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Zeolites possess multidimensional network of micropores of molecular dimensions with 

solid acidity, ion-exchange capacity and unequaled shape selectivity. These unique 

properties are undermined by diffusion limitation and rapid deactivation, which thus 

necessitate the strategic tuning of the conventional zeolite structures to fully explore their 

potentials in high volume processes; separation and catalysis. To this end, introducing 

well accessible intracrystalline mesoporosity by experimentally simple, economical and 

effective method, alkaline treatment emerged as an alternative solution but with 

comparatively limited adoption for silica-rich Y-zeolites, known for many industrial 

applications. This study subjected dealuminated faujasite-type Y zeolite (Si/Al =15-40) to 

various alkaline treatments using mono-and binary mixture of inorganic and/or organic 

base(s). Hierarchically structured zeolites of different degree of mesoporosity, with 

preserved intrinsic properties, were obtained using quaternary ammonium cations either 

as desilicating and/or pore directing agents. The effective cationic diameters and steric 

hinderance of these cations played significant role in the kinetic dissolution of silicon 

from the zeolite structure. The novel binary organic mixture strategy bypassed the time 
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consuming ion-exchange step in the common alkaline treatment procedures and showed 

superior catalytic performance both in the pyrolysis of low-density polyethylene and 

Friedel Craft alkylation of toluene with benzyl alcohol. Furthermore, the alkaline 

treatment enhanced the cation exchange capacity of the studied zeolite type with better 

adsorption capacity in heavy metal ions removal using simple, fast and efficient AA-µ-

SPE method. The adsorption was favorable and endothermic with data fitted to the 

pseudo second order kinetics and Freundlich isotherm pattern. 
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ABSTRACT (ARABIC) 

 ملخص الرسالة

  قاسم اولدار سليمان :ا
سم الكامل
  

فى دراسات  Yمن النوع  FAUتحضير، توصيف وتقييم الزيوليت الھرمى منزوع ا�لمونيوم  :عنوان الرسالة

  الحفز و إدمصاص المعادن الثقيلة     

  كيمياء التخصص:
  

 2015مايو, :تاريخ الدرجة العلمية
 

 إلى با.ضافة جزيئية ابعاد ذات الحجم صغيرة المسامات من شبكة ا'بعاد متعددة الزيو�يتية المواد تتضمن

 تُقَوض الفريدة الخواص ھذه. المتفاعلة المواد وأبعادشكل  بتغير متفاوتة أنتقائية و أيوني تبادل سعة, صلبة حموضية

.ستكشاف إمكانياتھا  الشائعة الزيو�يتية المواد بنية تعديل يستوجب مما, الفاعلية فقدان وسرعة ا.نتشار بمحدودية

 يمكن داخلية بلورات .ستقدام, الغاية لھذه تحقيقا. والمحفزات الفصل عمليات, العالية السعة ذات العمليات في بدقة

 ظھرت, إقتصادية كفاءة ذات بطرق, مبسطة معملية تجارب طريق عن كبيرة مسامات ذات بفاعلية إليھا الوصول

 الصناعية ا'ستخدامات ذو بالسيليكون الغني Y نوع من الزيو�يت في بمحدودية ولكن بديل كحل القلوية المعالجة

 15- 40ألمنيوم = إلى سيليكون نسبة ذوFujasite Y    نوع من الزيو�يت معالجة تم الدراسة ھذه في. المتعددة

 الحصول تم. عضوية غير وأ عضوية قواعد من مكون ثنائي أو أحادي خليط وباستخدام مختلفة قلوية معالجة بطرق

 كاتيونات باستخدام الجوھرية الخواص حفظ مع متفاوتة بدرجات كبيرة مسامات ذات ھرمية زو�يتية مواد على

 مBحظة بطريقة أثرت للكاتيونات الفعالة ا'بعاد. السيليكون .نتزاع أو المسامات لتوجيه كعوامل رباعية أمونيوم

 للوقت المستھلكة ا'يوني التبادل عملية تجاوز الثنائي العضوي الخليط. الزيو�يت بنية من السيليكون إنتزاع على

 للبولي الحراري التحلل في كمحفزات أدائھا في متفوقة نتائج اظھرت أنھا كما التقليدية القلوية المعالجة طرق في

 القلوية المعالجة, أيضا. البنزيلي الكحول مع للتولوين كرافت فريدل تفاعل في وكذلك المنخفضة الكثافة ذو أيثلين

 المعادن يوناتأ إزالة في أعلى إمتصاص سعة مع الدراسة تحت الزيو�يتية للمواد الكاتيوني التبادل سعة حسنًت

  .عاليتين وكفاءة سرعة ذات, مبسطة بطريقة الثقيلة



 
 

CHAPTER 1 

INTRODUCTION  

1.1 Background Information 

The continuous increase in population growth alongside with the energy demand and 

industrial development create a wide range of environmental and health concerns that 

thus call for the review of operational processes, industrial effluent disposal, as well as 

the provision of analytical solution to the menace. Undoubtedly, energy generation and 

industrial activities contribute significantly to the environmental water contamination. 

Several toxic metals get to the environment as industrial waste causing soil and water 

pollution. For instance, lead (Pb) gets into water bodies from acid mine drainage release 

and into the atmosphere through fuel combustion [1-4], and its accumulation in living 

organisms causes numerous disease and disorders [5]. As a result, certain acceptable 

limits were set for different contaminants, for example, 15 ppb and 50 ppb of Pb were set 

to be safe for drinking water by USEPA and WHO respectively [6,7]. 

With the existence of numerous approaches for removing the dissolved heavy metals in 

water, the research trend focuses on the development of alternative cheap and versatile 

materials as potential sorbents for selective removal of any of the heavy metals from 

water matrix. Meanwhile, the relatively high cost of producing and regenerating spent 
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carbon in developing countries allows the search for better ion-exchanger in water 

treatment [8,9]. 

The ion-exchange  is a cost-effective method of removing heavy metal contaminants 

from water by exchanging them via a reversible reaction with ions (e.g. H+ and Na+) 

present in the exchange media (e.g. zeolites, a low-cost ion-exchanger) [10,11]. Zeolites 

are such microporous materials with proven record of water purification, alongside 

catalysis, owing to their ion-exchange properties [12]. About half of the total volume of 

zeolite framework comprises of cavities and channels that can hold cations such as Mg2+, 

Ca2+, K+ and H2O molecules with high degree of mobility and exchange with one another 

[13]. Meanwhile, the intra-crystalline diffusivity challenge of the conventional zeolites 

limits their efficiency in high volume processes; catalytic and adsorption inclusive [14].  

To overcome this problem, the modification of the conventional zeolite to the 

hierarchical form becomes a necessity as the quality of pore structure, particle size, and 

total surface area are also used to evaluate the adsorbent in any of the solid phase 

extraction method. As a matter of fact, the introduction of modification of zeolite 

structure, by preserving their intrinsic properties such as crystallinity, high surface area, 

acidity, shape selectivity and ion-exchange capacity by reversible process, amongst other, 

in the present millennium has led to a paradigm shift in separation, adsorption processes 

and catalysis [15].  
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1.2 Statements of the problem 

Heavy metals, with consequent health hazard, constitute serious environmental 

pollutants, especially in the oil producing area. And due to their low concentration in 

water, many materials are to be investigated for excellent sorption capacity and efficiency 

in the solid phase extraction of heavy metal ions (adsorption by ion-exchange) from 

water bodies to improve the portability of the water for man’s use. Zeolites are found to 

be low cost ion-exchanger and their regeneration when used as adsorbent make them 

alternative to activated carbon, especially in the developing countries. However, zeolites 

in their conventional form are being under-utilized and their full potential can be attained 

by post-synthetic modification to improve the surface area, pore structures while 

preserving all the intrinsic properties.  

Consequently, it becomes strategic to identify, design and develop hierarchical zeolite 

materials that can simultaneously serve the dual purpose of adequately removing the 

heavy metals ions to improve the water quality and catalyze chemical reactions in fine 

chemical production. 

1.3 Objectives of the study 

The general objective is to design and develop novel and efficient faujasite Y zeolite-

based solid materials suitable for the catalysis of chemical reactions in the fine chemical 

production and for heavy metal ions extraction from water in the adsorption process of 

separation science. This would be achieved with the following specific objectives: 
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� To study the chemistry of the post synthesis and to identify the optimum alkaline 

treatment conditions (duration, temperature and concentration);  

� To create substantial intracrystalline mesoporosity in dealuminated Y zeolites 

upon quaternary ammonium hydroxides treatment while largely preserving the 

microporosity, crystallinity and subsequently acidity; 

� To investigate the novelty of using mixture of organic ammonium bases as pore-

growth agents in the synthesis of the hierarchical dealuminated Y zeolites;  

� To perform extensive characterization in evaluating the physico-chemical 

properties using state-of-the-art spectroscopic and imaging techniques;  

� To evaluate the potential application of the new hierarchical dealuminated Y 

zeolites as sorbent materials for removal of heavy metal ions and as catalyst in 

simple chemical reaction.   

1.4 Significance of the study 

The need for hierarchical form of dealuminated Y zeolites is applicable to both separation 

science and catalysis as it proffers solution to overcome the diffusivity problems of using 

conventional zeolites either as an ion exchanger media for the removal of heavy metal 

ions in water treatment or catalytic active sites in fine chemical production. 
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1.5 Scheme of the research work 

The research pursuit has four major schemes as highlighted below: 

� Post-synthetic modification of dealuminated Y zeolite materials using a wide 

range of treatment conditions 

� Extensive characterization to reveal the pysico-chemical properties of the 

modified zeolite materials as compared to the unmodified one.  

� Evaluation of the obtained solid materials in catalytic processes: Friedel Craft 

Alkylation and LDPE Pyrolysis. 

� Comparative studies of parent and modified zeolite in adsorption process; heavy 

metal ion removal using agitation assisted micro-solid phase extraction method. 

1.6 Scheme of the research report writing 

The thesis report writing has been structured into five chapters to ease the reading and 

understanding, with references, appendices and author’s resume at the later end as 

follows: 

Chapter 1 described the water pollution problem, the need for hierarchical zeolite in 

catalysis and adsorption process, highlighted the general and specific research objectives, 

followed by the statement of problem and significance of this study, as well as the 

scheme of the research work and report writing.  

Chapter 2 gave an overview about the zeolite structures, properties, synthesis and 

various applications as found in the literatures.  
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Chapter 3 discussed comprehensively the design, synthesis, characterizations and 

catalytic evaluation of modified superdealuminated Faujasite Y-zeolite based on 

quaternary ammonium hydroxide alkaline treatment. 

Chapter 4 discussed the application of zeolites in water treatment using agitation assisted 

micro-solid phase extraction hyphenated with inductively coupled plasma optical 

emission spectroscopy (AA-µ-SPE-ICP-OES) to investigate the potential ability of the 

alkaline treated dealuminated Faujasite Y-zeolites in the removal of heavy metals from 

water.  

Chapter 5 gave conclusions drawn from this work and recommendations for further 

works. 



7 
 

2 CHAPTER 2 

ZEOLITES AS SUPERB SOLID MATERIALS FOR 

CATALYTIC AND ADSORPTION STUDIES  

2.1 Background Information  

The word zeolite (Greek: boiling stone) coined by Alex Cronstedt, a Swedish 

mineralogist, in 1756, can be traced back to the early observation of release of water 

when the hydrated aluminium silicates compound was heated. These silicates, called 

zeolites, are characterized by complex three-dimensional, less dense structures with large, 

cage-like cavities that can accommodate small ions and molecules, which can also be 

removed without destroying the aluminosilicate framework [16-18]. The zeolite 

framework comprises of tetrahedral TO4 building units (T=Si, Al, etc.) linking to each 

other by oxygen atoms distribution to form the 3-D crystalline spongy skeletons [19,20], 

and the overall negative charge of the framework is balanced by the cations housed in the 

cage-like cavity [18].  

The T-O-T links (Fig. 2.1) result in a diversity of rings, which are dependable for 

zeolites’ cages and channels of different window sizes [19]. The window sizes are in the 

range of 0.3-1.5 nm. For example, FER zeolite has 2-D channels, 10 oxygen ring 

channels with 0.54 nm×0.42 nm windows and 8 oxygen ring channels with 3.5 nm×4.8 

nm openings, FAU type zeolite has 3-D 0.74 nm channels with 12 oxygen membered ring 

windows and supercages of 1-2 nm of diameter (Fig.2.2) [20]. 
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Figure 2.1 TO4 tetrahedral where α is the O-T-O bond angle and β is the T-O-T bond angle (T= Si or Al) [18]. 

 

Figure 2.2 Schematic representations of typical zeolite windows; pore sizes oxygen packing. 

The general structural formula that represents the mineral compositions of zeolites is 

given in equation 2.1 as: 

                                            (Az+)y/z(B3+)y(Si)xO2(x+y) · nH2O                                        (2.1) 

where A represents interchannel cations (such as Na+, K+, Ca2+, Ba2+, Sr2+, Mg2+ and 

Fe2+), B are tetrahedral coordinated trivalent cations in the zeolite framework (Al3+ and 

Fe3+), z is the charge on the interchannel cations, n is the number of moles of interchannel 

molecular water, and x and y are the stoichiometric coefficients for trivalent cations and 

Si4+ in tetrahedral sites, respectively. The quantities 2(x+y) and y/z represent the 

stoichiometries of the interchannel cations and framework oxygens, respectively, 
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necessary for maintaining charge balance in the tectosilicate lattices of zeolites [22]. The 

water molecules within the structural channels can be exchanged like cations in the 

cavities without disrupting framework bonds [23]. 

2.2 Classification of zeolites 

2.2.1 Based on framework topology 

Huge numbers of zeolite frameworks are possible on theoretical ground, due to the 

connectivity of the SiO4 or AlO4 tetrahedra [24]. The variation of gel composition, 

temperature, and crystallization time gives rise to synthetic zeolites with different 

framework topology. The number of Si or Al atoms on the smallest possible cross-

section, for example 8, 10, or 12 membered rings is used to express the pore sizes, which 

are used to classify the zeolites, together with the composition [24]. The classification of 

zeolites structures on the basis of their framework topologies, with distinct framework 

receiving a three-letter code (e.g. MFI, MOR, BEA, AST, FER, STF, LTA, FAU, etc), is 

popular among the three widely used broad classification schemes [25]. The other two are 

based on either secondary building units” (SBU) and/or context of how the zeolites were 

discovered [19,26]. 
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Figure 2.3 The zeolite framework (Left: FER type viewed along [001] and [010]; Right: FAU type zeolite supercage, 

viewed along [111]). 

2.2.2 Based on the secondary building unit (SBU) 

Zeolites can be categorized into seven groups based on their secondary building unit 

(SBU) [27,28] as summarized in the table below: 

Table 2.1 Zeolite Structure classified by their Secondary Building Unit (SBU). 

Group  Secondary Building Units Examples  

1 S4R Analcime, Harmotome  

2 S6R Levynite, Sodalite Hydrate  

3 D4R Zeolite A, ZK-4  

4 D6R Faujasite, Zeolite X  

5 4-1 Natrolite, Mesolite  

6 5-1 Mordenite, Bikitaite  

7 4-4-1 Heulandite, Clinoptlilolite  
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2.2.3 Based on production: Natural and Synthetic Zeolites 

Natural zeolites are formed when ash layers and volcanic rocks chemically combine with 

alkaline ground water  and the annual production of natural zeolite globally is 

approximately 3 million tonnes, with countries like China, South Korea, Japan, Jordan, 

Turkey, and USA taking leads in that order, in the year 2010 [29].  They are being tapped 

by open pit mining technique and are readily available at low cost but they are rarely pure 

and are contaminated to varying degrees by other minerals, quartz, metals, or even other 

zeolites. Natural zeolites have a lesser range of properties and smaller cavities than 

synthetic types. Consequently, natural zeolites are excluded from many important 

commercial applications where uniformity and purity are essential [30].  

Firstly produced in the 1950s, the annual production of synthetic zeolites currently 

exceeds 12,000 tons globally. In fact, hundreds of different synthetic zeolites have been 

reported and a particular type produced depends on starting material composition and the 

reaction conditions that are not limited to acidity, temperature, and water pressure. For 

example, the notable method involves mixing sodium, aluminum, and silica chemicals 

with steam to form an amorphous, non-crystalline, water-rich solid, called gel. The gel is 

aged, then heated to about 90°C. Another technique uses kaolin clay that has been heated 

in a furnace until it begins to melt, then chilled and ground to powder. This powder is 

mixed with sodium salts and water, aged, and heated [16-18].  
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2.2.4 Based on pore sizes 

According to the International Union of Pure and Applied Chemistry (IUPAC), pores can 

be classified with respect to pore diameters (pd) as either  

1- Micropores:  pd ≤ 2nm,  

2-Mesopores: 2nm < pd ≤ 50 nm, or  

3-Macropores: pd >50 nm. [31]  

2.2.5 Based on Si/Al ratio 

The Si/Al ratio in the zeolite framework structures can be used to classify them as to 

whether low silica, intermediate silica or high silica zeolites.  

1- Low-silica zeolites have ratio Si/Al ratio ≤ 2. The famous commercial adsorbents, 

Zeolite A and X, are typical examples of low silica zeolites. They have water and polar 

molecule selective surface and thus commonly used for purification and drying [32]. 

2- Intermediate silica zeolites have Si/Al ratio ranging from 2.0 to ~5.0. Zeolite-Y and 

mordenite widely used for catalysis applications are common examples [33].  

3- High silica zeolites have Si/Al ratio > 5. Beta and ZSM-5 (founded by the Mobil 

Research and Development Laboratory in early 1970’s) have Si/Al ratios from ten to 

more than hundred, and have homogenous surface with organophilic-hydrophobic 

selectivity [33].  
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2.3 Brief description of some commercial zeolites 

2.3.1 Zeolite Socony Mobil-5 (ZSM-5) 

ZSM-5 (Zeolite Socony Mobil–5) is a synthetic zeolite with low water content and low 

aluminium content framework. It has 5-1 SBUs joined by oxygen bridges to other 

identical ring, forming pentasil chains. ZSM-5 has a 3-D pore structure surrounded by 10 

oxygen windows. Its Si/Al ratio ranges from 7 to infinity [34]. 0.10cm3g-1 void volume, 

pore size of (0.54 x 0.56) nm and (0.55 x0.51) nm are known with ZSM-5 [35]. ZSM-5 is 

being used as a heterogeneous catalyst for isomerization of hydrocarbons in the 

petroleum industry [36]. 

 

Figure 2.4 Microporous molecular structure of ZSM-5 zeolite [37]. 
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2.3.2 Zeolite A (LTA) 

Zeolite-A, also known as Linde Type A (LTA) zeolite, has a 3-D pore system that allows 

molecules to diffuse in space in all directions by moving across the 8-ring windows 

connecting the cavities. Its pore sizes range from 0.35 to 0.45nm [34]. Zeolite-A is 

industrially useful for removal of Ca2+ and Mg2+ in water hardness treatment.  

 

Figure 2.5 The microporous molecular structure of a zeolite A [38]. 

2.3.3 Zeolite X and Y (Faujasite) 

Both zeolites X and Y have the FAU type framework with a double 6-ring and large 

pores in the range of 0.6-0.8nm, but differ in composition and properties. X has a Si/Al 

ratio≈1.25 while Y ≈1.5-2.3 [39]. Unlike zeolite-X that is majorly used for gas drying and 

as adsorbent, zeolite-Y is mostly used as a solid-acid catalyst or for ion exchange 

applications [40].  
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Figure 2.6 Zeolite X (left) and Y (right) Faujasite (FAU) [40]. 

2.4 Industrial applications of zeolites 

The wide application of zeolite in several industrial processes can be attributed to their 

unique structural, chemical and physical properties. For instance, they can be used as 

molecular sieves, ion-exchange materials, superb solid catalyst as well as for adsorption 

studies.  

2.4.1 Zeolites as molecular sieves 

Molecular sieves are porous solids containing pores with a diameter of 0.3 to 1.3 nm. The 

cavities and channels in zeolite structure (an example of porous solid) enable them to 

retain water molecules within their structure. Releasing the water molecules from these 

voids via thermal heat application permits other molecules to be sorbed. Molecules 

whose sizes exceed the pores diameter range are restricted from passing through them, 

that is, acting as molecular sieves. The adsorption characteristics and the pore size can be 

amended by cations exchange. For example, exchange of sodium ions with potassium 
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ions decreases the pore size to 3Å (and so called 3A molecular sieves) but exchange with 

calcium ions increases the pore size to 5Å (and so called 5A molecular sieves) [41].  

 

Figure 2.7 Illustration of molecular sieving [42]. 

2.4.2 Zeolites as ion exchange media 

The cations, present within the zeolite framework to balance the net charges of Al3+ and 

Si4+, are facile and can easily be exchanged with other cations like Pb2+, Cd2+, Cu2+, Cr3+, 

etc. Remarkably, zeolites are good ion exchange media in the process of water softening 

[43].  

Cation exchange is an equilibrium process which extent is determined by factors such as: 

density charge and diameter of the cation being exchanged; the morphology features of 

the zeolite species and its Si/Al ratio; prior modification treatment of the zeolite; the 

cation concentration in the solution; cation position in the zeolite species; and 

temperature [27, 44]. The Cation Exchange Capacity (CEC) of zeolite increases with the 

decrease in Si/Al ratio and vice versa. An increase in Si/Al ratio of zeolite gives a 
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decrease in the framework charge which results to decrease in the numbers of cations that 

can be exchanged, meaning a drop in the CEC [27,44]. 
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Figure 2.8 Schematic of zeolite ion exchange; Na+ is exchanged for Pb2+. 

2.4.3 Zeolites as efficient solid catalysts 

When the cations are protons H+, zeolites serve as superb solid acid catalyst, artistic with 

high selectivity and stability maintenance, during chemical reactions [34]. Requirement 

of the adequately large pores to enable molecular transport to and from the zeolite active 

site, encourages the tuning of the zeolite frameworks to enhance the active sites 

accessibility and thermal stability. Section 2.4 elaborated on zeolite in catalysis as related 

to this research work while the modification, characterization and catalytic evaluation of 

a particular superdealuminated ultrastable Y-zeolite were extensively investigated and 

discussed in chapter 3.  

2.4.4 Zeolites as excellent sorbent material in adsorption studies 

Zeolites are highly sought after sorbent material, due to their high internal surface area 

while in dehydrated form, for adsorption studies [27,46]. Different types of materials can 

be exceptionally adsorbed by zeolite, in the absence of steric hindrance. There exists an 
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electric field within the zeolite cavity and the polarization of this electric field by the 

interaction with polar molecule like water makes the non-polar molecules strongly 

adsorbed. The reversibility of electrostatic field-, polarizability- and molecular sieve- 

based adsorption studies enables the reusability of zeolite and remarks zeolites as cost-

effective adsorption media. It is noteworthy that high cost of production and regeneration 

of spent activated carbon makes it less economical, in spite of its widely use, than zeolite 

as adsorbent medium for the heavy metals removal from water [47]. 

2.5 Zeolites in catalysis 

The zeolites have their wide application as catalysts (about 55% in 2008) [48] in various 

reactions in oil refining, petrochemicals, and fine chemical industries [49,50]. The 

replacement of the cations with H+ gives strong Bronsted acid and the strong acidity and 

uniform micropores are great assets enabling the efficient catalytic role of zeolites in 

several chemical conversions. The micropores impose confinement on the mass transport 

to and from the acid site, which gives product selectivity [51-53]. This is an explainable 

success in a way as solid catalysts but these features impose serious access and diffusion 

limitations on the extensive use of zeolite without tuning both acidity and micropore size. 

This diffusivity challenge is borne out of the fact that only section of the micropore 

around the external surface of the zeolites is being used in most catalytic reactions. This 

under-exploitation of the zeolite volume can be reverted by preparing hierarchical 

zeolites with intracrystalline pores via post-synthetic modification strategies [54]. These 

hierarchical zeolites merge the intrinsic microporosity with the inter- and intra-crystalline 
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mesopore network to amend the diffusional limitation of the conventional zeolites, such 

that the introduced mesopores enable access to the catalytically active sites in the 

micropores [54-58]. 

 

Figure 2.9 The illustration of increase in zeolite surface area by post-synthetic strategies. 

2.5.1 Synthetic routes of hierarchical zeolites 

Post-synthetic modifications entail several approaches that are broadly grouped into 

bottom-up and top-down routes. While the former involves modification of the synthesis 

protocol to give nanosized zeolite crystals [59] or that with a secondary mesopore 

template [55,60], the latter involves the delamination or demetallation (i.e. extraction of 

framework atoms) via post-synthetic treatment(s) of formerly developed zeolites with 

irradiation [61,62] and/or strong oxidizing reagents [62], swelling agents [63,64], acid 

[65], base (desilication) [56] or steam [66].  

Both routes give desirable mesoporosity and improved catalytic performance but many 

bottom-up methods are characterized with large amounts of expensive and unavailable 

templates or not easily separable crystals from the mother liquor [57], and thus prove 
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difficult to be amended into industrial scale unlike top-down approaches that are more 

readily employed at this scale [54,57,65,67]. This thus explains the much adoption of top-

down approaches in widening the micropore channels [68] and generating intracrystalline 

mesopores in the zeolite crystals [55,56] in order to improve the accessibility of the 

active sites in conventional zeolites. 

2.5.2 Desilication approach 

It is a top-down, non-templating, scalable, tunable, economical, experimentally simple 

and effective alkaline mediated method of introducing interconnected and well accessible 

(from the external surface of the zeolite) mesopores by selectively leaching the 

framework silicon [54,57,67-69]. Mesoporous zeolites synthesized by this base leaching 

method have been reported, both in patents and open literatures, to be of good activity, 

selectivity and lifetime in catalyzing several reactions that are not limited to methanol-to-

hydrocarbons, pyrolysis, cracking, isomerization, aromatization, alkylation, acylation, 

among others [54,70].  

Later, aqueous sodium carbonate mediated alkaline treatment of ZSM-5, X, and Y 

zeolites reportedly gave an increased Al content and enhanced ion-exchange capacity 

without drastic change in the zeolite structures [71]. Subsequently, a more insightful 

study on the potential of mesoporous MFI through desilication led to the establishment of 

the optimal molar Si/Al window of  25-50 under treatment condition (0.2 M of NaOH, 

65°C, 30 min) for the successful introduction of intracrystalline mesopores [72]. This 

fixed window served as a major setback for this approach as there would be excessive Si 
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dissolution at higher molar Si/Al ratios and limited extra mesoporosity at lower ratios 

[54,57]. 

Efforts to comprehend the desilication mechanism can be traced down to Cižmek et al. 

[73] that established the uncommon influence of aluminum on the dissolution kinetics. 

Furthermore, the Al in the zeolite framework was seen as ‘pore-directing agent’ (PDA) 

owing to its role in controlling the Si dissolution [74] and the selective silicon extraction 

was credited to the re-alumination of extracted framework Al on the external surface of 

the zeolite giving rise to disordered mesopores formation [75]. 

 

Figure 2.10 Schematic representation of desilication effect on zeolite framework. 

The surface-deposited aluminium during the alkaline treatment of zeolite is mostly Lewis 

acidic [76-78]. This pore directing role of the framework Al (internal PDAs) can be 

competed with the presence (individual role) of quaternary ammonium cations (external 

PDAs), which form a protective layer on zeolites external surface by binding to the silica 

surface and thus influence the process of pore formation [79,80]. So, it becomes 

necessary to assess the acidity and coordination of the re-aluminated species during 

alkaline treatment, using infrared spectroscopy and nuclear magnetic resonance. The well 

controlled growth of intracrystalline mesoporosity in all-silica zeolites can be achieved 
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with the inclusion of quaternary ammonium cations or metal-cation complexes in 

desilicating solution [81]. 

2.5.3 Y-zeolites and their hierarchical analogues 

Y-zeolite of Faujasite family is a leading catalyst used in several industrial processes 

ranging from hydrocracking and fluid catalytic cracking (FCC) process to aliphatic 

alkylation reactions [82]. The pristine Y-zeolite has high Al content in its framework and 

this makes it unstable when in H-form [83]. However, the stabilization can be induced by 

modifications like steaming [24,48-50] and framework dealumination [21,47]. These 

form ultra-stable derivatives, USY zeolites, which are indispensable catalysts in FCC 

[51]. Further framework dealumination of the USY gives different series of USY 

derivatives depending on the extent of dealumination: USY (steamed; Si/Al = 2.6); 

VSUSY (steamed and dealuminated; Si/Al = 6); SDUSY (severely steamed and 

dealuminated; Si/Al = 15-40) [81].  

In addition to the induced stability, steaming gives mesopores in form of cavities [54] 

while dealumination gives a secondary network of mesopores [24,53,68]. In spite of 

these, the bulky nature of the probe molecules in several industrial processes further 

necessitates the synthesis of the hierarchical analogues of the USY, commonly by 

desilication (alkaline treatment). Bearing in mind that the FAU topology in USY zeolites 

is highly sensitive to alkaline media, due to their relatively high surface area, large tightly 

interconnected micropores, and low framework density, it becomes a good idea to include 

external pore directing agent to obtain substantial mesoporosity and preserve the intrinsic 
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zeolite properties, in the case of severely dealuminated USY zeolites [52,83]. The 

catalytic cracking of vacuum gas oil, the pyrolysis of polyethylene, and the alkylation of 

benzyl alcohol with toluene are few of model reactions that evidently show the 

superiority of hierarchical USY [83].  

2.6 Adsorption process 

Adsorption is such a mass transfer process that is popular for wastewater treatment and 

air pollution control, perhaps due to its efficient and economical process [84]. It entails 

the removal of contaminant by adsorbing it on the adsorbent’s surface through chemical 

or physical bonding. While the “adsorbate” is the material to be adsorbed, the 

“adsorbent” is the porous solid material onto which the adsorbate is adsorbed. For 

example, in chapter four of this report, heavy metal ions are the "adsorbates" and the 

zeolites are the “adsorbents”. The important advantages of the adsorption process as 

treatment methods include, but not limited to the following: safety and ease of 

operational technique; absence of chemical additives that can give sludge formation; 

removal of a wide spectrum of constituents at very low concentration; regeneration and 

reusability of the adsorbent; and suitability for batch and continuous operations [85].  

2.6.1 Types of adsorption process 

There are the two general types of adsorption based on the nature of the bonding between 

the adsorbate and the adsorbent, namely chemical (chemisorptions) and physical 

(physisorption) [75].  
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2.6.1.1 Chemisorption  

The chemical adsorption involves formation of a single layer of adsorbate chemically 

bonded to the adsorbent surface. So, it requires much stronger forces of comparable 

magnitude with those in chemical compounds [87]. By its chemical bonding nature, the 

chemisorption is irreversible with characteristic high enthalpy (> 200 KJ/mole) [88]. 

2.6.1.2 Physisorption  

Physical adsorption involves the electrostatic attraction between the adsorbate and the 

adsorbent surface; an important mechanism for heavy metals removal. Although it 

generally occurs at low temperatures, it requires adequate energy to be given to overcome 

the attractive forces [89]. It can form a single or multiple layers of adsorbate on the 

adsorbent surface with relatively low enthalpy of adsorption (activation energy <40 

KJ/mole), meaning that the adsorbate is held weakly to the adsorbent [90,91].  

2.6.2 Factors affecting physical adsorption  

Many factors such as surface area of adsorbent, nature of the adsorbate, pH of the 

solution, temperature, and presence of inorganic salts determine the amount of adsorbate 

that can be adsorbed on the adsorbent’s surface [92]. 

2.6.2.1 Adsorbent’s surface area 

There exists a strong positive correlation between the quantitative adsorption and the 

surface area of the adsorbent. That is, the larger the surface areas, the better the 

adsorption provided that other factors remain constant.  
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2.6.2.2 Nature of adsorbate  

For inorganic ions, the degree of ionization of the solute is crucial to the adsorption 

process. A weakly dissociated HgCl adsorbs well but a strongly dissociated NaCl does 

not adsorb at all. In the case of organic sorbent, the large molecule and low aqueous 

solubility favor the adsorption process, with the exception of the scenario where the 

molecule is so large to cause blockage of the pores of the adsorbents [92]. 

2.6.2.3 pH of the solution  

Increase in pH of the solution enhances the adsorption process of similarly charged 

adsorbate species, but mutual electrical repulsion prevents multi-layer adsorption form. 

Meanwhile, neutral adsorbate species can have multi-layer and thus maximized 

adsorption. Obviously, basic species adsorb better at high pH but the acidic species 

adsorb better at low pH. The actual extent of adsorption differs for different metals for 

different pH and this is because different chemical species of a metal occur with pH 

changes and will have different charges and adsorption at solid–liquid interfaces [92,93]. 

2.6.2.4 Temperature  

In general, temperature has inverse relationship with the quantity of adsorption because 

the adsorbed molecules break away from the surface of adsorbent surface due to great 

energy at high temperature [92].  
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2.6.2.5 Effect of inorganic salts  

The presence of inorganic salts like sodium chloride in the system can promote 

adsorption due to their ability to fit in between adsorbed species and thus screening the 

repulsive forces on the surface and also hold an opposite charge to the adsorbent [92]. 

2.6.3 Adsorption Isotherm Models; Langmuir, Freundlich and Temkin 

Adsorption process is often described using isotherm which represents the equilibrium 

state between the quantity of adsorbate ions per unit weight of adsorbent (qe) and the 

equilibrium concentration of the adsorbate remaining in solution (Ce) at a given 

temperature. This study employed the three popular isotherm models (Langmuir, 

Freundlich and Temkin models) to fit the experimental data for the adsorption study. 

2.6.3.1 Langmuir model  

The Langmuir model isotherm, pioneered by Irving Langmuir in 1918, is an empirical 

isotherm that quantifies sorption on localized adsorption sites as derived from a proposed 

kinetic mechanism. Although it can be used to describe both physi- and chemi-sorption, 

yet it is only valid for single-layer adsorption [94-96]. The Langmuir model hypotheses 

can be summarized as follows [97,98]: 

 1) Highest adsorption corresponds to a saturated monolayer of adsorbate molecules on 

the solid surface. By extension, maximum adsorption occurs on a monolayer only at the 

defined sites of the adsorbent and no others, and that all sites are equal on the uniform 

surface of adsorbent.  
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2) All adsorption is formed through the same system and the adsorption energy is 

constant without transmigration of adjacent adsorbed molecules, that is, no interaction 

between the adsorbed molecules 

The Langmuir model equation (equation 2.2) can be linearized to give equation 2.3 [99].  

                                                             q�					�				��	�	�	
	�		�	�	
                                                     (2.2) 
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where qe is the equilibrium ion uptake (mg.g-1), Ce represents the equilibrium 

concentration (mg.L-1), b is the sorption equilibrium constant (L.mg-1) and KL is the 

maximum adsorption capacity (mg.g-1).  

Weber and Chakravorti (1974) described a dimensionless constant, RL, (see equation 2.4) 

as separation factor to characterize Langmuir isotherm pattern [100,101]. RL >1 

unfavourable isotherm type, RL = 0; Linear isotherm, 0<RL<1; favourable isotherm and 

RL<0 irreversible. 

                                                      R�						�				 


	�		�	��

                                                           (2.4) 

 where Co is the highest initial concentration of element (mg.L-1).  
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Figure 2.11 Graphical representation of Langmuir isotherm separation factor [102]. 

2.6.3.2 Freundlich model  

Freundlich and Küster in 1907 founded an empirical equation that described sorption 

isotherm in terms of sorbate concentration, as mathematically expressed in equation 2.5 

[102-104], with its logarithmic form in equation 2.6. The Freundlich model, as fondly 

called, can be used for multilayer sorption and for non-ideal sorption on heterogeneous 

surfaces, unlike the Langmuir model [105]. 

                                               q�					�				��		��	�
 ��                                                                (2.5) 

                                        log � 	� 		 log !" 		� 		 #�$%		 log &                                           (2.6) 

where n and KF  are Freundlich isotherm constants related to adsorption intensity and 

adsorption capacity respectively.  
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2.6.3.3 Temkin isotherm model  

Temkin adsorption isotherm represents the amount of energy required for the absorption 

by one layer on the adsorbent’s surface [106]. Its linear form can be written as: 

                                       ln � 	= 		 #()*+%	ln!) 		+ 		#()*+%		 ln &                                      (2.7) 

where bT is the Temkin constant related to the sorption heat in kJ/mol, kT is the binding 

energy constant at equilibrium; an equivalence of maximum binding energy (L/g), R is 

the universal gas constant (0.008314J/mol-K) and T is the absolute temperature in 

Kelvin.  

2.6.4 Adsorption kinetics  

Kinetics describes the speed and factors influencing the reaction rate. Both physical and 

chemical characteristics of the adsorbent as well as the entire system conditions 

determine the nature of the sorption process [107]. The commonly used kinetic 

expressions to elucidate the kinetics of the solid-liquid adsorption processes are pseudo-

first order, pseudo-second order, and intraparticle diffusion models [108]. 

2.6.4.1 Lagergren pseudo first-order kinetics 

This is a common model for understanding the mechanism of the solid-liquid system 

[109]. It represents well the experimental kinetic data where the probable adsorbate 

interactions were anticipated to be insignificant [107] and not for the entire sorption 
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period [110]. More often than not, it fails to correctly predict the qe theoretically [109]. It 

is expressed as follows:  

     																																				log(� − �-) 	= 		 log � 	− 		# .

/.010% 		2                                      (2.8) 

where K1  is the rate constant (min-1), qe is the amount of adsorbed at equilibrium (mg/g), 

qt is the amount adsorbed at time t (mg/g), h is the initial sorption rate (mg/g.min). 

2.6.4.2 Pseudo second-order kinetics 

This adequately elucidates the kinetics of the most of sorption systems so well for the 

entire sorption period, unlike pseudo first-order. It was found to show a better fit towards 

the sorption of heavy metals [111,112]. Its mathematical expression is as follows: 

                                                              
-
34
	= 		 �5 +

-
36

                                                     (2.9) 

                                                             	ℎ = 		!/� /                                                     (2.10) 

where K2  is the rate constant (g/mg.min), qe is the amount of adsorbed at equilibrium 

(mg/g), qt is the amount adsorbed at time t (mg/g), h is the initial sorption rate 

(mg/g.min). 

2.6.4.3 Intra-particle diffusion kinetic model 

The Morris-Weber model is an intensive description of the intra-particle diffusion of the 

adsorbate from the solution into the adsorbent pores. It predicts the intra-particle 

diffusion as the limiting step of the adsorption process [113]. The Morris-Weber equation 

can be written as: 
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                                                        �- =		!892


: + 	;                                                   (2.11) 

where Kid  is the rate constant of the intraparticle transport (mg/g.min1/2), qt is the amount 

adsorbed at time t (mg/g). 
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3 CHAPTER 3 

QUARTERNARY AMMONIUM CATIONS BASED 

SYNTHESIS OF HIERARCHICAL DEALUMINATED Y- 

ZEOLITES FOR CATALYTIC EVALUATIONS 

3.1 Background Information 

Several chemical processes in the oil refining and petrochemical sectors are exclusively 

catalyzed by zeolites [114]. These crystalline aluminosilicates possess unique properties, 

such as solid acidity, ion-exchange capacity, and unequaled shape selectivity, due to the 

presence of multidimensional network of micropores of molecular dimensions (the so-

called “micro-reactor” of 0.25-1 nm in size) [114,115]. On the contrary, the sole presence 

of these micropores imposes transport/diffusion limitations and provokes rapid 

deactivation, thus negatively impacts the catalyst activity and lifetime, particularly in 

processing and synthesizing large molecules used as fine chemicals, (i.e. under-utilization 

of zeolite potential). To alleviate this, various strategies of distinctively two different 

routes have been reported to improve the pore accessibility [116-130]. The first approach 

focuses on increasing the effective diffusivity in the micropores by synthesizing wide-

pore and large-cavity zeolites (i.e. ITQ-21 with 1.18-nm-wide cavities) [116,117]. The 

other method aims at shortening the micropore diffusion path length by integrating the 

inherent micropores with a secondary network of inter or intra-crystalline mesopores, 
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resulting in hierarchical zeolites [118-119]. This facilitates the accessibility of the 

micropores by substantially increase the external surface area.  

These zeolites can be obtained in the form of nanosized [120,121], composites [122,123], 

delaminated [124,125], and mesoporous crystals [55,56,126-130]; via templated and 

nontemplated bottom-up and top-down routes. However, mesoporous crystals obtained 

by top-down routes (viz. post-synthetic demetallation (removal of framework atoms)) 

have received more attention. Most bottom-up routes involve costly and environmentally 

harmful templates as mesopore directing agents, and thus cannot be easily implemented 

at an industrial scale [130]. On the contrary, demetallation such as dealumination 

(steaming, acid leaching) [128,129], desilication (base leaching) [56,130,133], and 

detitanation (H2O2 treatment under irradiation) [134]) are experimentally simple and cost-

effective, and yield superior active catalysts. 

Among these strategies, the preferential extraction of Si from zeolite framework in an 

alkaline medium (i.e desilication) stands out to be the simplest and most economical way 

for effectively introducing well-interconnected and accessible mesopores. The 

importance and implications of desilication on mesoporosity, diffusion, and catalysis 

have been comprehensively reviewed by Groen et al. [56] and recently by Verboekend 

and Perez-Ramirez [130]. Since the 90s, several studies have examined many facets of 

desilication such as concentration of alkaline medium (e.g. NaOH, Na2CO3, LiOH, and/or 

alkylammonium hydroxides), temperature, and duration) over broad variety of zeolite 

structures. Groen et al. [74] pioneering work laid down the basis for mesopore formation 

by desilication, showed that Si/Al window of 25-50 is the optimum for mesopore 

formation  in MFI, and considered framework Al as inherent “pore-directing agent 
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(PDA)”. This contribution was subsequently applied to other zeolite topologies like 

MTW, MWW, MOR, and TON [56,130]. Groen et al. [135] pointed out later that the 

relatively low stability of framework Al in BEA, compared to MFI, is also detrimental for 

the mesopore formation by desilication, since Al cannot optimally exert its pore-directing 

role. Verboekend and Perez-Ramirez [136] demonstrated that desilication in the presence 

of external PDA (i.e. metal-cation complexes or quaternary ammonium cations) 

facilitates the formation of mesoporosity in silicalite-1. This proves that framework Al is 

not the only prerequisite for the introduction of mesoporosity. Consequently, the effective 

introduction of mesopores largely depends on three factors: the zeolite, the treatment 

conditions, and the PDA [136]. 

Introduction of mesoporosity in zeolites of FAU topology such as Y and ultra-stable 

derivative (USY) (Si/Al~ 2.5) upon desilication remains relatively unexplored, compared 

to other industrially used zeolites [137-140]. This is despite the fact that these zeolite 

types are widely used in oil refining and petrochemical industries (i.e. fluid catalytic 

cracking, hydrocracking, and alkylation). The crucial stabilization of zeolite Y by 

dealumination via steaming and acid leaching generates mesoporosity [141], but the 

introduced mesopores (>20 nm in diameter) are present as cavities, and thus, they do not 

significantly influence the diffusion of molecules. Qin et al. [137] reported the 

preparation of hierarchical zeolite Y by sequential severe NaOH desilication and 

ammonium hexafluorsilicate dealumination, but of limited mesoporosity (Smeso = 61 m2g-

1, compared to 18 m2g-1 for pristine Y). Their further attempt in synthesizing hierarchical 

USY also resulted in limited mesoporosity (Smeso increased to 69 m2g-1 up from 52 m2g-1) 

[135]. de Jong et al. [66] managed to synthesize USY of trimodal mesoporosity (Smeso = 
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443 m2g-1, compared to 213 m2g-1) upon mild treatment (0.05-0.1 M NaOH, 25 °C, 15 

min) of severely steamed and acid-leached USY, but the obtained USY exhibited strong 

amorphization with damaged microporosity (from 0.21 cm3g-1 to 0.07 cm3g-1).  

Remarkably, Perez-Ramirez group [83] succeeded in developing a wide family of 

hierarchical Y and USY zeolites, by establishing strategic blend of post-synthetic 

modifications that include desilication and acid treatments. They reported hierarchical Y 

zeolite (Smeso = 292 m2g-1 up from 22 m2g-1) upon sequential mild dealumination 

(H4EDTA)-desilication (NaOH)-acid wash (Na2H2EDTA) treatments of Y (Si/Al = 2). 

Hierarchical USY zeolites of large mesoporsity (Smeso up to 500 m2g-1) and well-

preserved crystallinity were also obtained upon treatment of severely steamed and 

dealuminated USY (Si/Al = 15-30) using solution of NaOH and pore directing agent 

(TPAOH). 

In continuous efforts to overcome the main challenges of introducing intracrystalline 

mesoporosity in USY zeolites, Verboekend and Perez-Ramirez [136] showed that besides 

the location and concentration, the affinity of PDAs to the zeolite surface as well as their 

nature, plays a critical role in the mesopore generation in silica-rich zeolites (Silicalite-1). 

They compared the role of TMAOH and TPAOH in the mesopore formation for silica-

rich zeolites, and found that the dissolution process and subsequently mesoporosity are 

reduced drastically in the case of TMAOH due to the strong affinity of TMA+ to the 

zeolite external surface. The beneficial role of TPAOH on mesoporosity was also 

reported for FAU-type zeolites [83,139,140].  
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To further build on this landmark, this work focuses on the inclusion of more effective 

PDAs than those previously reported. Herein, for the very first time, to the best 

knowledge of available information, the effects of tetrabutylammonium hydroxide 

(TBAOH) as a desilicating agent and/or PDA and novel binary mixture of organic 

templates based strategy on the formation of substantial intracrystalline mesoporosity in 

USY zeolite of different steaming-dealumination degrees (Si/Al=15-40) are reported, 

with highlights on the comparison with other less bulky tetraalkylammonium hydroxides 

(TMAOH, TEAOH and TPAOH) in the range of 0.01-1.0 M over broad range of 

desilication conditions, as well as the correlations between the inclusion of TBAOH, the 

generated mesoporosity, and the level of steaming-dealumination of USY zeolite. 

3.2 Materials 

The USY zeolites exploited in this study were supplied by Zeolyst International and were 

found to be derivatives of the same pristine NaY zeolite (CBV100) subjected to different 

degree of steaming-dealumination treatments. The resulting five different USY zeolites 

are: (i) mildly steamed CBV500 (USY, NH4-form, Si/Al = 2.6), noted as USY; (ii) 

steamed CBV712 (very stable USY “VUSY”, NH4-form, Si/Al = 6), noted as VSUSY; 

(iii) severely steamed + dealuminated CBV720, CBV760 and CBV901 (super 

dealuminated USY “SDUSY”, H-form, Si/Al = 15, 30 and 40, respectively). The latter 

samples were coded SDUSY15, SDUSY30 and SDUSY40, respectively and got the 

attention of this research work. Prior to post-synthetic treatments, the as-received 

SDUSYs were air-calcined at 550°C for 6 h (3°C/min) to ascertain their H-forms.  
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Reagents used for post-treatments included NaOH (97+%, Aldrich), sodium carbonate 

anhydrous (Panreac), TMAOH (25 wt.% in H2O, Sigma-Aldrich), TEAOH (35 wt.% in 

H2O, Aldrich), TPAOH (20 wt.% in H2O, Fluka), and TBAOH (40 wt.% in H2O, Sigma-

Aldrich). They were all used as purchased without further modifications. 

3.3 Post-Synthetic Alkaline Treatments 

Alkaline treatment of the calcined SDUSY zeolites was carried out in aqueous solutions 

of 0.01-1.0 M pure or mixture of inorganic and organic hydroxides at different 

temperatures and durations under atmospheric pressure. The alkaline solutions used in 

this study included NaOH, Na2CO3, and four different tetraalkylammonium hydroxides 

(TMAOH, TEAOH, TPAOH and TBAOH) Typically, 50 ml of the alkaline solution (i.e. 

NaOH, TBAOH, or NaOH + TBAOH) was heated up to 65°C (or 85-100°C) in a flask 

connected to a reflux using a oil bath, followed by the addition of 1.5 g of USY zeolite 

(Si/Al = 15-40) to the heated solution, and continuous stirring of the solution at that 

temperature for a period of 2 hrs (or 0.30 - 24 hrs). When the reaction time reached, the 

zeolite suspension was cooled down immediately using an ice bath, and then was isolated 

by suction filtration. The filtrate was collected for elemental analysis while the solid 

product was washed painstakingly with deionized water until the pH is neutral (400 ml of 

water was adequate). The obtained wet solid was then dried at room temperature, 

followed by drying at 110°C for 10 hrs minimum. Afterwards, the dried sample was 

calcined at 550°C in static air (holding time 6 hrs, 3°C/min). Depending on the alkaline 

medium used and thus the need, some selected alkaline treated zeolite samples were 

transformed into ammonium form by two-fold ion-exchange with 2.20 M of NH4Cl at 
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80°C for 5 hrs (1.0 g solid per 50 ml solution) without calcination between ion-exchange 

procedures. The samples were then subjected to typical drying treatments followed by 

calcination to get the H-form. It is noteworthy that the treatment conditions (duration and 

temperature) were first optimized to be 65°C and 2hrs, and adopted throughout for the 

alkaline treatment before ion-exchange experiment. 

The USY zeolite samples obtained by alkaline treatment using aqueous solution of NaOH 

or Na2CO3 are hereafter designated as SDUSYx-DSy, where x and y represent the Si/Al 

ratio and the molarity of the solution, respectively. Those obtained using 

tetraalkylammonium hydroxide are noted as SDUSYx-DS-yz, where x, y, and z represent 

the Si/Al ratio, the tetraalkylammonium hydroxides (TM, TE, TP or TB), and the 

molarity of the solution, respectively. For instance, SDUSY3-DS-TE-0.10 corresponds to 

alkaline treated SDUSY40 zeolite (CBV901, Si/Al = 40) using 0.10 M 

tetraethylammonium hydroxide solution. 

3.4 Characterizations 

The amounts of Si and Al in the solids and filtrates were quantified by ICP-OES on a 

Horiba ULTIMA 2 instrument. The detail of calculation involved after the instrumental 

analysis can be found as part of the appendices in this report.  

X-ray diffraction measurements were done on a Rigaku Miniflex II XRD powder 

diffraction system using CuKα radiation (λKα1 = 1.54051Å, 30 Kv and 15 mA). The 

XRD patterns were recorded in the static scanning mode from 3.0 - 60° (2θ) at a detector 

angular speed of 2 °/min and step size of 0.02°. The relative crystallinity of alkaline 
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treated USY zeolites was estimated by comparing the peak intensity of the (533) 

reflection at 2θ = 24° with those of NaY zeolite (assuming 100% crystallinity). The 

reproducibility of the crystallinity analysis was ± 8%. 

Textural properties were determined by N2 adsorption-desorption measurements at 77 K, 

using Micromeritics ASAP2020 adsorption analyzer. Samples were outgassed at 220°C 

under vacuum (10-5 Torr) for 3 hrs prior N2 physisorption. The Brunauer-Emmett-Teller 

(BET) specific surface areas were obtained from the adsorption data in the relative 

pressure (P/P0) range from 0.06-0.30, assuming 0.164 nm2 for the cross-section of the N2 

molecule. Contributions of micropore and mesopores were calculated using the t-plot 

method described by Lippens and de Boer [142], whereas the mesopore size distribution 

was made using the Barret-Joyner-Halenda (BJH) pore size model applied to the isotherm 

adsorption branch [143].  

The SEM (Scanning Electron Microscopy) images were obtained using FESEM/FIB 

(Tescan Lyra-3) to verify the particle size and morphology. The field Emission Dual 

Beam (Electron/ Focused Ion Beam) system combines high‐end field‐emission scanning 

electron microscope (FESEM) and high‐performance focused ion beam (FIB) system in 

one chamber. Prior to the imaging, samples were prepared and gold-coated as described 

in part of the appendices. 

HRTEM (High Resolution Transmission Electron Microscopy) images were obtained 

using a JEOL JEM-2000 FX microscope operating at 80 KV and equipped with a charge 

coupled device camera (Gatan). Samples were prepared as described for SEM 

experiment. 
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Figure 0.1 Flow chart of the post-synthetic alkaline treatment. 

Air calcination of the as-received 
USY zeolite at 550oC for 6hrs 
(3oC/min) to have it in H-form 

Leaving the treated solid sample 
at ambient temperature to dry 
enough to be scrapped off the 
suction flask 

Dissolution of 1.5g of the zeolite 
into 50ml of xM of pure or 
mixture of alkaline medium, 
stirring under atmospheric 
pressure at yoC for z hr (i.e. at 
optimized treatment conditions) 

Cooling of the zeolite suspension 
in ice bath and subsequent 
isolation by suction filtration 

 

Washing of the treated solid 
(residue) thoroughly with 
deionized water until the pH is 
neutral (usually 400ml) 

Collection of filtrate for 
elemental analysis of the 
leached metals before the 
washing 

Drying the sample further at 
110oC over night 

Ion-exchange treatment of 1g of 
solid per 50ml solution of 2.2M 
NH4Cl at 80oC for 5 hrs. 

Filtration of the hot solution and 
later washing of the sample with 
1000ml of deionized water, and 
then drying the sample at 
ambient temperature 

Calcination of the treated 
sample in static air at 550oC 
for 6hrs (3oC/min) 

Drying the IE sample further at 
110oC over night 

Calcination of the ion-exchanged 
treated sample in static air at 
550oC for 6hrs (3oC/min) 

 

Is it 2nd fold of 
the IE 
treatment? 

Need for the IE 
treatment? 

Yes 

Yes 

No 

No 
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27Al and 29Si Magic Angle Spinning (MAS) NMR were measured using Bruker Avance 

400 MHz wide-bore spectrometer. 27Al MAS NMR spectra were obtained by a single 

pulse length of π/4, and relaxation delay of 0.5 s. The 29Si MAS NMR spectra were 

obtained by 20 pulse (B1~55HZ) followed by 13 ms acquisition with 1H decoupling 

(tppm, B1~55 HZ). Samples were spun at ca.4 KHz in Air using 4 mm ZrO2 rotors. The 

Al and Si chemical shifts were referenced to (NH4)Al(SO4)2 and 4,4-dimethyl-4-

silapentane-1-sulfonic acid, respectively. 

NH3-TPD (Ammonia-Temperature-Programmed Desorption) was done using 

Micromeritics chemisorb 2750 equipped with a mass spectrometry detector (Cirrus 2, 

mks, spectra products). Samples (ca. 50 mg) were pretreated at 300 °C in helium flow 

(25 ml/min) for 2 hrs, followed by the adsorption of 10% NH3/He at 100 ºC for 30 min. 

Thereafter, samples were purged in a helium stream for 2 hrs at 100 ºC so as to remove 

loosely bound ammonia (i.e. physisorbed and H-bonded ammonia). Again, the samples 

were heated again from 100 to 600 ºC at a heating rate of 10 ºC/min in helium flow of 25 

ml/min. 

3.5 Catalytic Evaluation Procedures 

3.5.1 Alkylation of toluene with benzyl alcohol 

The powder catalyst was sieved to a uniform particle size of 850 microns and 1g of the 

sieved catalyst was added to the 100ml of reactant mixture of toluene and benzyl alcohol 

(90:10) and the reaction was carried out in a parr pressure reactor (150 ml working 

volume) at 140°C and 72 psi for the studied reaction period (0-150 mins). Specifically, 
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the set up was initially charged with nitrogen gas and released to check for the leakage in 

the system. Then the heating temperature was allowed for 30 mins to equilibrate followed 

by pressurizing the system to 72 psi. Then, liquid samples were collected at interval 

within the desired reaction period (0-150 mins) and these samples were labeled and 

analyzed using a gas chromatograph (Agilent 7890A) equipped with an HP-5 capillary 

column and a flame ionization detector (FID). The limiting reagent, BzOH, was used for 

calibration, from which an estimate of its conversion at respective time was made from 

the calibration curve. The assignment of retention time for BzOH was prior confirmed by 

gas chromatography and mass spectroscopy (GC-MS). 

3.5.2 Pyrolysis of low density polyethylene (LDPE) 

The pyrolysis of LDPE (m.p≈1120C, ρ=0.924g/ml, BDH Chemicals Limited) was 

performed in a Mettler Toledo TGA, SDTA851e microbalance equipped with a 34-

position robot. 6mg of powdered catalysts was uniformly mixed with 18mg of LDPE in 

the α-Al2O3 crucible of the thermobalance and the degradation of the mixture (mass ratio 

1:3) was done in N2 (70cm3 STP min-1) with temperature ramping from 30 to 7000C at 

100C min-1. The observed weight loss was interpreted as the percentage conversion of the 

LDPE. 
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3.6 RESULTS AND DISCUSSION 

3.6.1 Alkaline Treatment of SDUSY40 with inorganic hydroxides and 

organic tetraalkyl ammonium hydroxides 

3.6.1.1 Structural and Textural Properties 

The XRD patterns of parent and alkaline treated SDUSY40 zeolites are shown in Fig. 

3.2, while the variation in zeolite crystallinity resulting from alkaline treatments (relative 

crystallinity, RC) is given in Table 3.1. Parent SDUSY40 exhibits XRD reflections that 

are characteristic of FAU-type structure (Fig. 3.2(P)). However, upon alkaline treatment 

using aqueous solution of NaOH in the range of 0.01-1.0M, the long-range ordering and 

relative crystallinity were completely lost as evidenced by the associated amorphization 

(Fig. 3.2(a-e)).  

 

Figure 0.2 XRD patterns of parent and alkaline treated SDUSY40 with inorganic hydroxides; P: parent 

SDUSY40, a-e) corresponds top NaOH of 0.01, 0.10, 0.40, 0.60 and 1.0 M, respectively. 
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N2-isotherms (Fig. 3.3(A)) and derived textural properties (Table 3.1) further confirm the 

amorphization of the SDUSY40 zeolite upon treatment with NaOH. The parent 

SDUSY40 exhibits type I isotherm having a plateau at relative pressure up to p/p0 = 0.8, 

enhanced N2 uptake at higher relative pressure, and hysteresis loop at p/p0 = 0.45. This is 

in agreement with the microporous nature of the sample along with mesoporosity caused 

by the severe steaming and dealumination. Upon alkaline treatment with NaOH up to 

0.30M, samples show higher N2 uptake at p/p0 > 0.6. Conversely, the uptake at p/p0 < 0.1 

decreased significantly as a result of severe amorphization. The Table 3.1 shows that the 

micropore volume of parent SDUSY40 (0.23 cm3g-1) was completely lost upon treatment 

with 0.01-1.0M NaOH, whereas the Smeso increased from 183 m2g-1 (parent sample) to a 

maximum of 234 m2g-1 (i.e. sample treated with 0.01M NaOH (SDUSY40-DS0.10)).  
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Figure 0.3 N2 adsorption isotherms (A) and corresponding BJH mesopore size distributions (B) for parent and 

alkaline treated SDUSY40 using NaOH. The legends in graph (A) also apply to the graph (B). 

The BJH mesopore size distributions of alkaline treated SDUSY40 reveal the presence of 

mesopores of ~ 3.22-15.0 nm in diameter along with large mesopores that are charactertic 

of parent SDUSY40 (ca. 31 nm) (Fig.3.3(B)) upon treatment with NaOH up to 0.30M. At 

highly concentrated NaOH solutions, the pore system was destroyed completely resulting 

in large voids with diameters exceeding 40 nm. For samples treated with Na2CO3, the RC 

values from XRD data and N2 isotherms reveal the loss of crystallinity and microposity 

without significant increase in the external surface area (Table 3.2 and Fig. 3.4). 
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Table 0.1 Treatment yields, textural and structural properties of alkaline treated SDUSY40 zeolite in 0.01-1.0 M 

NaOH 

Sample 
Yield a) 

(%) 

SBET 

(m2g-1) 

Smicro 
b) 

(m2g-1) 

Smeso 
b) 

(m2g-1) 

Vt 
c) 

(cm3g-1) 

Vmicro 
b) 

(cm3g-1) 

dp d) 

(nm) 

RC e) 

(%) 

SDUSY40 - 607 424 183 0.51 0.23 11,31 51 

0.05Na 88 200 10 190 0.37 0 4,9,31 0 

0.10Na 78 251 17 234 0.48 0 11,31 0 

0.20Na 41 289 10 279 0.69 0 12,31 0 

0.35Na 23 210 10 200 0.55 0 15,31 0 

0.40Na 15 101 12 89 0.50 0 31 0 

0.55Na 12 63 10 53 0.35 0 46 0 

0.60Na 11 65 10 55 0.40 0 47 0 

0.75Na 8 57 9 48 0.35 0 46 0 

1.00Na 4 13 10 3 0.04 0 87 0 

a) Yield in grams of solid after treatment per gram of starting SDUSY40; b): Micropore volume calculated 
using the t-plot; c): Total pore volume adsorbed at p/p0 = 0.99; d): Average BJH mesopore size derived 

from the adsorption branch of the isotherm; e): Relative Crystallinity determined by XRD. 
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Table 3.2Treatment yields, textural and structural properties of alkaline treated SDUSY40 zeolites in 0.05-1.0 M 

Na2CO3. 

Sample 
Yield a) 

(%) 

SBET 

(m2g-1) 

Smicro 
b) 

(m2g-1) 

Smeso 
b) 

(m2g-1) 

Vt 
c) 

(cm3g-1) 

Vmicro 
b) 

(cm3g-1) 

dp d) 

(nm) 

RC e) 

(%) 

SDUSY40 - 617 435 183 0.51 0.23 11,31 51 

DS-0.05 98 204 13 191 0.36 0 6.59f 0 

DS-0.10 94 225 20 205 0.37 0 9.26f 0 

DS-0.20 88 235 34 201 0.37 0 9.35f 0 

DS-0.35 87 302 31 271 0.48 0 9.28f 0 

DS-0.45 86 286 22 264 0.48 0 9.27f 0 

DS-0.55 82 287 28 259 0.47 0 11.1f 0 

DS-0.60 78 287 32 255 0.47 0 15.1f 0 

DS-0.75 75 229 21 208 0.42 0 18.3f 0 

DS-1.00 72 133 8 125 0.22 0 22.1f 0 

All notations are the same as in Table 3.1 and f): in addition to other peak at ~ 31.0 nm. 

In contrast to alkaline treatment with NaOH and Na2CO3, the treatment of SDUSY40 in 

tetraalkylammonium hydroxides showed enhancement of intracrystalline mesoporosity 

and large preservation of the intrinsic properties of zeolite structure.  
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Figure 0.4 N2 adsorption isotherms (A), and (B) the corresponding pore size distributions for parent and 

alkaline treated SDUSY40 using Na2CO3. The legends in graph (A) also apply to the graph (B). 

Specifically, the XRD patterns (Fig. 3.5) show that FAU structure and long-range 

crystallographic order was preserved upon treatment with tetraalkylammonium 

hydroxides, in contrast to studied inorganic bases. The patterns also reveal that the 

intensity of the main XRD reflections reduces with increasing the concentration of 

tetraalkylammonium hydroxides. The reduction up to 0.15M was less pronounced for 

TPA+ compared with TEA+ and TMA+, whereas the retention of crystallinity became 

significantly better for those obtained with TBA+. Table 3.3 and 3.4 show that the RC of 
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treatment with TPA+ (up to 0.15 M), TEA+ (up to 0.10 M) and TMA+ (up to 0.10 M) 

was in the range of 43-24, 23-14, and 6-2, respectively. However, amorphization was 

observed for samples obtained with highly concentrated solutions; [TBA+] > 0.50 M, 

[TPA+] > 0.15 M, and [TMA+] > 0.10M. Surprisingly, no amorphization was observed 

for samples obtained with highly concentrated TEA+ solutions. 

 

Figure 0.5 XRD patterns of alkaline treated SDUSY40 in different tetraalkylammonium hydroxide solutions in the 

range of 0.01-1.0 M. 

N2 adsorption-desorption analysis (Fig. 3.6, Tables 3.3-3.4) further confirmed the 

preservation of the zeolite microposity and the substantial increase in the external surface 
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included hydroxides and appears to increase with increasing the concentration.  

Importantly, N2 uptake at low relative pressure (p/p0 < 0.1) was well preserved with 

respect to SDUSY40, which is in contrast to NaOH based samples that showed drastic 

reduction in the uptake at low pressures as previously discussed.  

The extent of preservation, however, depended on the structure and concentration of 

included organic hydroxides. Derived textural properties in Table 3.3 indicate that for 

samples treated with TMA+ up to 0.10M, the substantial increase in the Smeso (357 m2g-

1 up from 183 m2g-1 (parent SDUSY40) was accompanied by drastic decrease in the 

Vmicro (0.06 cm3g-1 down from 0.23 cm3g-1 (parent SDUSY40)). TEA+-treated samples 

displayed better microposity preservation (0.18-0.12 cm3g-1) at comparable external 

surface area increase (Smeso up to 243-343 m2g-1) up to 0.10M TEA+. Whereas, TPA+- 

treated samples up to 0.15 M exhibited V micro (0.20-0.14 cm3g-1) and enhanced Vt (up 

to 0.86 cm3g-1) and Smeso (up to 456 m2g-1). When TBA+ was used, the resulting solid 

exhibited quite improved textural properties. Table 3.4 reveals that up to 0.25M, the 

Vmicro remained mostly unaffected (0.22-0.21 cm3g-1), while significantly enhanced Vt 

(up to 0.96 cm3g-1) and Smeso (up to 337 m2g-1) were attained. The porosity of samples 

obtained at [TBA+] > 0.50M  proves that such high concentration is not suited to 

generate mesoporosity, as evidenced by the drastic decrease in Vmicro (0.01 cm3g-1) and 

Smeso (124 m2g-1) (Table 3.3). 
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Table 3.3 Treatment yields, textural and structural properties of alkaline treated SDUSY40 zeolites in 0.05-1.0 M 

tetraalkylammonium hydroxides (TMAOH, TEAOH, and TPAOH). 

Sample 
Yield a) 

(%) 

SBET 

(m2g-1) 

Smicro 
b) 

(m2g-1) 

Smeso 
b) 

(m2g-1) 

Vt 
c) 

(cm3g-1) 

Vmicro 
b) 

(cm3g-1) 
RC f) (%) 

SDUSY40 - 607 424 183 0.51 0.23 51 (100) 

0.05TMA 87 484 155 329 0.56 0.08 4 (12) 

0.10TMA 63 477 120 357 0.63 0.06 2 (6) 

0.20TMA 30 428 100 328 0.57 0.05 0 

0.25TMA 22 360 99 261 0.57 0.05 0 

0.40TMA 18 316 96 220 0.55 0.05 0 

0.75TMA 14 193 49 144 0.48 0.03 0 

1.00TMA 9 173 52 121 0.52 0.03 0 

0.05TEA 86 584 345 239 0.52 0.18 26 (51) 

0.10TEA 74 598 255 342 0.69 0.14 15 (29) 

0.15TEA 65 606 247 359 0.83 0.13 11 (20) 

0.20TEA 47 556 207 349 0.91 0.11 10 (18) 

0.25TEA 41 541 222 319 0.97 0.11 11 (22 ) 
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0.40TEA 41 570 285 284 0.99 0.15 18 (35) 

0.50TEA 40 577 300 277 0.98 0.16 18 (35) 

0.60TEA 35 542 277 265 1.00 0.15 16 (31) 

0.75TEA 48 592 327 265 0.95 0.17 23 (45) 

1.00TEA 41 580 322 258 0.97 0.17 22 (43) 

0.05TPA 91 615 398 217 0.56 0.21 33 (63) 

0.10TPA 80 709 364 345 0.71 0.19 28 (53) 

0.15TPA 67 725 271 456 0.86 0.14 24 (47) 

0.25TPA 35 519 112 407 0.69 0.06 5 (11) 

0.40TPA 18 158 31 127 0.37 0.02 0 

0.50TPA 15 131 24 107 0.53 0.01 0 

0.75TPA 12 114 20 94 0.55 0.01 0 

1.00TPA 10 92 17 75 0.60 0 0 

All notations are the same as in Table 3.1. 

The BJH-derived pore size distributions (Fig. 3.6(b)) show that in addition to the large 

mesopores (cavities ~ 31 nm) that are intrinsic to the pristine SDUSY40, other pores are 

gradually forming within the mesopore range (ca. 3-15 nm). These size distributions are 

not well-defined as those obtained by organosiliane-directed synthesis [144] or by 

surfactant-induced reassembly [145]. It was revealed that the pore diameter of these 
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pores, which is smaller than that of NaOH treatment, increases and broadens with 

increasing the concentration of tetraalkylammonium hydroxides, e.g. SDUSY40 treated 

in 0.05M TEA+ exhibits smaller mesopores (~ 5.57 nm) compared to 7.62 nm and 11.1 

nm for treatments in 0.10M and 0.25M, respectively (Table 3.3). It is noteworthy that the 

treatment of SDUSY40 with TBA+ caused the appearance of quite broad mesopores, 

which were formed only at high concentration compared to other alkylammonium 

hydroxides (Tables 3.3-3.4). Verboekend et al. [83] reported the formation of mesopores 

in USY zeolites (covering the broad range of 2-50 nm, centered at ca. 10 nm) by 

treatment in (NaOH + TPAOH). Sadowska et al. [146] and Abello et al. [147] did also 

report the decrease in the pore diameter when the treatment involved organic hydroxides, 

though, their studies involved different zeolite topology, i.e. desilication of ZSM-5 in 

(NaOH + (TPAOH or TBAOH)). 
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Table 03.4 Treatment yields, textural and structural properties of alkaline treated SDUSY40 zeolites in 0.05-1.0 M 

tetrabutylammonium hydroxides. 

Sample 
Yield 

a) (%) 

SBET 

(m2g-1) 

Smicro 
b) 

(m2g-1) 

Smeso 
b) 

(m2g-1) 

V t 
c) 

(cm3g-1) 

Vmicro 
b) 

(cm3g-1) 

dp d) 

(nm) 

RC f) (%) 

SDUSY40 - 607 424 183 0.51 0.23 11,31 51 (100) 

0.05TBA 94 604 416 188 0.53 0.22 11,31 43 (83) 

0.10TBA 85 654 418 236 0.59 0.22 11,31 43 (83) 

0.15TBA 73 709 420 289 0.64 0.22 6,11,31 42 (82) 

0.20TBA 64 750 425 325 0.89 0.23 6,11,31 35 (67) 

0.25TBA 61 757 420 337 0.96 0.22 7,11,31 34 (66) 

0.40TBA 47 778 379 399 1.18 0.20 13,31 25 (49) 

0.50TBA 42 746 301 445 1.30 0.16 22,45 16 (32) 

0.60TBA 22 595 206 389 1.23 0.11  6 (11) 

0.75TBA 13 160 36 124 0.58 0.01 - 0 

1.00TBA 10 82 15 67 0.44 0 -  0 

All notations are the same as in Table 3.1 
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Figure 0.6 N2 adsorption isotherms (top) and corresponding BJH mesopore size distributions (bottom) for parent and 

alkaline treated SDUSY40 using tetraalkylammonium hydroxides in the range of 0.10-0.40M. The legends in the top 

graphs also apply to the graphs shown below them. 
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3.6.1.2 Elemental Analysis 

The ICP-OES analysis of the Si and Al content after treatment of SDUSY40 in NaOH 

and tetraalkylammonium hydroxides solutions are given in Tables 3.5 and 3.6, 

respectively. For comparative purposes, the analysis is depicted in Fig. 3.7(A-C). The Si 

and Al concentration in the filtrates for all samples shows the preferential selectivity of 

alkaline treatment for Si extraction, which increases with concentration (i.e. the amount 

of Al in the filtrates was much smaller than Si). This can be attributed to the fact that 

upon desilication of severely dealuminated USY zeolites (SDUSY40, Si/Al = 40), which 

is facilitated by the relative high surface area, low framework density, and tightly 

connected micropores [83], some Al is extracted from the framework and subsequently 

reinserted in the framework or extra framework (the so-called realumination process) 

[136]. 

In a striking difference, less extensive desilication of SDUSY40 zeolite upon treatment in 

tetraalkylammonium hydroxides was observed compared to NaOH, as suggested by the 

lower amount of Si in the filtrates. The desilication in tetraalkylammonium hydroxides 

was greatly influenced by the nature and concentration of organic cation. It was shown 

that the amount of Si leached to the solution in TMAOH was comparable to that in NaOH 

within the concentration range of 0.01-1.0 M.



 
 

 

Figure 0.7 Influence of alkaline medium concentration on the amount of Si in the filtrates (A), Al in the filtrates (B), and Si/Al of the solid samples (C).
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Table 03.5 Silicon and aluminum content in the solids and filtrates obtained upon alkaline treatment of SDUSY40 with 

inorganic hydroxides 

Sample 

Si/Alsolid  

[molmol-1] 

Filtrate 

(Si/Al)filtrate 

[molmol-1] 

[Si]filtrate  

[mgL-1] 

[Al] filtrate  

[mgL-1]  

SDUSY40 32 - - - 

0.05Na 26 - 583 0 

0.10Na 24 - 2303 0 

0.35Na 9 - 7697 49 

0.45Na 5 - 9538 65 

0.55Na 5 - 9626 74 

0.75Na 4 - 9907 105 

1.00Na 3 - 10613 161 
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Table 03.6 Silicon and aluminum content in the solids and filtrates obtained upon alkaline treatment of SDUSY40 in 

tetraalkylammonium hydroxides 

Sample 

Si/Alsolid  

[molmol-1] 

Filtrate 

(Si/Al)filtrate 

[molmol-1] 

[Si]filtrate  

[mgL-1] 

[Al] filtrate  

[mgL-1]  

SDUSY40 32 - - - 

0.05TMA 26 - 558 0 

0.10TMA 24 - 2120 0 

0.25TMA 9 161 7250 45 

0.40TMA 7 145 8991 62 

0.75TMA 4 104 9713 93 

1.00TMA 3 82 10608 130 

0.05TEA 26 - 1623 0 

0.10TEA 22 1271 2542 2 

0.25TEA 15 139 9472 68 

0.40TEA 15 109 8425 77 

0.60TEA 15 81 10005 123 
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0.75TEA 18 78 7000 90 

1.00TEA 17 69 6750 98 

0.05TPA 27 - 504 0 

0.10TPA 25 - 1812 0 

0.15TPA 19 1560 3120 2 

0.25TPA 10 297 5931 20 

0.40TPA 9 200 6401 32 

0.75TPA 5 140 9968 71 

1.00TPA 4 133 10214 77 

0.05TBA 27 - 499 0 

0.10TBA 25 - 1700 0 

0.15TBA 21 3218 3218 1 

0.25TBA 17 1129 4516 4 

0.40TBA 14 494 6920 14 

0.60TBA 9 261 9150 35 

0.75TBA 7 239 9100 38 

1.00TBA 5 184 9003 49 
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On the contrary, TBAOH exhibited the lowest reactivity towards Si extraction (with the 

exception of highly concentrated 1.0 M solution of TEAOH, which was less reactive than 

corresponding TBAOH) (Fig. 3.7a). The reactivity appears to follow; TBAOH < TPAOH 

< TEAOH < TMAOH ≈ NaOH. The amount of Al in the filtrates remained much smaller 

than that of Si, with TBAOH exhibiting the lowest amount of leached Al; i.e. [Al]filtrate at 

0.25 M in TMA+ (45 mgl-1), TEA+ (40 mgl-1), TPA+ (20 mgl-1), and TBA+ (4 mgl-1) 

compared to 49 mgl-1 for Na+. Accordingly, the (Si/Al)filtrate was around 7 times higher in 

TBAOH than in NaOH; i.e. at 0.25M, the (Si/Al)filtrate for TBAOH was 1129 compared to 

297, 161, 161 and 157 for TPAOH, TEAOH, TMAOH and NaOH, respectively (Tables 

3.5-3.6). Thus, it can be inferred that lower degree of aluminum leaching occurs with 

organic alkylammonium hydroxides, which implies that TBAOH and to a lesser extent 

TPAOH facilitated the re-alumination of the zeolite. The (Si/Al)solid of SDUSY40 

dropped from 32 to 17 (TBA+), 10 (TPA+), 14 (TEA+), 10 (TMA+) and 9 (Na+). 

3.6.1.3 Morphology 

The SEM images of parent and alkaline treated SDUSY40 are shown in Fig. 3.8. As it 

can be seen, the octahedral morphology characteristic of faujasite-type USY zeolite is 

clearly visible for parent SDUSY40. Upon treatment in NaOH or tetraalkylammonium 

hydroxides, the morphology of zeolite remained unchanged without any clear sign of 

globular particles, rugged surfaces or cracks. However, the average particle size of 

SDUSY40 dropped slightly from ~600 nm to ~550 nm upon treatment in NaOH, with the 

samples obtained upon treatment in tetraalkylammonium hydroxides exhibiting much 
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smaller particle sizes (~450-500 nm). Figures 3.9 and 3.10 show the TEM images 

showing the presence of homogenous distribution of mesopores. 

 

Figure 0.8 SEM images of the parent SDUSY40 (a) and treated samples; Na+-0.10M (b), TMA+-0.10M (c), TEA+-

0.10M (d), TPA+-0.10M (e) and TBA+-0.10M (f). 
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Figure 0.9 TEM images of the parent SDUSY40 (a) and NaOH (0.10M) treated SDUSY40 (b). 

 

Figure 0.10 TEM images of the tetraalkylammonium hydroxides treated SDUSY40 (at 0.10M); TMA+ (A), TEA+ (B), 

TPA+ (C) and TBA+ (D). 

(a) 

20 nm 

(b) 

20 nm 
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3.6.2 Alkaline Treatment of SDUSY40 with Alkaline Double Mixtures 

To further investigate the positive influence of tetrabutylammonium cations (TBA+) 

treatment in the porosity and crystallinity of SDUSY40 zeolites, the treatment was 

extended to double alkaline mixture approach. In particular, two types of double mixtures 

were explored; i) TBA+ + NaOH and ii) TBA+ + organic tetraalkylammonium cations 

(i.e. TMA+, TEA+ or TPA+).   

3.6.2.1 Double Mixture of NaOH + TBAOH 

Exposure of SDUSY40 zeolites to standard NaOH treatments up to 0.20 M resulted in the 

development of Smeso up to 279 m2g-1 with a complete loss of microposity and 

crystallinity (Table 3.1, Fig. 3.2). However, when TBA+ was included in the alkaline 

NaOH solution of optimum concentration, the resulting solids exhibited remarkable 

improvements in the microporosity and crystallinity combined with an increase in the 

Smeso.   

Table 3.7 summarizes the textural, structural and yield parameters of SDUSY40 zeolites 

treated in 0.15M TBA+ + NaOH in the range of 0.05-1.0 M. N2 isotherms of samples 

obtained by double mixture (0.15M TBA+ + up to 0.20M NaOH) showed increased 

uptakes at both low and middle-to-high relative pressures, compared to NaOH treated 

samples (Fig. 3.11). Accordingly, the Vmicro was in the range of 0.22-0.19 cm3g-1 

accompanied with an increase in the Smeso up to 444 m2g-1. The corresponding NaOH 

treated samples exhibited complete loss of microposity and Smeso of 279-53 m2g-1. In 

contrast, treatments in solutions containing highly concentrated NaOH (0.15M TBA+ + 
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[NaOH] > 0.60M) resulted in complete loss in porosity, a scenario that is similar to 

NaOH treatments.  

The XRD patterns (Fig. 3.12) further demonstrated the positive influence of TBA+ in the 

alkaline solution, as suggested by the dramatic preservation of the long-range ordering 

and crystallinity. The RC of SDUSY40 zeolites after treatment in 0.15TBA+ + 0.05-0.20 

M NaOH was in the range of 43-22, compared to amorphous NaOH treated samples 

(Table 3.7). Complete loss in crystallinity was observed for those treated in alkaline 

double mixtures containing highly concentrated NaOH solutions (Fig. 3.12). 

Table 0.7 Treatment yields and textural-structural properties of alkaline treated SDUSY40 zeolites in 0.15M TB + 

0.05-1.0 M NaOH. 

Sample 
Yield a) 

(%) 

SBET 

(m2g-1) 

Smicro 
b) 

(m2g-1) 

Smeso 
b) 

(m2g-1) 

Vt 
c) 

(cm3g-1) 

Vmicro 
b) 

(cm3g-1) 

dp d) 

(nm) 

RC e) 

(%) 

SDUSY40 - 617 435 182 0.51 0.23 11,31 51 (100) 

TBA-0.15 73 709 420 289 0.64 0.22 6,11,31  42  

TBA-DS0.05 65 682 370 312 0.83 0.20 31 30 

TBA-DS0.10 53 701 344 357 1.00 0.18 31 23 

TBA-DS0.20 56 720 357 362 1.00 0.19 31 26 

TBA-DS0.30 27 808 346 462 1.33 0.19 44 18 

TBA-DS0.30-IE - 671 277 394 1.22 0.15 - 13 
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TBA-DS0.40 21 793 379 414 1.62 0.19 42 18 

TBA-DS0.50 16 702 421 281 1.37 0.22 45 24 

TBA-DS0.55 13 690 449 241 1.12 0.24 44 25 

TBA-DS0.60 10 638 447 191 1.04 0.23 45 32 

TBA-DS0.65 9 604 444 160 0.86 0.23 45 35 

TBA-DS0.75 6 279 189 90 0.54 0.09 46 11 

TBA-DS1.00 3 12 7 5 0.05 0.00 - 0 
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Figure 0.11 N2 adsorption isotherms (top) and corresponding BJH mesopore size distributions (bottom) for parent and 

treated SDUSY40 in alkaline double mixture of 0.15M TBA+ + 0.20-1.00M NaOH. The legends in the top graphs also 

apply to the graphs shown below them.
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Figure 0.12 XRD patterns of treated SDUSY40 in alkaline double mixture of 0.15M TBA+ + 0.10-1.00M NaOH; (A) 0.15M TBA+ + up to 0.20M NaOH. (B) 0.15M TBA+ + 0.40-

0.60M NaOH, and (D) 0.15M TBA+ + 1.00M NaOH.
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3.6.2.2 Double Mixture of TBAOH + tetraalkylammonium hydrox ides (TMAOH, 

TEAOH or TPAOH) 

When treatments of SDUSY40 zeolites were done in the presence of mixture of 

tetraalkylammonium hydroxides at the optimum concentration, the preservation of 

microporosity and crystallinity, and the increase in the external surface area were even 

more striking than those noted for NaOH + TBA+ mixtures. Full overview of the 

individual influence of each organic template on the parent SDUSY40 zeolite through the 

double tetraalkylammonium hydroxides mixture treatment is shown in Table 3.8. 



 
 

Table 03.8 Treatment yields, textura and structural properties of alkaline treated SDUSY40 zeolites in 0.15M TBA + x organic hydroxide (TMA, TEA and TPA) (x = 0.05-0.75 

M). 

Sample 
Yield a) 

(%) 

SBET 

(m2g-1) 

Smicro 
b) 

(m2g-1) 

Smeso 
b) 

(m2g-1) 

Vt 
c) 

(cm3g-1) 

Vmicro 
b) 

(cm3g-1) 

dp d) 

(nm) 

RC e) (%) 

SDUSY40-TBA-0.15-TMA-0.05 74 788 400 388 0.81 0.21 6f 37 (72) 

SDUSY40-TBA-0.15-TMA-0.10 67 775 374 401 0.97 0.19 9f 33 (64) 

SDUSY40-TBA-0.15-TMA-0.25 47 789 325 464 1.30 0.17 16f 20 (39) 

SDUSY40-TBA-0.15-TMA-0.50 22 634 201 433 1.21 0.11 18f 5 (9) 

SDUSY40-TBA-0.15-TMA-0.75 17 111 42 69 0.29 0.02 31 0 

SDUSY40-TBA-0.15-TEA-0.05 73 744 433 311 0.80 0.23 7f 37 (72) 

SDUSY40-TBA-0.15-TEA-0.10 68 784 420 364 0.92 0.22 7f 31 (60) 

SDUSY40-TBA-0.15-TEA-0.25 62 870 419 451 1.22 0.22 15f 31 (61) 



71 
 

SDUSY40-TBA-0.15-TEA-0.50 35 855 312 543 1.56 0.16 18f 10 (18) 

SDUSY40-TBA-0.15-TEA-0.75 17 424 139 285 0.86 0.07 18f 7 (13) 

SDUSY40-TBA-0.15-TPA-0.05 75 725 438 286 0.74 0.23 7f 47 (91) 

SDUSY40-TBA-0.15-TPA-0.10 72 782 430 338 0.87 0.23 8f 41 (78) 

SDUSY40-TBA-0.15-TPA-0.25 48 842 320 522 1.30 0.17 18f 16 (32) 

SDUSY40-TBA-0.15-TPA-0.50 10 281 75 206 0.69 0.02 31 0 

SDUSY40-TBA-0.15-TPA-0.75 5 143 38 105 0.31 0.01 40 0 

                All notations are the same as in Table 3.2. 



 
 

Figure 3.13 highlights the relation between these organic cations (in terms of structure 

and concentration) and the yield, RC, Smeso and Vmicro for SDUSY40 zeolites treated at 

0.15TBA+ + (TMA+, TEA+ or TPA+) in the range of 0.05-0.75M. It is seen there that the 

Smeso exhibited a volcano-type dependence for all double mixtures, with the maximal 

values exceeding 400 m2 g-1 in the SDUSY40-0.15TBA-0.25TEA where the Smeso was 

enhanced with concurrent preservation of the microporosity. The RC and yield decreased 

with increasing the concentration, though, TEA+ samples exhibited the lowest extent of 

reduction.  

To illustrate more on the effects of double organic treatment, Table 3.9 presents 

comparative examples of selected SDUSY40 zeolites after treatment in double mixtures 

and corresponding single tetraalkylammonium cation. The N2 isotherms and BJH-PSDs 

are shown in Fig. 3.14, whereas the XRD patterns are depicted in Fig. 3.15.  
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Figure 0.13 Influence of a) TMA+, b) TEA+, and c) TPA+ treatments (at fixed TBA+ of 0.15M) on yield (open 

squares), relative crystallinity (solid squares), mesopore surface area (open triangles), and micropore volume (closed 

triangles) of the SDUSY40. The pristine SDUSY40 zeolite is represented at 0 M.
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Table 03.9 Treatment yields and textural-structural properties of alkaline treated SDUSY40 zeolites in 0.15M TBA + x organic hydroxide (TMA, TEA and TPA) (x = 0.05-

0.25M). 

Sample 
Yield a) 

(%) 

SBET 

(m2g-1) 

Smicro 
b) 

(m2g-1) 

Smeso 
b) 

(m2g-1) 

Vt 
c) 

(cm3g-1) 

Vmicro 
b) 

(cm3g-1) 

RC e) 

(%) 

SDUSY40 - 607 424 183 0.51 0.23 51 (100) 

SDUSY40-TBA0.20 64 750 425 325 0.89 0.23 35 (67) 

SDUSY40-TBA0.25 61 742 405 337 0.96 0.21 39 

SDUSY40-TBA0.40 48 759 361 398 1.15 0.19 30 

SDUSY40-TBA0.45 42 789 351 437 1.21 0.18 17 (34) 

SDUSY40-0.15TBA-0.05TMA 74 788 400 388 0.81 0.21 37 (72) 

SDUSY40-0.15TBA-0.10TMA 64 775 374 401 0.97 0.19 33 (64) 

SDUSY40-0.15TBA-0.25TMA 47 789 325 464 1.30 0.17 20 (39) 
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SDUSY40-TMA0.10 63 477 120 357 0.63 0.06 2 

SDUSY40-TMA0.25 30 428 100 328 0.57 0.05 0 

SDUSY40-TMA0.40 22 360 99 261 0.57 0.05 0 

SDUSY40-TBA0.15-TEA0.05 73 744 433 311 0.80 0.23 37 (72) 

SDUSY40-TBA0.15-TEA0.10 68 784 420 364 0.92 0.22 31 (60) 

SDUSY40-TBA0.15-TEA0.25 62 870 419 451 1.22 0.22 31 (60) 

SDUSY40-TBA0.15-TEA0.25 54 883 402 481 1.24 0.21 32 

SDUSY40-TEA0.20 47 556 207 349 0.91 0.11 10 (18) 

SDUSY40-TEA0.25 41 541 222 319 0.97 0.11 11 (22) 

SDUSY40-TEA0.40 41 570 285 284 0.99 0.15 18 (35) 

SDUSY40-TEA0.45 34 520 251 268 0.97 0.13 14 (27) 
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SDUSY40-TBA0.15-TPA0.05 75 725 438 286 0.74 0.23 47 (91) 

SDUSY40-TBA0.15-TPA0.10 72 768 430 338 0.87 0.23 41 (78) 

SDUSY40-TBA0.15-TPA0.25 48 842 320 522 1.30 0.17 16 (32) 

SDUSY40-TPA0.15 67 725 271 456 0.86 0.14 24 

SDUSY40-TPA0.25 35 519 112 407 0.69 0.06 5 

SDUSY40-TPA0.40 18 158 31 127 0.37 0.02 0 

All notations are the same as in Table 3.1



 
 

 

Figure 0.14 N2 adsorption isotherms (top) and corresponding BJH mesopore size distributions (bottom) for SDUSY40 treated with mixture of tetraalkylammonium hydroxides in 

the range of 0.05-0.25M. The legends in the top graphs also apply to the graphs shown below them. 

Relative Pressure (P/P0) Relative Pressure (P/P0) Relative Pressure (P/P0) 

0.0 0.2 0.4 0.6 0.8 1.0
100

200

300

400

500

600  (P)
 (TBA+- 0.25M)
 (TEA+- 0.25M
 (TBA-TEA+- 0.10M)

P
or

e 
V

o
lu

m
e/

 (
cm

3 g
-1

 a
t 

0.0 0.2 0.4 0.6 0.8 1.0

100

200

300

400

500

 (P)
 (TBA+- 0.15M)
 (TMA+- 0.10M
 (TBA-TMA+- 0.05M)

0.0 0.2 0.4 0.6 0.8 1.0

200

300

400

500

600  (P)
 (TBA+- 0.15M)
 (TPA+- 0.15M
 (TBA-TPA+- 0.10M)

1 10 100

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

dv
/d

D
 /

 (
cm

3 g
-1
 

dp / nm 

1 10 100

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

dp / nm 

1 10 100

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

dp / nm 



78 
 

 

Figure 0.15 XRD patterns of SDUSY40 treated with mixture of tetraalkylammonium hydroxide solutions in the range of 0.05-0.25 M.
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SDUSY40 treated in mixture of (0.15TBA+ + 0.25TEA+) displayed a similar N2 uptake at 

p/p0 > 0.1 compared to SDUSY40-TEA-0.40, but the uptake at low relative pressures 

(p/p0 < 0.1) was fully preserved with respect to parent SDUSY40 (Fig. 3.14b). The 

corresponding BJH PSDs of SDUSY40-0.15TBA-0.25TEA (bottom part of Fig. 3.14b) 

reveal that in addition to the large cavities (~ 31 nm), there were mesopores of ca. 15 nm, 

which are slightly smaller than those observed for 0.40 TEA samples (ca. 18 nm).  

Accordingly, the derived textural properties showed that SDUSY40-0.15TBA-0.25TEA 

displayed a Vmicro of 0.22 cm3g-1 and a Smeso of 451 m2g-1, compared to Vmicro of 0.13 

cm3g-1 and Smeso of 301 m2g-1 (SDUSY40-0.40TEA). The crystallinity loss determined by 

X-ray diffraction patterns (Fig. 3.15, Table 3.9) was limited to 40%, compared to 70% for 

SDUSY40-0.40TEA. Moreover, the yield of solid after treatment was about 57%, 

compared with 41% for 0.40M TEA+ (Table 3.9), suggesting a lower extent of solid 

leaching. It can be also seen that double mixtures based samples exhibited higher Si/Al 

ratios compared to the ones obtained after treatments with single hydroxides, i.e. the 

Si/Al decreased from 32 (parent SDUSY40) to 16 (0.15TBA-0.25TEA), compared to 8 

(0.40TEA). The analysis of filtrate solutions (Table 3.10) revealed that 0.15TBA-

0.25TEA samples exhibited lower amount of leached aluminum (21 mgL-1) compared to 

51 mgL-1 for 0.40TEA.  

Treatments involving other double organic mixtures; namely (TBA+ + TMA+) and (TBA+ 

+ TPA+), also resulted in improved textural and structural properties compared to those 

performed in corresponding single template. However, they appear to be less effective 

than (TBA+ + TEA+) mixture. Table 3.9 shows that 0.15TBA-0.10TMA sample 

displayed a Vmicro of 0.19 cm3/g and a Smeso of 401 m2/g, compared to Vmicro of 0.05 cm3/g 
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and Smeso of 328 m2g-1 (SDUSY40-0.25TMA). SDUSY40-0.15TBA-0.25TPA sample 

exhibited substantial increase in Smeso (522 m2g-1) at the expense of microposity (0.17 

cm3g-1), compared to Vmicro of 0.02 cm3g-1 and Smeso of 127 m2g-1 (SDUSY40-0.40TPA). 

Table 3.10 Silicon and aluminum content in the solids and filtrates obtained upon alkaline treatment of SDUSY40 in 

double tetraalkylammonium hydroxides mixture and corresponding single hydroxides. 

 Sample 

Si/Alsolid  

[molmol-1] 

Filtrate 

(Si/Al)filtrate 

[molmol-1] 

[Si]filtrate  

[mgL-1] 

[Al] filtrate  

[mgL-1]  

SDUSY40 32 - - - 

0.15M TBA + x M TMA, TEA, TPA (x = 0.05-1.0 M) 

SDUSY40-0.15TBA0.05TMA 22 956 2868 3 

SDUSY40-0.15TBA0.10TMA 19 717 3587 5 

SDUSY40-0.15TBA0.25TMA 14 337 5727 17 

SDUSY40-0.15TBA-0.50TMA 8 109 9627 88 

SDUSY40-0.15TBA-0.75TMA 9 47 10475 225 

SDUSY40-0.15TBA-1.00TMA 7 45 10502 234 

SDUSY40-0.15TBA-0.05TEA 22 744 2974 4 

SDUSY40-0.15TBA-0.10TEA 19 681 4085 6 
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SDUSY40-0.15TBA-0.25TEA 16 247 5177 21 

SDUSY40-0.15TBA-0.25TEA 16 318 6670 21 

SDUSY40-0.15TBA-0.25TEA-IE 16 - - - 

SDUSY40-0.15TBA-0.50TEA 12 109 9460 87 

SDUSY40-0.15TBA-0.75TEA 6 42 9850 236 

SDUSY40-0.15TBA-1.00TEA 6 33 10050 304 

SDUSY40-0.15TBA-0.05TPA 22 1261 2522 2 

SDUSY40-0.15TBA-0.10TPA 20 828 3313 4 

SDUSY40-0.15TBA-0.25TPA 13 717 5735 8 

SDUSY40-0.15TBA-0.50TPA 5 346 9350 27 

Corresponding monocomponent Mixture 

SDUSY40-0.20TMA 14 350 6300 18 

SDUSY40-0.25TMA 9 161 7250 45 

SDUSY40-0.40TMA 7 145 8991 62 

SDUSY40-0.20TEA 15 224 8062 36 

SDUSY40-0.25TEA 15 139 9472 68 

SDUSY40-0.40TEA 15 109 8425 77 
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SDUSY40-0.25TPA 10 297 5931 20 

SDUSY40-0.40TPA 9 200 6401 32 

SDUSY40-0.20TBA 20 1606 4817 3 

SDUSY40-0.25TBA 17 1129 4516 4 

SDUSY40-0.40TBA 14 494 6920 14 

3.6.3 Acidic Properties 

The 27Al MAS NMR spectra of parent and treated SDUSY40 are shown in figure 3.16(f). 

Parent SDUSY40 exhibits two broad resonance lines at ~57 and 0 ppm, which are feature 

of tetrahedral framework Al (Td) and octahedral extra framework Al (Oh) (generated by 

severe dealumination), respectively. The spectra of NaOH treated samples (Fig. 3.17(a)) 

reveal the presence of only tetrahedral Al sites, suggesting the realumination of the extra-

framework Al upon desilication [83]. However, treatment in tetraalkylammonium 

hydroxides appears to prevent the realumination of extra-framework species as suggested 

by the appearance of octahedral sites (Fig. 3.17(b-c)).  Careful examination of these 

spectra reveals that increasing the concentration of TPA+ (> 0.25M) and TBA+ (> 0.15M) 

appears to favor the realumination (Fig. 3.16). It is worth noting that these findings are in 

agreement with ICP-OES measurements, which show low amount of Al in the filtrates.  



 
 

 

Figure 0.16  27Al MAS NMR spectra for parent HY and dealuminated USY zeolites; a) HY (Si/Al = 2.3), b) USY (Si/Al = 2.6), c) VSUSY (Si/Al = 6), d-f) SDUSY of Si/Al = 15, 

30 and 40, respectively. 
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Figure 0.17 27Al MAS NMR spectra for parent and treated SDUSY40 in NaOH and organic tetraalkyl ammonium hydroxides in the range of 0.05-1.0 M; (a) NaOH, (b) TMA+ and 

TEA+, and (c) TPA+ and TBA+.
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3.6.4 Alkaline Treatments of dealuminated Y zeolites of lower Si/Al (Si/Al = 

30-15) 

The lower Si/Al dealuminated Y-zeolites (SDUSY30 and SDUSY15) have more 

aluminum species in the framework to imply more acid centers than in SDUSY40. Figure 

3.16(d-e) show that these Al species are largely present in the octahedral position and 

these offer internal PDA role in reducing the extent of silicon dissolution and thus reduce 

the extent of mesopore generation as compared to in SDUSY40. Tables 3.11-3.14 

summarize the yield, structural and textural properties of some treated SDUSY15 with 

mono and binary mixture of alkaline solution(s).  



 
 

Table 03.11 Treatment yields, textural and structural properties of alkaline treated SDUSY15. 

Sample 
Yield a) 

(%) 

SBET 

(m2g-1) 

Smicro 
b) 

(m2g-1) 

Smeso 
b) 

(m2g-1) 

Vt 
c) 

(cm3g-1) 

Vmicro 
b) 

(cm3g-1) 

dp d) 

(nm) 

RC e) (%) 

SDUSY15 - 765 519 246 0.56 0.27 8,23 67 (100) 

SDUSY15-0.05Na 98 441 34 410 0.42 0.02 3,8,23 0 

SDUSY15-0.10Na 86 383 39 344 0.44 0.02 3,8,23 0 

SDUSY15-0.20Na 56 365 44 321 0.66 0.02 8,25 0 

SDUSY15-0.35Na 32 269 13 256 0.80 0 15 0 

SDUSY15-0.40Na 30 191 15 176 0.72 0 18 0 

SDUSY15-0.55Na 21 132 15 117 0.56 0 22 0 

SDUSY15-0.05Na2 100 464 47 417 0.45 0.02 2,8,23 0 
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SDUSY15-0.10Na2 94 333 39 294 0.33 0.02 3,8,23 0 

SDUSY15-0.20Na2 95 206 23 182 0.31 0.01 3,8,23 0 

SDUSY15-0.10TMA 83 770 414 356 0.65 0.22 3,9,31 44 (66) 

SDUSY15-0.20TMA 66 851 409 442 0.92 0.21 5,11,31 37 (55) 

SDUSY15-0.45TMA 51 890 390 500 1.17 0.21 7,13,44 29 (43) 

SDUSY15-0.10TEA 83 817 500 317 0.68 0.26 3,11,31 60 (89) 

SDUSY15-0.25TEA 78 824 501 323 0.72 0.26 4,11,30 55 (83) 

SDUSY15-0.30TEA 71 814 497 317 0.85 0.26 6,13,46 54 (80) 

SDUSY15-0.35TEA 68 815 500 315 0.86 0.26 5,13,40 54 (80) 

SDUSY15-0.45TEA 66 820 501 320 0.88 0.26 4,13,40 53 (79) 

SDUSY15-0.10TPA 91 783 502 281 0.64 0.26 9,31 55 (83) 
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SDUSY15-0.20TPA 75 883 495 388 0.81 0.26 9,30 48 (72) 

SDUSY15-0.35TPA 65 981 475 506 0.91 0.25 4,11,45 45 (67) 

SDUSY15-0.35TPA-T - 903 373 530 0.97 0.20 5,11,46 27 (40) 

SDUSY15-0.45TPA 60 972 420 552 0.99 0.22 4,11,44 34 (51) 

SDUSY15-0.10TBA 89 777 534 243 0.63 0.28 9,31  67 (100) 

SDUSY15-0.15TBA 84 770 528 242 0.68 0.28 9,31 64 (95) 

SDUSY15-0.20TBA 82 771 525 246 0.72 0.28 11,30 64 (95) 

SDUSY15-0.25TBA 79 770 520 250 0.77 0.27 4,11,31 52 (78) 

SDUSY15-0.30TBA 75 772 522 250 0.76 0.27 4,11,30 59 (88) 

SDUSY15-0.30TBA-T - 771 500 271 0.82 0.26 5,11,31 57 (86) 

SDUSY15-0.35TBA 63 785 516 269 0.81 0.27 4,11,30 53 (79) 
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SDUSY15-0.45TBA 61 787 501 286 0.86 0.26 5,11,31 51 (76) 

All notations are the same as in Table 3.1 

Table 3.12 Treatment yields, textural and structural properties of alkaline treated SDUSY15 zeolite in mixture of x M (tetraalkylammonium hydroxides; TMA, TEA, TPA or 

TBA; x = 0.05-0.35M) + x M NaOH (x = 0.05-0.30M). 

Sample 
Yield a) 

(%) 

SBET 

(m2g-1) 

Smicro 
b) 

(m2g-1) 

Smeso 
b) 

(m2g-1) 

Vt 
c) 

(cm3g-1) 

Vmicro 
b) 

(cm3g-1) 

dp d) 

(nm) 

RC e) 

(%) 

SDUSY15 - 756 514 242 0.55 0.27 8,23 67 (100) 

0.10TEA-0.15Na 54 988 422 566 0.22 1.07 5,11,45 32 (47) 

0.25TEA-0.05Na 66 870 478 392 0.25 0.85 4,11,46 50 (75) 

0.25TEA-0.15Na 41 908 336 572 0.18 1.31 15 20 (30) 

0.05TPA-0.05Na 87 774 503 271 0.65 0.20 9,30 59 (89) 

0.05TPA-0.15Na 72 926 491 435 0.85 0.26 3,9,45 52 (78) 
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0.05TPA-0.30Na 45 927 447 480 1.26 0.24 15,46 35 (52) 

0.10TPA-0.05Na 76 855 520 335 0.75 0.27 13,46 62 (92) 

0.10TPA-0.15Na 69 927 503 429 0.85 0.27 4,9,45 53 (79) 

0.10TPA-0.30Na 47 903 403 547 1.25 0.21 15,46 32 (48) 

0.25TPA-0.05Na 61 984 437 547 1.00 0.23 5,11,45 37 (55) 

0.25TPA-0.15Na 56 922 421 500 0.94 0.22 4,11,46 39 (59) 

0.05TBA-0.05Na 83 799 527 272 0.68 0.28 11,30 61(91) 

0.05TBA-0.15Na 73 810 512 299 0.81 0.27 8,13,30 51 (76) 

0.05TBA-0.30Na 53 850 519 331 1.23 0.27 23 40 (60) 

0.10TBA-0.05Na 81 793 520 273 0.73 0.27 13,30 61 (92) 

0.10TBA-0.15Na 74 795 522 282 0.78 0.27 15,31 55 (83) 
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0.05TBA-0.30Na 53 801 493 308 1.18 0.26 30 42 (65) 

All notations are the same as in Table 3.1 

Table 3.13 Treatment yields, textural and structural properties of alkaline treated SDUSY15 zeolites in x M TPA + y M TEA (x = 0.05-0.25M, y = 0.05-1.0M). 

Sample 
Yield a) 

(%) 

SBET 

(m2g-1) 

Smicro 
b) 

(m2g-1) 

Smeso 
b) 

(m2g-1) 

Vt 
c) 

(cm3g-1) 

Vmicro 
b) 

(cm3g-1) 

dp d) 

(nm) 

RC e) 

(%) 

SDUSY15 - 756 514 242 0.55 0.27 8,23 67 (100) 

 x M TPA + y M TEA (x = 0.05-0.15 M, y = 0.10-0.50 M) 

SDUSY15-0.05TPA-0.05TEA 88 797 510 287 0.64 0.27 9,30 64 (95) 

SDUSY15-0.05TPA-0.10TEA 85 818 510 308 0.71 0.27 3,9,45 63 (94) 

SDUSY15-0.05TPA-0.25TEA 74 835 505 330 0.83 0.27 4,11,44 54 (81) 

SDUSY15-0.05TPA-0.50TEA 62 825 495 330 0.91 0.26 5,13,45 49 (74) 
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SDUSY15-0.05TPA-0.75TEA 54 842 492 350 1.05 0.26 8,15,46 47 (70) 

SDUSY15-0.05TPA-1.00 TEA 52 859 486 373 1.14 0.25 18 38 (57) 

SDUSY15-0.10TPA-0.25TEA 71 870 520 350 0.84 0.27 4,11,45 51 (76) 

SDUSY15-0.10TPA-0.25TEA 71 830 510 320 0.77 0.27 4,11,45 55 (82) 

SDUSY15-0.10TPA-0.25TEA-T - 822 498 324 0.84 0.26 5,11,45 54 (80) 

SDUSY15-0.10TPA-0.50TEA 63 875 505 370 1.00 0.26 5,11,45 49 (74) 

SDUSY15-0.10TPA-0.75TEA 53 869 474 395 1.15 0.25 9,18 36 (55) 

SDUSY15-0.10TPA-1.00TEA 41 860 441 419 1.42 0.23 23 32 (48) 

SDUSY15-0.15TPA-0.05TEA 77 858 514 344 0.76 0.27 4,9,30 60 (89) 

SDUSY15-0.15TPA-0.10TEA 75 883 518 365 0.81 0.27 4,9,45 57 (85) 

SDUSY15-0.15TPA-0.25TEA 67 887 517 370 0.87 0.27 4,10,45 47 (71) 
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SDUSY15-0.15TPA-0.50TEA 59 885 505 380 1.01 0.26 4,11,44 48 (72) 

SDUSY15-0.15TPA-0.75TEA 48 881 464 417 1.22 0.24 15,32 34 (51) 

SDUSY15-0.25TPA-0.03TEA 70 829 525 309 0.77 0.27 4,11,45 48 (72) 

SDUSY15-0.25TPA-0.05TEA 68 920 475 443 0.87 0.25 4,11,45 47 (71) 

SDUSY15-0.25TPA-0.10TEA 64 987 456 531 0.95 0.24 4,11,44 39 (58) 

SDUSY15-0.25TPA-0.10TEA-T - 864 434 430 0.87 0.23  35 (52) 

SDUSY15-0.25TPA-0.25TEA 59 935 458 477 0.98 0.24 5,11,45 41 (62) 

SDUSY15-0.25TPA-0.50TEA 52 860 418 442 1.12 0.21 8,11,45 31 (46) 

SDUSY15-0.25TPA-0.75TEA 36 891 397 494 1.54 0.21 18 32 (48) 

All notations are the same as in Table 3.1 
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Table 3.14 Treatment yields, textural and structural properties of alkaline treated SDUSY15 zeolites in x M TBA + y M TEA (x = 0.05-0.35M, y = 0.05-1.0M). 

Sample 
Yield a) 

(%) 

SBET 

(m2g-1) 

Smicro 
b) 

(m2g-1) 

Smeso 
b) 

(m2g-1) 

Vt 
c) 

(cm3g-1) 

Vmicro 
b) 

(cm3g-1) 

dp d) 

(nm) 

RC e) 

(%) 

SDUSY15 - 756 514 242 0.55 0.27 8,23 67 (100) 

 x M TBA + y M TEA (x = 0.05-0.25 M, y = 0.05-1.0 M) 

SDUSY15-0.05TBA-0.05TEA 91 765 522 243 0.57 0.27 9,35 67 (100) 

SDUSY15-0.05TBA-0.10TEA 85 776 524 252 0.67 0.27 9,45 66 (98) 

SDUSY15-0.05TBA-0.25TEA 77 823 520 303 0.75 0.27 4,9,45 62 (94) 

SDUSY15-0.05TBA-0.50TEA 67 813 499 314 0.84 0.26 6,13,45 60 (90) 

SDUSY15-0.05TBA-0.75TEA 68 800 470 330 0.90 0.25 5,13,45 54 (80) 

SDUSY15-0.10TBA-0.05TEA 83 750 510 240 0.63 0.27 9,46 56 (84) 
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SDUSY15-0.10TBA-0.10TEA 73 757 520 237 0.66 0.28 4,9,45 58 (87) 

SDUSY15-0.10TBA-0.25TEA 68 804 514 290 0.88 0.27 5,11,44 57 (85) 

SDUSY15-0.10TBA-0.50TEA 62 875 510 366 0.91 0.27 5,11,45 51 (76) 

SDUSY15-0.10TBA-0.50TEA-T - 860 480 380 1.01 0.25 6,13,44 46 (69) 

SDUSY15-0.10TBA-0.50TEA-30 76 808 521 286 0.72 0.27 9,45 63 (94) 

SDUSY15-0.10TBA-0.50TEA 66 850 510 340 0.80 0.27 5,11,44 55 (82) 

SDUSY15-0.10TBA-0.50TEA-T - 855 505 350 0.90 0.27  44 (66) 

SDUSY15-0.10TBA-0.75TEA 55 873 480 400 1.07 0.25 7,15,45 41 (61) 

SDUSY15-0.10TBA-1.00TEA 43 910 447 463 1.36 0.23 18,45 36 (55) 

SDUSY15-0.35TBA-0.05TEA 75 812 522 289 0.77 0.27 4,11,30 60 (90) 

SDUSY15-0.35TBA-0.10TEA 73 826 520 306 0.81 0.27 4,11,46 56 (85) 
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SDUSY15-0.35TBA-0.25TEA 65 823 480 343 0.83 0.25 5,11,44 51 (76) 

SDUSY15-0.35TBA-0.50TEA 57 932 461 471 1.13 0.24 4,11,45 36 (53) 

SDUSY15-0.35TBA-0.75TEA 44 919 391 528 1.32 0.21 15 22 (33) 

All notations are the same as in Table 3.1



 
 

Table 03.15 Comparative textural properties of selected alkaline treated SDUSY40, SDUSY30, and SDUSY15 with 

binary mixture based strategy. 

 Sample SBET (m2g-1) Smeso 
b) (m2g-1) Vmicro 

b) (cm3g-1) 

                                                      

SDUSY40 

SDUSY40 607 183 0.23 

0.10TBA 654 236 (+29%) 0.22 (-4%) 

0.10TBA-0.10TEA 784 364 (+99%) 0.22 (-4%) 

0.10TBA-0.25TEA 870 451 (+146%) 0.22 (-4%) 

0.10TBA-0.50TEA 855 543 (+197%) 0.16 (-30%) 

                        

SDUSY30 

SDUSY30 764 258 0.27 

0.10TBA 810 298 (+16%) 0.27 

0.10TBA-0.10TEA 880 357 (+39%) 0.27 

0.10TBA-0.25TEA 913 393 (+52%) 0.27 

0.10TBA-0.50TEA 924 450 (+74%) 0.24 (-11%) 

                       

SDUSY15 

SDUSY15 756 242 0.27 

0.10TBA 762 247 (+2%) 0.27 

0.10TBA-0.10TEA 757 237 (-2%) 0.27 

0.10TBA-0.25TEA 804 290 (+20%) 0.27 
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0.10TBA-0.50TEA 875 366 (+51%) 0.27 

For the sake of clarity and easy comparison, Table 3.15 shows the comparative textural 

properties of selected alkaline treated SDUSY40, SDUSY30, and SDUSY15 with binary 

mixture based strategy. The increase in Smeso and preservation of Vmicro in a given Si/Al 

ratio depends on type and concentration of the desilicating and/or PDA. The observed 

decrease in amount of Smeso at a reasonable preservation of Vmicro, with decrease in Si/Al 

of the studied dealuminated Y-zeolites can be ascribed to the fact that AlO4- plays 

shielding role against the OH- attack in lower Si/Al dealuminated Y-zeolites.  

And since the major interest of this work is to prove the success of novel method of 

generating secondary pore networks in addressing the accessibility and diffusivity 

challenges while preserving the intrinsic properties, the synthesized hierarchical forms of 

the SDUSY15 (where less mesopore creation was obtained by this approach due to 

higher Al content (Table 3.15)) were tentatively employed in some catalytic activity 

evaluations to make convincing claim that binary mixture of organic alkaline media is 

superior in creating substantial mesopore networks. 

3.6.5 Catalytic activity evaluations 

To ensure the functionality of the generated secondary pore network, the catalytic 

performances of the modified SDUSY15 zeolite samples were evaluated in the pyrolysis 

of low density polyethylene (LDPE) and in the Friedel Craft alkylation of toluene with 
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benzyl alcohol. These tests gave insight to the role of hierarchical structures in the 

enhanced activity performance of the samples. 

3.6.5.1 Degradation of LDPE 

LDPE is a polymer that consists of long branched hydrocarbon chains, and its 

degradation is useful application in the chemical method of recycling plastic waste to 

produce fine chemicals [148]. Acid sites in zeolite catalyst enable the degradation of 

LDPE at lower temperatures and also give selectivity towards desired products. The 

initiation step of the degradation requires both weak (to abstract hydride from the 

polymer) and strong acid sites (to protonate the C-C bond), and the polyethylene 

molecule passes through successive β-scissions to give lower molecular weight fragments 

[149-152]. The catalytic activity was measured by evaluating the weight loss of the 

mixture of polymer and catalyst (3:1) [153]. Figures 3.18 and 3.19 show the LDPE 

conversion profiles in terms of weight loss against temperature. As it can be seen, 

different degrees of secondary pore networks influence the pyrolysis temperature 

compare to the parent zeolite. There exists a progressive decrease in the degradation 

temperature over the hierarchical zeolite. For instance, a reduction of 290C (at T50) was 

observed for material modified by binary mixture, TB-0.10M-TE-0.50M (Smeso = 

366m2g-1), while the corresponding mono components (TBA-0.60 (Smeso = 300m2g-1) and 

TEA-0.60 (Smeso = 312m2g-1)) show poor performance with respect to SDUSY15 (Fig. 

3.18). The easy accessibility and better transport through mesopore creation has been 

pointed to be the dominating factor behind the activity differences [153]. 
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Figure 0.18 LDPE conversion using binary and mono component organic hydroxide modified SDUSY15. 

 

Figure 0.19 Comparative LDPE pyrolysis by double organic and ion-exchanged TB-Na treated SDUSY15. 
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Furthermore, the binary mixture of double organic type shows similar activity with ion-

exchanged TB-NaOH mixture as shown in Fig. 3.19. This thus saves the extra effort and 

time required to carry-out ion-exchanged procedure in the case of TB-Na, which showed 

poor performance without ion-exchanged. This points out the fact that the new approach 

of binary mixture enables the bypass of the crucial, but energy and time-consuming, ion-

exchange steps in the desilication procedure. 

3.6.5.2 Friedel-Craft Alkylation of Toluene 

To further establish the enhanced activity of the newly designed hierarchical 

dealuminated Y-zeolites, the catalysts were tested in the alkylation of toluene with benzyl 

alcohol. The GC-MS analysis of the reactants and obtained products resulted to the 

chemical reaction equation represented in the Fig. 3.20. The alkylation requires relatively 

strong acid sites that must be accessible by these bulky reagents. The obtained trend was 

a similitude of that of LDPE pyrolysis. TPTE-0.25M treated sample displayed similar 

percentage conversion to the ion-exchanged TBNa-0.30M treated sample, both above the 

parent sample (SDUSY15). 
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Figure 0.20 Chemical equation of Friedel-Craft alkylation of toluene with benzyl alcohol. 

 

Figure 0.21 Percentage conversion of benzyl alcohol against time-on-stream. 
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3.7 Summary 

A number of tentative conclusions can be drawn from the above results. First, the 

negative impacts of single NaOH, TMAOH, and TEAOH treatments on the porosity and 

the crystallinity of SDUSY40 zeolites were clearly minimized upon following the double 

mixture approach. Second, treatments in aqueous double organic mixtures (in particular, 

TBA+ + TEA+) appear to be more effective than those of (TBA+ + NaOH) treatments. For 

example, it was possible to develop substantial external surfaces up to 451 m2g-1 (about 

2.5 times larger than that of the parent zeolite), while strongly enhanced Vt (up to 1.22 

cm3g-1) and almost unaffected microposity (Vmicro of 0.22 cm3g-1) were attained. The loss 

in crystallinity was limited to 40% at a solid yield of 60%. Treatments in TBA+ + NaOH 

mixture resulted in comparable mesoposity (Smeso = 444 m2g-1), however, 21% reduction 

in micropore (from 0.23 cm3g-1 down to 0.19 cm3g-1), low solid yield of 42%, and 

crystallinity loss of 55% were obtained. Third, the efficiency of double 

tetraalkylammonium mixtures showed a clear dependence on the concentration and the 

nature of included tetraalkylammonium cations, whereas that of TBA+ + NaOH mixtures 

on the concentration of NaOH. Fourth, the superior activity of material modified by 

double tetraalkylammonium mixtures can be evaluated by the degradation of low density 

polyethylene, as well as the alkylation of toluene with benzyl alcohol. 
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4 CHAPTER 4 

ALKALINE TREATED DEALUMINATED Y-ZEOLITE AS 

AN EXCELLENT ADSORBENT FOR HEAVY METAL 

IONS REMOVAL IN WATER TREATMENT 

4.1 Background Information 

Heavy metals are major crucial environmental contaminant from both natural and man-

made sources. For instance, lead gets into water bodies from acid mine drainage release 

and into the atmosphere through fuel combustion [1-4], and the acceptable limit of this 

contaminant in for drinking water is 15 ppb and 50 ppb by USEPA and WHO 

respectively [6,7]. Consequently, the chemical analysis of metal ions requires sample 

pretreatment to separate the target analytes from the interfering matrix and preconcentrate 

to the analytical measurable amounts [154]. Aside the influence of significant matrices 

and complex formation on normal instrumental analysis, most heavy metals present in 

concentration near the detection limit of the instrument [155-157]. So preconcentration is 

a necessity prior to their determination as it offers reasonable sensitivity and selectivity, 

promotes detection limit and thus enables better accuracy [158].  

The known preconcentration procedures are not limited to coprecipitation, liquid-liquid 

extraction (LLE), microextraction and solid phase extraction (SPE) [159-162] but the 

SPE has striking benefits such as low cost due to low or no consumption of organic 

solvents, rapid phase separation, ease to be used with online or off-line mode of different 
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detection techniques, high recovery as well as high enrichment factor [159-163]. The 

extraction of metal-ions by SPE is more exhaustive than LLE due to multiple equilibrium 

based extraction in the SPE [154]. Good chemical and thermal stability, high recovery 

percentage, surface contact with sample solution, pure and low leachability of impurities, 

and reversible adsorption, as well as porous and large surface area are reported features 

of good SPE materials [164-169].  

To this end, the choice of appropriate adsorbent is a key for SPE, and many materials are 

being proposed and investigated [170]. Metal-ions preconcentration has been done with 

sorbents like ion exchange resins [171], microcrystalline naphthalene [172], XAD resins 

[173], cellulose [174], Lewatit S 100 [175], polyurethane foam [176], nanometer titanium 

dioxide [177], modified silica gel [178,179], and recently, LTA and Y-type zeolites 

[180]. Meanwhile, porous structure, large surface area, selective adsorption, high 

adsorption capacity, and high purity standards are features that give activated carbon top 

ranking among the sorbents for environmental pollution control [181,182]. It is 

noteworthy that high cost of production and regeneration of spent activated carbon makes 

it less economical (in spite of its widely use) than zeolite as adsorbent medium for the 

heavy metals removal from water [183]. Large scale refinery waste products, spent 

zeolites match activated carbon but surpass clay as sorbent for extraction and 

concentration of toxic metals (As, Pb, Hg) from waste water. The developed surface area, 

pore structure and polarity due to hydroxyl groups located on the zeolite surface have 

contributive effect [184]. Modified zeolites are well useful in the catalyst application, 

separation processes and pollution control of the heavy metal ions and organic pollutant, 

among others [185-188].  
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As part of modern developments in the analytical science within the last decade, a 

miniaturized form of SPE called µ-SPE was reported by Basheer et al., 2006. The µ-SPE 

is a simple, accurate and effective pretreatment technique with a drawback of typically 

more than 30 mins extraction time requirement [189]. To surpass this time issue, which is 

also common to other methods when adopted alone, the idea of combining different 

microscale sample preparation methods became a common and acceptable practice. An 

example reported by Ge and Lee (2012) was AA-µ-SPE where the µ-SPE was inserted in 

a sample and agitated by magnetic stirring for certain time [190]. While the 

polypropylene membrane sieve the particulates from the sample matrices on the sorbent 

surface, the selectivity of the µ-SPE device yet lies on the good choice of sorbent 

materials [188-190]. So, the combination of excellent sorbent material and efficient 

extraction method is paramount among other considerable factors. 

Although the hierarchical ultrastable Y (USY) zeolites are widely used in various 

catalytic applications (see previous chapter), yet their use as efficient sorbents when 

modified appropriately is yet to be fully explored. The choice of this type of zeolite is due 

to the characteristic large surface area with cavities (due to superdealumination) that can 

harbor heavy metal ions and the modification by alkaline treatment proved to enhance the 

adsorption capacity of this typical zeolite material. This work investigated the enhanced 

heavy metal ions sorption potential of the modified superdealuminated ultrastable Y 

(SDUSY) zeolite by quaternary ammonium cations based alkaline treatment using 

agitation-assisted µ-solid-phase extraction technique.  
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4.2 Experimentals 

4.2.1 Reagents, Instruments and Materials 

Reagents: All reagents used were of analytical grade; sodium hydroxide, NaOH (97+%, 

Aldrich), tetrabutyl ammonium hydroxide (40 wt.% in H2O, Sigma-Aldrich), and nitric 

acid, HNO3 were obtained from J.T. Baker (Philips Burg, NJ). The ultra-pure water 

(pH=5.6) was prepared using Milli-Q (Milford, MA) system. The lead (Pb), cadmium 

(Cd), nickel (Ni), cobalt (Co), copper (Cu) and arsenic (As) standard solution for ICP-

OES instrument were used to prepare all the working solutions needed. 

Instruments: Double Leopard 16 inch Hand Sealer (Impulse) machine, Bransonic 32 

Ultrasonic bath (Dimension bath DxHxW = 15x14x30cm), Magnetic stirrer, Metrohm 

691 pH/ion meter using a glass-calomel electrode was used to amend the pH of working 

solution. Other instruments such as FTIR, SEM, BET surface analyzer, XRD, ICP-OES 

were detailed in section 3.4. 

Materials:  Prior to use, all glassware and plastic bottles were thoroughly cleaned by 

soaking in 10% dilute HNO3 for 12 hours and later rinsed with ultrapure water. The 

polypropylene membrane sheet (157µm thickness and 0.2µm pore size) was bought from 

Membrana (Wuppertal, German). The SDUSY zeolite used in this study was supplied by 

Zeolyst International. Severe steaming and dealumination of the pristine NaY zeolite 

(CBV100) resulted to CBV720, CBV760 and CBV901 of Si/Al ratio of 15, 30 and 40, 

respectively. These samples were coded SDUSY15, SDUSY30 and SDUSY40 

respectively but the SDUSY40 was the main concern of this adsorption study. Prior to 
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post-synthetic treatments, the as-received SDUSY40 was air-calcined at 550°C for 6 hrs 

(5°C/min), so as to ascertain its H-form.  

4.2.2 Preparation of working samples 

A wide range of working solution was made by spiking aliquots of typically 20 ml ultra-

pure water with different known concentration of target analytes and subsequently 

adjusted to different pH using 0.1M NaOH and 0.1M HNO3. Thereafter, extraction was 

conducted on these samples using µ-SPE device parked with zeolite materials as novel 

sorbents. 

4.2.3 Methods of post-synthesis modification and characterization of the 

zeolite materials 

4.2.3.1 Post-synthesis Alkaline Treatments 

The modification of the commercial H-form of SDUSY40 zeolites was performed as 

reported in the previous chapter. Summarily, a mixture of 0.15M TBAOH and 0.20M 

NaOH was made up of a 50ml alkaline solution heated up to optimized temperature 

(65°C) in a flask connected to a reflux in oil bath. Then, 1.5 g of SDUSY40 zeolite was 

added to the heated solution and kept at that temperature while stirring at 800 rpm for 2 

hrs, under atmospheric pressure. Afterwards, the zeolite suspension was cooled down 

immediately using an ice bath, and then isolated by suction filtration. The solid product 

(residual) was washed adequately with 400 ml deionized water to have neutral pH, and 

then dried at ambient temperature for 30 minutes, followed by drying at 110°C for 
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minimum of 10 hrs. Thereafter, the alkaline treated sample was calcined in static air at 

550°C (holding time 6 hrs, 3°C/min). It is noteworthy that modified SDUSY zeolite 

sample for adsorption study was excluded from undergoing ion-exchange procedures of 

the alkaline treatment. This was because ion-exchange formed the rationale of the 

application of the modified material in heavy metal ions removal from water. So, after 

calcination, the modified zeolite sample was characterized and evaluated for comparative 

adsorption studies with the unmodified one (as reference). 

4.2.3.2 Characterization of the zeolite materials 

Both the SDUSY40 (reference) and AT-SDUSY (modified) zeolite materials were 

characterized using state-of-the-art spectroscopic and imaging techniques with respective 

objectives. The FTIR (Nicolet 6700 spectrometer-Thermo electron, USA), provided by 

OMNIC with a deuterated triglycine sulfate (DTGS) detector, was used to ascertain the 

functional groups present in the zeolite samples. The samples were made into pellets with 

addition of KBr and the spectra were obtained by using transmittance mode within 4000-

400cm-1 wave number range. The background correction of the spectra was performed by 

16 scans with resolution 2cm-1 for the background noise correction. Other 

characterization techniques employed are as reported in section 3.4, with the same ICP-

OES on a Horiba ULTIMA 2 instrument used to determine the concentration of elements 

in the study. 
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4.2.4 Extraction, desorption and regeneration procedures 

4.2.4.1 Fabrication of micro-SPE device 

The µ-SPE device was prepared as described by Basheer et al., 2009 [191]. The 

polypropylene membrane sheet was carefully cut and heat-sealed to make a tea-bag-like 

envelope with an open end through which the sorbent was packed and then heat-sealed. A 

typical packaging has the dimension of 150mm x 50mm and contains 25±0.02 mg of the 

sorbent material. To ensure consistency in the weight measurement, each µ-SPE device 

was re-weighed and trimmed at edges carefully.  

 

Figure 4.1 Schematic diagrams of steps in the fabrication of µ-SPE device. 
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4.2.4.2 Agitation Assisted µ-SPE (AA-µ-SPE) 

The extraction procedure began with conditioning of the µ-SPE device in acetone for 10 

minutes to open the pores of the membrane, followed by drying with lint-free tissue and 

then placed in 10ml of ultra-pure water in a glass vial. Henceforth, a pair of tweezers was 

used to handle the cleaned µ-SPE device in the remaining extraction and desorption 

steps. The AA-µ-SPE was achieved by placing a prepared µ-SPE device into 20ml of 

water sample spiked with a known concentration of analyte(s) (heavy metal ions e.g. 

10mg/L of Pb2+) with stirring bar rotating at 1200 rpm for extraction period (5-30 

minutes). The sample vial containing the extraction device, magnetic stirrer and sample 

volume was sealed with cap and positioned inside water bath system to maintain a certain 

temperature for isotherm adsorption evaluation.  
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Figure 4.2 Scheme of AA-µ-SPE procedure. 

4.2.4.3 Recovery and sorbent regeneration 

The recovery of adsorbed metal ion analytes was achieved by placing the extraction 

devices in small vials containing x ml of yM HNO3 for certain time t minute under ultra-

sonication to give complete desorption. This choice of desorbing solvent was made to 

conform to the matrix standard for elemental analysis using ICP-OES. Subsequently, the 

reusability of the extraction device was investigated. For certain time interval, three 

cycles of recovery experiments as well as carry-over tests were performed to assess the 

reusability of the µ-SPE device. The solutions from these were separately analyzed for 

heavy metal ions content, measured in triplicates by ICP-OES. 
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4.2.5 Instrumental and data analysis 

The solutions from the desorption step were individually analyzed for heavy metal ions 

content, measured in triplicates by ICP-OES. The obtained data from the instrumental 

analyses were used to compute the sorption capacity of the target analytes by both 

SDUSY40 and AT-SDUSY zeolites using the following expressions: 

                             Removal	efficiency	(%) = 		 (��F�	)			×			�11��
                          (4.1) 

                                             � =		 (HIFH6)			×				JK                                                  (4.2) 

where qe is the amount of sorbed analyte ions (mg/g), Co and Ce are the initial and 

equilibrium concentration of the analyte ions in the sample solution (mg/l) respectively, 

m is the adsorbent mass (mg) and V is the sample volume (ml). 

The obtained results from the calculations were further used in kinetic and isotherm 

studies and the outcomes were subsequently presented for discussions. 

4.3 Results and discussion 

4.3.1 Characterization of the SDUSY40 and AT-SDUSY zeolite sorbents 

Various combinations of spectroscopic techniques reveal the textural, structural and 

morphological properties of the studied sorbent materials. Inspection of the FTIR spectra 

(Fig. 4.3) shows the presence of the following peaks at wave number ca. 3400 cm-

1 representing the isolated (terminal) silanol (Si–OH) group and  ca. 2900 cm-1 
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representing C-H saturated aliphatic hydrocarbon of chain mode, amongst other. 

Importantly, the spectra clearly indicate the enhancement of silanol group in the AT-

SDUSY.  

 

Figure 4.3 Comparative FTIR spectra of SDUSY40 and AT-SDUSY. 

The XRD patterns in Fig. 4.4 show the comparative structural stability of the AT-SDUSY 

zeolite and the SDUSY in displaying highly pure crystalline faujasite (FAU) structure 

XRD pattern [192]. The scanning electron microscopy (SEM) images (Fig. 4.5) show the 

presence of octahedral morphology characteristic of Faujasite crystals containing large 

mesopores in AT-SDUSY [193] and no significant changes like any clear sign of 

globular particles, rugged surfaces or cracks, except for crystal size reduction, was 

noticed upon modification.  
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Figure 4.4 Comparative XRD patterns of SDUSY40 and AT-SDUSY 

            

Figure 4.5 SEM images of SDUSY40 (left) and AT-SDUSY (right). 

The Table 4.1 gives the comparative structural and textural data of the zeolite sorbent 

materials at a glance. Using TBAOH as pore growth moderator in the modification 

approach minimizes the negative impacts of single NaOH treatments on the porosity and 

the crystallinity of SDUSY40 zeolites (see previous chapter). Obviously, the AT-SDUSY 

has improved external surface area and large pore sizes that enhanced its adsorption 

properties over SDUSY40. The Si/Al ratio reduction showed the preferential leaching of 
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silicon from the solid that gave rise to the mesopores in the zeolite crystal upon the 

alkaline treatment [136].   

Table 4.1 Textural and structural properties of the SDUSY40 and AT-SDUSY zeolites. 

Material  Si/Al RC 

(%) 

SBET             

(m2g-1) 

Smicro 

(m2g-1) 

Smeso  

(m2g-1) 

Vmicro 

(cm3g-1) 

APD 

(nm) 

SDUSY40  32 51 607 424 183 0.23 11,31 

AT-SDUSY 17 26 720 357 362 0.19 15,31 

4.3.2 Optimization of adsorption processes  

4.3.2.1 Suitability of zeolite as excellent sorbent material 

The cations, present within the zeolite framework to balance the net charges of Al3+ and 

Si4+, are facile and can easily be exchanged with other cations like Pb2+, Cd2+, Cu2+, Cr3+, 

etc [194]. Several parameters are capable of influencing the exchanged process of ion 

sorption/removal from water. Examples of such parameters that were investigated for 

optimum heavy metal ions removal in this study include temperature and pH of the 

spiked water, initial concentration of cations in solution, zeolite mass, zeolite Si/Al ratio 

as well as modification of zeolite. 
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4.3.2.2 Effect of Si/Al Ratio on heavy metal ion removal 

As shown in Fig. 4.6, the sorption efficiency which is a reflection of the cation exchange 

capacity (CEC) of the zeolite, increases with the decrease in Si/Al ratio, at the same mass. 

This is because an increase in Si/Al ratio of zeolite gives a decrease in the framework 

charge and then decrease in the numbers of cations that can be exchanged, meaning a 

drop in the CEC. The SDUSY40 (Si/Al=32) has the higher Si/Al ratio and lower sorption 

of metal ions in cation exchange than AT-SDUSY (Si/Al=17). This thus justifies the 

effect of modification in improving the sorption capacity of such silica-rich zeolite. 

 

Figure 4.6 Sorbent mass and modification effect on the sorption of Pb2+ ion from water by SDUSY40 and AT-SDUSY 

(pH=6, C0=10mg/L, t=20mins, V=25ml, T=298K). 
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contact time, 20 ml of the spiked water at pH of 6, an increase in the removal percentages 

was obtained with increase in sorbent mass for all the Si/Al ratios studied (Fig. 4.6). This 

can be attributed to the increase in surface area with the increase in the mass of the 

porous sorbent materials. For example, SDUSY40 has its removal percentage increase 

from 24.98% to 55.84% for mass increase from 12.5 to 50 mg.  

Upon modification, we obtained AT-SDUSY that showed significant improvement in the 

percentage removal of the Pb2+ analyte at a comparable sorbent mass over the SDUSY40. 

At a mass of 12.5 mg, about 212% increase in lead metal ion removal was obtained by 

AT-SDUSY (78.06%) as compared to SDUSY40 (24.98%). In addition, it is noteworthy 

that increase in percentage removal with increase in sorbent mass is relatively smaller in 

the AT-SDUSY. This is possibly because the available surface area for adsorption gets 

saturated largely with small mass and this means that a reasonable percentage removal 

can be achieved with small dosage of modified zeolite. This observation reveals the 

potential of the AT-SDUSY40 for excellent adsorption and enrichment of the trace 

amount of the studied metal ions. 

4.3.2.4 Effect of sample pH on extraction 

The affinity of sorbent for selective sorption of certain metal ions relates to the functional 

group present in the sorbent [195,196]. As shown in the FTIR result, both SDUSY40 and 

AT-SDUSY have the same isolated silanol functional group that can be ascribed to the 

sorption of heavy metal ions. So, it is expected to observe the same pattern of adsorption, 

except in the quantity. The pH of the solution influences significantly the adsorption of 

the metal ion on the surface of the adsorption material as there exists competition 
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between the hydrogen ion and target metal ions to adsorb on the material surface at low 

pH and also likely formation of sparingly soluble hydroxide precipitate of metal ions at 

high pH [195]. So, the sorption capacity of studied metal ions was measured in the 

sample pH range of 2-8 (triplicate) for both SDUSY40 and AT-SDUSY zeolite materials. 

Although at different quantitative level, both zeolite materials adsorbed studied lead 

metal ions at optimum pH = 6. At pH > 7, the obtained decrease in metal ions removal 

can be attributed to the precipitation of M(OH)n that is capable of contaminating the 

sorbent surface. Also, the low sorption capacities at low pH support the use of acidic 

medium in recovering the adsorbed metal ions. 

 

Figure 4.7 Effect of pH on the sorption of Pb2+ ion from water by SDUSY40 and AT-SDUSY (m=25mg, C0=10mg/L, 

t=20mins, V=25ml, T=298K). 
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4.3.2.5 Matrix effect and selectivity 

In the real situation, other notable heavy metal ions often co-exist in water to be treated. 

So, it is necessary to investigate the matrix effect, vis-a-viz the selectivity of the sorbent 

materials to particular metal ion(s). Remarkably, the same optimum pH of 6 was obtained 

for sorption capacity in the presence of other studied heavy metal ions by both SDUSY40 

and AT-SDUSY, with the exceptional preference/selectivity for Pb2+ which has highest 

ionic radius over other metal ions with smaller ionic radii (Co2+, Ni2+ and Cd2+) (Fig. 

4.8).  

 

Figure 4.8 Matrix effect and selective sorption of metal ions by AT-SDUSY at different pH (m=25mg, C0=10mg/L, 

t=20mins, V=25ml, T=298K). 
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such as Pb2+,Co2+, etc. For solution containing different ions of the same charge, the 

preference increases with increasing atomic number [197,198]. Low field strength 

zeolites (i.e those with higher Si content than Al), such as SDUSY40 and AT-SDUSY, 

have more preference for cations with lower charge density (Cr3+, Cu2+,  Pb2+) than those 

cations with high charge density. The selectivity of AT-SDUSY towards the studied 

heavy metal ions exist in the series: Cr3+>Cu2+> Pb2+> Co2+ ≈ Ni2 +> Cd2+. The APD in 

Table 4.1 shows the presence of large cavities in the studied sorbent materials. 

4.3.2.6 Contact time effect 

The Fig. 4.9 gives the sorption capacities as a function of time (for some selected metal 

ions; Cr3+, Pb2+, and Cd2+), showing the quite rapid adsorption with the first few minute 

of contact time up to a saturation time. Further increase in contact time showed 

insignificantly increased removal after 20 mins because the surface area of the sorbent 

become saturated and thus reduces the adsorption process and then resulted in a low 

adsorption capacity. Thus, equilibrium contact time of 20 mins was adopted, and these 

three metal ions were rather given more attention in the rest of this study. 

4.3.2.7 Effect of initial concentration 

The obtained results as indicated in the plots (Fig. 4.10) showed that in both zeolites, the 

adsorption increases with increase in initial concentration resulting to increase in the 

quantity of metal ion adsorbed onto zeolite surface, and the concentration gradient can be 

attributed as the driving force.  
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Figure 4.9  Contact time effect obtained for Cr3+, Pb2+ and Cd2+ ions adsorption on AT-SDUSY at 298K, 308K and 

318K (m=25mg, C0=10mg/L, pH=6, V=25ml). 

0

2

4

6

8

10

0 5 10 15 20 25 30 35

q
t 

(m
g

/g
)

t (min)

Cr

298K

308K

318K

0

1

2

3

4

5

0 5 10 15 20 25 30 35

q
t 

(m
g

/g
)

t (min)

Pb 

298K

308K

318K

0

0.5

1

1.5

2

0 5 10 15 20 25 30 35

q
t 

(m
g

/g
)

t (min)

Cd

298K

308K

318K



123 
 

 

 

 

Figure 4.10 Initial concentration effect obtained for Cr3+, Pb2+ and Cd2+ ions adsorption on AT-SDUSY at 298K, 308K 

and 318K (m=25mg, t=20mins, pH=6, V=25ml). 
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4.3.2.8 Temperature Effect 

Of all the considerable parameters, the temperature plays a major role in the adsorption of 

the heavy metal ions onto the surface of the adsorbent. The observed enhancement in the 

sorption with increase in temperature suggested the endothermic nature of the adsorption 

process. 

4.3.2.9 µ-SPE device regeneration  

The applicability of modified zeolite for metal ion recovery in water treatment requires 

the efficient regeneration so that the adsorbed metal ions can be recovered in 

concentrated form and the zeolite reused. The reversibility of electrostatic field-, 

polarizability- and molecular sieve- based adsorption studies enables the reusability of 

zeolite and remarks zeolites as cost-effective adsorption media [183]. The choice of the 

instrumental analysis of the metal ions prevented the use of organic solvent for 

desorption, and also, the obtained result in the pH effect on the adsorption suggested 

better recovery of the sorbed metal ions in acidic medium. This can be because the 

hydroxyl groups in the zeolite become protonated in acidic medium, and do not attract 

the positively charged metal ions and therefore release the metal ions into recovery 

solution. Consequently, 5ml (adequately soaked the device) of 1M HNO3, under 5 mins 

ultra-sonication gave almost complete recoveries and availed the sorbent device for re-

use. This was established by the insignificant changes in the metal ions removal 

performance of the sorbent device after three cycles of re-use (Fig. 4.11). 
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Figure 4.11 The adsorption capacities of selected metal ions by original and regenerated sorbent. 

4.3.3 Adsorption kinetic studies 

In order to ascertain the mechanism of the adsorption, three models (see section 2.5.4 for 

details) were explored in this study and in each case the degree of goodness of the linear 

plot of the kinetic models was judged from the value of the coefficient of determination 

of the plot, a considerable criterion for the determination of adequacy of a kinetic model 

[107,199].  

4.3.3.1 Lagergren pseudo first-order kinetics 

The Lagergren pseudo first order expression is given as: 

                       log(� − �-) 	= 		 log � 	− 		# .

/.010% 		2                                        (4.3) 

where K1  is the rate constant (min-1), qe is the amount of adsorbed at equilibrium (mg/g), 

and qt is the amount adsorbed at time t (mg/g). 
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The parameters obtained from the plot of equation 4.3 are summarily presented in the 

section of Table 4.2. The discrepancies between the experimental and calculated qe are 

large with low R2 values (≤ 0.96) for different metal ions at different temperature. Thus, 

it shows that the data did not fit to this kinetic model (Fig. 4.12). 

 

 

 

Figure 4.12 Pseudo-first order kinetic plots obtained for Cr3+, Pb2+ and Cd2+ ions adsorption on AT-SDUSY at 298K, 

308K and 318K. 
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4.3.3.2 Pseudo second-order kinetics 

Unlike pseudo first-order, the pseudo second-order kinetics was found to show a better fit 

towards the sorption of studied heavy metals for the entire sorption period. Its 

mathematical expression can be written as: 

                                                     
-
34
	= 		 �5 +

-
36

                                                             (4.4) 

                                                 ℎ = 		!/� /                                                                   (4.5) 

where K2  is the rate constant (g/mg.min) and h is the initial sorption rate (mg/g.min). 

The slight differences between the experimental and calculated qe can be ascribed to 

experimental error. The mostly high R2 values were obtained for different metal ions at 

different temperature. It can also be said that the pseudo second-order sorption 

mechanism predominated and that the overall sorption rate seems to be controlled by a 

physisorption of adsorbate on adsorbent surface [200,201]. 

Although the dependence of the rate constant on the temperature could not be 

ascertained, yet the h (initial sorption rate) values were found to increase with 

temperature for the three studied metal ions (Fig. 4.13 and Table 4.2). It is also 

noteworthy that the sorption of Pb2+ was strangely enhanced more than Cr3+ at higher 

temperatures (308K and 318K) and this is perhaps due to more accommodation of the 

largely sized Pb2+ (120 pm) into the cavities of AT-SDUSY with more grip than smaller 

size but highly charged Cr3+. However, the expected trend was observed in terms of h-

values at the room temperature (Cr3+>Pb2+>Cd2+). 
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Figure 4.13 Pseudo-Second order kinetic plots obtained for Cr3+, Pb2+ and Cd2+ ions adsorption on AT-SDUSY at 

298K, 308K and 318K. 
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Table 4.2 Kinetic parameters obtained for Cr3+, Pb2+ and Cd2+ ions adsorption on AT-SDUSY at 298K, 308K and 318K. 

Ions   Pseudo-first order kinetics Pseudo-second order kinetics Interparticle diffusion Model 

 T 

(K) 

qe,exp 

(mg/g) 

K1(101) 

(min-1) 

qe,cal 

(mg/g) 

R2 K2 (102) 

(g/mg.min) 

qe, cal 

(mg/g) 

h 

(mg/g.min) 

R2 Kid 

(mg/g.min1/2) 

C (mg/g) R2 

Cr3+ 289 5.81 2.11 9.77 0.95 2.26 7.16 1.16 0.99 0.86 1.52 0.90 

308 7.64 2.80 30.19 0.91 1.15 10.10 1.17 0.98 1.28 1.18 0.93 

318 8.93 2.53 23.40 0.88 1.11 11.56 1.49 0.98 1.45 1.67 0.91 

Pb2+ 289 3.5 2.65 10.71 0.85 3.76 4.26 0.68 0.97 0.46 1.11 0.90 

308 3.73 2.03 3.39 0.94 10.70 4.03 1.74 1.00 0.28 2.30 0.94 

318 4.39 2.51 4.94 0.96 9.11 4.78 2.08 1.00 0.36 2.63 0.84 

Cd2+ 289 1.24 2.35 4.60 0.92 2.01 2.27 0.10 0.93 0.24 0.00 0.92 

308 1.34 2.29 4.13 0.90 3.18 2.10 0.14 0.97 0.26 0.00 0.94 

318 1.46 2.27 3.31 0.96 6.66 1.90 0.24 0.97 0.30 0.00 0.82 
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Figure 4.14 Intraparticle diffusion model (Morris-Weber) plots obtained for Cr3+, Pb2+ and Cd2+ ions adsorption on 

AT-SDUSY at 298K, 308K and 318K. 
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4.3.3.3 Intra-particle diffusion kinetic model 

The Morris-Weber equation plots did not pass through the origin, except for Cd2+ (Fig. 

4.14), yet all have low R2 values (Table 4.2). Thus, the mechanism involved could not be 

a diffusion based and so there exists a complicated mechanism [202]. 

                                                       �- = 		!892


: + 	;                                                     (4.6) 

where Kid  is the rate constant of the intraparticle transport (mg/g.min1/2), qt is the amount 

adsorbed at time t (mg/g). 

4.3.4 Adsorption isotherm studies 

The isotherms suggest the pattern of adsorption of the adsorbate on the adsorbent surface. 

For instance, while Langmuir predicts the monolayer adsorption pattern, Freundlich 

adsorption isotherm gives information about the surface heterogeneity as well as the 

exponential distribution of active sites and their energies (Baker et al., 2009) [203].  

4.3.4.1 Langmuir model  

The linearized form of Langmuir model equation (4.7) was used to make a plot in Fig. 

4.13.  

                                               
�

	
	= 				 �
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	                                            (4.7) 
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where qe is the equilibrium ion uptake (mg.g-1), Ce represents the equilibrium 

concentration (mg.L-1), b is the sorption equilibrium constant (L.mg-1) and Qo is the 

maximum adsorption capacity (mg.g-1).  

                                                       R�						�				 


	�		�	��

                                                  (4.8) 

The isotherms are regular positive and reflect the efficiency of the AT-SDUSY for heavy 

metal ions removal from water over a wide range of concentration. As shown in Fig. 

4.15, the amount of metal ions sorbed increased with temperature, further indicating the 

endothermic nature of the adsorption process. The 0<RL<1 was obtained for the studied 

metal ions (Table 4.3), indicating the favorable type of the isotherms [101-102,204].  

4.3.4.2 Freundlich model  

The Freundlich isotherm expression in logarithmic form is as written in equation 4.9, 

                                          log � 	= 		 log !" 		+		 #�$%		log &                                (4.9) 

where n and KF  are Freundlich isotherm constants related to adsorption intensity and 

adsorption capacity respectively.  

It is fondly used for non-ideal multilayer sorption on heterogeneous surfaces [205]. The 

Fig. 4.16 shows that the sorption of the studied metal ions fit well into the Freundlich 

isotherm model, with good linearity. As shown in the Table 4.3, both sorption intensity 

(n) and sorption capacity (KF) increased with temperature, with KF following the trend 

Cr3+>Pb2+>Cd2+at all temperatures while the sorption intensity is differently higher for 

Pb2+. The enhanced sorption at higher temperatures can be due to the increase in active 
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site available for sorption and/or change in pore size which perhaps enhanced the rate of 

sorption of the metal ions [206]. 

 

 

 

Figure 4.15 Langmuir Isotherm plots obtained for Cr3+, Pb2+ and Cd2+ ions adsorption on AT-SDUSY at 298K, 308K 

and 318K. 
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Figure 4.16 Freundlich Isotherm plots obtained for Cr3+, Pb2+ and Cd2+ ions adsorption on AT-SDUSY at 298K, 308K 

and 318K. 
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Table 4.3 Isotherm parameters obtained for Cr3+, Pb2+ and Cd2+ ions adsorption on AT-SDUSY at 298K, 308K and 318K. 

Metal   Langmuir isotherm parameters Freundlich isotherm parameters Temkin isotherm parameters 

 T 

(K) 

Qo, 

(mg/g) 

b (102) 

(L/mg) 

R2 RL KF (102) 

(mg/g) 

1/n, 

(mg/g) 

n  R2 KT (102) 

(L/mg) 

bT 

(KJ/mol) 

R2 

Cr3+ 289 109.9 7.22 0.98 0.73 67.07 1.02 0.98 0.98 67.66 2.42 0.98 

308 200.0 4.24 0.98 0.83 71.86 1.04 0.97 0.99 72.78 2.46 0.99 

318 434.8 2.18 0.99 0.90 89.19 1.01 0.99 1.00 89.28 2.62 1.00 

Pb2+ 289 70.53 1.42 0.97 0.58 43.21 0.94 1.07 0.98 40.79 2.65 0.98 

308 75.79 1.32 0.97 0.60 45.76 0.94 1.06 0.98 43.50 2.73 0.98 

318 84.68 2.24 0.95 0.47 67.83 0.86 1.16 0.98 63.66 3.08 0.98 

Cd2+ 289 200 0.03 0.85 0.98 3.28 1.42 0.70 0.96 9.03 1.74 0.96 

308 333 0.03 0.93 0.99 6.11 1.27 0.78 0.98 11.15 2.01 0.99 

318 500 0.03 0.99 0.98 9.51 1.19 0.84 1.00 13.83 2.22 1.00 
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4.3.4.3 Temkin isotherm model  

From the Temkin adsorption isotherm expression in equation (4.10), the amount of 

energy required for the absorption by one layer on the adsorbent’s surface can be 

obtained. 

                                      ln � 	= 		 #()*+%	ln!) 		+ 		#()*+%		ln &                                    (4.10) 

where bT is the Temkin constant related to the sorption heat in kJ/mol, KT is the binding 

energy constant at equilibrium; an equivalence of maximum binding energy (L/g), R is 

the universal gas constant (0.008314J/mol-K) and T is the absolute temperature in Kelvin 

(K). The Fig.4.17 shows the good linearity of the plots and as shown in the Table 4.3, the 

sorption heat at a particular temperature was comparatively higher for Pb2+, perhaps due 

to its largest size among the ions studied. 
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Figure 4.17  Temkin Isotherm plots obtained for Cr3+, Pb2+ and Cd2+ ions adsorption on AT-SDUSY at 298K, 308K 

and 318K. 
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4.4 Summary 

The superdealuminated faujasite (FAU) Y-type zeolite was modified via alkaline 

treatment to achieve increment in the surface area and enhancement of the isolated silanol 

functional group that assisted in sorption process of heavy metal ions from water. The 

modified zeolite, AT-SDUSY, showed better adsorption properties than the parent 

zeolite, SDUSY40. The kinetic data agreed more to the pseudo second order kinetics and 

the isotherm showed a favorable type with more conformity to Freundlich isotherm. The 

obtained results obviously showed that the heavy metal ions sorption process was 

endothermic and the sorbent materials showed more selectivity to lead ion in the solution. 

The trimodal mesoporous zeolite packed µ-SPE device coupled with ICP-OES provided 

excellent alternative for routine analysis of lead (II) ion in the matrix of heavy metal ions 

like cadmium(II), nickel(II), cobalt(II), chromium(III) and copper (II) ions in water 

system. The other heavy metal ions removal and softening of hardwater can be well 

achieved with this economical AT-SDUSY zeolite as a novel sorbent material.  
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CHAPTER 5 

5 CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

The results gave insight about the nature of modification obtained during various alkaline 

treatments, and improved the knowledge about the physico-chemical implications as 

related to the expected catalytic performance as well as enhanced adsorption properties. 

Quaternary ammonium cation based alkaline treatment showed elegant approach to 

obtain hierarchical dealuminated Y-zeolites with different degree of mesoporosity. The 

organic tetraalkylammonium hydroxides as desilicating agents moderately controlled the 

kinetic of the silicon dissolution depending on their level of hydrophobicity, effective 

cationic diameters and thus steric hinderance in the trend 

TBA+≈TPA+>TEA+>TMA+>>Na+ at the same concentration. The inclusion of bulky 

organic templates, such as TBA+ and TPA+, as external pore directing agents 

convincingly redeemed the negative impact of sole inorganic hydroxide on the zeolite 

structure as desilicating agent but the time-consuming ion-exchange step is still required.  

Remarkably, our new approach of double organic mixtures (in particular, TBA+ + TEA+ 

and TPA+ + TEA+) showed more effectiveness than those of (TBA+ + NaOH) treatments, 

and thus gave a chance to bypass the  crucial ion-exchange step in the alkaline treatment 

procedures, thereby saving time and energy. It is noteworthy that the said efficiency of 
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double tetraalkylammonium mixtures yet depends on the concentration and the nature of 

included tetraalkylammonium cations, as well as the Si/Al ratio of the dealuminated Y 

zeolites. The degradation of low density polyethylene at lower temperature, as well as 

higher conversion of alkylating agent (benzylalcohol) within shorter period in the studied 

Friedel-Craft alkylation of toluene, convincingly proved this supremacy, at a comparable 

concentration. 

This study further showed the efficiency of modified dealuminated FAU-type Y-zeolite 

as adsorbent in heavy metal ions removal, alongside the catalytic activity evaluations. 

Aside the large surface area, the nature of pores present in an adsorbent played a 

significant role in its adsorption performance. The choice of this type of zeolite was due 

to the characteristic large surface area with cavities (due to dealumination) that could 

harbor heavy metal ions and the modification by alkaline treatment proved to enhance the 

adsorption capacity of the zeolite material as revealed in this study. The modified zeolite 

showed better adsorption properties than the untreated zeolite. The kinetic data obtained 

agreed more to the pseudo second order kinetics while the isotherm showed a favorable 

type with more agreement to Freundlich isotherm pattern. The obtained results obviously 

showed that the heavy metal ions sorption process was endothermic and the sorbent 

materials showed more selectivity to lead ion in the solution. The AT-SDUSY could be 

an excellent alternative solid phase extraction (SPE) sorbent for routine analysis of trace 

lead ion in water samples. Interestingly, removal of many heavy metal ions and softening 

of hard water could be well achieved using the economical modified zeolite material 

parked micro-SPE device. 
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5.2 Recommendations 

This approach of modification can be extended to other zeolites for various applications 

in catalysis and separation science. Kinetic studies of this new desilication approach may 

unveil interesting knowledge behind the pore directing role of one quaternary ammonium 

cation in the presence of other at the same and/or varying concentration. Also, a more 

insightful research effort should be directed towards the scalable application of the 

materials made by this new approach. In addition, the AT-SDUSY can be investigated for 

the removal of all kinds of heavy metal ions in the real waste water treatment and 

pollution control. 
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Appendices  

Detailed Procedures in Sample Preparation and Data Processing. 

Appendix A: Sample Preparation Procedure for ICP Analysis of Zeolites 

(A1.) Sample Digestion Procedure  

� Weigh 50 mg of powdered zeolite samples into platinum crucible. 

� Add 300 mg of powdered lithium metaborate to the sample and mix thoroughly. 

Avoid spill of the contents from crucible while mixing. 

� Put inside the furnace (pre-heated at 300 0C) and let the sample be heated for 5 

mins then adjust the furnace temperature to 1000 0C set point. Upon reaching 

1000 0C, let the sample be heated for 15 minutes more, then remove from the 

furnace and let it cool down for few minutes. 

� Wash the outside of platinum crucible with distilled water, and then put inside the 

50-ml clean beaker. 

� Add 10 ml of 10% HNO3 inside the platinum crucible, then add distilled water up 

to 25-30 ml mark (depends on the shape and size of the crucible) or until just a 

little above the lid of the crucible. Pour distilled water using wash bottle aiming at 

the sides of the beaker and not inside the crucible. 

� Put the beaker with crucible on a hot plate at 100 0C with moderate stirring by 

putting small stirring bar inside the crucible. Leave the solution on the hot plate 

for 1 to 2 hrs depending on the content of the beaker or wait till the water level 

reach the lid of the crucible. 
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� Transfer the digested solution to a clean 50 ml volumetric flask. Rinse the beaker 

and crucible analytically and add the rinse to the solution in the flask. Repeat 2-3 

times each using very little amount of water enough to rinse the beaker and the 

crucible completely. Dilute the solution to the mark of 50 ml volumetric flask. 

NOTE: The procedure does not require filtration of the digested solution, because clear 

solution should be achieved after these steps. Otherwise, digestion should be repeated. 

 

(A2.) Calculation of ICP Result (Silica – Alumina) 

The result obtainable during measurement is in mg of element (analyte) per liter of the 

solution examined. Without any previous preparation and/or dilution, the result obtained 

is the final one (mg/L = ppm), but when there is sample dilution prior to analysis, some 

additional calculation is needed. For example, assume that one digests 50 mg of the 

zeolites in acid, and the final volume of the sample is 50 ml, after which the solution is 

measured on ICP-OES to detect 38.15 mg/L of Si and 2.64 mg/L of Al. As the need 

arises, the digested solution is further digested using 5 mL of it to 50 mL final dilution. 

Then the actual amount of Si and Al, SiO2 and Al2O3 in w/w% and mole ratio can be 

calculated as follows: 

Available Data: 

Weight of sample = 0.050 g,    Volume of solution = 50 mL 

MNOP2NQR	ST;2QU	(VW) 	= 		 XQOPYZ	QS	[QOP2NQR
\ZN]ℎ2	QS	[TY^OZ 	= 		 50YO

0.05] 	= 		1000Yb/] 

2nd Dilution Factor = 10 
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Actual Reading:  Si = 38.15 mg/L ,  Al  = 2.64 mg/L 

Sample Calculation:  

defgh	ij	 = 	 (38.15	Y]/b� ∗	 �1000Yb/]	� 	∗ 10	 � 381,500	Y]/o]		QS	pZQON2Z[ 

%	ij	 � qr. st% 

defgh	uh	 � 	 �2.64	Y]/b� ∗ 	�1000Yb/]	� 	∗ 10	 � 26,400	Y]/o]		QS	pZQON2Z[ 

%	uh	 � y. z{% 

%	ij|y 	� 	%	}N ∗ ~�	QS	}N�/
~�	QS	}N 	� 		38.15%	 ∗	�60.0828.09� 	� rs. z{%	 

%	uhy|q 	� 	%	�O ∗ ~�	QS	�O/�0
�2	 ∗ 	~�	QS	�O� 	� 		2.64%	 ∗ 	�101.9653.96 � 	� {. ��%	 

%	�eh	ij|y 	� %	}N�/
~�	QS	}N�/

	� 		 81.6460.08 	� s. qtrr�	 

%	�eh	uhy|q 	 � %	�O/�0
~�	QS	�O/�0

	� 		 4.99
101.96 	� �. �{r�{ 

�eh	�gfje	 #}N�/ �O/�0� % 		� 		 1.358870.04894 	� y�. �� 

 

Appendix B: Sample Preparation Procedure for SEM Imaging Experiment 

� Dispersion of few amount of zeolite sample in about 10ml of ethanol 

� Follow by sonication of the mixture for 10 minutes. 

� Then, addition of three (3) droplets of ethanol containing the still floating material 

parts (without disturbing the sediment) onto the clean SEM stub and wait for the 
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ethanol to evaporate. The addition of 3 droplets of supernatant is repeated once 

again. 

� After the evaporation of ethanol, the SEM stub is labeled according to the sample 

code. 

� Thereafter, the sample is given gold-coating (40 sec duration of coating after 10 

minutes vacuum saturation). 

� Finally, the sample successfully coated with gold is imaged under SEM. 

 

Appendix C: Detailed Procedure for Pyrolysis of LDPE Tests 

  (C1.) Weighing, Mixing and Experiment 

� Weigh 60 mg of catalyst and add to 180 mg of LDPE and mix thoroughly to have 

well blended mixture (mass ratio 1:3); 

� Take about 8-10mg and put into the α-Al2O3 pan of the thermobalance and carry 

out the degradation of the mixture under N2 (70 cm3 STP min-1) with temperature 

ramping from 30 to 7000C at 100C min-1.  

� Check and ensure that the final weight percent is ca. 25%, representing the %wt 

of the catalyst only 

� Process the data to calculate percentage conversion of the LDPE at different 

temperature from weight loss data. 
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(C2.) Data Processing and Calculation 

� Copy and paste the data to new excel worksheet; 

� Delete the columns for time and % weight to remain only that of temperature (T) 

and actual weight (Xi); 

� Record the actual weight at final temperature as the weight of the catalyst in the 

initial mixture, Xf; 

� Subtract this weight of the catalyst from each of the actual weight entries in all the 

rows, to give a column labeled as actual weight of the LDPE at respective 

temperature, (X i-Xf); 

� Compute the % weight loss of LDPE as below where XX is the value of (X i-Xf) at 

first temperature entry (i). By this, the first entry in this column must be 100%. 

• %	\2	^UZ[ZR2 = 		 ���			F				���			∗						�11��  

� Calculate for each entry the % conversion as:  

• %	;QR�ZU[NQR, bM��	 = 		 (100	 − 	%	\2	^UZ[ZR2, bM��) 

� Make a plot of % conversion (y-axis) against Temperature (x-axis) 

 

Appendix D: Activity Testing Procedure for Toluene Alkylation with Benzyl alcohol 

Using Parr 4848 Reactor Controller 

(D1.) Catalyst Sieving 

Make the powder catalyst into pellet by pressing it with mechanical pressure of ca. 1000 

pounds for 30 secs using Carver Laboratory Press (Perkin-Elmer, Model C, SN: 31006-
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682). Then sieve the catalyst pellet(s) to have a uniform particle size of 850 microns. 

Thereafter, weigh 1 gm of the sieved catalyst to be added to the feed for the reaction.  

(D2.) Feed Loading 

Only two-third of the volume capacity of the reaction vessel can be used for the complete 

feed. So, put 100 ml of the reaction mixture of toluene and benzyl alcohol (90:10) inside 

the vessel and add the 1 gm of sieved catalyst and assemble the set-up of the Parr 4848 

Reactor Controller (150 ml working volume) whose temperature ramping condition set to 

reach 140°C within 30 mins and 72 psi for the studied reaction period (0-180 mins).   

(D3.) Assembling and Charging of the set-up for Leakage Check 

Ensure the head sits levelly on the cylinder vessel and tighten all bolts first with hand and 

then lock with 25 ft lb torque to ensure uniform loading on all the bolts. Then, complete 

the assembly of the set-up by making all the necessary connections and subsequently 

check for the leakage in the assembly by smartly charging the set-up up to 10 psi (see the 

reactor indicator) with little amount of nitrogen gas and observe for possible drop in the 

system pressure (due to leakage) for 10 sec. The leakage can be due to the rupture of the 

flexible graphite gasket, improper lock of the vessel, opening of any of valves. These 

likely causes of leakage should be addressed timely to minimize the contact time of 

catalyst with the feed prior to attaining the reaction condition. In the case of rupture, the 

gasket should be replaced. 
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(D4.) Heating, Pressurizing and Sampling 

Having ensured that there is no leakage in the system, the pressure is released to zero psi 

and the set-up is heated to 1400C (typically within 30mins. Obviously, the pressure will 

be rising as temperature increases but it will not reach the desired 72 psi for the reaction. 

When the temperature is reached, the set-up is the pressurized up to 72 psi, the rotor is set 

for 800 rpm and the sample (at t = 30 mins) is taken. Sampling continues at different 

time-on-stream and only about 0.5ml is taken at each sampling. It is likely that pressure 

drops after each sampling, and then the drop is made up for by gently pressurized the set 

up back to 72 psi. 

(D5.) GC Analysis 

Label the liquid samples collected at different time accordingly and analyze them using a 

gas chromatograph (Agilent 7890A) equipped with an HP-5 capillary column and a flame 

ionization detector (FID).  

(D6.) Calibration curve and Conversion calculation 

Prepare different standard concentrations (0.05 - 2 M) of the limiting reagent, BzOH, and 

carry out GC analysis to obtain their respective area under curve from the chromatogram. 

Then, the area under curve is plotted against the concentration to obtain a calibration 

curve, from which an estimate of BzOH conversion at respective time can be made. Note 

that the assignment of retention time for BzOH should be done earlier with gas 

chromatography and mass spectroscopy (GC-MS). 

&QR;�-���(YQO�YF0) = 	 (�ZR[N2�(];Y
F0) ∗ %	^PUN2� ∗ 1000)

Y\(]YQOF�)  
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&QR;����,�-���(YQO�YF0) = 	 �(1.045	];Y
F0) ∗ 0.98 ∗ 1000�

�108.14	]YQOF��
= 9.47~ 

 

&QR;�-9F��~� 	= 		
	&QR;�-����~� 		∗ 		X�-����YO�

X�-9F��YO�
 

 

&QR;�-9F��~� 	= 		
	�9.47	~� 		 ∗ 	 �53μb�

�10	Yb�
		= 		0.05	~ 

 

Table 6.1 Area under curve from chromatogram for BzOH calibration curve. 

Standard 

codes 

Retention 

Time (min) 

Concentration 

(M) 

Area under 

curve 

Std-1 8.68 0.05 872.016 

Std-2 8.7 0.1 1727.157 

Std-3 8.73 0.2 3397.249 

Std-4 8.8 0.5 8643.344 

Std-5 8.91 1 20300.15 

Std-6 9.04 2 42670.6 
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Figure 6.1 Calibration curve for estimation of BzOH concentration 

 

(D7.) Data Processing and Plotting  

The goodness of the calibration curve is evaluated by its R2-value and this equation 

below can be used to estimate the amount of BzOH present in each sample: 

&QR;. �^^Y�, ^UZ[ZR2	 � 	 ��UZT	PR�ZU	;PU�Z� �	�899.02�
21560  

	&QR;�  9�~� 	� 		 	&QR;�-����~�		 ∗ 		X�-���	�YO�
X�  9�YO�  

&QR;�  9�^^Y� 	� 		 	�9.47~� 		∗ 		 �10	YO�	
�100	YO�	 		� 			0.947	~ 

 

This means that 10 ml of stock BzOH needs to be diluted with solvent (toluene) to make 

100 ml such that the concentration of BzOH in each reaction feed is ca. 0.95 M. 

%	 p�¡	;QR�ZU[NQR �		 �0.95		 ,		&QR;¢£ � $-� 			∗ 		100
0.95  

y = 21560x - 899.02
R² = 0.9981
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Table 6.2 Calculation of BzOH conversion for sample CBV720-Parent. 

Time-on-

stream 

(min) 

Retention 

Time 

(min) 

Area 

under 

curve 

BzOH 

Concentration 

present (M) 

% BzOH 

Concentration 

converted 

0 - - 0.95 0 

30 8.86 13268.55 0.657 30.83 

35 8.82 8661.628 0.443 53.32 

40 8.82 8538.341 0.438 53.92 

50 8.82 8379.692 0.430 54.70 

60 8.81 7993.451 0.412 56.58 

70 8.80 7261.757 0.379 60.16 

90 8.80 7318.997 0.381 59.88 

120 8.81 7547.027 0.392 58.76 

150 8.80 7363.135 0.383 59.66 

180 8.80 7307.658 0.381 59.93 

 

Afterwards, a plot of % BzOH against time-on-stream is made for each of the catalyst for 

comparison. 
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