meso pores and macropores. 

The multipoint Brunauer, Emmett and Teller (BED [55] method is 

commonly used to measure total surface area. 

+ C-I (PIP) 
W C ° . m 

Where W is the weight of nitrogen adsorbed at a given PlPo, and Wm is 

the weight of gas to give monolayer coverage, and C is a constant that is related to the 

heat of adsorption. A linear relationship between 1/W [(PoIP)-I] and PlPo is required 

to obtain the quantity of nitrogen adsorbed. This linear portion of the curve is 

restricted to a limited portion of the isotherm, generally between 0.05-0.30. The slope 

and intercept are used to determine the quantity of nitrogen adsorbed in the monolayer 

and calculate the surface area. For a single point method, the intercept is taken as zero 

or a small positive value, and the slope from the BET plot is used to calculate the 

surface area. The surface area reported depends upon the method used, as well as the 

partial pressures at which the data are collected. 

2.2.2.4 Temperature-Programmed Desorption (TPD) of Ammonia 

[56] 

Temperature-Programmed Desorption (TPD) is one of the most widely 

used and flexible techniques for characterizing the acid sites on oxide surfaces. 
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Determining the quantity and strength of the acid sites on alumina, 

amorphous silica-alumina, and zeolites is crucial to understanding and predicting the 

performance of a catalyst. For several significant commercial reactions (such as n

hexane cracking, xylene isomerization, propylene polymerization, methanol-to-olefins 

reaction, toluene disproportionation, and cumene cracking), all reaction rates increase 

linearly with Al content (acid sites) in H-ZSM-5. The activity depends on many 

factors, but the Br0nsted-acid site density is usually one of the most crucial 

parameters. 

Preparation 

Samples are degassed at 100°C for one hour in flowing helium to 

remove water vapour and to avoid pore damage from steaming which may alter the 

structure of zeolites. The samples are then temperature programmed to 500°C at a 

ramp rate of 10°C/minute and held at that temperature for two hours to remove 

strongly bound species and activate the sample. Finally the sample is cooled to 120°C 

in a stream of flowing helium. 

Adsorption 

Next the sample is saturated with the basic probe at 120°C; this 

temperature is used to minimize physisorption of the ammonia or organic amines. For 

ammonia, two techniques are available to saturate the sample: pulsing the ammonia 

using the loop or continuously flowing ammonia. Pulsing the ammonia allows the 

user to compare the quantity of ammonia adsorbed (via pulse adsorption) to the 

quantity desorbed for the subsequent TPD. After saturation with ammonia, pyridine, 

or propyl amine, the sample is purged for a minimum of one hour under a flow of 

helium to remove any ofthe physisorbed probes. 

Desorption 

The temperature-programmed desorption is easily performed by 

ramping the sample temperature at 10°C/minute to 500°C. It is a good rule of thumb 

that the end temperature during the TPD not exceed the maximum temperature used 

in the preparation of the sample. 



Exceeding the maximum preparation temperature may liberate additional species 

from the solid unrelated to the probe molecule and cause spurious results. 
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During the TPD of ammonia or the non-reactive probes (pyridine or t

butyl amine), the built-in thermal conductivity detector (TeD) will monitor the 

concentration of the desorbed species. For the reactive probes (propyl amines), a mass 

spectrometer is required to quantify the density of acid sites. For these probes, several 

species may be desorbing simultaneously: amine, propylene, and ammonia. 

2.2.2.5 27 AI-MAS-NMR [57] 

Another important characterization technique for microporous 

materials is solid state NMR. 27 Al-MAS-NMR spectroscopy has been employed to 

distinguish between tetrahedrally and octahedrally coordinated aluminum in the 

framework at approximately 50 and 0 ppm, respectively. Therefore, the amount of 

framework aluminum can be determined. 

2.3 Effect of Parameters on Zeolite Beta Synthesis 

2.3.1 Effect of SiiAI ratios 

A. Simon-Masseron et al. [58] investigated influence of the SiiAI ratio and 

crystal size on the acidity and activity of HBEA zeolites. Three HBEA samples were 

prepared through ion exchange followed by calcination under dry air flow at 550·e 

from parent samples synthesized with different total Si/AI ratios or crystal sizes and 

characterized by various techniques. Remarkable differences were found between the 

concentration (and concentration ratio) of Lewis and Bmnsted acidic sites of HBEA 

zeolite resulting from the transformation of samples synthesized with different total 

Sil Al ratio or crystal sizes. As could be expected, the greater the Sil Al ratio and the 

larger the crystal size, the more stable the synthesized sample, hence the lower the 

degradations undergone by the zeolite framework during the exchange and calcination 

steps necessary to prepare the acidic form of the zeolite. Therefore, HBEA samples 

with a large concentration of protonic sites and practically no Lewis acid sites can be 

obtained from samples synthesized with a relatively high SiiAI ratio (above 15) and 
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large crystals; on the opposite, HBEA zeolites with predominantly Lewis acid sites 

will be prepared from samples synthesized with a low SiiAI ratio and small crystals. 

2.3.2 Effect of Template 

Y. Zheng et al. [59] reported the amount of template agent plays an important 

role in the determination ofthe crystal sizes of zeolite beta. More template agent leads 

to more silica species dissolved to the liquid phase so that more and smaller 

inorganic-organic compositions can be formed. Thus, the crystal size of synthesized 

zeolite reduces. The morphology of crystalline zeolite was changed from square to 

spherical shape. With the size reducing from micro-size to nano-size, the pore volume 

greatly increased and micropore volume decrease due to the formation of mesopores. 

The water content in the initial gel did not significantly influence the crystalline size 

and framework Sil Al ratio of zeolite beta. 

2.3.3 Effect of Ultrasound Irradiation 

6. Anday et al. [60] reported that highly crystalline zeolite A could be 

synthesized from a clear-to-the-eye aluminosilicate solution in the presence of 

ultrasound. Sonocrystallization has been demonstrated to offer the possibilities of 

increasing the nucleation and crystallization rates of zeolites, improving the yield and 

particle size distribution of the product crystals, and directing the synthesis towards 

different crystal phases. The effects of varying the frequency and power of ultrasound 

and applying sonocrystallization to different zeolite synthesis systems were also 

investigated in this work in order to develop a better understanding of the range of 

possibilities offered by the technique. Figure 2.13(A) shows SEM images of the 

zeolite A samples obtained at 50°C after 13 h of synthesis in the absence of 

ultrasound, and Figure 2.13B shows that prepared after 10 h of synthe~is in the 

presence of ultrasound. It can be easily inferred from the figure that the particles in 

the sample prepared in the presence of ultrasound were larger than that prepared in the 

absence of ultrasound. 
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(A) (B) 

Figure 2.13 SEM images of the zeolite A samples obtained at 50°C (A) after 13 h of 

synthesis in the absence of ultrasound, and (B) after 10 h of synthesis in 

the presence of ultrasound. 

The chemical applications of ultrasound, "sonochemistry", have become an 

exciting new field of research during the past decade. Scientists know that the 

chemical effects of ultrasound are diverse and include substantial improvements in 

both stoichiometric and catalytic chemical reactions. In some cases, ultrasonic 

irradiation can increase reactivities by nearly a millionfold. The chemical effects of 

ultrasound fall into three areas: homogeneous sonochemistry of liquids, 

heterogeneous sonochemistry of liquid-liquid or liquid-solid systems, and 

sonocatalysis (which overlaps the first two). Because cavitation can take place only in 

liquids, chemical reactions do not generally occur during the ultrasonic irradiation of 

solids or solid-gas systems. Ultrasound has proved extremely useful in the synthesis 

of a wide range of nanostructured materials, including high surface area transition 

metals, alloys, carbides, oxides and colloids. Sonochemical decomposition of volatile 

organometallic precursors in high boiling solvents produces nanostructured materials 

in various forms with high catalytic activities. Nanometer colloids, nanoporous high 

surface area aggregates, and nanostructured oxide supported catalysts can all be 

prepared by this general route [61]. 

Power ultrasound produces its chemical effects through the phenomenon of 

cavitation. Cavitation is the production of microbubbles in a liquid when a large 

negative pressure is applied to it [62]. Ultrasonic irradiation differs from traditional 
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energy sources (such as heat, light, or ionizing radiation) in duration, pressure, and 

energy per molecule. Because of the immense temperatures and pressures and the 

extraordinary heating and cooling rates generated by cavitation bubble collapse, 

ultrasound provides an unusual mechanism for generating high-energy chemistry. 

Figure 2.14 shows a typical sonochemical apparatus. Ultrasound can easily be 

introduced into a chemical reaction in which there is good control of temperature and 

ambient atmosphere. The titanium rod shown immersed in the reaction liquid is 

driven into vibration by a piezoelectric, which vibrates when subjected to an 

alternating current electric field. The usual piezoelectric cerramic is PZT, a lead 

zirconate titanate material. 

Figure 2.14 Diagram of a typical sonochemical apparatus [63]. 

2.3.4 Effect of Calcination 

J. He et al. [64] studied new methods to remove the templates from porous 

materials with high porosity and poor structural stability have been proposed in the 

light of analysis of the decomposition process of the organic templates. Microwave 

irradiation and two-step calcination are shown to be more favorable than conventional 

calcination in that the new methods have beneficial effects on both the structural order 

and surface acidity. Two-step calcination is particularly effective because it is more 

convenient and reproducible than microwave irradiation. The results show that 

microwave irradiation and two-step calcination are more effective than conventional 

calcination in that the new methods of template removal are beneficial not only to the 
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crystal structure of zeolite P and MCM-41, but also to the surface acidity in the 

case of zeolite p. Two-step calcination is particularly preferable since it is more 

convenient and reproducible. 

2.4 The Refining Process [65, 66] 

Every refinery begins with the separation of crude oil into different fractions 

by distillation (Figure 2.15). The fractions are further treated to convert them into 

mixtures of more useful saleable products by various methods such as cracking, 

reforming, alkylation, polymerization and isomerisation. These mixtures of new 

compounds are then separated using methods such as fractionation and solvent 

extraction. Impurities are removed by various methods, e.g. dehydration, desalting, 

sulphur removal and hydrotreating. 

Refinery processes have developed in response to change market demands for 

certain products. With the advent of the internal combustion engine the main task of 

refineries became the production of petrol. The quantity of petrol available from 

distillation alone was insufficient to satisfy consumer demand. Refmeries began to 

look for ways to produce more and better quality petrol. Two types of processes have 

been developed: 

• Breaking down large, heavy hydrocarbon molecules 

• Reshaping or rebuilding hydrocarbon molecules. 

I < 900 Butane and Lighter ~ Gas processing 

900 
- 2200 • Crude 

Straight Run Gasoline Motor Gasoline Blending 

Oil 2200 -3150 Naphtha ~ Catalytic reforming 

~ 3150 
- 4500 Kerosine ~ Hydrotreating 

4500 
- 6500 Light Gas Oil ~ Distillate Fuel Blending 

6500 
- 8000 Heavy Gas Oil ~ Catalytic Cracking 

L 8000 + Straight Run Residue ~ Flashing 

Figure 2.15 Distilling crude and product disposition 
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Cracking processes break down heavier hydrocarbon molecules (high 

boiling point oils) into lighter products such as petrol and diesel. These processes 

include catalytic cracking, thermal cracking and hydrocracking. 

- Catalytic cracking [67] is used to convert heavy hydrocarbon fractions 

obtained by vacuum distillation into a mixture of more useful products such as petrol 

and light fuel oil. In this process, the feedstock undergoes a chemical breakdown, 

under controlled heat (4S0°C-SOO°C) and pressure. Small pellets of silica-alumina 

have proved to be the most effective catalysts. The cracking reaction yield petrol, 

LPG, unsaturated olefin compounds, cracked gas oils, a liquid residue called cycle oil, 

light gasses and a solid coke residue. Cycle oil is recycled to cause further breakdown 

and the coke, which forms a layer on the catalyst, is removed by burning. The other · 

products are passed through fractionators to be separated and separately processed. 

- Thermal cracking [68] 

In thermal cracking elevated temperatures (-800°C) and pressures (-700kPa) 

are used. An overall process of disproportionation can be observed, where "light", 

hydrogen-rich products are formed at the expense of heavier molecules which 

condense and are depleted of hydrogen. The actual reaction is known as homolytic 

fission and produces alkenes, which are the basis for the economically important 

production of polymers. 

A large number of chemical reactions take place during steam cracking, most 

of them based on free radicals. Computer simulations aimed at modeling what takes 

place during steam cracking have included hundreds or even thousands of reactions in 

their models. The main reactions that take place include: 

1. Initiation reactions, where a single molecule breaks apart into two free 

radicals. Only a small fraction of the feed molecules actually undergo initiation, but 

these reactions are necessary to produce the free radicals that drive the rest of the 

reactions. In steam cracking, initiation usually involves breaking a chemical bond 

between two carbon atoms, rather than the bond between a carbon and a hydrogen 

atom. 

CH3CH3 -+ 2 CH3• . 

2. Hydrogen abstraction, where a free radical removes a hydrogen atom from 

another molecule, turning the second molecule into a free radical. 
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CH3- + CH3CH3 -+ C~ + CH3CH2-

3. Radical decomposition, where a free radical breaks apart into two 

molecules, one an alkene, the other a free radical. This is the process that results in the 

alkene products of steam cracking. 

CH3CH2- -+ CH2=CH2 + H-

4. Radical addition, the reverse of radical decomposition, in which a radical 

reacts with an alkene to form a single, larger free radical. These processes are 

involved in forming the aromatic products that result when heavier feedstocks are 

used. 

CH3CH2- + CH2=CH2 -+ CH3CH2CH2CH2-

5. Termination reactions, which happen when two free radicals react with each 

other to produce products that are not free radicals. Two common forms of 

termination are recombination, where the two radicals combine to form one larger 

molecule, and disproportionation, where one radical transfers a hydrogen atom to the 

other, giving an alkene and an alkane. 

CH3- + CH3CH2- -+ CH3CH2CH3 

CH3CH2- + CH3CH2- -+ CH2=CH2 + CH3CH3 

- Hydrocracking can increase the yield of petrol components, as well as being 

used to produce light distillates. It produces no residues, only light oils. 

Hydrocracking is catalytic cracking in the presence of hydrogen. The extra hydrogen 

saturates, or hydrogenates the chemical bonds of the cracked hydrocarbons and 

creates isomers with the desired characteristics. Hydrocracking is also a treating 

process, because the hydrogen combines with contaminates such as sulphur and 

nitrogen, allowing them to be removed. 

2.5 Catalytic Cracking Mechanisms 

2.5.1. General Cracking Mechanisms [69] 

In general, for components with equal carbon numbers, the rate of cracking 

decreases in the order: i-olefins > n-olefins > i-paraffins:::: naphthenes > n-paraffms > 

aromatics. The cracking mechanism can be seen as a chain mechanism that involves 

the intermediate formation of carbocations, positively charged hydrocarbon species. 
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Carbocations include both carbenium ions (e.g. RI-CH~"1I-R2' R1-CH=C+ -R2) 

and carbonium ions (e.g. RI-CH~"1I3-R2' R1-CH=C"1IZ-R2). In carbenium ions, 

the charge carrying carbon atom can be di- or tri-coordinated, while in carbonium 

ions, the charge carrying carbon atom is tetra- or pentacoordinated. The stability of 

the carbocations decreases in the order tertiary> secondary> primary [70]. Cracking 

of hydrocarbons is primary a reaction that proceeds through adsorbed carbenium ion 

intermediates. 

2.5.2. Reactions of Ole fins 

The formation of carbenium ions from olefins can easily proceed by addition 

of the proton from a Bmnsted acid site of the catalyst to the carbon-carbon double 

bond. Cracking of the adsorbed carbenium ion proceeds through the J3-scission 

mechanism [71,72] or through the protonated cyclopropane mechanism [73] . An 

illustration is given in Fig. 2.16. 

j3-'sclsslon m ech·an lsm 

Adsorption 

protonal'ed cyclopropane mechanism 

Figure 2.16 Cracking mechanisms illustrated by the reaction ofn-heptene; adsorption 

at a Bmnsted acid site leads to formation of an adsorbed carbenium ion 

that can be cracked. Both the J3-scission mechanism [69, 70] and the 

protonated cyclopropane mechanism [66] are shown. 
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Other reactions ofthe adsorbed carbenium ion are [74, 75]: 

1. Isomerization to a more stable carbenium ion, for example, through a 

methyl shift: 

RI-CHz-C~-R2 - R1-C+ -R2 + W 
~H3 

(1) 

2. Oligomerization with olefin in a bimolecular reaction to form a larger 

adsorbed carbenium ion: 

RI-C~-R2 + R3-CH=~ - R1-C+ -R2 
I 

R3-CHz-CH-~ (2) 

3. Desorption with deprotonation to form an olefin (the opposite of 

adsorption): 

(3) 

4. Desorption with hydride abstraction from a paraffin to form new paraffin 

from the carbenium ion and new carbenium ion from the paraffin (H-transfer 

reaction): 

(4) 

5. Desorption with hydride abstraction from (cyclic) olefins or coke 

(precursors) to form paraffin and a more aromatic compound (H-transfer reaction): 

RI-C~-R2 + R3-HC=CH-~ - R1-CH2-R2 + R3-C+=CH-~ (5) 

The bimolecular reactions (2), (4) and (5) can occur if the pore size of the 

catalyst is large enough to accommodate the reactive intermediates, or they should 

occur on the outer surface of the zeolite particles. If the pores are too small, as in the 

case of ZSM-5 (0.53 nmx 0.56 nm), these reactions cannot take place with the larger 

(gasoline) components, although oligomerization or dimerization of small (Cz-C4) 

olefins could be possible. For example, in the Mobil olefins to gasoline and distillates 

process (MOGD) coupling oflight hydrocarbons is catalyzed by ZSM-5. 

With ZSM-5, cracking through dimeric intermediates has only been reported 

in the reactions of relatively small n-olefins (C4-C6). Abbot and Wojciechowski [76] 

have studied cracking of n-olefins from Cs to C9 at 678K with ZSM-5 and found that 

cracking of pentene solely took place through a dimeric/disproportionation 

mechanism. Cracking of heptene and larger molecules proceeded mainly through 

monomolecular cracking and at 678 K; hexene represented the transition case of the 



two mechanisms and was cracked by both monomolecular cracking and through 

dimeric intermediates. 
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With Y -type zeolites, the dimeric mechanism is a more important reaction 

route; for example, it has been found that cracking of C7 took place for 25% via a 

dimeric disproportionation reaction at 746K and for 32% at 673K. 

2.5.3. Proposed Cracking Mechanisms of Polymer [77] 

For ZSM-5 the cracking reactions of larger C7 + oletins are restricted to simple 

j3-scission reactions. The relatively straight chains (or parts of it) can enter the pores 

of ZSM-S, are adsorbed, split-off small oletins, and desorb. For example, the reaction 

of n-heptene over ZSM-S (for simplicity only the j3-scission mechanism) is shown in 

Fig.2.17. The adsorbed Crcarbenium ion is cracked to propene and C4-carbenium 

ion. Then C4-carbenium isomerizes to butene or is cracked to two ethene molecules. 

;C~~?~?x 
~ 

/0" 

Figure 2.17 Monomolecular cracking mechanisms (only mechanism possible with 

ZSM-5). 

Generally, the second reaction, formation of ethene, is energetically less 

favorable because it involves the formation of two primary carbenium ions. However, 

due to the small pores of ZSM-5, the electrical tield in the pores is larger and a 

relatively large interaction between the catalyst and the adsorbed carbenium ions shall 

exist. It is believed that the oxygen atoms of a zeolite structure playa role in solvating 

carbocations, delocalizing the positive charge into the framework. The smaller the 

size of the pores of the zeolite, the closer the different oxygen atoms are to the 

adsorbed reaction intermediates and the higher the possible interaction. So possibly, 



as a result of increased stabilization of the intennediates, the fonnation of ethene is 

enhanced when small pore-zeolites such as ZSM-5 are involved. 
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On the base catalyst, with zeolite Y as active species (pore size 0.74 nm) 

adsorbed e4-carbenium species and new heptene molecule to fonn an adsorbed ell-
carbenium ion. The ell carbenium ion is cracked to hexane and e5-carbenium ion. 

This bimolecular cracking mechanism proposed by Williams et al. [74] is illustrated 

in Fig. 2.18. Also, the adsorbed heptene carbenium ion could oligomerize before 

cracking. 

oligom . 

etc . 

cracking .. 

Figure 2.18 Bimolecular cracking mechanism that can occur on zeolite Y in addition 

to the monomolecular mechanism. 

Because of the larger adsorption strength of larger hydrocarbons, the 

bimolecular mechanism have an important contribution in the cracking mechanism of 

the heavier gasoline-range olefins, provided that the catalyst pore size is large enough 

to accommodate the reaction intennediates. Aromatics and highly branched 

components, therefore, are too large to react through bimolecular mechanisms. Linear 

components are the most likely ones to react through this mechanism. 

According to this proposed mechanism, the active site of ZSM-5 is the acid 

site itself, while the active site in zeoltie Y can be represented by the adsorbed 

carbenium ion. The reaction intennediates with ZSM-5 contain the number of carbon 

atoms (e5~11)' while the (surface) intennediates with the base catalyst can be much 

larger. As a result, the cracking products from ZSM-5 will be mainly e3, e4, and to 

some extent also C2 ole fins, while with the zeolite Y base catalyst larger fragments 

can be fonned. 



36 
This agrees with the results that can be found in literature; the main 

products from n-olefms and i-olefins cracking on ZSM-5 are light olefins with a high 

selectivity for propene, i-butene, and in some cases the increased yields of ethene are 

reported. 

There are no major reports that explicate a mechanism for the catalytic 

cracking ofPE and PP using zeolite beta as catalyst. The catalytic mechanism that can 

occur on ZSM-5 and zeolite Y should be used for elucidate the mechanism of zeolite 

beta. The catalytic cracking of PP and PE is initiated by attack of low molecular 

weight carbonium ion (Ry on a very small number of on-chain hydrogen atoms 

attached to tertiary carbon atoms in polymer chains. The direction of this reaction 

mostly obeys the stability rule of carbonium ions: primary « secondary « tertiary. 

The mechanism begins with the rapid cracking of polymer over the acid sites on 

external surface and then fast mass transfer of cracked fragments in the pore of zeolite 

beta. The selectivity to products depend on shape and size selectivity that control by 

pore size and pore structure of zeolite beta. 

2.5.4. Reactions of Paraffins 

Compared to olefins, paraffins have a lower reactivity towards cracking due to 

a more difficult . formation of carbenium ions. Direct formation of a carbenium ion 

requires the abstraction of a hydride ion. This may proceed at Lewis acid sites or 

adsorbed carbenium ions can react with paraffins in a bimolecular-type of mechanism. 

The latter mechanism requires the presence of the adsorbed carbenium ions and can 

take place if the pore size of the catalyst is large enough to accommodate the 

necessary transition state (as is the case in zeolite Y and not in ZSM-5). 

Indirect formation of carbenium ions is proposed to proceed through the 

formation of carbonium ions; paraffin reacts with a proton from a Bmnsted acid site 

and the resulting adsorbed carbonium ion is cracked to an adsorbed carbenium ion 

and hydrogen or a small olefin. The formation of a carbonium ion requires an 

energetically unfavorable transition state and has high activation energy. This 

mechanism for activation of paraffins will only be significant in the absence of olefins 

and is favored by high temperatures, low hydrocarbon partial pressures and low 

conversions of the paraffins. The occurrence is not expected to be significant when 

cracking a gasoline mixture that contains olefms. The olefin can easily form 
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carbenium ions and cause cracking of paraffins through the bimolecular cracking 

mechanisms as discussed above. 



CHAPTER III 

EXPERIMENTS 

3.1 Instruments and Apparatus 

Ultrasonic Probe 

During the synthesis procedure, the gel mixture was introduced in a 300-ml 

autoclave into which a ultrasonic probe was inserted through the bottom of the 

autoclave. The ultrasonicator (SONICS, VC 505) consisted of a power supply (net 

power output: 500 Watts, frequency: 20 kHz), sealed converter (piezoelectric lead 

zirconate titanate crystals) and a titanium alloy probe (13-mm-diameter tip). The 

mixture was subjected to ultrasound irradiation with an amplitude of 40% for various 

periods. 

Ovens and Furnaces 

The gel mixture was crystallized at 135DC in a Memmert UM-500 oven. 

Heating of any solid sample at 110DC was carried out using the same oven. 

Calcination of the solid catalysts at 550DC was achieved in a Carbolite RHF 1600 

muffle furnace with programmable heating rate of I DC/min. 

X-ray Powder Diffractrometer (XRD) 

The X -ray powder diffractometer was used for investigation of the phase 

purity and structure of zeolite beta catalysts. The XRD patterns were collected on a 

Rigaku, Dmax 2200/utima plus X-ray powder diffractrometer with a monochromater 

and Cu Ka radiation (40 kv. 30 rnA). The 2-theta angle was ranged from 5 to 40 

degree with scan speed of 5 degree/min and sampling width of 0.02 degree. The 

scattering slit, divergent slit and receiving slit were fixed at 0.5 degree, 0.5 degree, 

and 0.3 mm, respectively. The measured diffractograms were analyzed using MDI 

software (Jade6.5). 
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Scanning Electron Microscope (SEM) 

JEOL JSM-6480L V scanning electron microscope was used for the 

identification of the morphology and particle size of zeolite beta catalysts. In order to 

avoid charging of samples and obtain good quality of micrographs, the catalysts were 

dispersed in absolute ethanol in ultrasonic water bath before gradually evaporated on 

glass slide and coated with sputtering gold under vacuum prior to the SEM 

measurements. 

NMR Spectrometer 

Solid state 27 Al-MAS-NMR spectra were performed using the Bruker 

Advance DPX 300 MHz NMR spectrometer. 

ICP-AES Spectrometer 

Aluminum content in the catalysts was analyzed by using the Perkin Elmer 

Plasma-lOOO inductively coupled plasma-atomic emission spectrometer (ICP-AES). 

Nitrogen Adsorptometer 

The catalyst porosity in terms of nitrogen adsorption-desorption isotherms of 

zeolite beta catalysts were performed in a BELSORP-II instrument. The catalysts 

were outgassed at 400°C at 3 h before the surface area measurements. Surface areas 

and micropore volume of the catalysts were calculated by using the BET equation. 

The external surface areas were obtained from the analysis of adsorption branch of the 

isotherm by the t-plot method. 

NH;!TPD 

Acid strength of catalysts was determined using the BEL-CAT Japan 

instrument. The sample weight was near 100 mg and weighted exactly pretreatment at 

400°C for 20 min before each measurement. 

Gas Chromatograph 

Hydrocarbon gases were analyzed using a Varian CP-3800 gas chromatograph 

equipped with a 50-m long and 0.53-mm inner diameter Alumina-PLOT column. 

Liquid samples were analyzed using a Varian CP-3800 gas chromatograph equipped 
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with a 30-m long and 0.25-mm inner diameter CP-sil 5 (0.25 Jlm film thickness) 

column. All GC detectors are flame ionization detectors (FID). The GC heating 

programs for 3.00-JlI gas and 1.00-JlI liquid analysis are shown in Schemes 3.1 and 

3.2, respectively. 

Smin 

Scheme 3.1 The GC heating program for gas analysis 

Rate SoC/min 

20 min 

Scheme 3.2 The GC heating program for liquid analysis 

3.2 Chemicals and Gases 

1. Tetraethylammonium hydroxide, TEAOH (Fluka, 40 wt %) 

2. Tetraethylorthosilicate, TEOS (Aldrich, 98 wt %) 

3. Aluminum isopropoxide, AIP (Aldrich) 

4. Hydrochloric acid, HCI (Fluka, 37 wt %) 

5. Standard liquid mixture (Restek) 

6. Standard gas mixture for GC analysis were kindly obtained from PTT 

Chemical Public Company Limited. 

7. Nitrogen gas, N2 (Thai Industrial Gases (TIG), highly pure grade) 

8. Ammonia gas, NH3 (Linde Gas Thailand, highly pure grade) 
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3.3 Preparation Methods of Zeolite Beta 

The synthesis of zeolite beta was carried out from an amorphous xerogel by a 

wetness impregnation procedure reported in the literature [29]. This material was 

prepared by two-step sol-gel method. In the first step, the amorphous xerogel was 

prepared by hydrolysis of239.26 g of tetraethyl orthosilicate (TEOS) with a mixture 

83.68 g of 0.05 M aqueous HCI and 103.36 g of deionized water in ice-water bath and 

the mixture was stirred vigorously for 45 min. After two-phase system became 

monophasic, 17.18 g of20 ~Io TEAOH aqueous solution was dropwise added to the 

previous mixture until the gel point and the cogel so obtained was dried at 110°C 

overnight. In the second step, the mixture of 3.9096 g of aluminium isopropoxide and 

200.34 g of 30 ~Io aqueous TEAOH solution was dropwise added to a 500 cm3 4-

necked round bottom flask containing the xerogel from the frist step with stirring 

under nitrogen atmosphere. Then the mixture with the molar ratio of 0.73(TEA)20 : 

Si02 : 0.0083Ah03: 19H20 was aged by stirring under nitrogen atmosphere for 12 

h. The gel was transferred into a stainless-steel autoclave containing Teflon cup and 

kept in an oven at 135°C for 72 h. After the reaction was quenched, white solid 

sample was separated by centrifugation, washed with deionized water and dried in the 

oven at 110°C overnight. The sample is denoted as Beta60-72h. The white solid 

product was characterized using XRD and SEM. The schematic diagram of this 

procedure is shown in Scheme 3.3. 
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Tetraethyl othosilicate 

Stirred for 45 min I+----~ __ --' + I Deionized water 

Mixture A 

20 wt"10 TEAOH solution I 

I Cogel I 
Dried at 110°C 

overnight 

I Xerogel I 
30 wt"10 TEAOH solution I 

-1 aluminium isopropoxide I 
Gel 

mixture 

I. crystallized at 135°C for 3 days 
2. centrifuged, washed and dried 

I As-synthesized zeolite beta 

Caicined at 550°C 

I Calcined zeolite beta 

Scheme 3.3 Diagram of the synthesis procedure for zeolite beta 
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3.4 Preparation of Zeolite Beta with Ultrasound Irradiation 

Gel mixture of zeolite beta was prepared using exactly the same reagents and 

method to that described in Section 3.3. After aging of gel mixture for 12 h, the gel 

was introduced in 4 autoclaves equally into which a high power ultrasonic probe was 

inserted though the bottom of the autoclaves. The gel was subjected to ultrasound 

irradiation for 30, 60, 90, and 120 min, respectively. Then the autoclaves were heated 

in an oven at 135°e for 72 h. After the autoclave was quenched, the solid products 

were separated by centrifugation, washed with deionized water, dried at 1100e 
overnight. Sample notation is Beta60-USx-72h, when x is the ultrasound irradiation 

periods. All zeolite beta samples were characterized by XRD. The optimal ultrasound 

irradiation period was then selected for synthetic condition. 

3.5 Preparation of Zeolite Beta with Various Crystallization Time 

In order to study effects of ultrasound irradiation during gel formation process 

on formation of zeolite beta, Both Beta60 and Beta60-US30 samples were synthesized 

in same way as described in Section 3.3 and 3.4, respectively with various 

crystallization time of 8, 12, 16, 20, 24, 48, 72, and 96 h. For zeolite beta synthesized 

with ultrasound irradiation, gel mixture was subjected to ultrasound irradiation for 30 

min prior to crystallization. Sample notation is Beta60-yh and Beta60-US30-yh, when 

y is the crystallization time. All zeolite beta samples were characterized by XRD. The 

optimal crystallization time was then selected for synthetic condition. 

3.6 Preparation of Zeolite Beta with Various SilAI Ratios 

The Beta-24h and Beta-US30-24h samples with various Si/AI ratios in gel of 

10, 20, 40, 60 and 80 were synthesized using the same method as that described in 

Section 3.3 and 3.4. Different amounts of aluminum required for each sample were 

used as indicated in Table 3.1. Sil Al molar ratio in gel was shown after Beta in sample 

notation. All zeolite beta catalysts were characterized by XRD. 
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Table 3.1 Required amounts of aluminum isopropoxide in the preparation of 

zeolite beta samples with various SilAI ratios in gel of 10, 20, 40, 60 and 

80 

SilAI molar Amounts of 
Sample 

ratio in gel aluminum isopropoxide (g) 

Beta 1 0 10 23.4574 

Beta20 20 11.7285 

Beta40 40 5.8643 

Beta60 60 3.9096 

Beta80 80 2.9321 

3.7 Removal of Organic Template from Zeolite Beta Catalysts 

To make pore in the catalyst structure, the organic template must be removed 

by oxidation to carbon dioxide at elevated temperature. An as-synthesized zeolite beta 

was calcined in a muffle furnace using the heating program for the template removal 

as shown in Scheme 3.4. The calcined sample was characterized using XRD, ICP

AES, SEM, 27 Al-MAS-NMR, NH3-TPD, and nitrogen adsorption-desorption 

instruments, and kept in a desiccator prior to use. 

55o°rc'--___ --=5'-'h"'--___ ---"~O°C 

lOC/min 

RT 

Scheme 3.4 A heating program for removal of organic template from the pores of 

zeolite beta 
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3.8 Elemental Analysis 

Elemental analysis was perfonned to detennine Sil Al in catalyst. Aluminum 

(AI) content was detennined by ICP-AES. The content of silica (Si02) was obtained 

by difference of catalyst weight and Ah03 weight calculated from ICP-AES. For 

sample preparation, 0.0400 g of a calcined catalyst was soaked with 10 cm3 of 6 M 

HCI. Then 10 cm3 of 48% hydrofluoric acid was dropwise added to the mixture to get 

rid off silica in the fonn of volatile SiF4 species. The sample was heated but not 

boiled until it was dried on a hot plate. Then the fluoride treatment was repeated twice 

before 10 cm3 of reverse aqua regia containing 6M HCI: 6M HN03 at a ratio of 1:3 

was added slowly and wanned until dried again. After that 10 cm3 deionized water 

was added to and warmed for 5 min. The sample solution was transferred to a 50-cm3 

polypropylene volumetric flask. The solution in the flask was brought to the mark 

with DI water. The flask was capped and shaken before transferred into a plastic 

bottle. The sample solution was detennined by ICP-AES technique. The standard 

solution of 1000-ppm aluminum in HN03 (from BDH) was diluted to 5, 10, 20 and 30 

ppm to obtain a calibration curve. 

3.9 Activity of Various Zeolite Beta Catalysts in PP Cracking 

3.9.1 Effect of Crystallization Time 

The zeolite Beta60 catalysts prepared with and without ultrasound irradiation 

and crystallized for 20, 24 and 72 h were used for finding optimum crystallization 

periods in this synthesis. All catalysts were freshly calcined at 550°C before catalytic 

test was perfonned. Thennal and catalytic cracking activities were carried out in a 

glass reactor (4.4 cm. Ld. and 37 cm. length) under a continuous nitrogen flow by 

batch operation as shown in Figure 3.1 and Scheme 3.5. Initially, weights of 0.50 g of 

catalyst and 5.00 g of the polypropylene waste were loaded into the reactor and mixed 

thoroughly. Afterward, the reactor was set up, purged with N2 at flow rate of 20 

mllmin to remove the air, and heated with a rate of 20°C/min up to 380°C, keeping it 

constant for 40 min. This temperature was continually monitored by a programmable 

temperature controller equipped with a K-type thennocouple in direct contact with the 

reaction mixture. The gaseous products at the reaction temperature were swept out 

from the reactor by the nitrogen stream and separated into liquid and gaseous 

• 
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fractions in a condenser cooled by a chiller. The gas fraction was collected into a 

Tedlar bag since the start of heating while the liquid fraction was collected in a 

10-cm3 graduated cylinder. After completion of the reaction, the reactor was cooled 

down to room temperature and weighed. The values of plastic conversion were 

defined as the sum of collected gaseous and liquid products with regard to the initially 

loaded polypropylene waste. The solid remaining in the reactor was considered as a 

residue, not being included in the conversion. The values of %conversion and % yield 

were calculated based on the equations as follows: 

% Conversion = 
(mass of liquid fraction + mass of gas fraction) x 100 

mass of plastic 

mass of gas fraction = mass of the reactor with plastic and catalyst before reaction

mass of the reactor with residue and used catalyst after reaction 

- mass of liquid fraction 

% Fraction yield = 
mass of product fraction x 100 

mass of plastic 

The degradation products were classified into three groups: gas fraction 

(products which were not condensed at water cooling temperature), liquid fraction and 

residue. The gas products were analyzed by a gas chromatography. The liquid fraction 

was distilled under vacuum as shown in Figure 3.2. The distillate oil was analyzed by 

a GC. The values of retention time of components in the distillate oil in the GC 

column were compared to the boiling point range of reference in form of n-paraffins. 

The value of %coke formed was determined by the weight loss upon calcination of 

the used catalyst after leaching out of waxes by n-hexane. The heating program for 

regeneration of the used catalyst is shown in Scheme 3.4. 

3.9.2 Effect ofSiiAI Ratios in Catalyst 

The degradation of PP waste was performed using Beta-24h and Beta-US30-

24h catalysts with various Sil Al ratios (20, 40, 60, and 80). The reaction was 

performed in the same way as what described in Section 3.8.1. The experiments were 

set up at reaction temperature of 350°C in order to reduce the effect of thermal 

reaction. 
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3.9.3 Effect of Temperature 

The catalytic cracking of PP waste was carried out using Beta20-US30-24h 

with different temperature reactions. The reaction was performed using the same 

method that described in Section 3.8.1. The experiments were set up at reaction 

temperatures of 350, 380 and 400°C. 

3.9.4 Effect of Polypropylene to Catalyst Ratios 

The optimum temperature (380°C) from Section 3.9.3 was used in the 

degradation of PP waste using 5% and 10% Beta20-US30-24h samples of plastic as 

catalysts. The reaction was performed using the same method that described in 

Section 3.8.1. 

3.10 Activity of Various Zeolite Beta Catalysts in HDPE Cracking 

3.10.1 Effect of SilAI Ratios in Catalyst 

The degradation of HDPE waste was carried out using Beta-24h and Beta

US30-24h catalysts with various Sil Al ratios (20, 40, 60, and 80) as catalysts. The 

reaction was performed in the same way as what described in Section 3.8.1. The 

experiments were set up at the reaction temperature of 380°C. 

3.10.2 Effect of Temperature 

The catalytic cracking of HDPE waste was carried out using Beta20-US30-

24h catalyst with various temperature reactions. The experiments were set up at the 

reaction temperatures of 350, 380 and 400°C. The reaction was performed in the same 

way as what described in Section 3.8.1. 

3.10.3 Effect of Polyethylene to Catalyst Ratio 

The Beta20-US30-24h sample was used for studying the effect of 

polyethylene to catalyst ratio on its activity. The amount of polyethylene to catalyst 

ratio are 5% and 10% catalyst of plastic The experiments were set up at the reaction 

temperature of 400°C which is the optimum reaction temperature from Section 3.10.2. 

The reaction was performed using the same method as that described in Section 3.8. I. 
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Figure 3.1 Apparatus for catalytic cracking 
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(heater temp.) 

Figure 3.2 Apparatus for vacuum distillation 
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1. Heating to desired temperature 
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Connect to 
vacuum line 

2. The reaction temperature was kept constant for 40 min 
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Scheme 3.5 Catalytic cracking of HOPE and PP using z~olite beta as catalyst. 
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3.11 Catalyst Regeneration 

The spent catalyst (Beta20-US30-24h) from PP cracking at the reaction 

temperature of 380°C and HDPE cracking at the reaction temperature of 400°C from 

each cycle was regenerated by calcination in air at 550°C for 5 h. The regenerated 

catalysts were characterized by XRD, SEM, N2 adsorption-desorption and test for its 

activity by catalytic cracking of PP at the reaction temperature of 380°C and HDPE at 

the reaction temperature of 400°C. The reaction was performed in the same way as 

what described in Section 3.8.1. 



CHAPTER IV 

RESULTS AND DISCUSSION 

4.1 Effect of Ultrasound Irradiation Periods on Formation of Zeolite Beta 

4.1.1 XRD Results 

XRD patterns of as-synthesized samples denoted as -US-, which were 

synthesized with ultrasound irradiation for various periods are presented in Figure 4.1 

in comparison with the one prepared by normal method without ultrasound irradiation 

before crystallization. All XRD patterns of the samples are similar in intensities of 

two main characteristic peaks of zeolite beta structure at the Bragg angles, 29 of 7.7° 

and 22.5°. They are similar to that reported by Aguado et al. [29] and no other 

crystalline phase was observed. For the calcined samples in Figure 4.2, the intensity 

of the peak at 29 of 7.7° becomes much stronger than the peak at 29 of 22.5° 

indicating the effect of template removal from the zeolite beta channels, whereas the 

intensity of the peak at 29 of22.5° is extremely decreased showing that dealumination 

occurs during the calcination process. The XRD patterns of those calcined samples 

consist of broad features, indicating the co-existence of both polymorphs A and B. 

This is common for zeolite beta and the two polymorphs are always formed 

simultaneously and hardly separated. The XRD patterns of calcined Beta60-US30-72h 

(B), Beta60-US60-72h (C), Beta60-US90-72h (D), and Beta60-USI20-72h (E) 

catalysts are similar to the pattern of zeolite beta (Beta60-72h) synthesized normally 

without ultrasound irradiation (A). Additionally, the XRD peak intensities of all 

samples synthesized with ultrasound irradiation are similar to those of Beta60-72h. It 

can be concluded that applying ultrasound irradiation for 30-120 min during the gel 

formation step does not affect the structure and the crystallinity of zeolite beta. 
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Figure 4.1 XRD patterns of the as-synthesized zeolite beta samples, (A) prepared 

without ultrasound irradiation; (B), (C), (0), and (E) synthesized with 

ultrasound irradiation for 30,60,90, and 120 min, respectively. 
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Figure 4.2 XRD patterns of the calcined zeolite beta samples, (A) prepared without 

ultrasound irradiation; (B), (C), (D), and (E) synthesized with ultrasound 

irradiation for 30,60,90, and 120 min, respectively. 
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4.1.2 SEM Images 

SEM images of calcined zeolite beta synthesized without and with ultrasound 

irradiation for various periods are shown in Figure 4.3. All SEM images exhibits 

nano-particles of zeolite beta in uniform round granular shape. The average size of 

zeolite beta particles synthesized with ultrasound irradiation was about the same with 

the average size of 185 nm for all samples. Beta60-72h shows relatively smaller size 

about 170 nm. It is observed in Figure 4.3 that particles of zeolite beta prepared with 

ultrasound irradiation are slightly larger than the sample synthesized without 

application of ultrasound irradiation. It can also be illustrated that application of 

ultrasound irradiation accelerated nucleation and subsequent crystal growth and 

resulted in slightly larger particles of beta samples. This is in agreement with, O. 
Anda~. et at. [60]. Prolongation of irradiation period from 30 to 120 min does not 

affect the particle size of zeolite beta. 
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Figure 4.3 SEM images of calcined zeolite beta synthesized without and with 

ultrasound irradiation for various periods: (A) Beta60, (B) Beta60 with 

magnification of x 50,000 (C) Beta60-US30 (D) Beta60-US60 (E) 

Beta60-US90 and (F) Beta60-US120. All images are taken at the same 

magnification ofx 20,000 except for (B). 
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4.1.3 Nitrogen Adsorption-Desorption 

The N2 adsorption-desorption isothenns of the calcined zeolite beta samples 

prepared without and with ultrasound irradiation in the gel fonnation step for various 

periods are illustrated in Figure 4.4. All samples exhibit a type I isothenn which is 

typical for microporous materials [52]. Only the isothenn of Beta60-72h is not 

superimposed with others and the plateau shows larger absorbed amount of nitrogen 

than other samples while the isothenns of the samples prepared with ultrasound 

irradiation gives almost the same isothenns. Each isothenn exhibits three different 

adsorption zones which are typical of nanocrystalline zeolites [78]. The frist zone, 

adsorption at very low pressure corresponds to the nitrogen adsorption in the 

micropore system. At the medium partial pressure, the second zone is created by the 

nitrogen adsorption on the external surface. At high relative pressure (P/Po> 0.8), the 

third one rises steeply and presents a hysteresis loop indicating the presence of 

interparticular porosity [78]. 

Table 4.1 shows textural properties of calcined zeolite beta samples. Among 

the samples prepared with different period of ultrasound irradiation, they all exhibit 

the similar textural properties. The BET specific surface area and external surface 

area of Beta60-72h is higher than all samples prepared with ultrasound irradiation 

because of the smaller particle size ofBeta60-72h. This agrees with the case of zeolite 

HZSM-5 result that the external surface area ofHZSM-5 is increased when the crystal 

size reduces [78]. Furthennore an increase in ultrasound irradiation periods from 30 to 

120 min does not significantly affect the BET surface area. Pore size distribution was 

obtained from the adsorption data by means of MP method as shown in Figure 4.5. 

The distribution of micropores is quite narrow and similar for all samples. The pore 

size distribution peaks of the calcined zeolite beta samples are centered at 0.6 nm. 

It is obvious that the properties of zeolite beta samples synthesized with 

application of ultrasound from 30 to 120 min are not much different in tenns of 

crystallinity, particle size and specific surface area. Therefore, the shortest ultrasound 

irradiation period (30 min) was chosen to study effect of crystallization time on 

fonnation of zeolite beta and the results are subject to be compared with samples 

prepared without application of ultrasound irradiation. 
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1 

Figure 4.4 N2 adsorption-desorption isotherms of zeolite beta samples prepared 

without and with the application of ultrasound irradiation in the gel 

formation step for various periods 

Table 4.1 Textural properties of calcined zeolite beta samples 

Sample 
particle sizea SBET

D d c Sext
C 

Vmicro
c 

p 

(nm) (m2/g) (nm) (m2/g) (cm3/g) 
Beta60-72h 169 781 0.6 65 0.31 

Beta60-US30-72h 190 748 0.6 49 0.28 
Beta60-US60-72h 195 729 0.6 43 0.28 

Beta60-US90-72h 185 742 0.6 44 0.28 
Beta60-US120-72h 181 736 0.6 45 0.28 

a particle size determined by SEM images 

b Specific surface area determined by application of the BET-plot method 

c particle size distribution determined by application of the MP-plot method 

d external surface area and micropore volume determined by application of the t-plot 

method 
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Figure 4.5 MP plots for pore-size distribution of calcined zeolite beta samples 

4.2 Effect of Crystallization Time on Formation of Zeolite Beta 

4.2.1 XRD Results 
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The effect of crystallization time from 8 to 96 h on formation of zeolite beta 

was studied for both methods, with and without employing ultrasound radiation. All 

XRD patterns of the as-synthesized products for both methods as shown in Figure 4.6 

and 4.7 show two intense characteristic peaks of zeolite beta except for the samples 

crystallized for 8 hand 12 h showing no reflection peak. It indicates that only 

amorphous product was obtained. As a result, 12 h crystallization is not enough to 

form zeolite beta crystals. Upon prolongation of crystallization time at 135°C, 

formation of pure zeolite beta can be achieved after 16 h for both synthesis methods. 

The characteristic peak at 29 of 22.5° reaches the maximum intensity after 20 h of 

crystallization for both synthesis routes. It is interesting that all beta samples prepared 

with employing ultrasound irradiation have higher peak intensities than those 



prepared without ultrasound irradiation, indicating the higher crystallinity of the 

former. 

12000 cps 

H 

G 

F 

- B ...... ' 
f I d 2 0 t."'" , 

5 10 15 20 25 30 35 40 

2 Theta (degree) 

59 

Figure 4.6 XRD patterns of the as-synthesized zeolite beta samples prepared with 

ultrasound irradiation and crystallized for various periods: (A) 8 h; (B) 12 

h; (C) 16 h; (D) 20 h; (E) 24 h; (F) 48 h; (G) 72 h; and (H) 96 h 
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Figure 4.7 XRD patterns of the as-synthesized zeolite beta samples prepared without 

ultrasound irradiation and crystallized for various periods: (A) 8 h; (B) 12 

h; (C) 16 h; (D) 20 h; (E) 24 h; (F) 48 h; (G) 72 h; and (H) 96 h 
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The XRD patterns of the calcined zeolite beta samples are shown in Figure 4.8 

and 4.9. All calcined samples in both Figures show the tremendous increase in 

intensity of the low angle peak at 28 of 7.7° due to the removal of the organic 

template. In general for several zeolites, the high angle peak at 28 about 22° should 

maintain unchanged in intensity due to no effect of template removal. Nevertheless, it 

is always found for zeolite beta to have the significant decrease in intensity of the 

peak at 28 of 22.5° after calcination. It implies that there must be some change 

concerning Si/AI ratio of the zeolite, i.e. the migration of aluminum from the 

framework position to non-framework position. This is also evidenced by the 

observation of a peak of non-framework aluminum in 27 AI-NMR spectra of the 

calcined samples to be discussed later. Employing ultrasound radiation during the 

synthesis course, results in less extent of decrease in intensity of this peak. This 

indicates that applying ultrasound radiation can prevent the migration of aluminum. 
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Figure 4.8 XRD patterns of the calcined zeolite beta samples synthesized with 

ultrasound irradiation and crystallized for various periods: (A) 8 h; (B) 

12 h; (C) 16 h; (D) 20 h; (E) 24 h; (F) 48 h; (G) 72 h; and (H) 96 h 
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Figure 4.9 XRD patterns of the calcined zeolite beta samples synthesized without 

ultrasound irradiation and crystallized for various periods: (A) 8 h; (B) 12 

h; (C) 16 h; (D) 20 h; (E) 24 h; (F) 48 h; (G) 72 h; and (H) 96 h 
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4.2.2 SEM Images 

SEM images of zeolite beta synthesized without ultrasound irradiation show 

amorphous phase in chunks of the starting silica gel in Figure 4.1 OA as well as of the 

sample crystallized for 12 h as shown in Figure 4.10B. After 16 h or longer 

crystallization time, chunky particles disappeared while nano-particles in uniform 

spherical shape of zeolite beta were observed as shown in Figure 4.1 OC-H. The longer 

crystallization time, the larger crystal size and particle size of zeolite beta are, but it is 

not significant after longer than 20 h. The smallest particle size is 165 nm and the 

largest size is 173 nm. In the case of employing ultrasound irradiation as shown in 

Figure 4.11, the SEM images show results in the same way but slightly larger particle 

size than the case without employing ultrasound radiation, i.e. the smallest particle 

size is 190 nm and the largest size is 208 nm when they were crystallized for 24-96 h. 

It can also be experienced that ultrasound irradiation caused the white reactant slurry 

turned to homogeneous condensed gel rapidly, resulting in accelerated crystal growth. 



Figure 4.10 SEM images of (A) xerogel and (B-H) Beta60 samples crystallized at 

135"C for various periods: (B) 12 h; (C) 16 h; (0) 20 h; (E) 24 h; (F) 48 

h; (G) 72 h and (H) 96 h 



Figure 4.11 SEM images of (A) xerogel and (B-H) Beta60-US30 samples crystallized 

at 135°C for various periods: (B) 12 h; (C) 16 h; (D) 20 h; (E) 24 h; (F) 

48 h; (G) 72 hand (H) 96 h 
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4.2.3 Nitrogen Adsorption-Desorption 

Figure 4.12 shows the adsorption-desorption isotherms of the calcined zeolite 

beta samples prepared without ultrasound irradiation. In Figure 4.12A, silica xerogel 

exhibits a type IV adsorption-desorption isotherm which is a characteristic of 

mesoporous material. After the gel mixture was crystallized for at least 16 h, the steep 

adsorption was observed at very low relative pressure, giving a so-called type I 

isotherm which is typical for microporous materials. Figure 4.12B depicts the same 

adsorption-desorption isotherm of Beta60 crystallized for 24 - 96 h. Considering at 

extremely high relative pressure (PIPo> 0.8), each of zeolite samples exhibits the 

unusual second step of isotherm, indicating the existence of mesoporosity on external 

surface of the zeolite samples. This observation has been reported for nanoparticle 

zeolites [11-12]. The smaller the particles, the greater mesoporous volume is. Among 

the zeolite products, Beta60-16h shows the greatest mesoporous volume as well as the 

highest external surface area as shown in Table 4.2. Figure 4.13 presents the 

adsorption-desorption isotherms of calcined zeolite beta samples prepared with 

ultrasound irradiation. It can be described in the same way. 

The textural properties of the samples crystallized for various periods are 

compiled in Table 4.2 and 4.3. The BET specific surface areas of all zeolite beta 

samples are higher than silica xerogel. For both methods, the BET specific surface 

areas reach to maximum value when of zeolite beta samples were crystallized for 24 

h. Prolongation of crystallization time from 24 h to 96 h does not significantly change 

the BET specific surface areas. By comparing the %product yield from the two 

methods, zeolite beta samples synthesized with ultrasound irradiation gives %product 

yield higher than those without employing ultrasound radiation, indicating that the 

ultrasound irradiation increases number of nucleation center resulting the higher yield 

of zeolite beta. This result is in agreement with literature [60] that the yield of zeolite 

A enhances due to an effect of ultrasound radiation. 
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Figure 4.12 N2 adsorption-desorption isothenns of calcined zeolite beta prepared 

without ultrasound irradiation: (A) silica xerogel and samples 

crystallized for 16 and 20 h, (B) samples crystallized for 24 - 96 h 
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, Figure 4.13 N2 adsorption-desorption isothenns of calcined zeolite beta prepared 

with the application of ultrasound irradiation and with various periods 

of crystallization: (A) silica xerogel and samples crystallized for 16 and 

24 h, (B) samples crystallized for 48 - 96 h 
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Table 4.2 Textural properties of calcined zeolite beta samples synthesized without 

ultrasound irradiation 

particle sizea %yieldb 

Sample (nm) 

Silica xerogel 10,000 -
Beta60-16h 161 0.7 

Beta60-20h 196 3.5 

Beta60-24h 173 5.8 

Beta60-48h 165 6.7 

Beta60-72h 169 7.8 

Beta60-96h 170 8.4 
a particle size determined by SEM images 

b Gram of sol id per 100g of starting gel 

SSET C d d Sexte 
p 

(m2/g) (nm) (m2/g) 

333 13.9 313.6 
719 0.6 109.3 
712 0.6 44.5 

784 0.6 65.9 
784 0.6 67.9 

781 0.6 64.8 

771 0.6 66.9 

C Specific surface area determined by application of the BET-plot method 

d particle size distribution determined by application of the MP-plot method 

Micropore 
volumee 

(cm3/g) 

-
0.27 
0.28 

0.31 

0.31 

0.31 

0.30 

e external surface area and micropore volume determined by application ofthe t-plot 

method 

Table 4.3 Textural properties of calcined zeolite beta samples synthesized with 

ultrasound irradiation 

particle size8 %yieldb 

Sample 
(nm) 

Silica xerogel 10,000 -
Beta60-US30-16h 160 1.8 
Beta60-US30-20h 196 7.8 
Beta60-US30-24h 190 8.5 
Beta60-US30-48h 195 9.7 
Beta60-US30-72h 202 11.1 
Beta60-US30-96h 208 13.4 

8 partIcle sIze determmed by SEM Images 

b Gram of solid per 100g of starting gel 

SSET
c d d Sext 

e 
p 

(m2/g) (nm) (m2/g) 

333 13.9 313.6 

732 0.6 79.3 

747 0.6 49.4 

784 0.6 62.4 

780 0.6 61.6 

768 0.6 48.4 

754 0.6 39.1 

C Specific surface area determined by application of the BET-plot method 

d particle size distribution determined by application of the MP-plot method 

Micropore 
volumee 

(cm2/g) 

-
0.29 

0.30 

0.31 

0.30 

0.30 

0.29 

e external surface area and micropore volume determined by application of the t-plot 

method 
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Figure 4.14 shows the mesopore distribution of amorphous xerogel obtained 

from the N2 adsorption data using the Barrett, Joyner and Halenda (BJH) method. The 

distribution peak of mesopores is broad and centered at about 13.9 nm. The pore size 

distributions of Beta60 and Beta60-US30 samples which are obtained from the 

adsorption data by means of MP method are shown in Figure 4.15 and 4.16, 

respectively. All zeolite beta samples exhibit the narrow distribution of micropores 

with the same pore size about 0.6 nm. 

From the results shown above, crystallization time of 24 h should be suitable 

for both synthesis methods, with and without ultrasound irradiation, since it is the 

shortest time showing the highest BET specific surface area. However, the tests for 

activities of these zeolite beta samples in the catalytic cracking of PP were carried out 

to confirm this hypothesis. 

100 ~-----------------------------~ 

o 5 10 15 20 25 30 35 40 
dplnm 

Figure 4.14 BJH pore-size distribution of silica xerogel 
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Figure 4.15 MP pore-size distributions of zeolite beta samples synthesized without 

ultrasound irradiation and with various periods of crystallization 
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Figure 4.16 MP pore-size distributions of zeolite beta samples synthesized with 

ultrasound irradiation and with various periods of crystallization 



4.3 Effect of the SiiAI Ratios on Formation of Zeolite Beta 

4.3.1 Elemental Analysis 
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Table 4.4 shows the Si/AI mole ratios in gel and in catalyst of the samples 

prepared with and without employing ultrasound radiation. It was clearly observed 

that the Si/AI mole ratios in catalyst of all samples prepared in this work were less 

than the Sil Al ratios in gel which were calculated from reagent quantities. The large 

aluminum content determined by the ICP-AES technique is total content of both 

framework and non-framework aluminum species. Only the data from ICP-AES 

technique can not classify the aluminum species, whether it is located at the 

tetrahedral framework or octahedral non-framework species. Consequently, 

supportive data from 27 AI-NMR is needed. In addition, there is no significant 

difference between the Sil Al ratios in catalyst for the analogous samples synthesized 

from the same Si/AI ratio in gel except for Beta20-24h and Beta20-US30-24h, both of 

which were prepared from the gel with SiiAI ratio of 20. The Si/AI molar ratio in 

catalyst of Beta20-US30-24h is lower than Beta20-24h, indicating the larger 

aluminum content in Beta20-US30-24h. 

Table 4.4 Comparison of calcined zeolite beta samples with different Sil Al ratios 

Si/AI molar ratio Sil Al molar ratio 
Sample 

in gel a in catalyst b 

BetalO-24h* 10 -
Beta20-24h 20 15.0 

Beta40-24h 40 23.6 

Beta60-24h 60 27.7 

BetaSO-24h SO 27.6 

BetalO-US30-24h* 10 -
Beta20-US30-24h 20 11.6 

Beta40-US30-24h 40 22.9 

Beta60-US30-24h 60 2S.2 

BetaSO-US30-24h SO 26.9 
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a calculated from reagent quantities. 

b Aluminum (AI) was determined by ICP-AES and Si was calculated from the 

deduction of AI02 from the sample weight. 

• XRD patterns present amorphous phase. 

4.3.2 XRD Results 

XRD patterns of calcined zeolite beta samples with different SilAI ratios in 

catalyst are revealed in Figure 4.17 and 4.18. According to the XRD results, zeolite 

beta with Si/AI ratios in gel of 10 presents no X-ray peak indicating amorphous phase, 

no matter ultrasound radiation was applied or not. It implies that longer crystallization 

time is necessary for this case or the methods are not appropriate for preparing zeolite 

beta with too low Si/AI ratio. With the Si/AI ratios of 20 - 80 in gel, the well-define 

structure of zeolite beta was found in the XRD patterns of all samples. The samples 

with the Sil Al ratio in gel of 60 show the highest relative peak intensities for both 

synthesis methods. The influence of ultrasound irradiation is clearly observed for the 

samples with Si/AI ratio of 20. In the case of application of ultrasound radiation, the 

Beta20-US30-24h sample exhibits much lower peak intensity than the one without 

ultrasound irradiation. This result suggests that ultrasound enhances incorporation of 

aluminum into structure of the zeolite better than other Sil Al ratios. It is known that 

the greater amount of aluminum incorporated into a zeolite structure, the less ordered 

structure and the less resulted crystallinity of the zeolite will be obtained. The 

exceptional high content of aluminum in the Beta20-US30-24h sample is confirmed 

by the results of elemental analysis in Table 4.4. However, the crystallinity may not 

be the most important for cracking of plastics. Other properties such as external 

surface area must be considered along with the acidity of catalysts. 
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Figure 4.17 XRD patterns of calcined zeolite beta catalysts prepared without 

ultrasound irradiation and with different Sit AI ratios in gel: (A) 10; (B) 

20; (C) 40; (D) 60; and (E) 80 
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Figure 4.18 XRD patterns of calcined samples synthesized by ultrasound 

irradiation method with different SiiAI ratios in gel: (A) 10; (B) 20; (C) 

40; (0) 60; and (E) 80 
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4.3.3 27 AI-MAS-NMR Spectra 

27 AI-MAS-NMR spectra of calcined zeolite samples with different SiiAI ratios 

are presented in Figure 4.19 and 4.20. The spectra of all calcined samples show the 

presence of an intense signal centered at around 55 ppm which corresponds to 

aluminum in tetrahedral (T d) framework position and a small signal at about 0 ppm 

that is assigned to octahedral (Oh) non-framework aluminum species [14]. The results 

indicate that non-framework aluminum species were also generated during the 

calcination process for the zeolite obtained [13]. The intensity of signal at 55 ppm 

hardly changes when the aluminum content increases due to the saturation of number 

of framework site. However, Beta20-US30-24h in Figure 4.20A gives the signal at 

around 0 ppm with lower intensity than other samples in this work. It demonstrates 

that application of ultrasound radiation at high aluminum content caused more 

aluminum incorporate into tetrahedral framework and reduced dealumination from the 

framework site to the non- framework site. Table 4.5 shows OhfTd ratios in calcined 

zeolite beta samples prepared without ultrasound irradiation compared to those 

prepared by ultrasound method. The OhfTd ratio of Beta20-US30-24h is the lowest, 

indicating that almost all aluminum atoms incorporated into the tetrahedral framework 

position. This implies that the acidity of Beta20-US30-24h should be the highest too. 
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Figure 4.19 27 AI-MAS-NMR spectra of calcined zeolite beta catalysts prepared 

without ultrasound irradiation and with different Sil Al ratios in catalyst 

(A) 15.0; (B) 23.6; (C) 27.7 and (D) 27.6 
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Figure 4.20 27 AI-MAS-NMR spectra of zeolite beta samples synthesized · by 

ultrasound irradiation method and with different Si/ AI ratios in catalyst 

(A) 11.6; (B) 22.9; (C) 28.2 and (D) 26.9 

Table 4.5 Comparison of Ohffd ratios in the calcined zeolite beta samples with 

different Si/ AI ratios 

Samples %Td %Oh Ohffd* 

Beta20-24h 82.64 17.36 0.21 

Beta40-24h 83.33 16.67 0.20 

Beta60-24h 86.21 13.79 0.16 

Beta80-24h 83.33 16.67 0.20 

Beta20-US30-24h 92.59 17.41 0.08 

Beta40-US30-24h 83.33 16.67 0.20 

Beta60-US30-24h 86.21 13.79 0.16 

Beta80-US3 0-24h 83.03 16.97 0.19 

* calculated from ratio of peak area ofthe signal centered at around 0 ppm to 

peak area of the signal centered at around 55 ppm 
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4.3.4 SEM Images 

SEM images of zeolite beta catalysts synthesized with and without application 

of ultrasound irradiation and with different Sil AI ratios are shown in Figure 4.21. All 

images exhibit agglomeration of small crystal to larger sphere like particles. The 

decrease of Sil AI ratio form 80 to 40 led to slightly change of particle size but the 

larger particle size was formed when the Sil AI ratio reduces to 20. It is remarkable at 

the low Si/AI ratio of 20 that the particle size of Beta20-US30-24h is clearly larger 

than Beta20-24h. This result indicates that application of ultrasound irradiation at the 

low Sil Al ratio of 20 accelerated formation of nucleation center and enhanced crystal 

growth, therefore, the large particle was obtained. 
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Figure 4.21 SEM images of calcined zeolite beta samples prepared with and 

without application of ultrasound radiation and with different SilAI 

ratios. 
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4.3.5 Nitrogen Adsorption-Desorption 

Figure 4.22 and 4.23 show the adsorption-desorption isotherms of zeolite beta 

samples prepared with various Sil Al ratios. These Figures show the type I isotherms, 

typical for microporous materials. The pore size distribution of zeolite beta samples 

prepared without and with ultrasound irradiation are shown Figure 4.24 and 4.25, 

respectively. All samples exhibit the narrow distribution of micropore with pore size 

about 0.6 nm. The textural properties of the zeolite beta samples with various Si/AI 

ratios are compiled in Table 4.6. The BET specific surface areas of Beta20-24h and 

Beta20-US30-24h are lower than other samples due to the large particle size, while 

the increase of Si/AI ratio from 40 to 80 shows small difference in the BET specific 

surface areas. 
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Figure 4.22 N2 adsorption-desorption isotherms of zeolite beta catalysts prepared 

without ultrasound irradiation and with various Si/AI ratios in catalyst. 
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Figure 4.23 N2 adsorption-desorption isotherms of zeolite beta samples synthesized 

by ultrasound irradiation method with different Sil AI ratios in catalyst 
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Figure 4.24 MP plots for pore size distribution of calcined zeolite beta samples 

prepared without ultrasound irradiation and with different Sil AI ratios 
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Figure 4.25 MP plots for pore size distribution of calcined zeolite beta samples 

synthesized by ultrasound irradiation method and with different SiiAI 

ratios 

Table 4.6 Textural properties of calcined zeolite beta with various Si/AI ratios 

Sample 
particle sizea SBETo d e Sext

U Micropore volumeo 
p 

(nm) (m2/g) (nm) (m2/g) (cm3/g) 

Beta20-24h 237 726 0.6 50.7 0.30 

Beta40-24h 159 768 0.6 52.4 0.29 

Beta60-24h 173 784 0.6 65.9 0.30 

Beta80-24h 147 752 0.6 62.7 0.29 

Beta20-US30-24h 286 703 0.6 45.3 0.30 

Beta40-US30-24h 165 766 0.6 65.3 0.29 

Beta60-US30-24h 190 784 0.6 62.4 0.30 

Beta80-US30-24h 147 749 0.6 65.6 0.30 

a particle size determined by SEM images. 

b Specific surface area determined by application of the BET-plot method. 

e particle size distribution determined by application ofthe MP-plot method. 

d external surface area and micropore volume determined by application of the t-plot 

method. 
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4.3.6 NH3-TPD Profiles 

Figure 4.26 exhibits NH3-TPD profiles of zeolite beta catalysts prepared 

without ultrasound irradiation and with different Si/AI ratios. All samples show two 

NH3 desorption peaks. The peak position corresponds to acid strength while the peak 

area corresponds to number of acid site. The peak centered at 170°C is normally 

assigned to a weaker acid site, and the other one at 430°C is assigned to a stronger 

acid site. It is obvious that the acid strength is similar for all four samples and only the 

number of acid sites is different. Table 4.7 shows the number of acid sites in term of 

acidity (mmol/g). The increase in Sil Al ratio from 40 to 80 does not much change the 

total acidity because aluminum content of the three ratios determined by ICP-AES are 

not much different. Considering the Sil Al ratio of 20, the number of weaker acid site 

of Beta20-24h increases to almost two folds of others ratios, while the number of 

stronger acid site of Beta20-24h decreases. It can be explained that the increase in 

aluminum content in catalyst causes the number of weaker acid sites increased. The 

highest total acidity is also shown in Beta20-24h due to the largest aluminum content 

conformed by ICP-AES data. 

The NH3-TPD profiles of zeolite beta samples synthesized by ultrasound 

irradiation method with different SilAI ratios in Figure 4.27 can be explained in the 

same way. For the Si/AI ratios in a range from 40 to 80, the total acidity is not much 

different. For the low Si/AI ratio of20, the total acidity of Beta20-US30-24h is higher 

than the total acidity of Beta20-24h because application of ultrasound causes more 

aluminum content incorporated into the framework structure. This result is conformed 

by the data from ICP-AES and 27 Al-MAS-NMR. 
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Figure 4.26 NH3-TPD profiles of zeolite beta catalysts prepared without ultrasound 

irradiation and with various Sil Al ratios in catalyst of (A) 15.0; (B) 

23.6; (C) 27.7 and (D) 27.6 
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Figure 4.27 NH3-TPD profiles of zeolite beta samples synthesized by ultrasound 

irradiation method with different Sil Al ratios in catalyst of (A) 11.6; 

(B) 22.9; (C) 28.2 and (D) 26.9 
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Table 4.7 Acidity of calcined zeolite beta catalysts prepared without ultrasound 

irradiation and the samples prepared by the ultrasound irradiation method 

with various Sil AI ratios. 

Aciditya(mmol/g) 

samples Weaker acid siteb Stronger acid siteC 

Beta20-24h 1.12 0.36 

Beta40-24h 0.73 0.56 

Beta60-24h 0.68 0.57 

Beta80-24h 0.70 0.53 

Beta20-US30-24h 1.17 0.45 

Beta40-US30-24h 0.77 0.56 

Beta60-US30-24h 0.66 0.59 

Beta80-US30-24h 0.64 0.58 

a Obtained by NH3 temperature programmed desorption. 

b Obtained at temperature around 170°C. 

C Obtained at temperature around 430°C. 

Totald 

1.48 

1.29 

1.25 

1.23 

1.62 

1.33 

1.25 

1.22 

d Summation of number of weaker acid site and stronger acid site. 

4.4 Activities of Various Zeolite Beta Catalysts in PP Cracking 

4.4.1 Effect of Crystallization Time 

The degradation of PP waste over various catalysts: Beta60-20h, Beta60-24h, 

Beta60-72h, Beta60-US30-20h, Beta60-US30-24h, and Beta60-US30-72h were 

carried out at 380°C for 40 min, in order to find optimum crystallization periods for 

zeolite beta synthesis. The thermal cracking without catalyst was tested in 

comparison. The values of %conversion and product yield for thermal cracking and 

catalytic cracking of PP waste over zeolite beta samples crystallized for various time 

at 380°C are shown in Table 4.8. 
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Table 4.8 Values of %conversion and %yield obtained by thermal cracking and 

catalytic cracking of PP over Beta60 and Beta60-US30 samples 

crystallized for various periods at 380°C (Condition: 10 wt% catalyst of 

plastic, N2 flow of20 cm3/min and reaction time of 40 min) 

Beta60- Beta60- Beta60-
Beta60- Beta60- Beta60- US30- US30- US30-

Thennal 20h 24h 72h 20h 24h 72h 

%Conversion* 14.35 95.45 96.47 96.20 94.73 95.73 96.00 

%Yield* 

1. gas fraction 8.70 42.35 42.87 42.65 40.73 41.20 41.85 

2. liquid fraction 5.65 53.10 53.60 53.55 54.00 54.53 54.15 

- % distillate oil 56.00 71.37 76.89 74.58 73.28 78.23 78.38 

- % heavy oil 44.00 28.63 23.11 25.42 26.72 21.77 21.62 

3. residue 85.65 4.55 3.53 3.80 5.27 4.27 4.00 

- wax 85.65 2.55 2.16 2.05 3.94 2.94 2.15 

- solid coke - 2.00 1.37 1.75 1.33 1.32 1.85 
Total volume of 

liquid fraction (cm3
) 0.38 3.80 3.90 3.93 3.90 3.95 3.90 

Liquid fraction 
density (gj cm3

) 0.71 0.70 0.71 0.71 0.71 0.71 0.70 
*DevJatlOn wIthin 0.6% for conversion, 0.8% for yield of gas fraction, 0.6% 

for yield of liquid fraction, and 0.6% for yield of residue 

All zeolite beta catalysts exhibit a high performance with the conversion of PP 

waste over 94% in all reactions with small amount of residue. It is remarkable that 

conversion and product yield obtained in the catalytic cracking of PP are much higher 

than those of thermal cracking where conversion is only 14.35% due to the activity 

enhanced by the acidity and surface area of zeolite. Considering product yields, 

catalytic cracking of PP over zeolite beta catalysts produced higher yields of liquid 

fraction than gas fraction. The yields of liquid fraction are around 54% while those of 

gas fraction are in the range of 40 - 43%. 

For the degradation of PP over both Beta60 and Beta60-US30 samples, when 

the crystallization time increases from 20 h to 72 h, the conversion and product yields 

of all six catalysts are not different. This result indicates that zeolite beta samples 

prepared with and without application of ultrasound irradiation become powerful 

catalysts for PP cracking when they were crystallized for only 20h. However, Beta60-

24h and Beta60-US30-24h show a high selectivity to distillate oil and less amounts of 
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coke deposited on its surface compared to those catalysts crystallized for 20 hand 

72 h. Therefore, crystallization time of 24 h is an optimum condition which was 

chosen for the catalyst synthesis for the rest of studies. 

Figure 4.28 illustrates the accumulative volume of liquid fractions in the 

graduated cylinder and the temperature of the reactor increased as a function of spent 

time. Although, the initial rates of liquid fraction formation of all six catalysts are 

quite different, the total volumes of liquid fraction are nearly equal. 
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Figure 4.28 Accumulative volume of liquid fractions obtained by catalytic cracking 

of PP waste over Beta60 samples crystallized for various time at 380°C 

(Condition: 10 wt% catalyst of plastic, N2 flow of 20 cm3/min and 

reaction time of 40 min). 

Gas product distribution in thermal cracking and catalytic cracking reactions at 

380°C is given in Figure 4.29. The gas fraction obtained by thermal cracking consists 

of ethane, propene, i-butene, n-pentane, and Cs+ whereas the gas fraction from 

_ catalytic cracking contains propene, i-butene and Cs+. In addition, all distribution 

plots of PP waste cracking over six catalysts exhibit similar gas product distribution, 

indicating that the distribution of gas products is not affected by variation of 

crystallization time from 20 h to 72 h. 
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Figure 4.29 Distribution of gas fraction obtained by the thennal cracking and 

catalytic cracking of PP over Beta60 samples crystallized for various 

time at 380°C (Condition: 10 wtOlo catalyst of plastic, N2 flow of 20 

cm3/min and reaction time of 40 min). 

Figure 4.30 shows carbon number distribution of distillate oil obtained by 

thennal cracking and catalytic cracking of PP waste using zeolite beta catalysts 

synthesized with and without application of ultrasound irradiation and crystallized for 

various periods. Liquid products are investigated with the Cnp value which relates to 

the boiling point of nonnal-paraffins. For example, the products in the boiling point 

range of C6 represent for a combination of some aliphatic, alicyclic, and aromatic 

hydrocarbon which have boiling points between those of n-pentane and n-hexane. For 

thennal cracking, the main distillate oil component is C9• In presence of zeolite beta 

catalysts, the liquid components are mainly in the range of C6-C9, showing that zeolite 

beta catalysts exhibit good catalytic activities for producing light hydrocarbon liquids. 

All liquid distribution plots obtained by cracking PP waste over Beta60 and Beta60-

US30 catalysts crystallized for various time are approximately similar in the range of 

C6-~ hydrocarbon. There is slightly difference in %selectivity compared among 

these catalysts; however, this difference is not significant. This result indicates that 

.. -'-



not only variations of crystallization time from 20 h to 72 h but ultrasound 

irradiation route do not affect the distribution of liquid products as well. 
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Figure 4.30 Carbon number distribution of liquid fractions from thermal cracking 

and catalytic cracking of PP over zeolite beta samples crystallized for 

various time at 380°C (Condition: 10 wt% catalyst of plastic, N2 flow 

of20 cm3/min and reaction time of 40 min). 

4.4.2 Effect of Sil AI Ratios in Catalyst 

The effect of Sil Al ratios in catalyst was tested in degradation of PP waste at 

low temperature of 350°C in order to reduce the effect of temperature on catalytic 

reaction. The values of %conversion and product yield from thermal cracking and 

catalytic cracking of PP over zeolite beta catalysts prepared with and without 

application of ultrasound irradiation and with different Sil Al ratios are compared in 

Table 4.9 and 4.10. 

Considering data in Table 4.9 for thermal cracking at 350°C, no liquid fraction 

was found in the graduated cylinder and %conversion is only 3.6%. The result 

indicates the difficulty in degradation of PP without catalyst at the low temperature 

about 350°C. Therefore, the total weight loss of plastic precursor after reaction is 

dedicated to gas fraction. The white candle wax remained in the reactor after the 

reaction was included in the residue. For the catalytic cracking over zeolite beta 

catalysts prepared without application of ultrasound irradiation, the %conversion 
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increases from 3.6 wt% to about 46 wt% compared with thermal cracking. The 

result indicated that the waxy residue decomposed into relatively lighter liquid 

hydrocarbons resulting in higher yield of liquid fractions than the case of thermal 

cracking. However, there is no difference in %conversion when Sil AI ratio increases 

form 20 to 80. The specific surface area cannot explicate the activity ofthose catalysts 

since their activity do not relate to the change in specific surface area. The number of 

active site, determined by NH3-TPD method, is accounted for their behavior. Beta40-

24h, Beta60-24h, and Beta80-24h samples have not much different in term of number 

of acid sites; consequently, their activities are not different. Considering the catalyst 

with Sil AI ratio of 20, relatively high aluminum content, the liquid fraction yield for 

Beta20-24h is slightly larger than the others due to its relatively higher acidity while 

others seems to have similar acidities independent from the Si/AI ratio. 

The results of PP waste degradation over zeolite beta catalysts synthesized 

with application of ultrasound irradiation are shown in Table 4.10. Similar to the 

results mentioned above, the increase in Si/AI ratio from 40 to 80 provides no change 

in %conversion. However, the %conversion for Beta20-US30-24h sample increases 

as Sil AI ratio decreases. This is in agreement with the increase in acidity of this 

catalyst as mentioned in Section 4.3.6. In addition, Beta20-US30-24h catalyst presents 

the highest %Iiquid fraction yield and largest amount of distillate oil. It can be 

explained that the higher acidity of Beta20-US30-24h led to the formation of lighter 

liquid products. 
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Table 4.9 Values of %conversion and %yield obtained by catalytic cracking of PP 

over normal zeolite beta catalysts with various Si/AI ratios (Condition: 10 

wt% catalyst of plastic, N2 flow of 20 cm3/min, 350°C, and reaction time 

of40 min) 

Thermal Beta20- Beta40- Beta60- Beta80-
350°C 24h 24h 24h 24h 

%Conversion * 3.6 45.67 45.40 46.50 46.20 

%Yield* 

1. gas fraction 3.6 25.80 28.10 29.30 29.40 
2. liquid fraction - 19.87 17.30 17.20 16.80 

- % distillate oil - 80.26 78.85 76.33 69.90 
- % heavy oil - 19.74 21.15 23.67 30.40 

3. residue 96.4 54.33 54.60 53.50 53.80 
Total volume of liquid 

fraction ( cm3
) - 1.42 1.25 1.25 1.28 

Liquid fraction density 
(g/ cm3

) - 0.71 0.71 0.70 0.69 
*DevlatlOn wlthm 0.6% for converSIOn, 0.8% for Yield of gas fraction, 0.4% 

for yield of liquid fraction, and 0.6% for yield of residue 

Table 4.10 Values of %conversion and %yield obtained by catalytic cracking of PP 

over Beta-US30-24h catalysts with various Si/AI ratios (Condition: 10 

wt% catalyst of plastic, N2 flow of20 cm3/min, 350°C, and reaction time 

of 40 min) 

Thermal Beta20- Beta40- Beta60- Beta80-
350°C US30-24h US30-24h US30-24h US30-24h 

%Conversion* 3.6 53.30 46.40 46.40 45.80 

%Yield* 
1. gas fraction 3.6 27.00 29.87 30.10 29.40 
2. liquid fraction - 26.30 16.53 16.30 16.40 

- % distillate oil - 82.09 76.81 74.58 64.13 
- % heavy oil - 17.91 23.19 25.42 35.87 

3. residue 96.4 46.70 53.60 53.60 54.20 
Total volume of liquid 

fraction ( cm3
) - 1.85 1.20 1.18 1.18 

Liquid fraction density 
(g/ cm3

) - 0.71 0.70 0.70 0.71 
*DevlatlOn wlthm 0.6% for converSion, 0.8% for Yield of gas fractIOn, 0.6% 

for yield ofliquid fraction, and 0.6% for yield of residue 
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Figure 4.31 shows the accumulated volume of liquid fraction obtained by 

catalytic cracking of PP waste over various zeolite beta catalysts synthesized by the 

two different methods at 350°C. The overall rate of liquid fraction formation over 

Beta20-US30-24h is faster than those over other seven beta catalysts due to the effect 

of the predominant acidity of the Beta20-US30-24h catalyst in contrast to others. 
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Figure 4.31 Accumulative volume of liquid fractions from catalytic cracking of PP 

over various zeolite beta catalysts with different Si/Al ratios at 350°C 

(Condition: 10 wt% catalyst of plastic, N2 flow of 20 cm3/min and 

reaction time of 40 min). 

Figure 4.32 and 4.33 show distribution of gas fraction obtained by thermal 

cracking and catalytic cracking of PP over various zeolite beta catalysts prepared 

without and with application of ultrasound irradiation at 350°C. For thermal cracking, 

propene and n-pentane are the predominant product. In the presence of any of zeolite 

beta catalysts, the product distribution in gas fraction is different from that in the 

absence of catalyst or thermal pyrolysis. The main components in gas fractions from 

catalytic cracking are i-butene and Cs+. In addition, the product distribution in gas 

fraction is independent from the SilAl ratios in the catalyst and the application of 

ultrasound irradiation. 



95 

35.00 
-+-Thenna1350'C 

30.00 - Beta20-24h 
---....- Beta40-24h 

25.00 -+E- Beta60-24h 
..-.. 

-+- Beta80-24h ~ 0 
'-' 20.00 
~ 
] 

15.00 u 
.£ 
~ 

rJ:J 
10.00 

5.00 

0.00 

~'lJ ~'lJ ~'lJ §' ~'lJ ~'lJ ~'lJ ~'lJ n~'lJ ~ ~'lJ ~'lJ ~'lJ~'lJ I'"q 
.. .. ~ ~~ ~~ ,,~ ,,~ ~ "... ~ ,,~ ,,~ ,,~ ~. V 

_ .... 'lJ~ ~~ ~~ -<.'3~ -<.'3~ ~~ ~~ ~~ ~~ ~~ ~~ ,t:)~ ,t:)'lJ~ ~ 
~T ~ ~ ~ ~ ':II V ~ 'N . ..:.... ~.... ~ 

~</ " .... 0; _ .... ~ 
,,-<.~ ~T 

Figure 4.32 Distribution of gas fraction obtained by catalytic cracking of PP over 

Beta-24h catalysts with various Si/AI ratios at 350°C (Condition: 10 ~Io 

catalyst of plastic, N2 flow of 20 cm3/min and reaction time of 40 min). 

35.00 
-+- Thenna1350'C 

30.00 - Beta2O-US30-24h 
---....- Beta40-US30-24h 

25.00 ~ Beta60-US30-24h 

.-. _____ Beta80-US30-24h 
;;R 
0 
'-" 20.00 
0 
:E . ... 15.00 ~ 
4i 
VJ 

10.00 

5.00 

.. ~'lJ .. ~'lJ ~'lJ .. ~ 'lJ~'lJ .. ~'lJ ~'lJ ~'lJ ~'lJ ~ ~'lJ ~'lJ ~'lJ .~'lJ "q 
'lJ~ ~~ ~~ -<.'3~ -<.'3~ ~~ ~"~ ~-.s- ~~ ~-.s- ~~ ~~ ~ ~'"I' 
~ ~ ~ ''': ~ ':II~ V~ ''':~ 'N~ ''':~~ '$.~ ~ If 

~</ ~ ~ ~ 
~~ ~ 

Figure 4.33 Distribution of gas fraction obtained by catalytic cracking of PP over 

Beta-US30-24h catalysts with different Si/AI ratios at 350°C (Condition: 

10 wt% catalyst of plastic, N2 flow of 20 cm3/min and reaction time of 

40 min). 
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Figure 4.34 and 4.35 show carbon number distribution of distillate oil 

obtained by catalytic cracking of PP over various zeolite beta catalysts synthesized 

with and without application of ultrasound irradiation at 350°C. The major liquid 

products of all Sil Al ratios are distributed in the range of C7 and C9• The decrease of 

Sil Al ratio in catalyst causes the increase in the selectivity to lighter hydrocarbon 

components. It can be obviously observed for the different liquid product distribution 

among Beta80 and other Sil Al ratios. The product distribution of SUPELCO standard 

gasoline fraction is shown in Figure 4.36 and the major components are C7 and Cg. 

That is comparable to the distribution of distillate oil obtained in this work based on 

the boiling point range using n-paraffins as reference. According to the results of 

Si/AI ratio in catalyst affecting on PP degradation, Beta20-US30-24h is a powerful 

catalyst selected for the rest of studies in this work due to considerably large amount 

of liquid fraction was obtained. 
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Figure 4.34 Carbon number distribution of distillate oil obtained by catalytic 

cracking ofPP over Beta-US30-24h catalysts with various Si/AI ratios at 

350°C (Condition: 10 ~Io catalyst of plastic, N2 flow of20 cm3/min and 

reaction time of 40 min). 
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Figure 4.35 Carbon number distribution of distillate oil obtained by catalytic 

cracking of PP waste over Beta-24h catalysts with various Sil Al ratios at 

350°C (Condition: 10 wt% catalyst of plastic, N2 flow of20 cm3/min and 

reaction time of 40 min). 
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Figure 4.36 Carbon number distribution of commercial SUPELCO standard gasoline 

fraction. 

4.4.3 Effect of Reaction Temperature 

Beta20-US30-24h catalyst was used for studying the effect of temperature on 

its activity and the thermal cracking was tested in comparison. The values of 

%conversion and the product yields for the thermal cracking and catalytic cracking of 

PP waste over Beta20-US30-24h catalyst at 350°C, 380°C and 400°C are shown in 
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Table 4.11. The value of %conversion steeply increases from 53.30% to 97.50% 

when reaction temperature increases from 350°C to 380°C and that remains constant 

for 97.40%conversion at 400°C. The yields of both gas and liquid products are 

affected by temperature. Considering at temperature in range 380°C to 400°C, the 

products are mainly in liquid fraction at the high yield about 60-62% and the minor 

products are gas fraction at the yield about 35-37%. The %distillate oil at 380°C is 

higher than that at 400°C. For thermal cracking at three reaction temperatures, the 

value of conversion and product yield increase when the reaction temperature increase 

from 350°C to 400°C. The effect of zeolite beta on PP cracking clearly observes at 

380°C that the residue of catalytic cracking dramatically reduces from 85.65% to 

2.50% compared with thermal cracking. The liquid fractions have pale yellow color in 

all three temperatures. 

Table 4.11 Values of %conversion and %yield obtained by thermal cracking and 

catalytic cracking of PP over Beta20-US30-24h catalysts at different 

temperature (Condition: 10 wt% catalyst of plastic, N2 flow of 20 

cm3/min, and reaction time of 40 min) 

Reaction Reaction Reaction 
temperature=350°C temperature=380°C temperature=400°C 

Beta20- Beta20- Beta20-
US30- US30- US30-

Thermal 24h Thermal 24h Thermal 24h 
%Conversion • 3.60 53.30 14.35 97.50 57.20 97.40 
%Yield· 

1. gas fraction 3.60 27.00 8.70 37.30 22.20 35.20 
2. liquid fraction - 26.30 5.65 60.20 35.00 62.20 

- % distillate oil - 82.09 56.00 80.45 51.10 70.97 

- % heavy oil - 17.91 44.00 19.55 48.90 29.03 
3. residue 96.40 46.70 85.65 2.50 42.80 2.60 

- wax 96.40 - 85.65 1.15 42.80 1.73 
- solid coke - - - 1.36 - 0.87 

Total volume of 
liquid fraction 
(em3

) - 1.85 0.38 4.28 2.40 4.40 
Liquid fraction 
density (g1 em3

) - 0.69 0.71 0.71 0.72 0.71 
*DevlatIon wlthm 0.6% for converSIOn, 0.8% for yield of gas fraction, 0.4% 

for yield of liquid fraction, and 0.6% for yield of residue 
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Figure 4.37 shows the accumulative volume of liquid fractions in the 

graduated cylinder increased as a function of spent time. When the temperature is 

increased, the initial rate of liquid fraction formation is much faster in order 400°C, 

380°C and 350°C. However, the total volume of liquid fraction was no difference for 

the 400°C compared to that at 380°C. 
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Figure 4.37 Accumulative volume of liquid fractions from catalytic cracking of PP 

over Beta20-US30-24h catalysts at different temperature (Condition: 10 

wt% catalyst of plastic, N2 flow of 20 cm3/min and reaction time of 40 

min). 

Figure 4.38 shows distribution of gas fraction obtained by thermal cracking 

and catalytic cracking of PP over Beta20-US30-24h sample at 350°C, 380°C and 

400°C. Considering only gases at ambient condition which are normally C) through 

C5, the major components for thermal cracking are C3 (propene) and C5 (n-pentane) 

while that for catalytic cracking is C4 (i-butene) independently from temperature. 

However, the vapor of C5+ (liquids at ambient condition) which has higher boiling 

point than that of C5 (n-pentane) is obviously detected in high amount. For thermal 

cracking, the reaction temperature effects distribution of gas fraction products. When 

the reaction temperature increases, the gas fractions of lighter hydrocarbon (ethane 

and propene) increases, while that of heavier hydrocarbon (n-pentane and C5l 
decreases. The growing yield of volatile components as function of temperature could 
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be caused by the differences in the thermal stability of polymer chain, because 

hydrocarbons have reducing thermal stability with increasing temperature. Therefore, 

the C-C bonds were cracked more easily at 400°C than at lower temperature, and it 

resulted in higher yields of volatile products. 

Figure 4.38 Distribution of gas fraction obtained by catalytic cracking of PP over 

Beta20-US30-24h catalysts at different temperature (Condition: 10 wt"10 

catalyst of plastic, N2 flow of 20 cm3/min and reaction time of 40 min). 

Figure 4.39 shows product distribution of distillate oil obtained by thermal 

cracking and catalytic cracking of PP over Beta20-US30-24h catalysts at 350°C, 

380°C and 400°C. For thermal cracking at 380°C, the liquid fraction is rich of C9. For 

the thermal cracking at 400°C, the liquid hydrocarbon fractions are distributed in a 

wide range of equivalent hydrocarbons from C6 to C9. It is well known that thermal 

cracking occurs by the random scissoring of the long polymeric chain and products of 

cracking are distributed in a wide range of molecular weights. For catalytic cracking, 

the distillate oil components are mainly in the range of C7 to C9. When the reaction 

temperature increases to 400°C, the liquid fractions of lighter hydrocarbon (C6-C7) 

increases while that of heavier hydrocarbon (C9-C IO) decreases. This result indicates 

that liquid product distribution depends on temperature. According to the results of 



101 
temperature effect on PP cracking, the large amount of liquid fractions obtained at 

the temperature of 380°C and 400°C are not different. Moreover, the higher quantity 

of distillate oil was obtained at the temperature of 380°C. As a result the temperature 

of 380°C is selected to be the best condition for further studies in this work. 
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Figure 4.39 Carbon number distribution of distillate oil obtained by catalytic cracking 

of PP over Beta20-US30-24h catalysts at different temperature 

(Condition: 10 wt% catalyst of plastic, N2 flow of 20 cm3/min and 

reaction time of 40 min). 

4.4.4 Effect of Polypropylene to Catalyst Ratio 

Value of conversion and product yield obtained by catalytic cracking of PP 

waste at 380°C over Beta20-US30-24h catalysts with different catalyst amounts of 5 

wt%, and 10 wt% to PP are shown in Table 4.12. The high conversion value of 

97.50% is obtained when using 10wt% catalyst amount. Reducing of catalyst amount 

to 5wt<'10 leads the %conversion drop to 87.60%, indicating that the conversion 

strongly depends on the catalyst content. Considering to %product yield, the gas 

fraction yield decreases when the amount of catalyst reduces. Basically, the less 

catalyst amount, the less acidity resulting in the less gas fraction yield. However, there 

is no difference in liquid fraction yield. The amount of residue and the conversion are 

inversely related. The residue produced by using 5% catalyst amount contains mainly 

wax due to lower activity compared to using 10% catalyst. The lower acidity, the 

higher wax and residue is found. 

-
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The selectivity to light oil and heavy oil in liquid fraction is affected by 

the catalyst content. The PP cracking using 5% beta catalyst provides low selectivity 

to light oil because of the less acidity. From the results mentioned above, the optimum 

catalyst amount is the 10 wt% catalyst to PP due to the greatest %conversion and high 

light liquid hydrocarbon. 

Table 4.12 Conversion and product yield obtained by catalytic cracking of PP over 

Beta20-US30-24h catalysts with different catalyst amounts at 380°C 

(Condition: N2 flow of20 cm3/min, and reaction time of 40 min) 

Catalyst amount to PP 
5wt% 10wt% 

%Conversion * 87.60 97.50 
%Yield* 

1. gas fraction 26.60 37.30 
2. liquid fraction 61.00 60.20 

- % distillate oil 59.79 80.45 

- % heavy oil 40.21 19.55 
3. residue 12.4 2.50 

- wax 11.97 1.15 
- solid coke 0.43 1.36 

Total volume ofliquid 
fraction (cm3

) 4.42 4.28 
Liquid fraction density 

(g/ cm3
) 0.69 0.71 

*Deviation within 0.4% for conversion, 0.6% for yield of gas fraction, 0.4% 

for yield ofliquid fraction, and 0.4% for yield of residue 

Figure 4.40 shows the accumulated volume of liquid fraction obtained by 

catalytic cracking of PP waste over Beta20-US30-24h catalysts with different catalyst 

amounts at 380°C. The initial rates of liquid fraction formation in the reaction using 

10wt% catalyst content is slower than that over using 5wt% catalyst amount, 

indicating the predominant competitive rate of dissociation of liquid molecules to gas 

molecules compared to the rate of liquid formation. However, the total liquid volumes 

of both cases are not different. 
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Figure 4.40 Accumulative volume of liquid fractions from catalytic cracking of PP 

over Beta20-US30-24h catalysts with different catalyst amounts at 380°C 

(Condition: N2 flow of20 cm3/min and reaction time of 40 min) 

Figure 4.41 shows distribution plots of gas fraction obtained by catalytic 

cracking of PP over Beta20-US30-24h catalysts with various catalyst amounts at 

380°C. The mainly gas fraction from PP cracking are propene, i-butene and Cs+ and 

the product distribution in gaseous phase for 5% and 10% catalyst amounts are 

similar. It can be concluded that polypropylene to catalyst ratios does not affect gas 

product distribution. 

The product distributions of light oil obtained by catalytic cracking of PP over 

Beta20-US30-24h catalysts with various catalyst amounts at 380°C are shown in 

Figure 4.42. The product distribution in liquid phase for 5% and 10% catalyst 

amounts are slightly different. For 10% catalyst content, the major products are in the 

range of C6 and C IO• When catalyst amount is reduced, the liquid products distributed 

in the range of C6 and C7 increases while the selectivity to C9 and C IO components 

decrease. It indicates that lighter liquid hydrocarbon was obtained in case of 5% 

catalyst amount. In this work, using 10% catalyst amount is the best condition 

according to the highest %conversion and distillate oil fraction. 
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Figure 4.41 Distribution of gas fraction obtained by catalytic cracking of PP over 

Beta20-US30-24h catalysts with different catalyst amounts at 380·C 

(Condition: N2 flow of20 cm3/min and reaction time of 40 min). 
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Figure 4.42 Carbon number distribution of distillate oil obtained by catalytic 

cracking of PP over Beta20-US30-24h catalysts with different catalyst 

amounts at 380·C (Condition: 10 wt% catalyst of plastic, N2 flow of 20 

cm3/min and reaction time of 40 min), 



4.4.5 Catalyst Regeneration 

4.4.5.1 XRD Results 
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The used Beta20-US30-24h catalysts became black owing to coke 

deposit on the surface and in the pores. However, it easily turned to white after 

regeneration by calcination in a muffle furnace at 550°C for 5 h. Figure 4.43 shows 

XRD patterns of the calcined unused and the regenerated Beta20-US30-24h catalysts. 

After catalytic run, the structure of zeolite beta was still remained for the 

1 stregenerated Beta20-US30-24h and the 2nd regenerated Beta20-US30-24h catalysts 

with almost the same crystallinity as the unused catalyst. 
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Figure 4.43 XRD patterns of (A) the calcined unused (B) the 15t regenerated Beta20-

US30-24h and (C) the 2nd regenerated Beta20-US30-24h catalysts 

4.4.5.2 SEM Images 

Figure 4.44 shows SEM images of the 3rd regenerated Beta20-US30-24h 

sample with different magnification. After the third catalytic run, it is obvious that the 

regenerated catalyst particles have sphere like shape with similar particle size 

compared to the fresh catalyst SEM image of which has been shown in Figure 4.21. 
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Figure 4.44 SEM images of the 3rd regenerated Beta20-US30-24h sample with 

different magnification (A) x20,000 and (B) x50,OOO times 

4.4.5.3 Nitrogen Adsorption-Desorption 

The adsorption-desorption isoterms of fresh catalyst and regenerated 

catalyst are present in Figure 4.45. The 1st and 2nd regenerated catalyst show the 

characteristic isotherm of microporous materials with the specific surface area of 552 

and 534 m2/g, respectively. It was sharply decreased compared with the fresh catalyst 

(703 m2/g). 
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Figure 4.45 N2 adsorption-desorption isotherms of the fresh and the regenerated 

Beta20-US30-24h sample 
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4.4.5.4 Activity of Regenerated Zeolite Beta in PP Cracking 

Values of %conversion and %produce yield obtained by catalytic 

cracking of PP using the fresh and the regenerated Beta20-US30-24h catalysts at 

380°C are shown in Table 4.13. The % conversions and product yields of the 

regenerated catalysts are not much different from that of fresh catalyst. The 

significant differences are the yield ratio of distillate oil and heavy oil. The 

regenerated catalyst provided relatively higher yield of distillate oil and lower yield of 

heavy oil comparing to the fresh catalyst. This result suggests the regenerated 

catalysts have less specific surface area than the fresh catalyst. 

Table 4.13 Values of %conversion and %yield obtained by catalytic cracking of PP 

using the fresh and the regenerated catalyst (Condition: 10 wflo catalyst 

of plastic, N2 flow of 20 cm3/min, 380°C, and reaction time of 40 min) 

Fresh Beta20- l°Regenerated 2 ORe generated 
US30-24h Beta20-US30-24h Beta20-US30-24h 

BET specific sueface 
area (m2/g) 703 552 534 

%Conversion ° 97.50 95.57 95.25 
%Yield

o 

1. gas fraction 37.30 35.67 34.25 
2. liquid fraction 60.20 59.90 61.00 

- % distillate oil 80.45 67.38 65.97 

- % heavy oil 19.55 32.62 34.03 

3. residue 2.50 4.43 4.75 

- wax 1.36 2.75 3.05 

- solid coke 1.15 1.68 1.70 
Total volume of liquid 

fraction (cm3
) 4.28 4.26 4.35 

Liquid fraction density 
(g/ cm3

) 0.71 0.70 0.71 

*Deviation within 0.5% for conversion, 0.8% for yield of gas fraction, 0.4% 

for yield ofliquid fraction, and 0.5% for yield of residue 

Figure 4.46 shows the accumulative volume of liquid fraction in the 

graduated cylinder. The rates of liquid formation are not significantly different no 

matter using the fresh or the regenerated catalyst. Moreover, total amounts of liquid 
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fraction are not different. This shows that the catalysts can be used again at similar 

efficiency after regeneration. 
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Figure 4.46 Accumulative volume of liquid fraction obtained by catalytic cracking of 

PP using the fresh and the regenerated Beta20-US30-24h catalysts 

(Condition: 10 wt% catalyst of plastic, N2 flow of 20 cm3/min, 380°C, 

and reaction time of 40 min). 

Figure 4.47 shows distribution of gas fraction obtained by the PP 

cracking using the fresh and the regenerated Beta20-US30-24h catalysts at 380°C. 

The gas fraction composes the same product distribution. There is no difference in 

selectivity in gas fraction between the three catalysts. 

Figure 4.48 shows product distribution of the liquid fraction obtained by 

the PP cracking using the fresh and the regenerated Beta20-US30-24h catalysts 

380°C. Both fresh and regenerated catalysts provide mainly Cg to C9 range in liquid 

fraction. 

From the results mentioned above, zeolite beta is stable for the use as 

cracking catalyst and the used catalyst can be regenerated easily in a furnace. Its 

cracking activity still does not change significantly. 
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Figure 4.47 Distribution of gas fraction obtained by catalytic cracking ofPP using the 

fresh and the regenerated Beta20-US30-24h catalysts (Condition: 10 

wt% catalyst of plastic, N2 flow of 20 cm3/min, 380°C, and reaction 

time of 40 min) 
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Figure 4.48 Carbon number distributions of liquid fraction obtained by catalytic 

cracking of PP using the fresh and the regenerated Beta20-US30-24h 

catalysts (Condition: 10 wt% catalyst of plastic, N2 flow of 20 cm3/min, 

380°C, and reaction time of 40 min) 



4.5 Activity of Various Zeolite Beta Catalysts in HDPE Cracking 

4.5.1 Effect of SilAI Ratios in Catalyst 

110 

In order to reduce the influence of temperature on catalytic cracking of HDPE 

waste over zeolite beta catalysts with different Si/AI ratios, the catalytic reaction was 

tested at temperature of 380°C where conversion of thermal cracking is only 0.6%. 

The values of%conversion and %yield obtained by the thermal cracking and catalytic 

cracking of HDPE waste over various catalysts for both normal and ultrasound 

irradiation methods with different Sil AI ratios at 380°C are shown in Table 4.14 and 

4.15, respectively. The %conversion for catalytic cracking is extremely higher than 

thermal cracking. The result indicates that the degradation of HDPE at the low 

temperature of 380°C hardly occur without presence of catalyst. For catalytic 

cracking, the yield of liquid fraction was higher than that of gas fraction. The high 

activity and high liquid product yield of nanocrystalline zeolite beta can be elucidate 

by considering the rapid cracking of HDPE over the acid sites on external surface and 

fast mass transfer of cracked fragments in the pore ofnanocrystalline zeolite beta. The 

reduced intracrystalline residence period of cracked fragments leads to less cracking 

reactions, resulting in high liquid products yield [30]. The %conversion and %yield 

are not significantly affected by the change in Si/AI ratios in the range 40 to 60. 

However, the change in SiiAI ratio of 20 provides the highest conversion as well as 

liquid fraction yield for both methods even if the Sil AI ratio of 20 presents the lowest 

BET specific surface. This result indicates that the acidity of those catalysts is more 

dominant than its specific surface area. Considering at the Sil AI ratio of 20, Beta20-

US30-24h catalyst shows the higher %Iiquid fraction yield and the less %residue than 

Beta20-24h because of the higher acidity of Beta20-US30-24h as mention in Section 

4.3.6. 

Conversion obtained in the catalytic cracking of HDPE is lower than that of 

PP (Table 4.8) at the same temperature owing to the enhanced reactivity associated to 

the structure of these polymers. HDPE is formed by linear macromolecule, whereas 

PP is characterized by a certain degree of branching. The presence of tertiary carbon 

in the PP molecules provides favorable positions for the initiation of the polymer 

chain cracking since their activation requires weaker conditions than the secondary 

carbon activation does [78]. 
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Table 4.14 Values of%conversion and %yield obtained by thermal cracking and 

catalytic cracking of HDPE over normal zeolite beta catalysts with 

various Sil Al ratios (Condition: 10 wt% catalyst of plastic, N2 flow of 20 

cm3/min, 380°C, and reaction time of 40 min) 

Thermal Beta20- Beta40- Beta60- Beta80-
380°C 24h 24h 24h 24h 

%Conversion* 0.60 90.20 87.20 88.20 85.50 

%Yield* 

1. gas fraction 0.60 37.60 38.00 40.60 38.40 

2. liquid fraction - 52.60 49.20 47.60 47.10 

- % distillate oil - 69.27 67.52 68.52 67.46 

- % heavy oil - 30.73 32.48 31.48 32.54 

3. residue 99.40 9.80 12.80 11.80 14.50 

- wax 99.40 8.09 11.03 9.86 12.88 

- solid coke - 1.71 1.77 1.94 1.62 
Total volume of liquid 

fraction ( cm3
) - 3.70 3.42 3.35 3.30 

Liquid fraction density 
(g/ cm3

) - 0.70 0.69 0.71 0.70 

*Deviation within 0.5% for conversion, 0.7% for yield of gas fraction, 0.6% 

for yield of liquid fraction, and 0.5% for yield of residue 
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Table 4.15 Values of%conversion and %yield obtained by thermal cracking and 

catalytic cracking of HDPE over zeolite beta prepared by ultrasound 

method and with various Sil Al ratios (Condition: 10 wt% catalyst of 

plastic, N2 flow of20 cm3/min, 380°C, and reaction time of 40 min) 

Thermal Beta20- Beta40- Beta60- Beta80-
380°C US30-24h US30-24h US30-24h US30-24h 

%Conversion * 0.60 93.53 89.40 89.90 86.60 
%Yield* 
1. gas fraction 0.60 38.93 40.00 42.63 38.00 
2. liquid fraction - 54.60 49.40 47.27 48.60 

- % distillate oil - 70.77 69.16 70.30 69.48 

- % heavy oil - 29.23 30.84 29.70 30.52 

3. residue 99.40 6.47 10.60 10.10 13.40 
- wax 99.40 4.95 9.05 8.44 11.56 

- solid coke - 1.52 1.55 1.66 1.84 
Total volume of liquid 

fraction ( cm3
) - 3.82 3.48 3.30 3.40 

Liquid fraction density 
(gl cm3

) - 0.70 0.71 0.70 0.71 

*Deviation within 0.6% for conversion, 0.8% for yield of gas fraction, 0.5% 

for yield ofliquid fraction, and 0.6% for yield of residue 

Figure 4.49 shows accumulative volume of liquid fraction in the graduated 

cylinder in case of normal zeolite beta with different Si/AI ratio. The initial rate of 

zeolite beta ratio of 20 and 40 are slightly faster than those of zeolite beta ratio of 60 

and 80. The highest overall rate is Beta20-24h. 

Figure 4.50 shows accumulative volume of liquid fraction in the graduated 

cylinder in case of samples synthesized by ultrasound irradiation method. The rate of 

liquid fraction formation for HDPE cracking over zeolite beta with different SilAI 

ratios are quite different and Beta20-US30-24h is faster than that over the others. That 

confirms the acidity effect of aluminum incorporated in the zeolite beta structure can 

play important role on activity of the catalysts in cracking of HDPE. 
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Figure 4.49 Accumulative volume of liquid fraction obtained by catalytic cracking of 

HDPE using normal zeolite beta with different SifAI ratios (Condition: 

10 wt% catalyst of plastic, N2 flow of 20 cm3 fmin, 380°C, and reaction 

time of 40 min). 
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Figure 4.50 Accumulative volume of liquid fraction obtained by catalytic cracking of 

HDPE using zeolite beta prepared by ultrasound method and with 

different SifAI ratios (Condition: 10 wt% catalyst of plastic, N2 flow of 

20 cm3fmin, 380°C, and reaction time of 40 min) 
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Figure 4.51 Distribution of gas fraction obtained by thermal cracking and catalytic 

cracking of HDPE using normal zeolite beta with various SiiAI ratios 

(Condition: 10 wt% catalyst of plastic, N2 flow of 20 cm3/min, 380 °C, 

and reaction time of 40 min) 
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Figure 4.52 Distribution of gas fraction obtained by thermal cracking and catalytic 

cracking of HDPE using zeolite beta synthesized by ultrasound method 

and with different Sil Al ratios (Condition: 10 wt% catalyst of plastic, N2 

flow of20 cm3/min, 380 °C, and reaction time of 40 min) 
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Figure 4.51 and Figure 4.52 show distribution plots of gas fraction 

obtained by thermal cracking and catalytic cracking of HDPE over zeolite beta 

synthesized without and with ultrasound irradiation and with various Sil AI ratios at 

380°C. For thermal cracking, ethane, propene, n-butane and Cs + are main products 

and Cs + is prominent, whereas gas fractions from catalytic cracking consist of mainly 

propene, i-butene and Cs+. The product distribution in gaseous phase is not different 

upon changing the Si/AI ratios in the catalyst for both synthesis methods. 

Figure 4.53 and Figure 4.54 shows product distribution of distillate oil 

obtained by the catalytic cracking of HDPE over zeolite beta prepared by normal and 

ultrasound irradiation methods, respectively. For the HDPE cracking over all 

catalysts, the liquid fraction is rich of C7 and Cg. That is very similar to a commercial 

SUPELCO standard gasoline (Figure 4.36). When Si/AI ratios decrease, the 

component C7 increases in case of catalysts synthesized with application of ultrasound 

irradiation (Figure 4.54). It can be explicated that the higher acidity provides the 

formation of lighter liquid fraction. For catalytic cracking over normal catalysts, the 

liquid product distribution are not significant different. 

Comparison between synthesis with and without application of ultrasound 

irradiation, ultrasound irradiation causes the C7 and Cg components increase of about 

5%, whereas the C6 and C9 components is reduced. Therefore, application of 

ultrasound irradiation co-operates to degrade the heavier waxy residue into lighter 

liquid hydrocarbons fraction. In the rest of this work, Beta20-US30-24h was chosen 

due to noticeably amount of conversion and liquid fraction. 
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Figure 4.53 Carbon number distribution of liquid fraction from catalytic cracking of 

HDPE over normal zeolite beta with various SilAI ratios (Condition: 10 

wt% catalyst of plastic, N2 flow of 20 cm3/min and reaction of 40 min). 
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Figure 4.54 Carbon number distribution of liquid fraction from catalytic cracking of 

HDPE over zeolite beta synthesized by ultrasound irradiation method 

with various SilAI ratios (Condition: 10 wt% catalyst of plastic, N2 flow 

of20 cm3/min and reaction of 40 min) 

4.5.2 Effect of Reaction Temperature 

Table 4.16 summarizes the values of %conversion and %yield obtained in the 

thermal cracking and catalytic cracking of HDPE over Beta20-US30-24h at 380°C 

and 400°C. In case of thermal cracking, the increase in reaction temperature from 

380°C to 400°C gave the increase in conversion of only 3% and no liquid fraction was 
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obtained even if the reaction temperature reached to 400°C. The catalytic cracking 

presents the both conversion and product yield greatly higher than the thennal 

degradation, because of the high acidity of zeolite beta. Increasing temperature from 

380°C and 400°C resulted in significant higher %conversion as well as liquid product 

yield of HDPE. That indicates both conversion and yield of liquid products are 

affected by reaction temperature. The increase of product yields (gases, liquids) as 

function of temperature could be caused by the differences in the thennal stability of 

polymer chain, since hydrocarbons have reducing thennal stability with increasing 

temperature. 

Table 4.16 Values of %conversion and %yield obtained by thennal cracking and 

catalytic cracking of HDPE over Beta20-US30-24h at 380°C and 400°C 

(Condition: 10%wt catalyst of plastic, N2 flow of 20 cm3/min and 

reaction of 40 min) 

Reaction Reaction 
temperature=380°C temperature=400°C 

Beta20- Beta20-
Thennal US30-24h Thennal US30-24h 

%Conversion • 0.60 93.53 3.40 96.00 
%Yield· 

1. gas fraction 0.60 38.93 3.40 36.80 
2. liquid fraction - 54.60 - 59.20 

- % distillate oil - 70.77 - 71.83 
- % heavy oil - 29.23 - 28.17 

3. residue 99.40 6.47 96.60 4.00 
- wax 99.40 4.95 96.60 2.61 
- solid coke - 1.52 - 1.39 

Total volume of 
liquid fraction (cm3

) - 3.82 - 4.20 
Liquid fraction 
density (g/ cm3

) - 0.70 - 0.71 

*Deviation within 0.4% for conversion, 0.6% for yield of gas fraction, 0.5% 

for yield of liquid fraction, and 0.4% for yield of residue. 
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Figure 4.55 exhibits the volume of liquid fraction accumulated in the 

graduated cylinder along the spent time since heating started. The initial rate of 400°C 

is much faster than 380°C and the higher total volume of liquid fraction is obtained at 

the temperature of 400°C, indicating that rate of liquid fraction formation depend on 

the reaction temperature. Therefore on the purpose of conversion of plastic to liquid 

fuel, the temperature of 400°C was selected for the rest of work on the catalytic 

cracking of HDPE. 
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Figure 4.55 Accumulative volume of liquid fraction obtained by catalytic cracking of 

HDPE using Beta20-US30-24h at 380°C and 400°C (Condition: 10 wt«'110 

catalyst of plastic, N2 flow of20 cm3/min, and reaction time of 40 min) 

The component of gases formed in thermal and catalytic cracking reactions of 

HDPE using Beta20-US30-24h at 380°C and 400°C are given in Figure 4.56. In 

thermal cracking, the distribution in gas fraction is mainly propene, n-butane and Cs+. 

In catalytic cracking, the selectivity to propene and i-butene increases and those to n

butane and Cs + decrease, indicating good catalytic activity for producing light 

hydrocarbon gases. The temperature also affected the composition of gases because 

the concentration of products of HDPE catalytic cracking (propene and i-butene) 

increased, while that of Cs + decreased with increasing reaction temperature. Changing 

of gases component also presents in thermal cracking. 
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Figure 4.57 shows product distribution of the liquid fraction obtained by 

catalytic cracking of HDPE using Beta20-US30-24h at 380°C and 400°C. For the , 
catalytic cracking at 380°C, the liquid fraction is mainly C7 and Cs components, 

whereas C7 component is main liquid fraction for catalytic cracking at 400°C. When 

the temperature increases, the amount of lighter hydrocarbon of Cs slightly increases 

while that of heavier hydrocarbon of Cg decreases. It can be concluded that not only 

the presence of catalysts, but also the temperature affects the gases and liquid 

components. 
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Figure 4.56 Distribution of gas fraction obtained by thermal cracking and catalytic 

cracking of HDPE using Beta20-US30-24h at 380°C and 400°C 

(Condition: 10 wt% catalyst of plastic, N2 flow of 20 cm3/min, and 

reaction time of 40 min) 
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Figure 4.57 Carbon number distribution of liquid fraction from catalytic cracking of 

HDPE over Beta20-US30-24h at 380°C and 400°C (Condition: 10 wt% 

catalyst of plastic, N2 flow of20 cm3/min and reaction of 40 min) 

4.5.3 Effect of HDPE to Catalyst Ratios 

The %conversion and product yield obtained by catalytic cracking of HDPE 

waste at 400·C over Beta20-US30-24h catalysts with different catalyst amounts of 

5wt%, and 10wt% to HDPE are given in Table 4.17. The high conversion value of 

92.80% is obtained when using 5wt% catalyst amount. Increasing of catalyst amount 

to 10wt% leads the %conversion slightly increases to 96.00%, indicating that the 

%conversion slightly depends on the catalyst content. Considering to %product yield, 

the gas and liquid fraction yields slightly decrease when the amount of catalyst is 

reduced from lOwtOlo to 5wt%. The %distillate oil of those conditions is noteworthy. 

Increasing of catalyst amount to 10wt% leads the %heavy oil reduces by 7%. The 

residue produced by using 5%wt catalyst amount contains mainly wax due to lower 

activity compared to using 10%wt catalyst. 

Due to the higher %conversion and light liquid hydrocarbon, the optimum 

catalyst amount is the 10 wt% catalyst to HDPE. 
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Table 4.17 Conversion and product yield obtained by catalytic cracking of 

HDPE over Beta20-US30-24h catalysts with different catalyst amounts at 

400'C (Condition: N2 flow of20 cm3/min, and reaction time of 40 min) 

Catalyst amount to HDPE 

5 wt<'10 10 wt<'10 

%Conversion • 92.80 96.00 

%Yield· 

1. gas fraction 34.40 36.80 

2. liquid fraction 58.40 59.20 

- % distillate oil 64.57 71.83 

- % heavy oil 35.43 28.17 

3. residue 7.20 4.00 

- wax 5.78 2.61 

- solid coke 1.42 1.39 
Total volume of liquid fraction 

(cm3
) 4.15 4.20 

Liquid fraction density (gJ cm') 0.72 0.71 

*Deviation within 0.3% for conversion, 0.5% for yield of gas fraction, 0.5% 

for yield ofliquid fraction, and 0.3% for yield of residue. 

The accumulated volume of liquid fraction obtained by catalytic cracking of 

HDPE waste over Beta20-US30-24h catalyst with different catalyst amounts at 400'C 

is shown in Figure 4.58. The initial rates of liquid fraction formation in the reaction 

using 5wt% and 10wt% catalyst content is not significant different, as well as total 

liquid volumes of both conditions. 
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Figure 4.58 Accumulative volume of liquid fractions from catalytic cracking of 

HDPE over Beta20-US30-24h catalyst with different catalyst amounts 

at 400°C (Condition: N2 flow of 20 cm3/min and reaction time of 40 

min) 

Figure 4.59 shows distribution plots of gas fraction obtained by catalytic 

cracking of HDPE over Beta20-US30-24h catalyst with various catalyst amounts at 

400°C. The mainly gas fraction from HDPE cracking are propene, i-butene and Cs+. 

Although the product distributions in gaseous phase for 5wt% and 10wtOio catalyst 

amounts are quite similar, there are slightly different in concentration of some 

hydrocarbon components. Increasing the catalyst amount to 10wt% decreases the 

heavy hydrocarbon (i-pentane) and increases lighter hydrocarbons (methane, ethane 

and ethane). 

The product distributions of distillate oil obtained by catalytic cracking of 

HDPE over Beta20-US30-24h catalyst with various catalyst amounts at 400°C are 

presented in Figure 4.60. The product distribution in liquid phase for 5wt% and 

10wt% catalyst amounts are significant different. The C7 fraction is dominating 

mainly on the cracking of HDPE using 10wt% catalyst. When catalyst amount is 

reduced, the C7 liquid hydrocarbon decreases while the selectivity to C9 and C IO 



components increases. It indicates that lighter liquid hydrocarbon was obtained 

when using 10wt% catalyst amount. 
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In this work, using 10wt% catalyst amount in HDPE cracking is the best 

condition according to the highest %conversion and distillate oil fraction. 
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Figure 4.59 Distribution of gas fraction obtained by catalytic cracking of HDPE over 

Beta20-US30-24h catalyst with different catalyst amounts at 400°C 

(Condition: N2 flow of20 cm3/min and reaction time of 40 min). 
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Figure 4.60 Carbon number distribution of distillate oil obtained by catalytic 

cracking of HDPE over Beta20-US30-24h catalysts with different 

catalyst amounts at 400°C (Condition: 10 wt% catalyst of plastic, N2 

flow of 20 cm3/min and reaction time of 40 min). 



4.5.4 Catalyst Regeneration 

4.5.4.1 XRD Results 
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The used zeolite beta easily turned to white after regeneration by 

calcination in a muffle furnace at 550°C for 5 h. XRD patterns of the calcined unused 

and the regenerated catalysts are presented in Figure 4.61. The two characteristic 

peaks of zeolite beta are still remained with almost the same crystallinity as the 

unused catalyst, even if catalysts were used in HOPE cracking and regenerated for 

three times. This indicates the high stability of the zeolite beta structure. 
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Figure 4.61 XRD patterns of (A) the calcined unused (B) the 1 sl regenerated Beta20-

US30-24h and (C) the 2nd regenerated Beta20-US30-24h catalysts 

4.5.4.2 SEM Images 

SEM images of the 3rd regenerated Beta20-US30-24h sample with 

different magnification are shown in Figure 4.62. After the third HDPE cracking, the 

3rd regenerated Beta20-US30-24h sample has sphere like shape with un-uniform size 

compared to the fresh catalyst SEM image of which has been shown in Figure 4.21. 
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Figure 4.62 SEM images of the 3rd regenerated Beta20-US30-24h sample with 

different magnification (A) x20,000 and (B) x50,000 times 

4.5.4.3 Nitrogen Adsorption-Desorption 

Figure 4.63 shows the adsorption-desorption isoterms of fresh catalyst 

and regenerated catalyst. Both 1st and 2nd regenerated catalyst exhibit the 

characteristic isotherm of microporous materials with the specific surface area of 636 

and 602 m2/g, respectively. It was steeply decreased compared with the fresh catalyst 

(703 m2/g). 
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Figure 4.63 N2 adsorption-desorption isotherms of the fresh and the regenerated 

Beta20-US30-24h sample 
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4.5.4.4 Activity of Regenerated Zeolite Beta in HDPE Cracking 

Table 4.18 summarized the values of %conversion and %yield 

obtained by the HOPE cracking using fresh and regenerated Beta20-US30-24h 

catalyst at 400°C. The values of %conversion obtained in the third cracking are not 

different from that of fresh catalyst. There are no different between the yield of gas 

and liquid fraction of fresh and 1 st regenerated catalyst, whereas the 2nd regenerated 

catalyst provided relatively lower yield of gas fraction and higher yield of liquid 

fraction comparing to the fresh catalyst. Moreover, greatly higher yield of heavy oil 

and lower yield of distillate oil were obtained for the regenerated catalyst comparing 

to the fresh catalyst. This result suggests that the regen~rated catalyst has less specific 

surface area than the fresh catalyst. It is illustrious that in the cracking of C-C bonds, 

the specific surface area of catalysts plays an important role; primary cracking 

reactions of polymer chain proceed on the macroporous surface of the catalyst, while 

the smaller fragments are cracked on their micropore surface. The 2nd regenerated 

catalyst has the lowest specific surface area resulting in lowest gas fraction yield. 

However the specific surface area is not affect the HDPE conversion. 

Table 4.18 Values of%conversion and yield obtained by catalytic cracking ofHDPE 

using the fresh and the regenerated catalyst (Condition: 10 wt% catalyst 

of plastic, N2 flow of 20 cm3/min, 400°C, and reaction time of 40 min) 

Fresh Beta20- 1 st Regenerated 2na Regenerated 
US30-24h Beta20-US30-24h Beta20-US30-24h 

BET specific surface 
area (m2/g) 703 636 602 

%Conversion * 96.00 96.40 96.6 
%Yield* 

1. gas fraction 36.80 35.00 32.4 

2. liquid fraction 59.20 61.40 64.20 

- % distillate oil 71.83 58.76 50.49 

- % heavy oil 28.17 41.24 49.51 

3. residue 4.00 3.60 3.40 

- wax 2.61 1.97 1.70 

- solid coke 1.39 1.63 1.70 
Total volume of liquid 

fraction (cm3
) 4.20 4.27 4.45 

Liquid fraction density 
(g/ cm3

) 0.71 0.72 0.72 



*Deviation within 0.6% for conversion, 0.8% for yield of gas fraction, 

0.4% for yield of liquid fraction, and 0.6% for yield of residue 
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Figure 4.64 shows the accumulative volume of liquid fraction in the 

graduated cylinder. The rates of liquid formation are slightly different when using the 

fresh and the regenerated catalyst. HDPE cracking using 2nd regenerated catalyst 

provides the higher total volume of liquid fraction than that using fresh and 1st 

regenerated catalyst due to the less specific surface area mentioned above. 
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Figure 4.64 Accumulative volume of liquid fraction obtained by catalytic cracking of 

HDPE waste using the fresh and the regenerated Beta20-US30-24h 

catalyst (Condition: 10 wt% catalyst of plastic, N2 flow of 20 cm3/min, 

400°C, and reaction time of 40 min). 

The distribution of gases component formed in HDPE cracking over the 

fresh and the regenerated Beta20-US30-24h catalyst at 400°C is given in Figure 4.65. 

The gas fraction composes the same product distribution but there are slightly 

differences in selectivity of gas fraction between the three catalysts. The mainly gas 

fraction from HDPE cracking are propene, i-butene and Cs+. In case of regenerated 

catalysts, the heavy hydrocarbon (i-pentane and Cs+) is increased, while the lighter 
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hydrocarbons (methane, ethane and ethane) are decreased due to the effect of 

specific surface area. 

Figure 4.66 shows product distribution of the liquid fraction obtained by 

the HDPE cracking using the fresh and the regenerated Beta20-US30-24h catalyst 

400°C. Both fresh and regenerated catalysts provide mainly C7 to Cg range in liquid 

fraction. For using fresh catalyst, the liquid fraction is mainly C7 components. For 

using regenerated catalyst, the liquid fraction is mainly Cg components. 

This shows that zeolite beta is stable for the use as cracking catalyst and 

the used catalyst can be regenerated easily in a furnace. Its cracking activity still does 

not change significantly. 
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Figure 4.65 Distribution of gas fraction obtained by catalytic cracking of HDPE 

using the fresh and the regenerated Beta20-US30-24h catalyst 

(Condition: 10 wt% catalyst of plastic, N2 flow of 20 cm3/min, 400°C, 

and reaction time of 40 min) 
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Figure 4.66 Carbon number distributions of liquid fraction obtained by catalytic 

cracking of HDPE using the fresh and the regenerated Beta20-US30-

24h catalyst (Condition: 10 wt% catalyst of plastic, N2 flow of 20 

cm3/min, 400°C, and reaction time of 40 min) 

4.6 Comparison of Activity of Zeolite beta, ZSM-5, and Fe-MFI Catalysts in 

IIDPE Cracking 

ZSM-5 with the Si/AI ratio of 60 was synthesized by ultrasound irradiation 

method and crystallized for 24 h. Tetrapropylammonium hydroxide (TPAOH) was 

used as structure-directing agent with the TPAOHlSi02 of 0.1. Fe-MFI with the SilFe 

of 60 was prepared by xerogel method and crystallized for 48 h. Textural properties of 

calcined zeolite beta, ZSM-5 and Fe-MFI catalysts are summarized in Table 4.19. 

Beta60-US30-24h shows the smallest particle size of 0.19 Ilm, resulting in the highest 

BET specific sureface area and external surface area. Although the particle size of 

ZSM-5 catalyst are extremely larger than others, the BET specific sureface area and 

external surface area of both ZSM-5 and Fe-MFI catalysts are not different. 

Considering the acidity of all three catalysts, ZSM-5 sample exhibits the highest total 

acidity, whereas the lowest total acidity is presented in Fe-MFI sample. It is known 

that the BET specific surface area and especially the external surface area play an 

important role on enhancing the activity of catalysts as well as acidity. 
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Table 4.19 Textural properties of calcined zeolite beta, ZSM-5 and Fe-MFI 

catalysts 

Particle SBET 
b 

Sex! 
e Acidity°(mmollg) 

Catalyst 
sizeR (/lm) (m2/g) (m2/g) Weaker Stronger 

acid sitee acid sitef 

Beta60-US30-24h 0.19 784 62 0.66 0.59 

ZSM-5 2.7 440 49 2.30 0.06 

Fe-MF! 0.32 440 50 0.40 -

R particle size estimated by SEM images. 

b Specific surface area determined by application of the BET-plot method. 

e external surface area determined by application of the t-plot method. 

d Obtained by NH3 temperature programmed desorption. 

e Obtained at temperature around 170°C. 

f Obtained at temperature around 430°C. 

g Summation of number of weaker acid site and stronger acid site. 

Totalg 

1.25 

2.36 

0.40 

The catalytic activity of Beta60-US30-24h was compared with ZSM-5 and 

Fe-MF! catalysts which were synthesized in our laboratory in degradation ofHDPE at 

400°C. Table 4.19 shows the values of%conversion and product yield obtained by the 

HDPE cracking over Beta60-VS30-24h, ZSM-5 and Fe-MFI catalysts. The values of 

%conversion obtained in the HDPE cracking over the three catalysts are not different. 

All three catalysts exhibit a high performance with the conversion over 95% in HDPE 

wastes cracking with small amount of residue. The significant differences are shown 

in the %product yield and the ratio of distillate oil and heavy oil. ZSM-5 catalyst 

presents the highest %gas fraction yield (66.60%) and large amount of distillate oil 

(71.86%). It can be explained that the highest acidity of ZSM-5 enhances the cracking 

of smaller fragments (from primary step) on their acid sites located on micropore 

surface, resulting in the formation of gas fraction and lighter liquid products. It is in 

agreement with the normal rule for micro-sized zeolites that gas fractions are major 

product due to their high acidity. 



131 

On the other hand, nano-sized Beta60-US30-24h and Fe-MFI catalysts 

produce higher yields of liquid fraction than gas fraction due to the lower acidity of 

the two zeolites. It is remarkable that liquid product yield obtained in the catalytic 

cracking over Beta60-US30-24h is significant higher than that over Fe-MFI, 

moreover, Beta60-US30-24h shows a high selectivity to distillate oil compared to Fe

MFI. The yield of distillate oil of Beta60-US30-24h is 71.86% while that ofFe-MFI is 

57.87%. This result suggests that the higher specific surface area and higher activity 

of Beta60-US30-24h provide better cracking of HDPE resulting in larger light 

hydrocarbon liquid. 

Table 4.20 Values of %conversion and yield obtained by catalytic cracking of 

HDPE over zeolite beta, ZSM-5 and Fe-MFI catalysts (Condition: 

10wt% catalyst of plastic, N2 flow of 20 cm3 fmin, 400°C, and reaction 

time of 40 min) 

Beta60-US30-24h ZSM-5 Fe-MFI 
%Conversion * 96.20 96.47 95.20 
%Yield* 

1. gas fraction 37.63 66.60 40.60 
2. liquid fraction 58.57 29.87 54.60 

- % distillate oil 72.37 71.86 57.87 

- % heavy oil 27.63 28.14 42.13 
3. residue 3.80 3.53 4.80 

- wax 2.83 2.84 4.23 
- solid coke 0.97 0.69 0.57 

Total volume of liquid 
fraction (cm3) 4.17 1.97 3.85 

* Deviation within 0.5% for conversion, 0.6% for yield of gas fraction, 0.4% 

for yield ofliquid fraction, and 0.5% for yield of residue 

Figure 4.67 shows distribution of gas fraction obtained by catalytic cracking of 

HDPE over Beta60-US30-24h, ZSM-5 and Fe-MFI catalysts at 400°C. The major 

components for catalytic cracking over ZSM-5 are mainly C4 (n-butane) while that 

over Fe-MFI is C3 (propene), and that over Beta60-US30-24h are mainly C3 

(propene), C4 (i-butene). However, the vapor of C5 + which has higher boiling point 
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than that of C5 (n-pentane) is obviously detected in high amount for all catalysts. 

The gas fraction distributions of all three catalysts are different because shape and 

size selectivity of products depend on pore size of catalysts. Both ZSM-5 and Fe-MFI 

are medium pore, while zeolite beta is large pore zeolite. Therefore, zeolite beta 

provides selectivity to larger gas molecules (i-butene) than the two catalysts. 

Figure 4.68 show carbon number distribution of distillate oil obtained by 

catalytic cracking of HDPE over Beta60-US30-24h, ZSM-5 and Fe-MFI catalysts at 

400°C. The major liquid products of both Beta60-US30-24h and ZSM-5 are 

distributed in the range of C7 and Cg. That is comparable to the distribution of 

distillate oil of SUPELCO standard gasoline fraction based on the boiling point range 

using n-paraffins as reference. In case of catalytic cracking of Fe-MFI, the lighter 

hydrocarbons in the range ofC6 and C7 are major liquid products. 

According to the results mentioned above, Beta60-US30-24h shows 

considerably largest amount of liquid fraction and distillate oil, Moreover, it provides 

highest selectivity to the liquid products in the range of C7 and Cg which are in the 

boiling point range of gasoline production. Therfore, Beta60-US30-24h is a best 

powerful catalyst for the HDPE degradation 
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Figure 4.67 Distribution of gas fraction obtained by catalytic cracking of HDPE over 

zeolite beta, ZSM-5 and Fe-MFI catalysts (Condition: 10 wt% catalyst 

of plastic, N2 flow of20 cm3/min, 400°C, and reaction time of 40 min) 
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Figure 4.68 Carbon number distributions of liquid fraction obtained by catalytic 

cracking of HDPE over zeolite beta, ZSM-5 and Fe-MFI catalysts 

(Condition: 10 wt% catalyst of plastic, N2 flow of 20 cm3/min, 400°C, 

and reaction time of 40 min) 



CHAPTER V 

CONCLUSION 

Zeolite beta nanoparticles were synthesized from a freshly prepared silica 

xerogel mixed with aluminium isopropoxide and a solution of tetraethylammonium 

hydroxide, followed by hydrothermal crystallization at 135°C for various periods. 

Application of ultrasound irradiation during the gel formation step did not affect the 

structure and crystallinity but had significant effect the particle size of zeolite beta. 

Prolongation of irradiation period from 30 to 120 min does not significant affect the 

structure, the particle size and specific surface area of zeolite beta. XRD patterns 

show that formation of zeolite beta can be achieved after 16 h and pure fully 

crystalline zeolite beta is obtained at 20 h for both synthesis methods, with and 

without ultrasound irradiation. All samples exhibit a type I isotherm which is typical 

for microporous materials. The specific surface area in the micropores decreases with 

the increasing of aluminum content. Beta20-US30-24h shows the lowest relative 

intensities of octahedral Al to tetrahedral Al indicating that almost all aluminum 

atoms incorporated into the tetrahedral framework position. For the Si/AI ratios in a 

range from 40 to 80, the total acidity is not much different for both synthesis methods. 

For the low Sil Al ratio of 20, the total acidity of Beta20-US30-24h is higher than the 

total acidity of Beta20-24h. Ultrasound irradiation caused not only yield of zeolite 

beta increased but also more aluminum incorporated into the tetrahedral framework 

position resulting in higher acidity. 

The catalytic property of synthesized zeolite beta was investigated in 

polypropylene and high density polyethylene catalytic cracking under different 

conditions. Crystallization time of 24 h is an optimum condition for zeolite beta 

synthesis due to a high selectivity to distillate oil and less amounts of coke deposited 

on its surface. The cracking of high density polyethylene is more difficult than that of 

polypropylene. When zeolite beta was used as catalyst, the conversions of both 

plastics are greatly more than that in the absence of catalyst. The Sil Al ratios in 
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catalyst in the range from 40 to 80 do not affect plastic conversions and product 

yields. Application of ultrasound radiation to the sample with the low Si/AI ratio of20 

provides the highest conversion as well as liquid product yield due to the highest 

acidity of the catalyst. The plastic conversions and yields of liquid products depend on 

the cracking temperature and the plastic to catalyst ratio. The value of % conversion 

increases when reaction temperature and plastic to catalyst ratio increase. The higher 

acidity causes higher efficiency in cracking PP and HDPE to products and fewer 

residues was left in the catalytic reactor. The product selectivity is affected slightly. 

The gas products obtained by polypropylene and high density polyethylene cracking 

are mainly propene, i-butene and Cs +. The liquid products obtained by cracking of 

both types of plastic are mainly in the boiling point range from C6 to C9 which is 

similar to that for commercial gasoline fraction hydrocarbon based on the boiling 

point range using n-paraffins as reference. The used zeolite beta catalyst can be 

regenerated easily in a furnace and its cracking activity still does not change 

significantly. 

The suggestions for future work 

1. To investigate the type of hydrocarbon components in liquid fraction product. 

2. To compare zeolite beta with other zeolite and mesoporous materials for 

catalytic cracking ofHDPE and PP under the same condition. 

3. To investigate the efficiency of zeolite beta for catalytic cracking of mixed 

plastic containing HDPE, LOPE, PP, PS. 
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Appendix 

A-I Calculation of Selectivity to Other Hydrocarbons 

% Selectivity of gas fraction and liquid fraction 

% Selectivity of X = 

Concentration of X = 

concentration of X x 100 
total concentration of fractions 

b x c 
a 

a = Peak area of X in standard gas or liquid fraction 

b = % molar of X in standard gas or liquid fraction 

c = Peak area of X in sample products 
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Gas Chromatographic condition 

~Clmin 
____ ..J 

35°C, 5 min 

Sample size: 3.00 J!l 

Carrier gas: N2, 3.4 cm3/min at 26 °C 

Column: Alumina PLOT 30 m 

Injector temperature: 200°C 
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Figure A-I Gas chromatogram of standard mixture gas. 

145 

o 



Gas Chromatographic condition 

___ ---J~C/min 
35°C, 5 min 

Sample size: 3.00 III 

Carrier gas: N2, 3.4 cm3/minat 26°C 

Column: Alumina PLOT 30 m 

Injector temperature: 200°C 
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Figure A-2 Gas chromatogram of gas product obtained from catalytic cracking of 

PP waste over Beta20-US30-24h at 400°C 
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Figure A-3 Liquid chromatogram of standard gasoline (SUPELCO). 
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Liquid Chromatograph condition 

~c/min 
350C, 20 min / :n 

Sample size: 1.00 III 

Carrier gas: N2, 3.4 cm3/min at 26°C 

Column: CP-sil 5, 30 m 

Injector temperature: 200°C 

Figure A-4 Liquid chromatogram ofliquid product obtained from catalytic 

cracking ofPP waste over Beta20-US30-24h at 400°C 
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Figure A-5 XRD pattern of plastic waste. Insert shows the XRD patterns for HDPE . 
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Figure A-6 XRD pattern of plastic waste. Insert shows the XRD patterns for PP. 
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