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Zeolites possess multidimensional network of mioreg of molecular dimensions with
solid acidity, ion-exchange capacity and unequalbdpe selectivity. These unique
properties are undermined by diffusion limitationdarapid deactivation, which thus
necessitate the strategic tuning of the conventtioealite structures to fully explore their
potentials in high volume processes; separationcatdlysis. To this end, introducing
well accessible intracrystalline mesoporosity bpexkmentally simple, economical and
effective method, alkaline treatment emerged asablarnative solutionbut with
comparatively limited adoption for silica-rich Y-a@ées, known for many industrial
applications. This study subjected dealuminateghtate-type Y zeolite (Si/Al =15-40) to
various alkaline treatments using mono-and binaisture of inorganic and/or organic
base(s). Hierarchically structured zeolites of etéht degree of mesoporosity, with
preserved intrinsic properties, were obtained usjngternary ammonium cations either
as desilicating and/or pore directing agents. Tifectve cationic diameters and steric
hinderance of these cations played significant moléhe kinetic dissolution of silicon

from the zeolite structure. The novel binary orgamixture strategy bypassed the time
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consuming ion-exchange step in the common alkateetment procedures and showed
superior catalytic performance both in the pyraysf low-density polyethylene and
Friedel Craft alkylation of toluene with benzyl alml. Furthermore, the alkaline
treatment enhanced the cation exchange capacityeo$tudied zeolite type with better
adsorption capacity in heavy metal ions removahgisimple, fast and efficient AA-u-
SPE method. The adsorption was favorable and eedoit with data fitted to the

pseudo second order kinetics and Freundlich isothpettern.
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CHAPTER 1

INTRODUCTION

1.1 Background Information

The continuous increase in population growth almegsvith the energy demand and
industrial development create a wide range of emvirental and health concerns that
thus call for the review of operational processedustrial effluent disposal, as well as
the provision of analytical solution to the menadedoubtedly, energy generation and
industrial activities contribute significantly tthé environmental water contamination.
Several toxic metals get to the environment asstréhl waste causing soil and water
pollution. For instance, lead (Pb) gets into wédtedies from acid mine drainage release
and into the atmosphere through fuel combustiod][land its accumulation in living

organisms causes numerous disease and disorderAg5 result, certain acceptable
limits were set for different contaminants, for eyade, 15 ppb and 50 ppb of Pb were set

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

With the existence of numerous approaches for rémgothe dissolved heavy metals in
water, the research trend focuses on the develdpofiaalternative cheap and versatile
materials as potential sorbents for selective raaho¥ any of the heavy metals from

water matrix. Meanwhile, the relatively high codtproducing and regenerating spent



carbon in developing countries allows the searah detter ion-exchanger in water

treatment [8,9].

The ion-exchange is a cost-effective method ofoeng heavy metal contaminants
from water by exchanging them via a reversible tieacwith ions (e.g. H and N&)
present in the exchange media (e.g. zeolites, actstvion-exchanger) [10,11]. Zeolites
are such microporous materials with proven recdrdvater purification, alongside
catalysis, owing to their ion-exchange properti3].[ About half of the total volume of
zeolite framework comprises of cavities and chasttedt can hold cations such as?¥g
C&*, K* and HO molecules with high degree of mobility and exdewith one another
[13]. Meanwhile, the intra-crystalline diffusivitghallenge of the conventional zeolites

limits their efficiency in high volume processeatalytic and adsorption inclusive [14].

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

hierarchical form becomes a necessity as the guaflipore structure, particle size, and
total surface area are also used to evaluate thertaht in any of the solid phase
extraction method. As a matter of fact, the intithn of modification of zeolite

structure, by preserving their intrinsic propertggh as crystallinity, high surface area,
acidity, shape selectivity and ion-exchange capdmitreversible process, amongst other,
in the present millennium has led to a paradignit ghiseparation, adsorption processes

and catalysis [15].



1.2 Statements of the problem

Heavy metals, with consequent health hazard, datestiserious environmental
pollutants, especially in the oil producing areandAdue to their low concentration in
water, many materials are to be investigated foekent sorption capacity and efficiency
in the solid phase extraction of heavy metal ioads¢rption by ion-exchange) from
water bodies to improve the portability of the wdta man’s use. Zeolites are found to
be low cost ion-exchanger and their regeneratioenMased as adsorbent make them
alternative to activated carbon, especially indbegeloping countries. However, zeolites
in their conventional form are being under-utilizat their full potential can be attained
by post-synthetic modification to improve the sudaarea, pore structures while

preserving all the intrinsic properties.

Consequently, it becomes strategic to identify,igtesnd develop hierarchical zeolite
materials that can simultaneously serve the dugbgae of adequately removing the
heavy metals ions to improve the water quality eathlyze chemical reactions in fine

chemical production.

1.3 Objectives of the study

The general objective is to design and develop Inamd efficient faujasite Y zeolite-
based solid materials suitable for the catalysish@mical reactions in the fine chemical
production and for heavy metal ions extraction fravater in the adsorption process of

separation science. This would be achieved witlidh@wing specific objectives:
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To study the chemistry of the post synthesis andeatify the optimum alkaline
treatment conditions (duration, temperature anaeotnation);

To create substantial intracrystalline mesoporositydealuminated Y zeolites
upon quaternary ammonium hydroxides treatment wlaitgely preserving the
microporosity, crystallinity and subsequently atyigi

To investigate the novelty of using mixture of argaammonium bases as pore-
growth agents in the synthesis of the hierarctdealuminated Y zeolites;

To perform extensive characterization in evaluatitige physico-chemical
properties using state-of-the-art spectroscopiciagjing techniques;

To evaluate the potential application of the newrdnichical dealuminated Y
zeolites as sorbent materials for removal of heaeyal ions and as catalyst in

simple chemical reaction.

Significance of the study

The need for hierarchical form of dealuminated ¥lites is applicable to both separation

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

conventional zeolites either as an ion exchangetian®r the removal of heavy metal

ions in water treatment or catalytic active sitefine chemical production.



1.5 Scheme of the research work

The research pursuit has four major schemes a$dhtgd below:

% Post-synthetic modification of dealuminated Y zeolmaterials using a wide
range of treatment conditions

« Extensive characterization to reveal the pysicaythal properties of the
modified zeolite materials as compared to the unfisadone.

+« Evaluation of the obtained solid materials in catal processes: Friedel Craft
Alkylation and LDPE Pyrolysis.

« Comparative studies of parent and modified zedahtadsorption process; heavy

metal ion removal using agitation assisted micridgzhase extraction method.

1.6 Scheme of the research report writing

The thesis report writing has been structured fivi® chapters to ease the reading and
understanding, with references, appendices ando@sithesume at the later end as

follows:

Chapter 1 described the water pollution problem, the needhierarchical zeolite in
catalysis and adsorption process, highlighted #rel and specific research objectives,
followed by the statement of problem and signifemrof this study, as well as the

scheme of the research work and report writing.

Chapter 2 gave an overview about the zeolite structures, gn@s, synthesis and

various applications as found in the literatures.
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Chapter 3 discussed comprehensively the design, synthesiatacterizations and
catalytic evaluation of modified superdealuminatBdujasite Y-zeolite based on

guaternary ammonium hydroxide alkaline treatment.

Chapter 4 discussed the application of zeolites in waterttneat using agitation assisted
micro-solid phase extraction hyphenated with inohety coupled plasma optical
emission spectroscopy (AA-u-SPE-ICP-OES) to ingasé the potential ability of the
alkaline treated dealuminated Faujasite Y-zeolitethe removal of heavy metals from

water.

Chapter 5 gave conclusions drawn from this work and recommendatitr further

works.



CHAPTER 2

ZEOLITES AS SUPERB SOLID MATERIALS FOR

CATALYTIC AND ADSORPTION STUDIES |

2.1 Background Information

The word zeolite (Greek: boiling stone) coined byeXA Cronstedt, a Swedish
mineralogist, in 1756, can be traced back to théy edbservation of release of water
when the hydrated aluminium silicates compound ‘waated. These silicates, called
zeolites, are characterized by complex three-diinea§ less dense structures with large,
cage-like cavities that can accommodate small em$ molecules, which can also be
removed without destroying the aluminosilicate feavork [16-18]. The zeolite
framework comprises of tetrahedral 4 Building units (T=Si, Al, etc.) linking to each
other by oxygen atoms distribution to form the Ziystalline spongy skeletons [19,20],
and the overall negative charge of the framewobalanced by the cations housed in the

cage-like cavity [18].

The T-O-T links (Fig. 2.1) result in a diversity ohgs, which are dependable for
zeolites’ cages and channels of different windozesi[19]. The window sizes are in the
range of 0.3-1.5 nm. For example, FER zeolite hd3 éhannels, 10 oxygen ring
channels with 0.54 nmx0.42 nm windows and 8 oxygeg channels with 3.5 nmx4.8
nm openings, FAU type zeolite has 3-D 0.74 nm cbwith 12 oxygen membered ring

windows and supercages of 1-2 nm of diameter (FAp[20].
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Figure 2.1 TOu tetrahedral where a is the O-T-O bond angle and is the T-O-T bond angle (T= Si or Al) [18].
35-45A
pe-rino\@ e.c., ZEOLITE
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45-6.0A
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Figure 2.2 Schematic representations of typical zéte windows; pore sizes oxygen packing.

The general structural formula that representsntigeral compositions of zeolites is

given in equation 2.1 as:

Aiz(B>")y(Si)xO2(x+y) - NHO (2.1)

where A represents interchannel cations (such ds ifa C&*, B&*, SP*, Mg?* and

Fe*), B are tetrahedral coordinated trivalent cationghe zeolite framework (At and

Fe*), z is the charge on the interchannel cations,theé number of moles of interchannel

molecular water, and x and y are the stoichiometpiefficients for trivalent cations and

Si** in tetrahedral sites, respectively. The quantittég+y) and y/z represent the

stoichiometries of the interchannel cations andmé&aork oxygens, respectively,
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necessary for maintaining charge balance in theg#éicate lattices of zeolites [22]. The
water molecules within the structural channels banexchanged 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 possiblethmoretical ground, due to the
connectivity of the Si@ or AlO; tetrahedra [24]. The variation of gel composition,
temperature, and crystallization time gives rise simthetic zeolites with different
framework topology. The number of Si or Al atoms the smallest possible cross-
section, for example 8, 10, or 12 membered ringse&d to express the pore sizes, which
are used to classify the zeolites, together wighdbmposition [24]. The classification of
zeolites structures on the basis of their framewogologies, with distinct framework
receiving a three-letter code (e.g. MFI, MOR, BEST, FER, STF, LTA, FAU, etc), is
popular among the three widely used broad classific schemes [25]. The other two are
based on either secondary building units” (SBU)/@andontext of how the zeolites were

discovered [19,26].



Figure 2.3The zeolite framework (Left: FER type viewed aldAg1] 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 basetheir secondary building unit

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

Table 2.1Zeolite Structure classified by their Secondaryl@ng Unit (SBU).

Group Secondary Building Units

Examples

1 S4R
2 S6R
3 D4R
4 D6R
5 4-1

6 5-1

7 4-4-1

Analcime, Harmotome

Levynite, Sodalite Hydrate

Zeolite A, ZK-4

Faujasite, Zeolite X

Natrolite, Mesolite

Mordenite, Bikitaite

Heulandite, Clinoptlilolite
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2.2.3 Based on production: Natural and Synthetic Zeolites

Natural zeolites are formed when ash layers andawit rocks chemically combine with
alkaline ground water and the annual production natural zeolite globally is
approximately 3 million tonnes, with countries likfina, South Korea, Japan, Jordan,
Turkey, and USA taking leads in that order, inykar 2010 [29]. They are being tapped
by open pit mining technique and are readily awddlat low cost but they are rarely pure
and are contaminated to varying degrees by otheenalis, quartz, metals, or even other
zeolites. Natural zeolites have a lesser rangeropgsties and smaller cavities than
synthetic types. Consequently, natural zeolites exeluded from many important

commercial applications where uniformity and pudtg essential [30].

Firstly produced in the 1950s, the annual productixd synthetic zeolites currently
exceeds 12,000 tons globally. In fact, hundreddiféérent synthetic zeolites have been
reported and a particular type produced dependdasting material composition and the
reaction conditions that are not limited to aciditgmperature, and water pressure. For
example, the notable method involves mixing sodiataminum, and silica chemicals
with steam to form an amorphous, non-crystallinatesrich solid, called gel. The gel is
aged, then heated to about 90°C. Another technigas kaolin clay that has been heated
in a furnace until it begins to melt, then chilladd ground to powder. This powder is

mixed with sodium salts and water, aged, and hda&d8].

11



2.2.4 Based on pore sizes

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

be classified with respect to pore diameters (sditner

1- Micropores: pck 2nm,

2-Mesopores: 2nm < pe50 nm, or

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

2.2.5 Based on Si/Al ratio

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

whether low silica, intermediate silica or highcslzeolites.

1- Low-silica zeolites have ratio Si/Al rat® 2. The famous commercial adsorbents,
Zeolite A and X, are typical examples of low siliveolites. They have water and polar

molecule selective surface and thus commonly usegurification and drying [32].

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

mordenite widely used for catalysis applicatiorss@mmon examples [33].

3- High silica zeolites have Si/Al ratio > 5. Beaad ZSM-5 (founded by the Mobil
Research and Development Laboratory in early 197fese Si/Al ratios from ten to
more than hundred, and have homogenous surface evijanophilic-hydrophobic

selectivity [33].

12



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 zémlwith low water content and low
aluminium content framework. It has 5-1 SBUs joineg oxygen bridges to other
identical ring, forming pentasil chains. ZSM-5 [@&8-D pore structure surrounded by 10
oxygen windows. Its Si/Al ratio ranges from 7 tdinity [34]. 0.10cn¥g? void volume,
pore size of (0.54 x 0.56) nm and (0.55 x0.51) menkaown with ZSM-5 [35]. ZSM-5 is
being used as a heterogeneous catalyst for isaatienz of hydrocarbons in the

petroleum industry [36].

Figure 2.4 Microporous molecular structure of ZSM-5 zeoli®&].
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2.3.2 Zeolite A (LTA)

Zeolite-A, also known as Linde Type A (LTA) zeoliteas a 3-D pore system that allows
molecules to diffuse in space in all directions rhgving across the 8-ring windows
connecting the cavities. Its pore sizes range ffbB85 to 0.45nm [34]. Zeolite-A is

industrially useful for removal of Gaand Mg* in water hardness treatment.

Figure 2.5The microporous molecular structure of a zeolitE38].

2.3.3 Zeolite X and Y (Faujasite)

Both zeolites X and Y have the FAU type frameworihwa double 6-ring and large
pores in the range of 0.6-0.8nm, but differ in cosipon and properties. X has a Si/Al
ratiox1.25 while Y=1.5-2.3 [39]. Unlike zeolite-X that is majorly ustat gas drying and

as adsorbent, zeolite-Y is mostly used as a saiidl-aatalyst or for ion exchange

applications [40].

14



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 indudtprocesses can be attributed to their
unique structural, chemical and physical propertles instance, they can be used as
molecular sieves, ion-exchange materials, supditd satalyst as well as for adsorption

studies.

2.4.1 Zeolites as molecular sieves

Molecular sieves are porous solids containing paiés a diameter of 0.3 to 1.3 nm. The
cavities and channels in zeolite structure (an gtarof porous solid) enable them to
retain water molecules within their structure. Relag the water molecules from these
voids via thermal heat application permits otherlenoles to be sorbed. Molecules
whose sizes exceed the pores diameter range drietessfrom passing through them,
that is, acting as molecular sieves. The adsormi@nacteristics and the pore size can be

amended by cations exchange. For example, exchaingedium ions with potassium

15



ions decreases the pore size to 3A (and so caMeddecular sieves) but exchange with

calcium ions increases the pore size to 5A (anchfied 5A molecular sieves) [41].

Contaminated [
Particles

Figure 2.7 lllustration of molecular sieving [42].

2.4.2 Zeolites as ion exchange media

The cations, present within the zeolite framewarkalance the net charges ofAand
Si#*, are facile and can easily be exchanged with atatons like P, CP*, Cl?*, CR,
etc. Remarkably, zeolites are good ion exchangdamedhe process of water softening

[43].

Cation exchange is an equilibrium process whiclers determined by factors such as:
density charge and diameter of the cation beindaxged; the morphology features of
the zeolite species and its Si/Al ratio; prior nfmdition treatment of the zeolite; the
cation concentration in the solution; cation pasitiin the zeolite species; and
temperature [27, 44]. The Cation Exchange Capd€BC) of zeolite increases with the

decrease in Si/Al ratio and vice versa. An increas&i/Al ratio of zeolite gives a

16



decrease in the framework charge which resultetoedse in the numbers of cations that

can be exchanged, meaning a drop in the CEC [27,44]

KM/\/
X%\%@é@é( NN/ /\%f&(

Figure 2.8 Schematic of zeolite ion exchange;"Nmexchanged for Ph

2.4.3 Zeolites as efficient solid catalysts

When the cations are protong,Heolites serve as superb solid acid catalysstiartvith
high selectivity and stability maintenance, duricigemical reactions [34]. Requirement
of the adequately large pores to enable molectdasport to and from the zeolite active
site, encourages the tuning of the zeolite framk&s/aio enhance the active sites
accessibility and thermal stability. Section 2.dbelrated on zeolite in catalysis as related
to this research work while the modification, cltaesization and catalytic evaluation of
a particular superdealuminated ultrastable Y-zealere extensively investigated and

discussed in chapter 3.

2.4.4 Zeolites as excellent sorbent material in adsorptiostudies

Zeolites are highly sought after sorbent matedak to their high internal surface area
while in dehydrated form, for adsorption studies,f6]. Different types of materials can

be exceptionally adsorbed by zeolite, in the absaicsteric hindrance. There exists an
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electric field within the zeolite cavity and thel@azation of this electric field by the
interaction with polar molecule like water makes thon-polar molecules strongly
adsorbed. The reversibility of electrostatic fielgolarizability- and molecular sieve-
based adsorption studies enables the reusabilipealite and remarks zeolites as cost-
effective adsorption media. It is noteworthy thighhcost of production and regeneration
of spent activated carbon makes it less econoniitahite of its widely use, than zeolite

as adsorbent medium for the heavy metals remowal Water [47].

2.5 Zeolites in catalysis

The zeolites have their wide application as catalfgbout 55% in 2008) [48] in various
reactions in oil refining, petrochemicals, and finkemical industries [49,50]. The
replacement of the cations with' lgives strong Bronsted acid and the strong acatiy
uniform micropores are great assets enabling theiegft catalytic role of zeolites in
several chemical conversions. The micropores imposénement on the mass transport
to and from the acid site, which gives product c@lgy [51-53]. This is an explainable
success in a way as solid catalysts but theserésainpose serious access and diffusion
limitations on the extensive use of zeolite withtwting both acidity and micropore size.
This diffusivity challenge is borne out of the fabiat only section of the micropore
around the external surface of the zeolites isgbased in most catalytic reactions. This
under-exploitation of the zeolite volume can beeresd by preparing hierarchical
zeolites with intracrystalline pores via post-syiit modification strategies [54]. These

hierarchical zeolites merge the intrinsic micromiypwith the inter- and intra-crystalline

18



mesopore network to amend the diffusional limitatad the conventional zeolites, such
that the introduced mesopores enable access tadtaytically active sites in the
micropores [54-58].

N hierarchical
not utilized utilized mesopore crystal

ﬁ'—>

post-synthetic
modification strategies

Figure 2.9The illustration of increase in zeolite surfaceadog post-synthetic strategies.

2.5.1 Synthetic routes of hierarchical zeolites

Post-synthetic modifications entail several appheacthat are broadly grouped into
bottom-up and top-down routes. While the formerlmes modification of the synthesis
protocol to give nanosized zeolite crystals [59]tbat with a secondary mesopore
template [55,60], the latter involves the delamorator demetallation (i.e. extraction of
framework atoms) via post-synthetic treatment(s¥asmerly developed zeolites with
irradiation [61,62] and/or strong oxidizing reagef®2], swelling agents [63,64], acid

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

Both routes give desirable mesoporosity and imptosa&talytic performance but many
bottom-up methods are characterized with large asoaf expensive and unavailable

templates or not easily separable crystals fromntio¢her liquor [57], and thus prove
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difficult to be amended into industrial scale uelitop-down approaches that are more
readily employed at this scale [54,57,65,67]. Thiss explains the much adoption of top-
down approaches in widening the micropore charjé8lsand generating intracrystalline
mesopores in the zeolite crystals [55,56] in ortteimprove the accessibility of the

active sites in conventional zeolites.

2.5.2 Desilication approach

It is a top-down, non-templating, scalable, tunaleleonomical, experimentally simple
and effective alkaline mediated method of introdgdnterconnected and well accessible
(from the external surface of the zeolite) mesopoby selectively leaching the
framework silicon [54,57,67-69]. Mesoporous zegligynthesized by this base leaching
method have been reported, both in patents and ldpestures, to be of good activity,
selectivity and lifetime in catalyzing several reaies that are not limited to methanol-to-
hydrocarbons, pyrolysis, cracking, isomerizatiompnaatization, alkylation, acylation,

among others [54,70].

Later, aqueous sodium carbonate mediated alkafiggtnbent of ZSM-5, X, and Y
zeolites reportedly gave an increased Al contewt emhanced ion-exchange capacity
without drastic change in the zeolite structure$].[Subsequently, a more insightful
study on the potential of mesoporous MFI througsilabation led to the establishment of
the optimal molar Si/Al window of 25-50 under ti@@nt condition (0.2 M of NaOH,
65°C, 30 min) for the successful introduction ofracrystalline mesopores [72]. This

fixed window served as a major setback for thisraagh as there would be excessive Si
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dissolution at higher molar Si/Al ratios and lindtextra mesoporosity at lower ratios

[54,57].

Efforts to comprehend the desilication mechanism lva traced down to Cizmedk al.

[73] that established the uncommon influence ofmatwm on the dissolution kinetics.
Furthermore, the Al in the zeolite framework wasrsas ‘pore-directing agent’ (PDA)
owing to its role in controlling the Si dissoluti¢rd] and the selective silicon extraction
was credited to the re-alumination of extracteanffavork Al on the external surface of

the zeolite giving rise to disordered mesoporesi&tion [75].

——O0—Si—oO0 — 09— Si—oO
H+
| [ e s
A Ay — ——Si—O0—AI—O0——
Si (|3 '|°~' (|3 NaOH sol. | | | |
——0—sj—0—sj—— Desilication _(l)—Si—O—Si—
| | wo ]

HO_S._OKT_T_ / | | |

Figure 2.10Schematic representation of desilication effeczeolite framework.

The surface-deposited aluminium during the alkalieatment of zeolite is mostly Lewis
acidic [76-78]. This pore directing role of the rfrawork Al (nternal PDAS) can be
competed with the presence (individual role) oftguaary ammonium cationgXternal
PDASs), which form a protective layer on zeolites ex&rsurface by binding to the silica
surface and thus influence the process of pore goom [79,80]. So, it becomes
necessary to assess the acidity and coordinatiotheofre-aluminated species during
alkaline treatment, using infrared spectroscopyramdear magnetic resonance. The well

controlled growth of intracrystalline mesoporosityall-silica zeolites can be achieved
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with the inclusion of quaternary ammonium cations noetal-cation complexes in

desilicating solution [81].

2.5.3 Y-zeolites and their hierarchical analogues

Y-zeolite of Faujasite family is a leading catalysted in several industrial processes
ranging from hydrocracking and fluid catalytic dterg (FCC) process to aliphatic
alkylation reactions [82]. The pristine Y-zeolitashhigh Al content in its framework and
this makes it unstable when in H-form [83]. Howetae stabilization can be induced by
modifications like steaming [24,48-50] and framekvatealumination [21,47]. These
form ultra-stable derivatives, USY zeolites, whiafe indispensable catalysts in FCC
[51]. Further framework dealumination of the USYveg different series of USY
derivatives depending on the extent of dealumimatidSY (steamed; Si/Al = 2.6);
VSUSY (steamed and dealuminated; Si/Al = 6); SDU&¢verely steamed and

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

In addition to the induced stability, steaming givaesopores in form of cavities [54]
while dealumination gives a secondary network osoperes [24,53,68]. In spite of
these, the bulky nature of the probe moleculesewveml industrial processes further
necessitates the synthesis of the hierarchicalognat of the USY, commonly by
desilication (alkaline treatment). Bearing in mihat the FAU topology in USY zeolites
is highly sensitive to alkaline media, due to thelatively high surface area, large tightly
interconnected micropores, and low framework dgngibecomes a good idea to include

external pore directing agent to obtain substamiesoporosity and preserve the intrinsic
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zeolite properties, in the case of severely dealated USY zeolites [52,83]. The
catalytic cracking of vacuum gas oil, the pyrolysigolyethylene, and the alkylation of
benzyl alcohol with toluene are few of model reawsi that evidently show the

superiority of hierarchical USY [83].

2.6 Adsorption process

Adsorption is such a mass transfer process thabpsilar for wastewater treatment and
air pollution control, perhaps due to its efficiemd economical process [84]. It entails
the removal of contaminant by adsorbing it on tiscgbent’s surface through chemical
or physical bonding. While the “adsorbate” is theatemial to be adsorbed, the

“adsorbent” is the porous solid material onto whitle adsorbate is adsorbed. For
example, in chapter four of this report, heavy meias are the "adsorbates" and the
zeolites are the “adsorbents”. The important achged of the adsorption process as
treatment methods include, but not limited to tldlofving: safety and ease of

operational technique; absence of chemical additivat can give sludge formation;

removal of a wide spectrum of constituents at \evy concentration; regeneration and

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

2.6.1 Types of adsorption process

There are the two general types of adsorption basdtie nature of the bonding between
the adsorbate and the adsorbent, namely chemit@misorptions) and physical

(physisorption) [75].
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2.6.1.1Chemisorption

The chemical adsorption involves formation of aginlayer of adsorbate chemically
bonded to the adsorbent surface. So, it requireshnstronger forces of comparable
magnitude with those in chemical compounds [87].i8ychemical bonding nature, the

chemisorption is irreversible with characteristighhenthalpy (> 200 KJ/mole) [88].

2.6.1.2Physisorption

Physical adsorption involves the electrostaticaatton between the adsorbate and the
adsorbent surface; an important mechanism for heaeyals removal. Although it
generally occurs at low temperatures, it requitEsjaate energy to be given to overcome
the attractive forces [89]. It can form a single multiple layers of adsorbate on the
adsorbent surface with relatively low enthalpy afserption (activation energy <40

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

2.6.2 Factors affecting physical adsorption

Many factors such as surface area of adsorbentyenatf the adsorbate, pH of the
solution, temperature, and presence of inorgaris datermine the amount of adsorbate

that can be adsorbed on the adsorbent’s surfage [92

2.6.2.1Adsorbent’s surface area

There exists a strong positive correlation betwten quantitative adsorption and the
surface area of the adsorbent. That is, the latlyer surface areas, the better the

adsorption provided that other factors remain contst
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2.6.2.2Nature of adsorbate

For inorganic ions, the degree of ionization of #8wdute is crucial to the adsorption
process. A weakly dissociated HgCl adsorbs welldstrongly dissociated NaCl does
not adsorb at all. In the case of organic sorbdm,large molecule and low aqueous
solubility favor the adsorption process, with theception of the scenario where the

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

2.6.2.3pH of the solution

Increase in pH of the solution enhances the adsorgirocess of similarly charged
adsorbate species, but mutual electrical repulpr@vents multi-layer adsorption form.
Meanwhile, neutral adsorbate species can have -tayéir and thus maximized
adsorption. Obviously, basic species adsorb beitenigh pH but the acidic species
adsorb better at low pH. The actual extent of gugwr differs for different metals for
different pH and this is because different chemggacies of a metal occur with pH

changes and will have different charges and adsorpt solid—liquid interfaces [92,93].

2.6.2.4Temperature

In general, temperature has inverse relationshtp thie quantity of adsorption because
the adsorbed molecules break away from the sudé@esorbent surface due to great

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

The presence of inorganic salts like sodium cherid the system can promote
adsorption due to their ability to fit in betweetlsarbed species and thus screening the

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

2.6.3 Adsorption Isotherm Models; Langmuir, Freundlich and Temkin

Adsorption process is often described using isathethich represents the equilibrium
state between the quantity of adsorbate ions perweaight of adsorbent & and the
equilibrium concentration of the adsorbate remajnin solution (G at a given
temperature. This study employed the three popidatherm models (Langmuir,

Freundlich and Temkin models) to fit the experina¢dita for the adsorption study.

2.6.3.1Langmuir model

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

isotherm that quantifies sorption on localized agson sites as derived from a proposed
kinetic mechanism. Although it can be used to desdboth physi- and chemi-sorption,
yet it is only valid for single-layer adsorptiondf®6]. The Langmuir model hypotheses

can be summarized as follows [97,98]:

1) Highest adsorption corresponds to a saturatewotayer of adsorbate molecules on
the solid surface. By extension, maximum adsorptiocurs on a monolayer only at the
defined sites of the adsorbent and no others, laadall sites are equal on the uniform

surface of adsorbent.
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2) All adsorption is formed through the same systamd the adsorption energy is
constant without transmigration of adjacent adsbrbwlecules, that is, no interaction

between the adsorbed molecules

The Langmuir model equation (equation 2.2) carirealized to give equation 2.3 [99].

qe _ Ky bCe (22)
T 1+ bCe
1 1 1
w Lo TR 2:3)

where ge is the equilibrium ion uptake (mgty Ce represents the equilibrium
concentration (mg.t), b is the sorption equilibrium constant (L.jgand K. is the

maximum adsorption capacity (md)g

Weber and Chakravorti (1974) described a dimensgsntonstant, R(see equation 2.4)
as separation factor to characterize Langmuir eaoth pattern [100,101]. R>1
unfavourable isotherm type,.R= O; Linear isotherm, 0R1; favourable isotherm and

R.<O0 irreversible.

R, . (2.4)

T 1+ bCq

whereCois the highest initial concentration of element (in).
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Figure 2.11Graphical representation of Langmuir isotherm satpam factor [102].

2.6.3.2Freundlich model

Freundlich and Kuister in 1907 founded an empiregliation that described sorption
isotherm in terms of sorbate concentration, as emagtically expressed in equation 2.5
[102-104], with its logarithmic form in equation62.The Freundlich model, as fondly
called, can be used for multilayer sorption andrfon-ideal sorption on heterogeneous

surfaces, unlike the Langmuir model [105].

qe = Kp (Ce)i/n (25)

logq, = logKy + (%) log C,, (2.6)

where n and K are Freundlich isotherm constants related to ratiso intensity and

adsorption capacity respectively.
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2.6.3.3Temkin isotherm model

Temkin adsorption isotherm represents the amouethefgy required for the absorption

by one layer on the adsorbent’s surface [106]irdesar form can be written as:
Ing, = (%) InK; + (g) InC, (2.7)

where b is the Temkin constant related to the sorptiort re&J/mol, k is the binding
energy constant at equilibrium; an equivalence ekimum binding energy (L/g), R is
the universal gas constant (0.008314J/mol-K) ands The absolute temperature in

Kelvin.

2.6.4 Adsorption kinetics

Kinetics describes the speed and factors influgntdie reaction rate. Both physical and
chemical characteristics of the adsorbent as wellttee entire system conditions
determine the nature of the sorption process [10Ffle commonly used Kkinetic
expressions to elucidate the kinetics of the skdjdid adsorption processes are pseudo-

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

2.6.4.1Lagergren pseudo first-order kinetics

This is a common model for understanding the mdsharof the solid-liquid system
[109]. It represents well the experimental kinediata where the probable adsorbate

interactions were anticipated to be insignificab®7q] and not for the entire sorption
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period [110]. More often than not, it fails to cectly predict the gtheoretically [109]. It

is expressed as follows:

log(q — q2) = logqe — (52) ¢ (2.8)

2.303

whereK; is the rate constant (mih ¢ is the amount of adsorbed at equilibrium (mg/g),

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

2.6.4.2Pseudo second-order kinetics

This adequately elucidates the kinetics of the nebsforption systems so well for the
entire sorption period, unlike pseudo first-ordewas found to show a better fit towards

the sorption of heavy metals [111,112]. Its math&zabexpression is as follows:

t
+q—e (2.9)

Q
o
El

where K is the rate constant (g/mg.miny,ig the amount of adsorbed at equilibrium
(mg/g), qis the amount adsorbed at time t (mg/g), h idrili@l sorption rate

(mg/g.min).

2.6.4.3Intra-particle diffusion kinetic model

The Morris-Weber model is an intensive descriptbrthe intra-particle diffusion of the
adsorbate from the solution into the adsorbent otk predicts the intra-particle
diffusion as the limiting step of the adsorptiogess [113]. The Morris-Weber equation

can be written as:
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1
q: = Kith + C (211)

where Kqg is the rate constant of the intraparticle transfrog/g.mirt?), ¢ is the amount

adsorbed at time t (mg/q).
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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 patlochemical sectors are exclusively
catalyzed by zeolites [114]. These crystalline ahasilicates possess unique properties,
such as solid acidity, ion-exchange capacity, amefjualed shape selectivity, due to the
presence of multidimensional network of micropooésnolecular dimensions (the so-
called “micro-reactor” of 0.25-1 nm in size) [1145]. On the contrary, the sole presence
of these micropores imposes transport/diffusion itéitons and provokes rapid
deactivation, thus negatively impacts the catafdtvity and lifetime, particularly in
processing and synthesizing large molecules usédeashemicals, (i.e. under-utilization
of zeolite potential). To alleviate this, variousasegies of distinctively two different
routes have been reported to improve the pore sibidy [116-130]. The first approach
focuses on increasing the effective diffusivitytive micropores by synthesizing wide-
pore and large-cavity zeolites (i.e. ITQ-21 witi&8nm-wide cavities) [116,117]. The
other method aims at shortening the micropore siffiu path length by integrating the

inherent micropores with a secondary network oérirdr intra-crystalline mesopores,
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resulting in hierarchical zeolites [118-119]. THiscilitates the accessibility of the

micropores by substantially increase the extenndhse area.

These zeolites can be obtained in the form of naad§120,121], composites [122,123],
delaminated [124,125], and mesoporous crystalsS@526-130]; via templated and
nontemplated bottom-up and top-down routes. Howewersoporous crystals obtained
by top-down routes (viz. post-synthetic demetadlat(removal of framework atoms))
have received more attention. Most bottom-up rourteslve costly and environmentally
harmful templates as mesopore directing agents tramslcannot be easily implemented
at an industrial scale [130]. On the contrary, datreion such as dealumination
(steaming, acid leaching) [128,129], desilicatidvage leaching) [56,130,133], and
detitanation (HO> treatment under irradiation) [134]) are experinadigtsimple and cost-

effective, and yield superior active catalysts.

Among these strategies, the preferential extraabb®i from zeolite framework in an
alkaline medium (i.e desilication) stands out tahme simplest and most economical way
for effectively introducing well-interconnected andccessible mesopores. The
importance and implications of desilication on npsosity, diffusion, and catalysis
have been comprehensively reviewed by Greeal. [56] and recently by Verboekend
and Perez-Ramirez [130]. Since the 90s, severdiestthave examined many facets of
desilication such as concentration of alkaline med{e.g. NaOH, N#COgs, LIOH, and/or
alkylammonium hydroxides), temperature, and dumtiover broad variety of zeolite
structures. Groeet al [74] pioneering work laid down the basis for mase formation
by desilication, showed that Si/Al window of 25-% the optimum for mesopore

formation in MFI, and considered framework Al asherent “pore-directing agent
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(PDA)”. This contribution was subsequently applied other zeolite topologies like
MTW, MWW, MOR, and TON [56,130]. Groeat al. [135] pointed out later that the
relatively low stability of framework Al in BEA, aapared to MFI, is also detrimental for
the mesopore formation by desilication, since Alraat optimally exert its pore-directing
role. Verboekend and Perez-Ramirez [136] demorstridiat desilication in the presence
of external PDA (i.e. metal-cation complexes or tguaary ammonium cations)
facilitates the formation of mesoporosity in silitex1. This proves that framework Al is
not the only prerequisite for the introduction aésoporosity. Consequently, the effective
introduction of mesopores largely depends on tlieetors: the zeolite, the treatment

conditions, and the PDA [136].

Introduction of mesoporosity in zeolites of FAU tdpgy such as Y and ultra-stable
derivative (USY) (Si/Al~ 2.5) upon desilication rams relatively unexplored, compared
to other industrially used zeolites [137-140]. Tiesdespite the fact that these zeolite
types are widely used in oil refining and petroclehindustries (i.e. fluid catalytic
cracking, hydrocracking, and alkylation). The calcstabilization of zeolite Y by
dealumination via steaming and acid leaching geesranesoporosity [141], but the
introduced mesopores (>20 nm in diameter) are ptesecavities, and thus, they do not
significantly influence the diffusion of molecule®in et al [137] reported the
preparation of hierarchical zeolite Y by sequensavere NaOH desilication and
ammonium hexafluorsilicate dealumination, but ofited mesoporosity (8so= 61 ntg

1, compared to 18 fg* for pristine Y). Their further attempt in syntheisig hierarchical
USY also resulted in limited mesoporosity.éSincreased to 69 fgt up from 52 mg?)

[135]. de Jonget al [66] managed to synthesize USY of trimodal mesogity (Sneso=
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443 ntgt, compared to 213 fg!) upon mild treatment (0.05-0.1 M NaOH, 26, 15
min) of severely steamed and acid-leached USY thmibbtained USY exhibited strong

amorphization with damaged microporosity (from 0c2£g™ to 0.07 cmig?).

Remarkably, Perez-Ramirez group [83] succeeded eiveldping a wide family of
hierarchical Y and USY zeolites, by establishingatstgic blend of post-synthetic
modifications that include desilication and acigatments. They reported hierarchical Y
zeolite (Seso = 292 mig! up from 22 rmg?l) upon sequential mild dealumination
(H4EDTA)-desilication (NaOH)-acid wash (Ad&EDTA) treatments of Y (Si/Al = 2).
Hierarchical USY zeolites of large mesoporsitymdss up to 500 rigl) and well-
preserved crystallinity were also obtained uporattrent of severely steamed and
dealuminated USY (Si/Al = 15-30) using solution M&OH and pore directing agent

(TPACH).

In continuous efforts to overcome the main chakengf introducing intracrystalline
mesoporosity in USY zeolites, Verboekend and PBa&mnirez [136] showed that besides
the location and concentration, the affinity of PDi& the zeolite surface as well as their
nature, plays a critical role in the mesopore gatien in silica-rich zeolites (Silicalite-1).
They compared the role of TMAOH and TPAOH in thesomore formation for silica-
rich zeolites, and found that the dissolution psscand subsequently mesoporosity are
reduced drastically in the case of TMAOH due to $tv@ng affinity of TMA" to the
zeolite external surface. The beneficial role ofAUM on mesoporosity was also

reported for FAU-type zeolites [83,139,140].
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To further build on this landmark, this work focasen the inclusion of more effective
PDAs than those previously reported. Herein, foe trery first time, to the best
knowledge of available information, the effects teftrabutylammonium hydroxide
(TBAOH) as a desilicating agent and/or PDA and hdvieary mixture of organic

templates based strategy on the formation of sotigtantracrystalline mesoporosity in
USY zeolite of different steaming-dealumination s (Si/Al=15-40) are reported,
with highlights on the comparison with other lesdkly tetraalkylammonium hydroxides
(TMAOH, TEAOH and TPAOH) in the range of 0.01-1.0 M over broadge of

desilication conditions, as well as the correlatitwetween the inclusion of TBAOH, the

generated mesoporosity, and the level of steam@adudchination of USY zeolite.

3.2 Materials

The USY zeolites exploited in this study were siggpbby Zeolyst International and were
found to be derivatives of the same pristine Naylir= (CBV100) subjected to different
degree of steaming-dealumination treatments. Theltieg five different USY zeolites
are: (i) mildly steamed CBV500 (USY, NHorm, Si/Al = 2.6), noted as USY; (ii)
steamed CBV712 (very stable USY “VUSY”, Miform, Si/Al = 6), noted as VSUSY,;
(iif) severely steamed + dealuminated CBV720, CBW7&nd CBV901 (super
dealuminated USY “SDUSY”, H-form, Si/Al = 15, 30 &0, respectively). The latter
samples were coded SDUSY15, SDUSY30 and SDUSY4&pertively and got the
attention of this research work. Prior to post-Bgtic treatments, the as-received

SDUSYs were air-calcined at 550°C for 6 h (3°C/mimascertain their H-forms.
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Reagents used for post-treatments included NaOH%97Aldrich), sodium carbonate
anhydrous (Panreac), TMAOH (25 wt.% in® Sigma-Aldrich), TEAOH (35 wt.% in
H20, Aldrich), TPAOH (20 wt.% in BED, Fluka), and TBAOH (40 wt.% in 3@, Sigma-

Aldrich). They were all used as purchased withautier modifications.

3.3 Post-Synthetic Alkaline Treatments

Alkaline treatment of the calcined SDUSY zeolitegswarried out in agueous solutions
of 0.01-1.0 M pure or mixture of inorganic and origa hydroxides at different
temperatures and durations under atmospheric peesghe alkaline solutions used in
this study included NaOH, M@0z, and four different tetraalkylammonium hydroxides
(TMAOH, TEAOH, TPAOH and TBAOH) Typically, 50 ml dhe alkaline solution (i.e.
NaOH, TBAOH, or NaOH + TBAOH) was heated up td®5or 85-100°C) in a flask
connected to a reflux using a oil bath, followedthg addition of 1.5 g of USY zeolite
(Si/Al = 15-40) to the heated solution, and conbimsl stirring of the solution at that
temperature for a period of 2 hrs (or 0.30 - 29.W¢hen the reaction time reached, the
zeolite suspension was cooled down immediatelyguaimice bath, and then was isolated
by suction filtration. The filtrate was collectedrfelemental analysis while the solid
product was washed painstakingly with deionizedewantil the pH is neutral (400 ml of
water was adequate). The obtained wet solid was theed at room temperature,
followed by drying at 110°C for 10 hrs minimum. Afvards, the dried sample was
calcined at 550°C in static air (holding time 6,%C/min). Depending on the alkaline
medium used and thus the need, some selectednalkaéated zeolite samples were

transformed into ammonium form by two-fold ion-e&alge with 2.20 M of NECI at
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80°C for 5 hrs (1.0 g solid per 50 ml solution) lwaitit calcination between ion-exchange
procedures. The samples were then subjected toatygrying treatments followed by

calcination to get the H-form. It is noteworthy thiae treatment conditions (duration and
temperature) were first optimized to be 65°C ants2bnd adopted throughout for the

alkaline treatment before ion-exchange experiment.

The USY zeolite samples obtained by alkaline treatnusing agueous solution of NaOH
or N&CGQOs are hereafter designated as SDUSYx-DSy, wheredxyaepresent the Si/Al
ratio and the molarity of the solution, respectyvelThose obtained using
tetraalkylammonium hydroxide are noted as SDUSYxyRSwhere X, y, and z represent
the Si/Al ratio, the tetraalkylammonium hydroxid€BM, TE, TP or TB), and the
molarity of the solution, respectively. For instanSDUSY3-DS-TE-0.10 corresponds to
alkaline treated SDUSY40 zeolite (CBV901, Si/Al =0)4 using 0.10 M

tetraethylammonium hydroxide solution.

3.4 Characterizations

The amounts of Si and Al in the solids and filteateere quantified by ICP-OES on a
Horiba ULTIMA 2 instrument. The detail of calculati involved after the instrumental

analysis can be found as part of the appendicdssmeport.

X-ray diffraction measurements were done on a Rigdkniflex 1l XRD powder
diffraction system using Cuk radiation Aka1 = 1.54051A, 30 Kv and 15 mA). The
XRD patterns were recorded in the static scannindarfrom 3.0 - 60(20) at a detector

angular speed of 2/min and step size of 0.02The relative crystallinity of alkaline
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treated USY zeolites was estimated by comparing geak intensity of the (533)
reflection at ® = 24 with those of NaY zeolite (assuming 100% crystél). The
reproducibility of the crystallinity analysis was8%o.

Textural properties were determined by adlsorption-desorption measurements at 77 K,
using Micromeritics ASAP2020 adsorption analyzeamples were outgassed at 220
under vacuum (1®Torr) for 3 hrs prior M physisorptionThe Brunauer-Emmett-Teller
(BET) specific surface areas were obtained from absorption data in the relative
pressure (P4y range from 0.06-0.30, assuming 0.164tion the cross-section of thexN
molecule. Contributions of micropore and mesopavese calculated using theplot
method described by Lippens and de Boer [142], edwethe mesopore size distribution
was made using the Barret-Joyner-Halenda (BJH) siaeemodel applied to the isotherm
adsorption branch [143].

The SEM (Scanning Electron Microscopy) images webéined using FESEM/FIB
(Tescan Lyra-3) to verify the particle size and ptmiogy. The field Emission Dual
Beam (Electron/ Focused lon Beam) system combiigdsend fieldemission scanning
electron microscope (FESEM) and higérformance focused ion beam (FIB) system in
one chamber. Prior to the imaging, samples werpapeel and gold-coated as described
in part of the appendices.

HRTEM (High Resolution Transmission Electron Miaopy) images were obtained
using a JEOL JEM-2000 FX microscope operating ak80and equipped with a charge
coupled device camera (Gatan). Samples were piepase described for SEM

experiment.
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Air calcination of the as-received
USY zeolite at 558 for 6hrs
(38°C/min) to have it in H-form

A 4

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

I

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

y

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

A 4

Washing of the treated soligl
(residue) thoroughly with
deionized water until the pH i$
neutral (usually 400ml)

A 4

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

[¢)

A 4

Drying the sample further at
110°C over night

Need for the IE
treatment?

: No

A 4

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

lon-exchange treatment of 1g J)j
solid per 50ml solution of 2.2
NH,CI at 80C for 5 hrs.

A

Filtration of the hot solution and
later washing of the sample with
1000ml of deionized water, and
then drying the sample 4t
ambient temperature

No

Is it 2 fold of
the IE
treatment

Drying the IE sample further at
11C°C overnight

A 4
Calcination of the ion-exchanged

treated sample in static air at
550°C for 6hrs (3°C/min) |

Figure 0.1 Flow chart of the post-synthetic alkalie treatment.
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27Al and 2°Si Magic Angle Spinning (MAS) NMR were measuredngsBruker Avance
400 MHz wide-bore spectrometérAl MAS NMR spectra were obtained by a single
pulse length oft/4, and relaxation delay of 0.5 s. TSI MAS NMR spectra were
obtained by 20 pulse (B1~55HZ) followed by 13 msjuasition with *H decoupling
(tppm, B1~55 HZ). Samples were spurcat KHz in Air using 4 mm Zr@rotors. The
Al and Si chemical shifts were referenced to ¢MH#(SOs). and 4,4-dimethyl-4-
silapentane-1-sulfonic acid, respectively.

NHsz-TPD  (Ammonia-Temperature-Programmed  Desorption) s walone  using
Micromeritics chemisorb 2750 equipped with a mgsscsometry detector (Cirrus 2,
mks, spectra products). Samplea.(50 mg) were pretreated at 300 °C in helium flow
(25 ml/min) for 2 hrs, followed by the adsorptiohl®% NH/He at 100 °C for 30 min.
Thereafter, samples were purged in a helium stfear@ hrs at 100 °C so as to remove
loosely bound ammonia (i.e. physisorbed and H-bdratemonia). Again, the samples
were heated again from 100 to 600 °C at a heagitggaf 10 °C/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 partsize of 850 microns and 1g of the
sieved catalyst was added to the 100ml of reactexture of toluene and benzyl alcohol
(90:10) and the reaction was carried out in a jpaessure reactor (150 ml working

volume) at 140°C and 72 psi for the studied reacperiod (0-150 mins). Specifically,
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the set up was initially charged with nitrogen gas released to check for the leakage in
the system. Then the heating temperature was alléavre30 mins to equilibrate followed
by pressurizing the system to 72 psi. Then, ligséanples were collected at interval
within the desired reaction period (0-150 mins) dhdse samples were labeled and
analyzed using a gas chromatograph (Agilent 783%f\)ipped with an HP-5 capillary
column and a flame ionization detector (FID). Timaiting reagent, BzOH, was used for
calibration, from which an estimate of its convensat respective time was made from
the calibration curve. The assignment of retentioe for BzZOH 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#ll2C, p=0.924g/ml, BDH Chemicals Limited) was
performed in a Mettler Toledo TGA, SDTA851e micrlaimee equipped with a 34-
position robot. 6mg of powdered catalysts was umfg mixed with 18mg of LDPE in
the a-Al 203 crucible of the thermobalance and the degradatiaghe mixture (mass ratio
1:3) was done in N(70cn? STP min') with temperature ramping from 30 to ?Q0at
10°C mirtt. The observed weight loss was interpreted aseheeptage conversion of the

LDPE.

42



3.6 RESULTS AND DISCUSSION

3.6.1 Alkaline Treatment of SDUSY40 with inorganic hydroxdes and

organic tetraalkyl ammonium hydroxides

3.6.1.1Structural and Textural Properties

The XRD patterns of parent and alkaline treated SP4D zeolites are shown in Fig.
3.2, while the variation in zeolite crystallinitgsulting from alkaline treatments (relative
crystallinity, RC) is given in Table 3.1. Parent 3®Y40 exhibits XRD reflections that
are characteristic of FAU-type structure (Fig. B)2( However, upon alkaline treatment
using aqueous solution of NaOH in the range of -@.@M, the long-range ordering and
relative crystallinity were completely lost as esitted by the associated amorphization

(Fig. 3.2(a-e)).

(331)
(533)
(a40)  (642)

(555)

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

SDUSY40, a-e) corresponds top NaOH of 0.01, 0.1040, 0.60 and 1.0 M, respectively.
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N2-isotherms (Fig. 3.3(A)) and derived textural pndigs (Table 3.1) further confirm the
amorphization of the SDUSY40 zeolite upon treatmenth NaOH. The parent
SDUSY40 exhibits type | isotherm having a platettekative pressure up ' = 0.8,
enhanced Bluptake at higher relative pressure, and hystelesgsatp/pp = 0.45. This is

in agreement with the microporous nature of themaralong with mesoporosity caused
by the severe steaming and dealumination. Uponliakd@reatment with NaOH up to
0.30M, samples show higher Nptake ap/po > 0.6. Conversely, the uptakepp < 0.1
decreased significantly as a result of severe animapon. The Table 3.1 shows that the
micropore volume of parent SDUSY40 (0.23%grt) was completely lost upon treatment
with 0.01-1.0M NaOH, whereas the.&increased from 183 fg! (parent sample) to a

maximum of 234 rfg? (i.e. sample treated with 0.01M NaOH (SDUSY40-[180).
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Figure 0.3 N2 adsorption isotherms (A) and correspading BJH mesopore size distributions (B) for parehand

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

The BJH mesopore size distributions of alkalinated SDUSY40 reveal the presence of
mesopores of ~ 3.22-15.0 nm in diameter along laitlpe mesopores that are charactertic
of parent SDUSY40da. 31 nm) (Fig.3.3(B)) upon treatment with NaOH u@®t80M. At
highly concentrated NaOH solutions, the pore systes destroyed completely resulting
in large voids with diameters exceeding 40 nm.g&mples treated with NaOs the RC
values from XRD data and>Nsotherms reveal the loss of crystallinity and noposity

without significant increase in the external suefacea (Table 3.2 and Fig. 3.4).
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Table 0.1 Treatment yields, textural and structuralproperties of alkaline treated SDUSY40 zeolite i0.01-1.0 M

NaOH
Yieldd  SBET 5o S  Vi®  Vimeo®  ®Y RC®
Sample
%) (megy (Mg (gt (emgh) (g gy (%)
SDUSY40 - 607 424 183 0.51 0.23 11,31 51
0.05Na 88 200 10 190 0.37 0 4931 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

3Yield in grams of solid after treatment per gransiafrting SDUSY40%: Micropore volume calculated
using thet-plot; 9: Total pore volume adsorbedmf, = 0.99;%: Average BJH mesopore size derived
from the adsorption branch of the isothefimRelative Crystallinity determined by XRD.
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Table 3.2Treatment yields, textural and structuralproperties of alkaline treated SDUSY40 zeolites i6.05-1.0 M

Naz2COs.

Vield® ST Siod Spee® Vi Vime® %7
Sample

%) (mezgyy (Mg (Mg (emPg?)  (emPgh) )
SDUSY40 - 617 435 183  0.51 023 1131 51
DS-0.05 98 204 13 191  0.36 0 659
DS-0.10 94 225, 20 205  0.37 0 926
DS-0.20 88 235 34 201 0.37 0 935
DS-0.35 87 302 31 271 0.48 0 928
DS-0.45 86 286 22 264 048 o 927
DS-0.55 82 287 28 259 047 o 11
DS-0.60 78 287 32 255 047 o 151
DS-0.75 75 229 21 208 042 0o 183
DS-1.00 72 133 8 125 022 0 221

All notations are the same as in Table@ti?: in addition to other peak at ~ 31.0 nm.

In contrast to alkaline treatment with NaOH and®a;, the treatment of SDUSY40 in

tetraalkylammonium hydroxides showed enhancemerntodcrystalline mesoporosity

and large preservation of the intrinsic propertieseolite structure.
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Figure 0.4 N2 adsorption isotherms (A), and (B) theorresponding pore size distributions for parent ad

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

Specifically, the XRD patterns (Fig. 3.5) show tH&AU structure and long-range
crystallographic order was preserved upon treatmeith tetraalkylammonium

hydroxides, in contrast to studied inorganic baddse patterns also reveal that the
intensity of the main XRD reflections reduces witicreasing the concentration of
tetraalkylammonium hydroxides. The reduction up0td5M was less pronounced for
TPA+ compared with TEA+ and TMA+, whereas the ratmof crystallinity became

significantly better for those obtained with TBAFable 3.3 and 3.4 show that the RC of

SDUSY40 upon treatment with TBA+ up to 0.25 M wagl3; whereas the RC upon
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treatment with TPA+ (up to 0.15 M), TEA+ (up to 0.M) and TMA+ (up to 0.10 M)
was in the range of 43-24, 23-14, and 6-2, respagti However, amorphization was
observed for samples obtained with highly conceéadrasolutions; [TBA+] > 0.50 M,
[TPA+] > 0.15 M, and [TMA+] > 0.10M. Surprisinglyno amorphization was observed

for samples obtained with highly concentrated TEs&tutions.
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Figure 0.5 XRD patterns of alkaline treated SDUSY40 in diffetr tetraalkylammonium hydroxide solutions in the
range of 0.01-1.0 M.

N2 adsorption-desorption analysis (Fig. 3.6, Table3-334) further confirmed the
preservation of the zeolite microposity and thessafitial increase in the external surface
area in the samples. The: Nsotherms displayed increased uptake at middlagb-
relative pressures, e.g. enhanced uptake at hegsre [§/p > 0.8), compared to pristine
SDUSY40 (Fig. 3.6). The enhanced uptake, which lmarascribed to the interparticle
space (the so-called textural mesoporosity), wasemed regardless of the nature of
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included hydroxides and appears to increase wittreasing the concentration.
Importantly, N uptake at low relative pressurp/p < 0.1) was well preserved with
respect to SDUSY40, which is in contrast to NaOKdoasamples that showed drastic

reduction in the uptake at low pressures as prelyaliscussed.

The extent of preservation, however, depended ensthucture and concentration of
included organic hydroxides. Derived textural pmies in Table 3.3 indicate that for
samples treated with TMA+ up to 0.10M, the subsahiricrease in the Smeso (357gn

1 up from 183 rig! (parent SDUSY40) was accompanied by drastic deerém the
Vmicro (0.06 cmg?! down from 0.23 crig? (parent SDUSY40)). TEA+-treated samples
displayed better microposity preservation (0.180chr’g?) at comparable external
surface area increase (Smeso up to 243-3f)nup to 0.10M TEA+. Whereas, TPA+-
treated samples up to 0.15 M exhibited V micro @0214 cnig') and enhanced Vt (up
to 0.86 cmg?) and Smeso (up to 456°gt). When TBA+ was used, the resulting solid
exhibited quite improved textural properties. TaBld reveals that up to 0.25M, the
Vmicro remained mostly unaffected (0.22-0.213gw), while significantly enhanced Vt
(up to 0.96 crfgl) and Smeso (up to 337%g1) were attained. The porosity of samples
obtained at [TBA+] > 0.50M proves that such higbneentration is not suited to
generate mesoporosity, as evidenced by the d@deti®@ase in Vmicro (0.01 égt) and

Smeso (124 Ag?) (Table 3.3).
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Table 3.3Treatment yields, textural and structural propertitalkaline treated SDUSY40 zeolites in 0.0541.0

tetraalkylammonium hydroxides (TMAOH, TEAOH, andA®H).

Yield® ST Sico®  Spesd?  Vi© Voo
Sample RC" (%)

(%) (megy (MY (mPg?)  (enPgh)  (emg)
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)p@how that in addition to the large
mesopores (cavities ~ 31 nm) that are intrinsitheopristine SDUSY40, other pores are
gradually forming within the mesopore range (cd.53am). These size distributions are
not well-defined as those obtained by organosit@dinected synthesis [144] or by

surfactant-induced reassembly [145]. It was revkdlat the pore diameter of these
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pores, which is smaller than that of NaOH treatm@émtreases and broadens with
increasing the concentration of tetraalkylammonioydroxides, e.g. SDUSY40 treated
in 0.05M TEA" exhibits smaller mesopores (~ 5.57 nm) compared @2 nm and 11.1
nm for treatments in 0.10M and 0.25M, respecti&lgble 3.3). It is noteworthy that the
treatment of SDUSY40 with TBAcaused the appearance of quite broad mesopores,
which were formed only at high concentration coregato other alkylammonium
hydroxides (Tables 3.3-3.4). Verboekestdal. [83] reported the formation of mesopores
in USY zeolites (covering the broad range of 2-50, rcentered at ca. 10 nm) by
treatment in (NaOH + TPAOH). Sadowsé&hal. [146] and Abelloet al. [147] did also
report the decrease in the pore diameter wherr¢lagntent involved organic hydroxides,
though, their studies involved different zeolitepdtngy, i.e. desilication of ZSM-5 in

(NaOH + (TPAOH or TBAOH)).
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Table 03.4Treatment yields, textural and structural propsrtigalkaline treated SDUSY40 zeolites in 0.05M1.0

tetrabutylammonium hydroxides.

G)
Yield ST Spee?  Spes®  Vi© Vieo?
Sample RC" (%)
3 (%) (ng'l) (ng_l) (ng_l) (Crn?’g_l) (Crnt-l) (n m)
SDUSY4( - 607 424 18¢< 0.51 0.2z 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 T7€E 37¢ 39¢ 1.1¢ 0.2C 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 B&dapore size distributions (bottom) for parent and

alkaline treated SDUSY40 using tetraalkylammoniwmdrbxides in the range of 0.10-0.40M. The legemdhé top

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

The ICP-OES analysis of the Si and Al content diteatment of SDUSY40 in NaOH
and tetraalkylammonium hydroxides solutions areegivin Tables 3.5 and 3.6,
respectively. For comparative purposes, the arslgsiepicted in Fig. 3.7(A-C). The Si
and Al concentration in the filtrates for all saeglshows the preferential selectivity of
alkaline treatment for Si extraction, which increasvith concentration (i.e. the amount
of Al in the filtrates was much smaller than Sihi§ can be attributed to the fact that
upon desilication of severely dealuminated USY ite®l(SDUSY40, Si/Al = 40), which
is facilitated by the relative high surface areaw Iframework density, and tightly
connected micropores [83], some Al is extractednftbe framework and subsequently
reinserted in the framework or extra framework (Hwecalled realumination process)

[136].

In a striking difference, less extensive desilimatof SDUSY40 zeolite upon treatment in
tetraalkylammonium hydroxides was observed comptyddaOH, as suggested by the
lower amount of Si in the filtrates. The desilicatiin tetraalkylammonium hydroxides
was greatly influenced by the nature and conceatraif organic cation. It was shown
that the amount of Si leached to the solution inAMM was comparable to that in NaOH

within the concentration range of 0.01-1.0 M.
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Figure 0.7 Influence of alkaline medium concentration onahngount of Si in the filtrates (A), Al in the filtres (B), and Si/Al of the solid samples (C).



Table 03.5Silicon and aluminum content in the solids anddtks obtained upon alkaline treatment of SDUSY#b w

inorganic hydroxides

Filtrate
Si/Alsoiid
Sample (SilAlfitrate [Silfiltrate [Al] fittrate
[molmol?]
[molmol?] [mgL] [mgL]

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




Table 03.6Silicon and aluminum content in the solids anddtis obtained upon alkaline treatment of SDUSY4O0 i

tetraalkylammonium hydroxides

Filtrate
Si/Alsoiid
Sample (SilAlfirate [Silfittrate [Al] fittrate
[molmol?]

[molmol?] [mgL] [mgL7]
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 reatyivowards Si extraction (with the
exception of highly concentrated 1.0 M solutionT®AOH, which was less reactive than
corresponding TBAOH) (Fig. 3.7a). The reactivitypaprs to follow; TBAOH < TPAOH
< TEAOH < TMAOH = NaOH. The amount of Al in the filtrates remainedam smaller
than that of Si, with TBAOH exhibiting the loweshaunt of leached Al; i.e. [Adlrate at
0.25 M in TMA" (45 mgtt), TEA* (40 mgt), TPA" (20 mgt!), and TBA (4 mgt?)
compared to 49 mglfor Na'. Accordingly, the (Si/Aljirate Was around 7 times higher in
TBAOH than in NaOH; i.e. at 0.25M, the (Si/Adhte for TBAOH was 1129 compared to
297, 161, 161 and 157 for TPAOH, TEAOH, TMAOH and®H, respectively (Tables
3.5-3.6). Thus, it can be inferred that lower degoé aluminum leaching occurs with
organic alkylammonium hydroxides, which impliesttAi®@AOH and to a lesser extent
TPAOH facilitated the re-alumination of the zealit€he (Si/Alkoiq of SDUSY40

dropped from 32 to 17 (TBA, 10 (TPA), 14 (TEA'), 10 (TMA") and 9 (N&).

3.6.1.3Morphology

The SEM images of parent and alkaline treated SDAfSAare shown in Fig. 3.8. As it
can be seen, the octahedral morphology charaateottfaujasite-type USY zeolite is
clearly visible for parent SDUSY40. Upon treatmentNaOH or tetraalkylammonium
hydroxides, the morphology of zeolite remained amged without any clear sign of
globular particles, rugged surfaces or cracks. Hewnethe average particle size of
SDUSY40 dropped slightly from ~600 nm to ~550 nmompreatment in NaOH, with the

samples obtained upon treatment in tetraalkylamomniydroxides exhibiting much
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smaller particle sizes (~450-500 nm). Figures 3@ &8.10 show the TEM images

showing the presence of homogenous distributionegopores.

Figure 0.8 SEM images of the parent SDUSY40 (a) arickated samples; N4-0.10M (b), TMA*-0.10M (c), TEA*-

0.10M (d), TPA*-0.10M (e) and TBA-0.10M (f).
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(b)

Figure 0.10TEM images of the tetraalkylammonium hydroxidesited SDUSY40 (at 0.10M); TMAA), TEA* (B),

TPA* (C) and TBA (D).
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3.6.2 Alkaline Treatment of SDUSY40 with Alkaline DoubleMixtures

To further investigate the positive influence ofraeutylammonium cations (TBA

treatment in the porosity and crystallinity of SDYY® zeolites, the treatment was
extended to double alkaline mixture approach. miqaar, two types of double mixtures
were explored; i) TBA + NaOH and ii) TBA + organic tetraalkylammonium cations

(i.e. TMA*, TEA* or TPAY).

3.6.2.1Double Mixture of NaOH + TBAOH

Exposure of SDUSY40 zeolites to standard NaOH itmeats up to 0.20 M resulted in the
development of &so Up to 279 rig! with a complete loss of microposity and
crystallinity (Table 3.1, Fig. 3.2). However, wh@BA* was included in the alkaline
NaOH solution of optimum concentration, the resgjtisolids exhibited remarkable
improvements in the microporosity and crystallindgmbined with an increase in the

ST]ESO

Table 3.7 summarizes the textural, structural dettlyparameters of SDUSY40 zeolites
treated in 0.15M TBA + NaOH in the range of 0.05-1.0 M2 hsotherms of samples
obtained by double mixture (0.15M TBA+ up to 0.20M NaOH) showed increased
uptakes at both low and middle-to-high relativespteges, compared to NaOH treated
samples (Fig. 3.11). Accordingly, themMo was in the range of 0.22-0.19 ¥
accompanied with an increase in thessup to 444 gl The corresponding NaOH
treated samples exhibited complete loss of micriop@nd Sneso Of 279-53 Mg™. In

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

NaOH treatments.

The XRD patterns (Fig. 3.12) further demonstratedfgositive influence of TBANn the
alkaline solution, as suggested by the dramatisguvation of the long-range ordering
and crystallinity. The RC of SDUSY40 zeolites aftieratment in 0.15TBA+ 0.05-0.20
M NaOH was in the range of 43-22, compared to ahmup NaOH treated samples
(Table 3.7). Complete loss in crystallinity was etved for those treated in alkaline
double mixtures containing highly concentrated Nagokitions (Fig. 3.12).

Table 0.7 Treatment yields and textural-structural propsrtiealkaline treated SDUSY40 zeolites in 0.15MAB

0.05-1.0 M NaOH.

d
Yield a) SeeT Shicro b) Smesob) Vi ©) Vmicrob) dp ) RC €)

Sample

) (mgy (MPgY (Mg (emgh) (et gy ()
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-DSO0.05 65 682 370 312 0.83 0.20 31 30
TBA-DSO0.10 53 701 344 357 1.00 0.18 31 23
TBA-DSO0.20 56 720 357 362 1.00 0.19 31 26
TBA-DS0.30 27 808 346 462 1.33 0.19 44 18
TBA-DSO0.30-IE - 671 277 394 1.22 0.15 - 13
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TBA-DS0.40

TBA-DS0.50

TBA-DS0.55

TBA-DS0.60

TBA-DS0.65

TBA-DS0.75

TBA-DS1.00

21

16

13

10

793

702

690

638

604

279

12

379

421

449

447

444

189

414

281

241

191

160

90

1.62

1.37

1.12

1.04

0.86

0.54

0.05

0.19

0.22

0.24

0.23

0.23

0.09

0.00

42

45

44

45

45

46

18

24

25

32

35

11
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Figure 0.11Nz adsorption isotherms (top) and corresponding B#dapore size distributions (bottom) for parent and
treated SDUSY40 in alkaline double mixture of 0.15BA* + 0.20-1.00M NaOH. The legends in the top grapbs a

apply to the graphs shown below them.
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3.6.2.2Double Mixture of TBAOH + tetraalkylammonium hydrox ides (TMAOH,
TEAOH or TPAOH)

When treatments of SDUSY40 zeolites were done m phhesence of mixture of

tetraalkylammonium hydroxides at the optimum con@ion, the preservation of

microporosity and crystallinity, and the increasethe external surface area were even

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

individual influence of each organic template oa garent SDUSY40 zeolite through the

double tetraalkylammonium hydroxides mixture treattnis shown in Table 3.8.



Table 03.8Treatment yields, textura and structural propentialkaline treated SDUSY40 zeolites in 0.15M TBA organic hydroxide (TMA, TEA and TPA) (x = 00675

M).

Yield®  SET S Spesd) VIO Vi @
Sample RC® (%)
%) (megy (MY (MY (emg?)  (emPg?)  m

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

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

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

SDUSY40-TBA-0.15-TMA-0.50 22 634 201 433 1.21 0.11 18 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 0.80 023 7 37 (72)

SDUSY40-TBA-0.15-TEA-0.10 68 784 420 364 0.92 022 7 31 (60)

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




SDUSY40-TBA-0.15-TEA-0.50

SDUSY40-TBA-0.15-TEA-0.75

SDUSY40-TBA-0.15-TPA-0.05

SDUSY40-TBA-0.15-TPA-0.10

SDUSY40-TBA-0.15-TPA-0.25

SDUSY40-TBA-0.15-TPA-0.50

SDUSY40-TBA-0.15-TPA-0.75

35

17

75

72

48

10

5

855

424

725

782

842

281

143

312

139

438

430

320

75

38

543

285

286

338

522

206

105

1.56

0.86

0.74

0.87

1.30

0.69

0.31

0.16

0.07

0.23

0.23

0.17

0.02

0.01

18

18

8f

18

1

40

10 (18)

7 (13)

47 (91)

41 (78)

16 (32)

All notations are the same as in Table 3.2.
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Figure 3.13 highlights the relation between theggwic cations (in terms of structure
and concentration) and the yield, RGiesaand 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
Smeso €xhibited a volcano-type dependence for all douhietures, with the maximal
values exceeding 400%ng! in the SDUSY40-0.15TBA-0.25TEA where th@e$ was
enhanced with concurrent preservation of the mmrogity. The RC and yield decreased
with increasing the concentration, though, TESamples exhibited the lowest extent of

reduction.

To illustrate more on the effects of double orgatieatment, Table 3.9 presents
comparative examples of selected SDUSY40 zeolites ieatment in double mixtures
and corresponding single tetraalkylammonium catidme N isotherms and BJH-PSDs

are shown in Fig. 3.14, whereas the XRD pattereslapicted in Fig. 3.15.
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Table 03.9Treatment yields and textural-structural propertiealkaline treated SDUSY40 zeolites in 0.15M TBA organic hydroxide (TMA, TEA and TPA) (x = 0:05

0.25M).

Yield @ SeeT Shicro®  Smeso” Vi Vmicro® RC®

Sample
(%) (megy (MY (MY (cmig?)  (cmig?) (%)
SDUSY40 : 607 424 183 051 023 51 (100)
SDUSY40-TBA0.20 64 750 425 325 089 023  35(67)
SDUSY40-TBA0.25 61 742 405 337 096 021 39
SDUSY40-TBA0.40 48 759 361 398 115 0.9 30
SDUSY40-TBA0.45 42 789 351 437 121 018  17(34)

SDUSY40-0.15TBA-0.05TMA 74 788 400 388 0.81 021 (B2
SDUSY40-0.15TBA-0.10TMA 64 775 374 401 0.97 019 (B3

SDUSY40-0.15TBA-0.25TMA 47 789 325 464 1.30 0.17 (29




SDUSY40-TMAO.10 63 477 120 357 0.63 0.06 2

SDUSY40-TMAO0.25 30 428 100 328 0.57 0.05 0

SDUSY40-TMAO0.40 22 360 99 261 0.57 0.05 0

SDUSY40-TBAO0.15-TEAO0.05 73 744 433 311 0.80 0.23 (B

SDUSY40-TBAO0.15-TEAO0.10 68 784 420 364 0.92 0.22 (&)

SDUSY40-TBAO.15-TEAO.25 62 870 419 451 1.22 0.22 (&)

SDUSY40-TBAO.15-TEAO.25 54 883 402 481 1.24 0.21 32

SDUSY40-TEAO0.20 47 556 207 349 0.91 0.11 10 (18)
SDUSY40-TEAO0.25 41 541 222 319 0.97 0.11 11 (22)
SDUSY40-TEAO0.40 41 570 285 284 0.99 0.15 18 (35)
SDUSY40-TEAO0.45 34 520 251 268 0.97 0.13 14 (27)
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SDUSY40-TBAO.15-TPAO0.05 75 725 438 286 0.74 0.23 (9m)
SDUSY40-TBAO0.15-TPAO0.10 72 768 430 338 0.87 0.23 (&)
SDUSY40-TBAO0.15-TPAO0.25 48 842 320 522 1.30 0.17 (3B
SDUSY40-TPAO0.15 67 725 271 456 0.86 0.14 24
SDUSY40-TPAO0.25 35 519 112 407 0.69 0.06 5
SDUSY40-TPAO0.40 18 158 31 127 0.37 0.02 0

All notations are the same as in Table 3.1
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Figure 0.14Nz adsorption isotherms (top) and corresponding B&dapore size distributions (bottom) for SDUSY4@teed with mixture of tetraalkylammonium hydroxides
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SDUSY4O0 treated in mixture of (0.15TBA 0.25TEA) displayed a similar Nuptake at
p/po > 0.1 compared to SDUSY40-TEA-0.40, but the uptakdow relative pressures
(p/po < 0.1) was fully preserved with respect to par8mUSY40 (Fig. 3.14b). The
corresponding BJH PSDs of SDUSY40-0.15TBA-0.25TbBat{om part of Fig. 3.14b)
reveal that in addition to the large cavities (~n8d), there were mesopores of ca. 15 nm,
which are slightly smaller than those observedfdd TEA samplescé. 18 nm).
Accordingly, the derived textural properties showedt SDUSY40-0.15TBA-0.25TEA
displayed a Micro of 0.22 crig! and a Sesoof 451 nigl, compared to WMicro Of 0.13
cmPg! and Sesoof 301 nfg! (SDUSY40-0.40TEA). The crystallinity loss detereinby
X-ray diffraction patterns (Fig. 3.15, Table 3.9simited to 40%, compared to 70% for
SDUSY40-0.40TEA. Moreover, the yield of solid afteeatment 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 mixtbesed samples exhibited higher Si/Al
ratios compared to the ones obtained after treasmaith single hydroxides, i.e. the
Si/Al decreased from 32 (parent SDUSY40) to 16 JUBA-0.25TEA), compared to 8
(0.40TEA). The analysis of filtrate solutions (T@abB8.10) revealed that 0.15TBA-
0.25TEA samples exhibited lower amount of leacHachmum (21 mgt!) compared to

51 mgL*! for 0.40TEA.

Treatments involving other double organic mixturegmely (TBA + TMA*) and (TBA'
+ TPA"), also resulted in improved textural and strudtpraperties compared to those
performed in corresponding single template. Howetlegy appear to be less effective
than (TBA" + TEA") mixture. Table 3.9 shows that 0.15TBA-0.10TMA gden

displayed a Wicro 0f 0.19 cni/g and a Geso0f 401 n/g, compared to Mcro of 0.05 cni/g



and Seso of 328 nig! (SDUSY40-0.25TMA). SDUSY40-0.15TBA-0.25TPA sample

exhibited substantial increase imeS (522 ntg?l) at the expense of microposity (0.17

cmigl), compared to Micro of 0.02 cnig! and Sesoof 127 nfgt (SDUSY40-0.40TPA).

Table 3.10Silicon and aluminum content in the solids antldtes obtained upon alkaline treatment of SDUSM40

double tetraalkylammonium hydroxides mixture andegponding single hydroxides.

Filtrate
Si/Alsoiid
Sample (SilADfirate [Si]fitrate [Al] fitrate
[molmol?]
[molmol?] [mgL] [mgL7]
SDUSY40 32 - - -
0.15M TBA + x M TMA, TEA, TPA (x = 0.05-1.0 M)
SDUSY40-0.15TBA0.05TMA 22 956 2868 3
SDUSY40-0.15TBAO0.10TMA 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?’Al MAS NMR spectra of parent and treated SDUSY4®€ strown in figure 3.16(f).
Parent SDUSY40 exhibits two broad resonance lihe®aand 0 ppm, which are feature
of tetrahedral framework Al @) and octahedral extra framework Al{i({generated by
severe dealumination), respectively. The spectridatdH treated samples (Fig. 3.17(a))
reveal the presence of only tetrahedral Al sitaggssting the realumination of the extra-
framework Al upon desilication [83]. However, tresnt in tetraalkylammonium
hydroxides appears to prevent the realuminatioextb-framework species as suggested
by the appearance of octahedral sites (Fig. 3.t})(b-Careful examination of these
spectra reveals that increasing the concentrafi@®a* (> 0.25M) and TBA (> 0.15M)
appears to favor the realumination (Fig. 3.16)s Wworth noting that these findings are in

agreement with ICP-OES measurements, which shovatoaunt of Al in the filtrates.
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Figure 0.16 2’Al MAS NMR spectra for parent HY and dealuminate8YUzeolites; a) HY (Si/Al = 2.3), b) USY (Si/Al =&, c) VSUSY (Si/Al = 6), d-f) SDUSY of Si/Al = 15

30 and 40, respectively.
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3.6.4 Alkaline Treatments of dealuminated Y zeolites ofdwer Si/Al (Si/Al =
30-15)

The lower Si/Al dealuminated Y-zeolites (SDUSY30dasDUSY15) have more
aluminum species in the framework to imply morelaznters than in SDUSY40. Figure
3.16(d-e) show that these Al species are largedgent in the octahedral position and
these offer internal PDA role in reducing the exi@nsilicon dissolution and thus reduce
the extent of mesopore generation as compared t80WSY40. Tables 3.11-3.14
summarize the yield, structural and textural propsrof some treated SDUSY15 with

mono and binary mixture of alkaline solution(s).



Table 03.11Treatment yields, textural and structural projsrtf alkaline treated SDUSY15.

Yieldd  SET Sigo® Spesd?  Vi9  Vieo® B
Sample RC® (%)
%) (megy (Mgh) (Mg?) (enPg?)  (enPg?)
SDUSY15 : 765 519 246 056 027 823 67 (100)
SDUSY15-0.05Na 98 441 34 410 042 002 3823 0
SDUSY15-0.10Na 86 383 39 344 044 002 3823 0
SDUSY15-0.20Na 56 365 44 321 066 002 825 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 15 117 056 0 22 0
SDUSY15-0.05Na 100 464 47 417 045 002 2823 0



SDUSY15-0.10Na 94 333 39 294 0.33 0.02 3,8,23 0
SDUSY15-0.20Na 95 206 23 182 0.31 0.01 3,8,23 0
SDUSY15-0.10TMA 83 770 414 356 0.65 0.22 3,931 (68)
SDUSY15-0.20TMA 66 851 409 442 0.92 0.21 511,31 (55)
SDUSY15-0.45TMA 51 890 390 500 1.17 0.21 7,13,44 (&
SDUSY15-0.10TEA 83 817 500 317 0.68 0.26 3,11,31 (880
SDUSY15-0.25TEA 78 824 501 323 0.72 0.26 4,11,30 (83%
SDUSY15-0.30TEA 71 814 497 317 0.85 0.26 6,13,46 (8%%
SDUSY15-0.35TEA 68 815 500 315 0.86 0.26 513,40 (8%
SDUSY15-0.45TEA 66 820 501 320 0.88 0.26 4,13,40 (753
SDUSY15-0.10TPA 91 783 502 281 0.64 0.26 9,31 35 (8
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SDUSY15-0.20TPA 75 883 495 388 0.81 0.26 9,30 28 (7
SDUSY15-0.35TPA 65 981 475 506 0.91 0.25 4,11,45 (64%
SDUSY15-0.35TPA-T - 903 373 530 0.97 0.20 5,11,467 (4D)
SDUSY15-0.45TPA 60 972 420 552 0.99 0.22 4,11,44 (534
SDUSY15-0.10TBA 89 777 534 243 0.63 0.28 9,31 W0
SDUSY15-0.15TBA 84 770 528 242 0.68 0.28 9,31 & (9
SDUSY15-0.20TBA 82 771 525 246 0.72 0.28 11,30 9B (
SDUSY15-0.25TBA 79 770 520 250 0.77 0.27 4,11,31 (7
SDUSY15-0.30TBA 75 772 522 250 0.76 0.27 4,11,30 (889
SDUSY15-0.30TBA-T - 771 500 271 0.82 0.26 5,11,317 (%b)
SDUSY15-0.35TBA 63 785 516 269 0.81 0.27 4,11,30 (73

88



SDUSY15-0.45TBA 61 787 501 286 0.86 0.26 511,31 (7®)

All notations are the same as in Table 3.1

Table 3.12Treatment yields, textural and structural progerdf alkaline treated SDUSY15 zeolite in mixtufe & (tetraalkylammonium hydroxides; TMA, TEA, TPa

TBA,; x = 0.05-0.35M) #x M NaOH (& = 0.05-0.30M).

d
Yield a) SeeT Shicro b) Smesob) Vi ©) V micro b) dp ) RC €)

Sample
) (megy (MY (MY (emg?)  (enPgh) () (%)
SDUSY15 : 756 514 242 055 027 823 67 (100)
0.10TEA-0.15Na 54 988 422 566  0.22 1.07 511,45 (43p
0.25TEA-0.05Na 66 870 478 392 025  0.85 411,46 (750
0.25TEA-0.15Na 41 908 33 572 018 131 15 20(30)
0.05TPA-0.05Na 87 774 503 271 065 020 930 59(89
0.05TPA-0.15Na 72 926 491 435  0.85  0.26 3,945 78BR(
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0.05TPA-0.30Na 45 927 447 480 1.26 0.24 15,46  2» (5
0.10TPA-0.05Na 76 855 520 335 0.75 0.27 13,46 82 (9
0.10TPA-0.15Na 69 927 503 429 0.85 0.27 49,45 793 (
0.10TPA-0.30Na 47 903 403 547 1.25 0.21 15,46 82 (4
0.25TPA-0.05Na 61 984 437 547 1.00 0.23 5,11,45 (58y
0.25TPA-0.15Na 56 922 421 500 0.94 0.22 4,11,46 (599
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 (7®)
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 1330 @ (9
0.10TBA-0.15Na 74 795 522 282 0.78 0.27 1531 5 (8
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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 3.13Treatment yields, textural and structural progsrtf alkaline treated SDUSY15 zeolitexi TPA +y M TEA (x = 0.05-0.25My = 0.05-1.0M).

Yieldd  SBET  Sucod Spes® VIO Vmeo® @Y Rco
Sample
) (mzgy (MPgY (gH (erfgY) g (%)

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)
SDUSY15-0.05TPA-0.05TEA 88 797 510 287 0.64 0.27 309, 64 (95)
SDUSY15-0.05TPA-0.10TEA 85 818 510 308 0.71 0.27 9/4% 63(94)
SDUSY15-0.05TPA-0.25TEA 74 835 505 330 0.83 0.27 1144 54 (81)
SDUSY15-0.05TPA-0.50TEA 62 825 495 330 0.91 0.26 1335 49 (74)
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SDUSY15-0.05TPA-0.75TEA 54 842 492 350 1.05 0.26 1586 47 (70)
SDUSY15-0.05TPA-1.00 TEA 52 859 486 373 1.14 025 8 1 38(57)
SDUSY15-0.10TPA-0.25TEA 71 870 520 350 0.84 0.27 1145 51 (76)
SDUSY15-0.10TPA-0.25TEA 71 830 510 320 0.77 0.27 1145 55 (82)
SDUSY15-0.10TPA-0.25TEA-T - 822 498 324 0.84 0.26 ,1145 54 (80)
SDUSY15-0.10TPA-0.50TEA 63 875 505 370 1.00 0.26 1135 49 (74)
SDUSY15-0.10TPA-0.75TEA 53 869 474 395 1.15 0.25 189, 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 9,3 60 (89)
SDUSY15-0.15TPA-0.10TEA 75 883 518 365 0.81 0.27 9,44 57 (85)
SDUSY15-0.15TPA-0.25TEA 67 887 517 370 0.87 0.27 1045 47 (71)
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SDUSY15-0.15TPA-0.50TEA 59 885 505 380 1.01 0.26 1144 48 (72)
SDUSY15-0.15TPA-0.75TEA 48 881 464 417 1.22 0.24 ,325 34 (51)
SDUSY15-0.25TPA-0.03TEA 70 829 525 309 0.77 0.27 1145 48(72)
SDUSY15-0.25TPA-0.05TEA 68 920 475 443 0.87 0.25 1145 47 (71)
SDUSY15-0.25TPA-0.10TEA 64 987 456 531 0.95 0.24 1144 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 1135 41 (62)
SDUSY15-0.25TPA-0.50TEA 52 860 418 442 1.12 0.21 1185 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 3.14Treatment yields, textural and structural prosrtf alkaline treated SDUSY15 zeolitexiM TBA +y M TEA (x = 0.05-0.35My = 0.05-1.0M).

Yield® SBET 50D Speed V1O Vi 0 RCO
Sample
%) (megy (MgY) (Mg?) (enPg?)  (emgh) gy (%)

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 0.27 359, 67 (100)
SDUSY15-0.05TBA-0.10TEA 85 776 524 252 0.67 0.27 459, 66 (98)
SDUSY15-0.05TBA-0.25TEA 77 823 520 303 0.75 0.27 945 62 (94)
SDUSY15-0.05TBA-0.50TEA 67 813 499 314 0.84 0.26 13¢5 60 (90)
SDUSY15-0.05TBA-0.75TEA 68 800 470 330 0.90 0.25 13%5 54 (80)
SDUSY15-0.10TBA-0.05TEA 83 750 510 240 0.63 0.27 469, 56 (84)
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SDUSY15-0.10TBA-0.10TEA 73 757 520 237 0.66 0.28 9,45 58 (87)
SDUSY15-0.10TBA-0.25TEA 68 804 514 290 0.88 0.27 1134 57 (85)
SDUSY15-0.10TBA-0.50TEA 62 875 510 366 0.91 0.27 11%5 51 (76)
SDUSY15-0.10TBA-0.50TEA-T - 860 480 380 1.01 0.25 ,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 11%4 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 1545 41 (61)
SDUSY15-0.10TBA-1.00TEA 43 910 447 463 1.36 0.23 ,4%8 36 (55)
SDUSY15-0.35TBA-0.05TEA 75 812 522 289 0.77 0.27 1140 60 (90)
SDUSY15-0.35TBA-0.10TEA 73 826 520 306 0.81 0.27 1146 56 (85)
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SDUSY15-0.35TBA-0.25TEA 65 823 480 343 0.83 0.25 1134 51 (76)

SDUSY15-0.35TBA-0.50TEA 57 932 461 471 1.13 0.24 1145 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
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Table 03.15Comparative textural properties of selected afieatreated SDUSY40, SDUSY30, and SDUSY15 with

binary mixture based strategy.

Sample St (MO Smesd® (MO Vmicro® (cnig?)
SDUSY40 607 183 0.23
SDUSY40
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 764 258 0.27
SDUSY30
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 756 242 0.27
SDUSY15
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




0.10TBA-0.50TEA 875 366 (+51%) 0.27

For the sake of clarity and easy comparison, T8d& shows the comparative textural
properties of selected alkaline treated SDUSY40JS®30, and SDUSY15 with binary
mixture based strategy. The increase #assand preservation of Mero in a given Si/Al
ratio depends on type and concentration of thelidasng and/or PDA. The observed
decrease in amount of&oat a reasonable preservation fidé, with decrease in Si/Al
of the studied dealuminated Y-zeolites can be lasdrito the fact that Al plays

shielding role against the OHittack in lower Si/Al dealuminated Y-zeolites.

And since the major interest of this work is to yahe success of novel method of
generating secondary pore networks in addressieg atcessibility and diffusivity
challenges while preserving the intrinsic propsitie synthesized hierarchical forms of
the SDUSY15 (where less mesopore creation was raataby this approach due to
higher Al content (Table 3.15)) were tentatively poyed in some catalytic activity
evaluations to make convincing claim that binarytme of organic alkaline media is

superior in creating substantial mesopore networks.

3.6.5 Catalytic activity evaluations

To ensure the functionality of the generated seapngore network, the catalytic
performances of the modified SDUSY15 zeolite sasiplere evaluated in the pyrolysis

of low density polyethylene (LDPE) and in the Fee®raft alkylation of toluene with
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benzyl alcohol. These tests gave insight to the il hierarchical structures in the

enhanced activity performance of the samples.

3.6.5.1Degradation of LDPE

LDPE is a polymer that consists of long branchedirbgarbon chains, and its
degradation is useful application in the chemicathud of recycling plastic waste to
produce fine chemicals [148]. Acid sites in zeoli&talyst enable the degradation of
LDPE at lower temperatures and also give selegtitoivards desired products. The
initiation step of the degradation requires bothakvéto abstract hydride from the
polymer) and strong acid sites (to protonate th€ ®ond), and the polyethylene
molecule passes through succes$haeissions to give lower molecular weight fragments
[149-152]. The catalytic activity was measured waleating the weight loss of the
mixture of polymer and catalyst (3:1) [153]. Figsird.18 and 3.19 show the LDPE
conversion profiles in terms of weight loss agaitesnperature. As it can be seen,
different degrees of secondary pore networks inftee the pyrolysis temperature
compare to the parent zeolite. There exists a pssgre decrease in the degradation
temperature over the hierarchical zeolite. Forainsg, a reduction of 28 (at Tso) was
observed for material modified by binary mixtureB-0.10M-TE-0.50M (Seso =
366n7tg?), while the corresponding mono components (TBAAQ$neso= 300ntg?t) and
TEA-0.60 (Sweso= 312n%g?')) show poor performance with respect to SDUSY1ig.(F
3.18). The easy accessibility and better transgfodugh mesopore creation has been

pointed to be the dominating factor behind thevagtdifferences [153].
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Figure 0.18LDPE conversion using binary and mono componegemc hydroxide modified SDUSY15
Uncatalyzed
100 — Parent
NaOHO0.40REF
4 —TBTEO0.25 — o
80 TBNa0.30REF T5o = 4627C
7] TBNa0.30IE —
IEILJ — T,,=342°C
5
= 60 4 — T50 = 464°C
o
i) T, = 393°C
2 40
S 1 — T,,=314°C
(&)
X —
© 20 — T,,= 314°C

T T T T 1
100 200 300 400 500 600

Temperature (CC)

Figure 0.19Comparative LDPE pyrolysis by double organic asmdtéxchanged TB-Na treated SDUSY15.
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Furthermore, the binary mixture of double orgamioet shows similar activity with ion-

exchanged TB-NaOH mixture as shown in Fig. 3.19s Tus saves the extra effort and
time required to carry-out ion-exchanged procediuithe case of TB-Na, which showed
poor performance without ion-exchanged. This pomisthe fact that the new approach
of binary mixture enables the bypass of the crutiat energy and time-consuming, ion-

exchange steps in the desilication procedure.

3.6.5.2Friedel-Craft Alkylation of Toluene

To further establish the enhanced activity of thewly designed hierarchical
dealuminated Y-zeolites, the catalysts were teist¢lde alkylation of toluene with benzyl
alcohol. The GC-MS analysis of the reactants anthioeéd products resulted to the
chemical reaction equation represented in the3FRf). The alkylation requires relatively
strong acid sites that must be accessible by theks reagents. The obtained trend was
a similitude of that of LDPE pyrolysis. TPTE-0.25ated sample displayed similar
percentage conversion to the ion-exchanged TBN@M tBeated sample, both above the

parent sample (SDUSY15).
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3.7 Summary

A number of tentative conclusions can be drawn fritve above results. First, the
negative impacts of single NaOH, TMAOH, and TEAQBEatments on the porosity and
the crystallinity of SDUSY40 zeolites were cleantynimized upon following the double
mixture approach. Second, treatments in aqueoullel@nganic mixtures (in particular,
TBA* + TEA') appear to be more effective than those of (TBANaOH) treatments. For
example, it was possible to develop substantiatresl surfaces up to 451%gt (about
2.5 times larger than that of the parent zeolidile strongly enhanced{\up to 1.22
cmgl) and almost unaffected microposity«(iMo of 0.22 cnig?') were attained. The loss
in crystallinity was limited to 40% at a solid yiedf 60%. Treatments in TBA+ NaOH
mixture resulted in comparable mesoposityetS= 444 nig'), however, 21% reduction
in micropore (from 0.23 cfg! down to 0.19 cry?), low solid yield of 42%, and
crystallinity loss of 55% were obtained. Third, thefficiency of double
tetraalkylammonium mixtures showed a clear depecel@m the concentration and the
nature of included tetraalkylammonium cations, whsrthat of TBA+ NaOH mixtures
on the concentration of NaOH. Fourth, the supeactivity of material modified by
double tetraalkylammonium mixtures can be evaluaiethe degradation of low density

polyethylene, as well as the alkylation of toluevith benzyl alcohol.
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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 commant from both natural and man-
made sources. For instance, lead gets into watie®drom acid mine drainage release
and into the atmosphere through fuel combustiod][land the acceptable limit of this

contaminant in for drinking water is 15 ppb and ppb by USEPA and WHO

respectively [6,7]. Consequently, the chemical gsial of metal ions requires sample
pretreatment to separate the target analytes fnermterfering matrix and preconcentrate
to the analytical measurable amounts [154]. Asieeibfluence of significant matrices

and complex formation on normal instrumental arig)ysiost heavy metals present in
concentration near the detection limit of the imstent [155-157]. So preconcentration is
a necessity prior to their determination as it idffeeasonable sensitivity and selectivity,

promotes detection limit and thus enables betteuracy [158].

The known preconcentration procedures are notdunib coprecipitation, liquid-liquid
extraction (LLE), microextraction and solid phasdraction (SPE) [159-162] but the
SPE has striking benefits such as low cost dueowo dr no consumption of organic

solvents, rapid phase separation, ease to be uiednline or off-line mode of different
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detection techniques, high recovery as well as kghchment factor [159-163]. The
extraction of metal-ions by SPE is more exhaudtina® LLE due to multiple equilibrium
based extraction in the SPE [154]. Good chemicdl taermal stability, high recovery
percentage, surface contact with sample solutiore pnd low leachability of impurities,
and reversible adsorption, as well as porous amye lsurface area are reported features

of good SPE materials [164-169].

To this end, the choice of appropriate adsorbeatksy for SPE, and many materials are
being proposed and investigated [170]. Metal-iorecpncentration has been done with
sorbents like ion exchange resins [171], microetiise naphthalene [172], XAD resins
[173], cellulose [174], Lewatit S 100 [175], polytihane foam [176], nanometer titanium
dioxide [177], modified silica gel [178,179], andcently, LTA and Y-type zeolites
[180]. Meanwhile, porous structure, large surfageaa selective adsorption, high
adsorption capacity, and high purity standardsfeaiures that give activated carbon top
ranking among the sorbents for environmental polfutcontrol [181,182]. It is
noteworthy that high cost of production and regatien of spent activated carbon makes
it less economical (in spite of its widely use)rtheeolite as adsorbent medium for the
heavy metals removal from water [183]. Large saainery waste products, spent
zeolites match activated carbon but surpass clays@bent for extraction and
concentration of toxic metals (As, Pb, Hg) from teasater. The developed surface area,
pore structure and polarity due to hydroxyl grolpsated on the zeolite surface have
contributive effect [184]. Modified zeolites are Naseful in the catalyst application,
separation processes and pollution control of &/ metal ions and organic pollutant,

among others [185-188].
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As part of modern developments in the analyticaéreme within the last decade, a
miniaturized form of SPE called u-SPE was repobg@asheeet al.,2006. The p-SPE
is a simple, accurate and effective pretreatmestinigue with a drawback of typically
more than 30 mins extraction time requirement [188] surpass this time issue, which is
also common to other methods when adopted alomejdia of combining different
microscale sample preparation methods became a eoramd acceptable practice. An
example reported by Ge and Lee (2012) was AA-u-BR&re the u-SPE was inserted in
a sample and agitated by magnetic stirring for aterttime [190]. While the
polypropylene membrane sieve the particulates fitmensample matrices on the sorbent
surface, the selectivity of the u-SPE device yes lon the good choice of sorbent
materials [188-190]. So, the combination of exc#llsorbent material and efficient

extraction method is paramount among other coreidierfactors.

Although the hierarchical ultrastable Y (USY) zésdi are widely used in various

catalytic applications (see previous chapter), their use as efficient sorbents when
modified appropriately is yet to be fully exploréithe choice of this type of zeolite is due
to the characteristic large surface area with es/idue to superdealumination) that can
harbor heavy metal ions and the modification bylatle treatment proved to enhance the
adsorption capacity of this typical zeolite materighis work investigated the enhanced
heavy metal ions sorption potential of the modifaperdealuminated ultrastable Y
(SDUSY) zeolite by quaternary ammonium cations taatkaline treatment using

agitation-assisted p-solid-phase extraction teakeiq
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4.2 Experimentals

4.2.1 Reagents, Instruments and Materials

Reagents:All reagents used were of analytical grade; sodnyairoxide, NaOH (97+%,
Aldrich), tetrabutyl ammonium hydroxide (40 wt.% O, Sigma-Aldrich), and nitric
acid, HNQ were obtained from J.T. Baker (Philips Burg, NOhe ultra-pure water
(pH=5.6) was prepared using Milli-Q (Milford, MA)ystem. The lead (Pb), cadmium
(Cd), nickel (Ni), cobalt (Co), copper (Cu) andams (As) standard solution for ICP-

OES instrument were used to prepare all the worgoigtions needed.

Instruments: Double Leopard 16 inch Hand Sealer (Impulse) meghBransonic 32
Ultrasonic bath (Dimension bath DxHxW = 15x14x30cHagnetic stirrer, Metrohm
691 pH/ion meter using a glass-calomel electrode wgd to amend the pH of working
solution. Other instruments such as FTIR, SEM, Bidfface analyzer, XRD, ICP-OES

were detailed in section 3.4.

Materials: Prior to use, all glassware and plastic bottlesewboroughly cleaned by
soaking in 10% dilute HN©for 12 hours and later rinsed with ultrapure wafine
polypropylene membrane sheet (157um thickness @pthOpore size) was bought from
Membrana (Wuppertal, German). The SDUSY zeolitel usehis study was supplied by
Zeolyst International. Severe steaming and dealatioin of the pristine NaY zeolite
(CBV100) resulted to CBV720, CBV760 and CBV901 ofAGratio of 15, 30 and 40,
respectively. These samples were coded SDUSY15, SM30 and SDUSY40

respectively but the SDUSY40 was the main concérthie adsorption study. Prior to
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post-synthetic treatments, the as-received SDUSN&®D 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 spokaliquots of typically 20 ml ultra-

pure water with different known concentration ofget analytes and subsequently
adjusted to different pH using 0.1M NaOH and 0.1M®3. Thereafter, extraction was
conducted on these samples using u-SPE deviceduaiikie zeolite materials as novel

sorbents.

4.2.3 Methods of post-synthesis modification and characteation of the

zeolite materials

4.2.3.1Post-synthesis Alkaline Treatments

The modification of the commercial H-form of SDUSY4eolites was performed as
reported in the previous chapter. Summarily, a omextof 0.15M TBAOH and 0.20M

NaOH was made up of a 50ml alkaline solution heatpdio optimized temperature
(65°C) in a flask connected to a reflux in oil bailmen, 1.5 g of SDUSY40 zeolite was
added to the heated solution and kept at that teatyre while stirring at 800 rpm for 2
hrs, under atmospheric pressure. Afterwards, tloditeesuspension was cooled down
immediately using an ice bath, and then isolatedumtion filtration. The solid product
(residual) was washed adequately with 400 ml deexhiwater to have neutral pH, and

then dried at ambient temperature for 30 minutepwed by drying at 110°C for
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minimum of 10 hrs. Thereatfter, the alkaline treasadple was calcined in static air at
550°C (holding time 6 hrs, 3°C/min). It is notewortthat modified SDUSY zeolite

sample for adsorption study was excluded from upmag ion-exchange procedures of
the alkaline treatment. This was because ion-exgdormed the rationale of the
application of the modified material in heavy metals removal from water. So, after
calcination, the modified zeolite sample was chiarézed and evaluated for comparative

adsorption studies with the unmodified one (asresfee).

4.2 .3.2Characterization of the zeolite materials

Both the SDUSY40 (reference) and AT-SDUSY (modifietkolite materials were

characterized using state-of-the-art spectroscapicimaging technigues with respective
objectives. The FTIR (Nicolet 6700 spectrometer+ite electron, USA), provided by

OMNIC with a deuterated triglycine sulfate (DTGjtector, was used to ascertain the
functional groups present in the zeolite samplég Jamples were made into pellets with
addition of KBr and the spectra were obtained bggiransmittance mode within 4000-

400cm! wave number range. The background correctionefpectra was performed by
16 scans with resolution 2ch for the background noise correction. Other
characterization techniques employed are as raparteection 3.4, with the same ICP-
OES on a Horiba ULTIMA 2 instrument used to deternihe concentration of elements

in the study.
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4.2.4 Extraction, desorption and regeneration procedures

4.2 .4 1Fabrication of micro-SPE device

The p-SPE device was prepared as described by &asheal.,, 2009 [191]. The
polypropylene membrane sheet was carefully cuthead-sealed to make a tea-bag-like
envelope with an open end through which the sorvastpacked and then heat-sealed. A
typical packaging has the dimension of 150mm x 50amch contains 25+0.02 mg of the
sorbent material. To ensure consistency in the heigeasurement, each p-SPE device
was re-weighed and trimmed at edges carefully.

Hazt Individual
/ sedled rectangular pieces Omne of the open ends

/ f“]i:u arecut uut\ isheat sea]ef
’ over

I | |

FPackaging and heat
Porous Polypropylens [— sealing. ]
lembrane
am
[ o= E e ]
J— = —

| [ESH

Figure 4.1Schematic diagrams of steps in the fabrication-8RE device.
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4.2.4.2Agitation Assisted p-SPE (AA-p-SPE)

The extraction procedure began with conditioninghef u-SPE device in acetone for 10
minutes to open the pores of the membrane, folloledrying with lint-free tissue and
then placed in 10ml of ultra-pure water in a ghass. Henceforth, a pair of tweezers was
used to handle the cleaned p-SPE device in theimergaextraction and desorption
steps. The AA-u-SPE was achieved by placing a peepp-SPE device into 20ml of
water sample spiked with a known concentration rwdlye(s) (heavy metal ions e.g.
10mg/L of PB*) with stirring bar rotating at 1200 rpm for extiiao period (5-30
minutes). The sample vial containing the extractienice, magnetic stirrer and sample
volume was sealed with cap and positioned insidem@th system to maintain a certain

temperature for isotherm adsorption evaluation.
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Figure 4.2 Scheme of AA-u-SPE procedure
4.2.4.3Recovery and sorbent regeneration

The recovery of adsorbed metal ion analytes waseaett by placing the extraction
devices in small vials containing x ml of yM HN@r certain time t minute under ultra-
sonication to give complete desorption. This chatelesorbing solvent was made to
conform to the matrix standard for elemental analysing ICP-OES. Subsequently, the
reusability of the extraction device was investgatFor certain time interval, three
cycles of recovery experiments as well as carry-oests were performed to assess the
reusability of the u-SPE device. The solutions friliase were separately analyzed for

heavy metal ions content, measured in triplicajeE0P-OES.
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4.2.5 Instrumental and data analysis

The solutions from the desorption step were indialty analyzed for heavy metal ions
content, measured in triplicates by ICP-OES. Th&iobd data from the instrumental
analyses were used to compute the sorption capatitye target analytes by both

SDUSY40 and AT-SDUSY zeolites using the followingeessions:

(Co—Ce) X 100

Removal efficiency (%) = c 4.1)
(Co_ce) 4
go= Gl x v y

where @ is the amount of sorbed analyte ions (mg/g),a8d G are the initial and
equilibrium concentration of the analyte ions ie tample solution (mg/l) respectively,

m is the adsorbent mass (mg) and V is the samlena(ml).

The obtained results from the calculations werahtrr used in kinetic and isotherm

studies and the outcomes were subsequently presientdiscussions.

4.3 Results and discussion

4.3.1 Characterization of the SDUSY40 and AT-SDUSY zeokt sorbents

Various combinations of spectroscopic techniqueseak the textural, structural and
morphological properties of the studied sorbentemals. Inspection of the FTIR spectra
(Fig. 4.3) shows the presence of the following geak wave numbeca. 3400 cm

Lrepresenting the isolated (terminal) silanol (Si#)Ogroup and ca. 2900 cm'
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representing C-H saturated aliphatic hydrocarboncbéin mode, amongst other.

Importantly, the spectra clearly indicate the emeament of silanol group in the AT-

SDUSY.
105 _"\/ g —
95
—\
85
]
§ 75
€
2 65
= ——— AT-SDUSY
R 55 ——SDUSY4
a5
35 :- 2 2 2 : 2 2 2 2 : 2 2 2 " : 2 2 2 " : 2 2 " 2 : 2 2 2 " : 2 2 " 2
3900 3400 2900 2400 1900

Wavenumbers (cm)

Figure 4.3Comparative FTIR spectra of SDUSY40 and AT-SDUSY.

The XRD patterns in Fig. 4.4 show the comparatimectural stability of the AT-SDUSY

zeolite and the SDUSY in displaying highly pure stejline faujasite (FAU) structure
XRD pattern [192]. The scanning electron microscpigM) images (Fig. 4.5) show the
presence of octahedral morphology characteristi€anfjasite crystals containing large
mesopores in AT-SDUSY [193] and no significant des like any clear sign of
globular particles, rugged surfaces or cracks, @xder crystal size reduction, was

noticed upon modification.
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Figure 4.4 Comparative XRD patterns of SDUSY40 and AT-SDUSY
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Figure 4.5SEM images of SDUSY40 (left) and AT-SDUSY (right).

The Table 4.1 gives the comparative structural xtural data of the zeolite sorbent
materials at a glance. Using TBAOH as pore growibdenator in the modification
approach minimizes the negative impacts of singil®N treatments on the porosity and
the crystallinity of SDUSY40 zeolites (see previatapter). Obviously, the AT-SDUSY
has improved external surface area and large ppes shat enhanced its adsorption

properties over SDUSY40. The Si/Al ratio reductsiowed the preferential leaching of
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silicon from the solid that gave rise to the mesepan the zeolite crystal upon the

alkaline treatment [136].

Table 4.1 Textural and structural properties of the SDUS%A@ AT-SDUSY zeolites.

Material S|/A| RC SBET Snicro Smeso Vmicro APD
(%) (mPg?) (m’gh)  (mPgh)  (cmPgh)  (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

4.3.2.1Suitability of zeolite as excellent sorbent materia

The cations, present within the zeolite framewarkalance the net charges ofAand

Si**, are facile and can easily be exchanged with atagons like PY, C*, Cw?*, Cré¥,

etc [194]. Several parameters are capable of infiug the exchanged process of ion

sorption/removal from water. Examples of such patens that were investigated for

optimum heavy metal ions removal in this study ude temperature and pH of the

spiked water, initial concentration of cations alusion, zeolite mass, zeolite Si/Al ratio

as well as modification of zeolite.
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4.3.2.2Effect of Si/Al Ratio on heavy metal ion removal

As shown in Fig. 4.6, the sorption efficiency whisha reflection of the cation exchange
capacity (CEC) of the zeolite, increases with therdase in Si/Al ratio, at the same mass.
This is because an increase in Si/Al ratio of zedjives a decrease in the framework
charge and then decrease in the numbers of catahsan be exchanged, meaning a
drop in the CEC. The SDUSY40 (Si/Al=32) has thehkigSi/Al ratio and lower sorption
of metal ions in cation exchange than AT-SDUSY ABil7). This thus justifies the

effect of modification in improving the sorptionpzcity of such silica-rich zeolite.

100
80 +

60 - mSDUSY40

40 1 m AT-SDUSY
20 - AT-SDUSY

SDUSY40

% Removal

12.5mg 25mg 50mg
Sorbent mass

Figure 4.6 Sorbent mass and modification effect on the sonptif PB* ion from water by SDUSY 40 and AT-SDUSY

(pH=6, G=10mg/L, t=20mins, V=25ml, T=298K).

4.3.2.3Sorbent mass and modification effect on sorption péormance

The sorbent mass (dosage) has significant effeth@madsorption efficiency, depending

on the initial adsorbate concentration. At initt@incentration of 10 mg/L Ph 20 mins
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contact time, 20 ml of the spiked water at pH o ncrease in the removal percentages
was obtained with increase in sorbent mass fahallSi/Al ratios studied (Fig. 4.6). This
can be attributed to the increase in surface arnéa tive increase in the mass of the
porous sorbent materials. For example, SDUSY40itsaemoval percentage increase

from 24.98% to 55.84% for mass increase from 1@ 50t mg.

Upon modification, we obtained AT-SDUSY that shovegghificant improvement in the
percentage removal of the Planalyte at a comparable sorbent mass over the SBUS
At a mass of 12.5 mg, about 212% increase in leathlnon removal was obtained by
AT-SDUSY (78.06%) as compared to SDUSY40 (24.98%paddition, it is noteworthy
that increase in percentage removal with increasmibent mass is relatively smaller in
the AT-SDUSY. This is possibly because the ava@lahlirface area for adsorption gets
saturated largely with small mass and this meaat dhreasonable percentage removal
can be achieved with small dosage of modified #olThis observation reveals the
potential of the AT-SDUSY40 for excellent adsorptiand enrichment of the trace

amount of the studied metal ions.

4.3.2.4Effect of sample pH on extraction

The affinity of sorbent for selective sorption @rtain metal ions relates to the functional
group present in the sorbent [195,196]. As showthénFTIR result, both SDUSY40 and
AT-SDUSY have the same isolated silanol functiograup that can be ascribed to the
sorption of heavy metal ions. So, it is expectedliserve the same pattern of adsorption,
except in the quantity. The pH of the solution uefices significantly the adsorption of

the metal ion on the surface of the adsorption ri@tas there exists competition
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between the hydrogen ion and target metal iongisor® on the material surface at low
pH and also likely formation of sparingly solublgdnoxide precipitate of metal ions at
high pH [195]. So, the sorption capacity of studimdtal ions was measured in the
sample pH range of 2-8 (triplicate) for both SDUSYahd AT-SDUSY zeolite materials.

Although at different quantitative level, both zémlmaterials adsorbed studied lead
metal ions at optimum pH = 6. At pH > 7, the obtairdecrease in metal ions removal
can be attributed to the precipitation of M(OH)ratthis capable of contaminating the
sorbent surface. Also, the low sorption capacitiesow pH support the use of acidic

medium in recovering the adsorbed metal ions.

100
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Figure 4.7 Effect of pH on the sorption of Phion from water by SDUSY40 and AT-SDUSY (m=25mg=00mg/L,

t=20mins, V=25ml, T=298K).
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4.3.2.5Matrix effect and selectivity

In the real situation, other notable heavy metakioften co-exist in water to be treated.
So, it is necessary to investigate the matrix ¢ff@is-a-viz the selectivity of the sorbent
materials to particular metal ion(s). Remarkalhg $ame optimum pH of 6 was obtained
for sorption capacity in the presence of otheristlitieavy metal ions by both SDUSY40
and AT-SDUSY, with the exceptional preference/dalég for Pk?* which has highest
ionic radius over other metal ions with smallericoradii (Ca*, Ni** and Cd*) (Fig.

4.8).

mCd
o0
> mCo
£
) mCr
T
HCu
m Ni
mPb

pH

Figure 4.8 Matrix effect and selective sorption of metal idnysAT-SDUSY at different pH (m=25mg,0€10mg/L,
t=20mins, V=25ml, T=298K).
Zeolites selectivity in relation to cations andaanrs is a vital property in water treatment
procedure. The preference for certain ions depeamdgield strength in zeolite pore.
Usually the more charged cations (generally heaeyalm such as €1 have higher
ability to be attracted toward a site of oppositarge than others cations with less charge
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such as PB,Cco*, etc. For solution containing different ions okteame charge, the
preference increases with increasing atomic nunjb87,198]. Low field strength
zeolites (i.e those with higher Si content than, Al)ch as SDUSY40 and AT-SDUSY,
have more preference for cations with lower chalgesity (C#*, C#*, PIF*) than those
cations with high charge density. The selectivityAd-SDUSY towards the studied
heavy metal ions exist in the series®’SCw*> Pl¥*> C** = Ni? *> Cc*. The APD in

Table 4.1 shows the presence of large cavitielsarstudied sorbent materials.

4.3.2.6Contact time effect

The Fig. 4.9 gives the sorption capaciissa function of time (for some selected metal
ions; CF*, PI7*, and Cd"), showing the quite rapid adsorption with thetfiesv minute

of contact time up to a saturation time. Furthecrease in contact time showed

insignificantly increased removal after 20 mins d&ese the surface area of the sorbent
become saturated and thus reduces the adsorptimesgsr and then resulted in a low

adsorption capacity. Thus, equilibrium contact tioile20 mins was adopted, and these

three metal ions were rather given more attentiaghe rest of this study.

4.3.2.7Effect of initial concentration

The obtained results as indicated in the plots. #i$0) showed that in both zeolites, the
adsorption increases with increase in initial comicdion resulting to increase in the
guantity of metal ion adsorbed onto zeolite surfacel the concentration gradient can be

attributed as the driving force.
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Figure 4.9 Contact time effect obtained for€rPI?* and Cd* ions adsorption on AT-SDUSY at 298K, 308K and

318K (m=25mg, G=10mg/L, pH=6, V=25ml).
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Figure 4.10Initial concentration effect obtained for3GrPI?* and Cd* ions adsorption on AT-SDUSY at 298K, 308K

and 318K (m=25mg, t=20mins, pH=6, V=25ml).
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4.3.2.8Temperature Effect

Of all the considerable parameters, the tempergiases a major role in the adsorption of
the heavy metal ions onto the surface of the aésdrihe observed enhancement in the
sorption with increase in temperature suggesteetid@thermic nature of the adsorption

process.

4.3.2.9u-SPE device regeneration

The applicability of modified zeolite for metal iarcovery in water treatment requires
the efficient regeneration so that the adsorbedaima&ins can be recovered in
concentrated form and the zeolite reused. The séubkty of electrostatic field-,

polarizability- and molecular sieve- based adsorpstudies enables the reusability of
zeolite and remarks zeolites as cost-effective rdism media [183]. The choice of the
instrumental analysis of the metal ions prevented tise of organic solvent for
desorption, and also, the obtained result in theeffidct on the adsorption suggested
better recovery of the sorbed metal ions in acidiedium. This can be because the
hydroxyl groups in the zeolite become protonateddidic medium, and do not attract
the positively charged metal ions and thereforeast the metal ions into recovery
solution. Consequently, 5ml (adequately soakeddthaece) of 1M HNQ, under 5 mins

ultra-sonication gave almost complete recoverias arailed the sorbent device for re-
use. This was established by the insignificant gkanin the metal ions removal

performance of the sorbent device after three syafee-use (Fig. 4.11).
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Figure 4.11The adsorption capacities of selected metal ignsriginal and regenerated sorbent.

4.3.3 Adsorption kinetic studies

In order to ascertain the mechanism of the adsmrpthree models (see section 2.5.4 for
details) were explored in this study and in eadedhe degree of goodness of the linear
plot of the kinetic models was judged from the eati the coefficient of determination
of the plot, a considerable criterion for the detigation of adequacy of a kinetic model

[107,199].

4.3.3.1Lagergren pseudo first-order kinetics

The Lagergren pseudo first order expression isngase

log(qe —q:) = logqe — (355) ¢t 4.8)

2.303

where K is the rate constant (mth ¢ is the amount of adsorbed at equilibrium (mg/g),

and qis the amount adsorbed at time t (mg/g).

125



The parameters obtained from the plot of equati@ade summarily presented in the
section of Table 4.2. The discrepancies betweerexiperimental and calculated gre
large with low R values € 0.96) for different metal ions at different temgteire. Thus,

it shows that the data did not fit to this kinetiodel (Fig. 4.12).

Cr
298K
- 2 W 308K
X 318K
$ 0
¢ 0 30
§° t (min)
= ! 298K
2 0 m 308K
E 318K
= -1
4
(]
)
M J T T T T T 1
239 5 10 15 20 25 30
t (min)
1
X
= 0 298K
= B 308K
=
5 318K
o )
T
g -3 % 5 1|0 1|5 2|o 2|5 3|o
t (min)

Figure 4.12Pseudo-first order kinetic plots obtained fof*CPI?* and Cd* ions adsorption on AT-SDUSY at 298K,

308K and 318K.
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4.3.3.2Pseudo second-order kinetics

Unlike pseudo first-order, the pseudo second-dkiestics was found to show a better fit
towards the sorption of studied heavy metals fog #ntire sorption period. Its

mathematical expression can be written as:

+ P é.4)

Q
o~
S

h = K2q§ (4.5)

where K is the rate constant (g/mg.min) and h is theahgorption rate (mg/g.min).

The slight differences between the experimental ealdulated g can be ascribed to

experimental error. The mostly higlt Ralues were obtained for different metal ions at
different temperature. It can also be said that giseudo second-order sorption
mechanism predominated and that the overall sorptite seems to be controlled by a

physisorption of adsorbate on adsorbent surface, ?2Q].

Although the dependence of the rate constant on témeperature could not be
ascertained, yet thdé (initial sorption rate) values were found to irese with
temperature for the three studied metal ions (Bid.3 and Table 4.2). It is also
noteworthy that the sorption of Pbwas strangely enhanced more thas*@t higher
temperatures (308K and 318K) and this is perhagstdumore accommodation of the
largely sized PY (120 pm) into the cavities of AT-SDUSY with morgpgthan smaller
size but highly charged €r However, the expected trend was observed in tefrhs

values at the room temperature {GPI’*>Cd?*).
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Figure 4.13Pseudo-Second order kinetic plots obtained fét, ®t7* and Cd* ions adsorption on AT-SDUSY at

298K, 308K and 318K.
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Table 4.2Kinetic parameters obtained for’GrPIZ+ and Cd* ions adsorption on AT-SDUSY at 298K, 308K and 318K

lons Pseudo-first order kinetics Pseudo-secoddrddinetics Interparticle diffusion Model
T Je,€XP Ki(10) oqgecal R? Kz (1®) g cal h R? Kid C(mg/lg) R
(K)  (mg/g) (min'Y)y  (mg/g) (g/mg.min) (mg/g) (mg/g.min) (mg/g.mirt?)

Cr3* 289 581 2.11 9.77 095 226 716  1.16 0.99 0.86 521 0.90
308 7.64 2.80 30.19 091 1.5 10.10 1.17 0.98 1.28 1.18 0.93
318 8.93 2.53 2340 088 111 11.56 1.49 0.98 1.45 1.67 0.91

Pt 289 35 2.65 10.71 0.85 3.76 426  0.68 0.97 0.46 111 0.90
308 3.73 2.03 339 094 10.70 4.03 1.74 1.00 0.28 .30 2 0.94
318 4.39 251 494 096 0911 478  2.08 1.00 0.36 63 2. 0.84

C* 289 1.24 2.35 4.60 092 201 2.27 0.10 093 0.24 .000 0.92
308 1.34 2.29 413 090 3.8 210 0.14 0.97 0.26 00 0. 0.94
318 1.46 2.27 331 096 6.66 1.90 0.24 0.97 0.30 00 0. 0.82
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Figure 4.14Intraparticle diffusion model (Morris-Weber) platbtained for C¥*, PI#* and Cd* ions adsorption on

AT-SDUSY at 298K, 308K and 318K.
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4.3.3.3Intra-particle diffusion kinetic model

The Morris-Weber equation plots did not pass thhotlee origin, except for Cd (Fig.
4.14), yet all have low Rvalues (Table 4.2). Thus, the mechanism invoh@ddnot be

a diffusion based and so there exists a complicatchanism [202].

1
g = Kigtz+ ¢ (4.6)
where Kqg is the rate constant of the intraparticle transfrog/g.mirt?), g is the amount

adsorbed at time t (mg/q).

4.3.4 Adsorption isotherm studies

The isotherms suggest the pattern of adsorptiadgheohdsorbate on the adsorbent surface.
For instance, while Langmuir predicts the monolagdsorption pattern, Freundlich
adsorption isotherm gives information about thefasi@ heterogeneity as well as the

exponential distribution of active sites and teziergies (Bakeet al, 2009) [203].

4.3.4.1Langmuir model

The linearized form of Langmuir model equation jAvas used to make a plot in Fig.

4.13.

L= = + o 4.7)
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where ge is the equilibrium ion uptake (mgly Ce represents the equilibrium
concentration (mg.t), b is the sorption equilibrium constant (L.gand Qo is the

maximum adsorption capacity (md)g

R, _ 1 (4.8)

The isotherms are regular positive and reflecteffieiency of the AT-SDUSY for heavy

metal ions removal from water over a wide rangeafcentration. As shown in Fig.
4.15, the amount of metal ions sorbed increasel t@inperature, further indicating the
endothermic nature of the adsorption process. Kt €1 was obtained for the studied

metal ions (Table 4.3), indicating the favorableef the isotherms [101-102,204].

4.3.4.2Freundlich model

The Freundlich isotherm expression in logarithnoiaf is as written in equation 4.9,

logq, = logKp + (%) log C, (4.9)

where n and K are Freundlich isotherm constants related to rptiso intensity and

adsorption capacity respectively.

It is fondly used for non-ideal multilayer sorptiom heterogeneous surfaces [205]. The
Fig. 4.16 shows that the sorption of the studiedaimiens fit well into the Freundlich
isotherm model, with good linearity. As shown ire thable 4.3, both sorption intensity
(n) and sorption capacity @Kincreased with temperature, with: Kollowing the trend
Cr*>PP**>Cd*at all temperatures while the sorption intensityiferently higher for

P?*. The enhanced sorption at higher temperatureseatue to the increase in active
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site available for sorption and/or change in paze svhich perhaps enhanced the rate of

sorption of the metal ions [206].
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Figure 4.15Langmuir Isotherm plots obtained for3GrPI?* and Cd* ions adsorption on AT-SDUSY at 298K, 308K

and 318K.
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Figure 4.16Freundlich Isotherm plots obtained forPGPIZ* and Cd* ions adsorption on AT-SDUSY at 298K, 308K

and 318K.
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Table 4.3Isotherm parameters obtained foP'CPI?* and Cd* ions adsorption on AT-SDUSY at 298K, 308K and 318K

Metal Langmuir isotherm parameters Freundlich isotheanameters Temkin isotherm parameters
T Qo, b (1¢) R? R Ke (107 1/n, n R Kr (1) br R2
(K) (mg/lg)  (Umg) (mg/g) (mg/g) (L/mg) (KJ/mol)

Cr3* 289 109.9 7.22 0.98 0.73 67.07 1.02  0.98 0.98 &7.6 242 0.98
308 200.0 4.24 0.98 083 71.86 1.04 0.97 0.99 7278 2.46 0.99
318 4348 2.18 0.99 090 89.19 1.01  0.99 1.00 89.28 2.62 1.00

Pt 289 70.53 1.42 0.97 058 4321 0.94 1.07 0.98 9H0.7 2.65 0.98
308 75.79 1.32 0.97 0.60 45.76 094  1.06 0.98 4350 2.73 0.98
318 84.68 2.24 0.95 047 67.83 0.86 1.16 0.98 63.66 3.08 0.98

Cd?* 289 200 0.03 0.85 098 3.28 1.42  0.70 0.96 9.03 74 1. 0.96
308 333 0.03 093 099 6.11 1.27 0.78 0.98 11.15 01 2. 0.99
318 500 0.03 0.99 098 0951 1.19 0.84 1.00 13.83 222, 1.00
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4.3.4.3Temkin isotherm model

From the Temkin adsorption isotherm expression quoagon (4.10), the amount of
energy required for the absorption by one layertlo& adsorbent’s surface can be

obtained.

RT

Ing, = (};—:) InKy + (E) In C, (4.10)

where h is the Temkin constant related to the sorptiort e&J/mol, K is the binding
energy constant at equilibrium; an equivalence ekimum binding energy (L/g), R is
the universal gas constant (0.008314J/mol-K) amgltiie absolute temperature in Kelvin
(K). The Fig.4.17 shows the good linearity of thetp and as shown in the Table 4.3, the
sorption heat at a particular temperature was coatipely higher for P¥, perhaps due

to its largest size among the ions studied.
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Figure 4.17 Temkin Isotherm plots obtained fori¢rPIF* and Cd* ions adsorption on AT-SDUSY at 298K, 308K

and 318K.
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4.4 Summary

The superdealuminated faujasite (FAU) Y-type zeohvas modified via alkaline
treatment to achieve increment in the surface aneleenhancement of the isolated silanol
functional group that assisted in sorption proaaflskeavy metal ions from water. The
modified zeolite, AT-SDUSY, showed better adsomptiproperties than the parent
zeolite, SDUSY40. The kinetic data agreed mordnéopseudo second order kinetics and
the isotherm showed a favorable type with more @onity to Freundlich isotherm. The
obtained results obviously showed that the heavyalmens sorption process was
endothermic and the sorbent materials showed nabeetsvity to lead ion in the solution.
The trimodal mesoporous zeolite packed pu-SPE deaopled with ICP-OES provided
excellent alternative for routine analysis of |€H¥lion in the matrix of heavy metal ions
like cadmium(ll), nickel(ll), cobalt(ll), chromiui{) and copper (ll) ions in water
system. The other heavy metal ions removal ancesioiy of hardwater can be well

achieved with this economical AT-SDUSY zeolite amael sorbent material.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The results gave insight about the nature of meatitbn obtained during various alkaline
treatments, and improved the knowledge about thesipb-rchemical implications as
related to the expected catalytic performance dsageenhanced adsorption properties.
Quaternary ammonium cation based alkaline treatnsboived elegant approach to
obtain hierarchical dealuminated Y-zeolites witffesfent degree of mesoporosity. The
organic tetraalkylammonium hydroxides as desiligatigents moderately controlled the
kinetic of the silicon dissolution depending onitHevel of hydrophobicity, effective
cationic diameters and thus steric hinderance in e thtrend
TBA*=TPA*>TEA*>TMA*>>Na" at the same concentration. The inclusion of bulky
organic templates, such as TBAand TPA, as external pore directing agents
convincingly redeemed the negative impact of soterganic hydroxide on the zeolite

structure as desilicating agent but the time-comsgrnon-exchange step is still required.

Remarkably, our new approach of double organic uned (in particular, TBA+ TEA*
and TPA + TEA") showed more effectiveness than those of (TBANaOH) treatments,
and thus gave a chance to bypass the crucialxomaage step in the alkaline treatment

procedures, thereby saving time and energy. Ibteworthy that the said efficiency of
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double tetraalkylammonium mixtures yet dependshenconcentration and the nature of
included tetraalkylammonium cations, as well as $ifél ratio of the dealuminated Y
zeolites. The degradation of low density polyethgleat lower temperature, as well as
higher conversion of alkylating agent (benzylaldprathin shorter period in the studied
Friedel-Craft alkylation of toluene, convincinglygved this supremacy, at a comparable

concentration.

This study further showed the efficiency of modifidealuminated FAU-type Y-zeolite
as adsorbent in heavy metal ions removal, alongsidecatalytic activity evaluations.
Aside the large surface area, the nature of poresept in an adsorbent played a
significant role in its adsorption performance. Tdwice of this type of zeolite was due
to the characteristic large surface area with @svi(due to dealumination) that could
harbor heavy metal ions and the modification bylatie treatment proved to enhance the
adsorption capacity of the zeolite material as agakin this study. The modified zeolite
showed better adsorption properties than the uetiezeolite. The kinetic data obtained
agreed more to the pseudo second order kineticke wie isotherm showed a favorable
type with more agreement to Freundlich isotherntepat The obtained results obviously
showed that the heavy metal ions sorption process @ndothermic and the sorbent
materials showed more selectivity to lead ion ia slolution. The AT-SDUSY could be
an excellent alternative solid phase extractior5)Ssdrbent for routine analysis of trace
lead ion in water samples. Interestingly, removYahany heavy metal ions and softening
of hard water could be well achieved using the enunal modified zeolite material

parked micro-SPE device.
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5.2 Recommendations

This approach of modification can be extended keiozeolites for various applications
in catalysis and separation science. Kinetic sgidfethis new desilication approach may
unveil interesting knowledge behind the pore directole of one quaternary ammonium
cation in the presence of other at the same an@igting concentration. Also, a more
insightful research effort should be directed tagathe scalable application of the
materials made by this new approach. In additioa AT-SDUSY can be investigated for
the removal of all kinds of heavy metal ions in tleal waste water treatment and

pollution control.
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Appendices

Detailed Procedures in Sample Preparation and DatBrocessing.

Appendix A: Sample Preparation Procedure for ICP Aralysis of Zeolites

(Al.) Sample Digestion Procedure

v

v

Weigh 50 mg of powdered zeolite samples into platircrucible.

Add 300 mg of powdered lithium metaborate to th@@a and mix thoroughly.
Avoid spill of the contents from crucible while niigy.

Put inside the furnace (pre-heated at 30p and let the sample be heated for 5
mins then adjust the furnace temperature to 1WG&et point. Upon reaching
1000°C, let the sample be heated for 15 minutes moex) temove from the
furnace and let it cool down for few minutes.

Wash the outside of platinum crucible with distlileater, and then put inside the
50-ml clean beaker.

Add 10 ml of 10% HNQ@ inside the platinum crucible, then add distilledter up
to 25-30 ml mark (depends on the shape and sizleotrucible) or until just a
little above the lid of the crucible. Pour distdlevater 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 DGvith moderate stirring by
putting small stirring bar inside the crucible. keahe solution on the hot plate
for 1 to 2 hrs depending on the content of the eeak wait till the water level

reach the lid of the crucible.
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v Transfer the digested solution to a clean 50 mliwatric flask. Rinse the beaker
and crucible analytically and add the rinse togbkition in the flask. Repeat 2-3
times each using very little amount of water enotmghinse the beaker and the
crucible completely. Dilute the solution to the faf 50 ml volumetric flask.

NOTE: The procedure does not require filtration of thgedted solution, because clear

solution should be achieved after these steps.r®tbe, digestion should be repeated.

(A2.) Calculation of ICP Result (Silica — Alumina)

The result obtainable during measurement is in mgl@ment (analyte) per liter of the
solution examined. Without any previous preparatad/or dilution, the result obtained
is the final one (mg/L = ppm), but when there impke dilution prior to analysis, some
additional calculation is needed. For example, mgsthat one digests 50 mg of the
zeolites in acid, and the final volume of the saampl50 ml, after which the solution is
measured on ICP-OES to detect 38.15 mg/L of Si26d mg/L of Al. As the need

arises, the digested solution is further digestadgu5 mL of it to 50 mL final dilution.

Then the actual amount of Si and Al, Si&hd AbOzin w/w% and mole ratio can be

calculated as follows:

Available Data:

Weight of sample = 0.050 g, Volume of solutioBGmL

Volume of solution  50ml

Ditution factor (DF) = weight of sample ~ 0.05g

2"d Dilution Factor =10
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Actual Reading:Si= 38.15 mg/L ,Al = 2.64 mg/L

Sample Calculatian

Total Si = (38.15mg/L) = (1000mL/g) = 10 = 381,500 mg/kg of zeolites
% Si =38.15%
Total Al = (2.64mg/L) * (1000mL/g) =10 = 26,400 mg/kg of zeolites

% Al = 2.64%

% Si0 % Si MW of Si0, 38.15% (6 : 8) 81.64%
= ¥ —e e, = . * = .
0otz = T T W of si °*\28.09 0
% AL 0, = % Al » W 0f AL20s 2.64% (101'96> 4.99Y

= * = . * = .
02T = AT MW of Al) * " \'s3.96 0
% mol Si0, = %510, _ 8lod = 1.35887
oMotz = Mwof Sio, ~ 6008
% mol Al,0, = %ALO; 499 = 0.04894
omot 2L = Mwof AL,0, ~ 10196
. (Si0, _ 1.35887
Molratw ( /A1203) = m =27.77

Appendix B: Sample Preparation Procedure for SEM Inaging Experiment

v’ Dispersion of few amount of zeolite sample in abitnl of ethanol
v Follow by sonication of the mixture for 10 minutes.
v" Then, addition of three (3) droplets of ethanoltaegring the still floating material

parts (without disturbing the sediment) onto tresaal SEM stub and wait for the
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ethanol to evaporate. The addition of 3 dropletsupfernatant is repeated once
again.

v’ After the evaporation of ethanol, the SEM stulalseled according to the sample
code.

v Thereafter, the sample is given gold-coating (40dkeation of coating after 10
minutes vacuum saturation).

v Finally, the sample successfully coated with geldmaged under SEM.

Appendix C: Detailed Procedure for Pyrolysis of LDFE Tests
(C1.) Weighing, Mixing and Experiment

v" Weigh 60 mg of catalyst and add to 180 mg of LDR& mix thoroughly to have
well blended mixture (mass ratio 1:3);

v’ Take about 8-10mg and put into the\l2Oz pan of the thermobalance and carry
out the degradation of the mixture under(RO cn? STP min') with temperature
ramping from 30 to 70C at 10C mir™.

v" Check and ensure that the final weight percecti®25%, representing the %owt
of the catalyst only

v' Process the data to calculate percentage conveofidhe LDPE at different

temperature from weight loss data.
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(C2.) Data Processing and Calculation

v' Copy and paste the data to new excel worksheet;

v Delete the columns for time and % weight to renuaily that oftemperature (T)
and actual weight (X);

v" Record the actual weight at final temperature asatbight of the catalyst in the
initial mixture, Xs;

v Subtract this weight of the catalyst from eachhef actual weight entries in all the
rows, to give a column labeled as actual weighhefLDPE at respective
temperature{Xi-Xr);

v' Compute the % weight loss of LDPE as below whereixte value ofXi-X;) at

first temperature entry (i). By this, the first gnin this column must be 100%.

(Xi = Xg) = 100
XX

* % wt present =

v Calculate for each entry the % conversion as:
* 9% conversion, LDPE = (100 — % wt present, LDPE)

v" Make a plot oP6 conversion (y-axis) againsTemperature (x-axis)

Appendix D: Activity Testing Procedure for TolueneAlkylation with Benzyl alcohol

Using Parr 4848 Reactor Controller

(D1.) Catalyst Sieving

Make the powder catalyst into pellet by pressingiih mechanical pressure oé. 1000

pounds for 30 secs using Carver Laboratory Presski(REImer, Model C, SN: 31006-
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682). Then sieve the catalyst pellet(s) to havenifotm particle size of 850 microns.

Thereafter, weigh 1 gm of the sieved catalyst tadded to the feed for the reaction.

(D2.) Feed Loading

Only two-third of the volume capacity of the reactivessel can be used for the complete
feed. So, put 100 ml of the reaction mixture otiesle and benzyl alcohol (90:10) inside
the vessel and add the 1 gm of sieved catalystaagemble the set-up of the Parr 4848
Reactor Controller (150 ml working volume) whoseperature ramping condition set to

reach 140°C within 30 mins and 72 psi for the stddeaction period (0-180 mins).
(D3.) Assembling and Charging of the set-up for Ldeage Check

Ensure the head sits levelly on the cylinder veasdltighten all bolts first with hand and
then lock with 25 ft Ib torque to ensure unifornadiing on all the bolts. Then, complete
the assembly of the set-up by making all the nesgssonnections and subsequently
check for the leakage in the assembly by smaridygihg the set-up up to 10 psi (see the
reactor indicator) with little amount of nitrogeaggand observe for possible drop in the
system pressure (due to leakage) for 10 sec. Bkade can be due to the rupture of the
flexible graphite gasket, improper lock of the vws®pening of any of valves. These
likely causes of leakage should be addressed tirteelyinimize the contact time of
catalyst with the feed prior to attaining the réactcondition. 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 theesysthe pressure is released to zero psi
and the set-up is heated to 3@Qtypically within 30mins. Obviously, the pressurél

be rising as temperature increases but it willreath the desired 72 psi for the reaction.
When the temperature is reached, the set-up igrédssurized up to 72 psi, the rotor is set
for 800 rpm and the sample (at t = 30 mins) is nakgampling continues at different
time-on-stream and only about 0.5ml is taken aheampling. It is likely that pressure
drops after each sampling, and then the drop iseroadior by gently pressurized the set

up back to 72 psi.
(D5.) GC Analysis

Label the liquid samples collected at differenteiaccordingly and analyze them using a
gas chromatograph (Agilent 7890A) equipped witlH&R5 capillary column and a flame
ionization detector (FID).

(D6.) Calibration curve and Conversion calculation

Prepare different standard concentrations (0.051) &f the limiting reagent, BzOH, and
carry out GC analysis to obtain their respectivaaarmder curve from the chromatogram.
Then, the area under curve is plotted against tmeentration to obtain a calibration
curve, from which an estimate of BzZOH conversioreapective time can be made. Note
that the assignment of retention time for BzOH dthobhe done earlier with gas
chromatography and mass spectroscopy (GC-MS).

ensity(gem ) = % purity *
_ (d ity(g 3) * % 1 1000)

Concgocr (moldm=2) o (gmol=D)
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((1.045 gem™=2) * 0.98 x 1000)

Concgyon stock (Moldm™3) = (108.14 gmol=D) = 9.47M
Concstock (M) * Vstock (ml)
Concyyq_1 (M) =
std 1( ) Vstd_l(ml)
(9.47 M) * (53uL)

Concgg_1(M) = o mD) = 0.05M
Table 6.1Area under curve from chromatogram for BzOH caliton curve
Standard Retention  Concentration Area under

codes  Time (min) (M) 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

149



Calibration curve

y = 21560x - 899.02
R2 =0.9981

0 0.5 1 15 2 2.5
Concentration (M)

Figure 6.1 Calibration curve for estimation of BzZOH concetitia

(D7.) Data Processing and Plotting

The goodness of the calibration curve is evaludtedts R-value and this equation

below can be used to estimate the amount of Bz@Begnit in each sample:

(Area under curve) + (899.02)

Conc. , t =
onc. (ppm), presen 1560
Concsock (M) * Vpocr (ml)
Concrpeg(M) = s
Jeed ered (ml)
(9.47M) = (10ml)
Concreeq(ppm) = 100 mD) = 0947M

This means that 10 ml of stock BzOH needs to heedl with solvent (toluene) to make
100 ml such that the concentration of BzOH in e&elttion feed isa.0.95 M.

095 — Conc * 100
% BzOH conversion = ( 5 g’;sent)
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Table 6.2Calculation of BzOH conversion for sample CBV724rdnt.

Time-on- Retention Area BzOH % BzOH
stream Time under  Concentration Concentration
(min) (min) curve present (M) 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 7993451  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-streéamade for each of the catalyst for

comparison.
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