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ABSTRACT

Pristine ZSM-5 zeolites with SARs of 25 and 50, together with their post-synthetically
acid-dealuminated versions were prepared and characterised by a combination of
physicochemical techniques: X-ray diffraction (XRD), Fourier-transform infrared
(FTIR) spectroscopy, scanning electron microscopy (SEM), as well as nitrogen
adsorption isotherms and BET surface area measurements. These materials were
further evaluated for efficiency as adsorbents in the removal of the methylene blue, as
a model textile contaminant, from simulated wastewater using a batch approach. XRD
revealed that ZSM-5(50) retained its MFI framework structure throughout the
dealumination duration, while ZSM-5(25) produced an additional non-MFI phase at
dealumination times exceeding 3 hours. The relative XRD crystallinity for both series
of zeolites decreased with increasing acid dealumination time, demonstrating the
destructive nature of the acid treatment. It was also observed that the Scherrer
crystallite size varied differently for the two series of zeolites: ZSM-5(25) and ZSM-
5(50). A change from purely microporous to combined microporous-mesoporous
hierarchies for both ZSM-5 series consequent to acid treatment was demonstrated by
nitrogen adsorption isotherms. That is, pristine zeolites exhibited a Type | N2
adsorption isotherm, while their acid-treated derivatives showed Type IV isotherms
with a hysteresis loop, characteristic of mesoporous materials. The BET surface area
(SeeT) of these zeolites improved remarkably with acid-dealumination treatment. For
example, the Sger of pristine ZSM-5(25) increased from 109 to 301 m?/g after
dealumination for 5 hours, while that of pristine ZSM-5(50) increased from 105 to 335
m?/g after only 3 hours of acid-treatment. However, this latter material showed a
reduced surface area (275 m?/g) after a longer treatment time of 5 hours. In addition
to coffin-shaped and rod-shaped crystals that are characteristic of ZSM-5 materials,
the parent ZSM-5(50) material showed an atypical morphology, consisting of large
deltoidal icositetrahedral crystals, previously observed for analcime zeolite. The
dominance of these icositetrahedral crystals in MFI is spectacular, and marked the
first appearance in the history of ZSM-5. Dealumination of ZSM-5(50) for different
durations induced different changes in crystal morphology. A striking change in
morphology was observed upon dealuminating this zeolite for 4.5 hours, producing a

cylindrical stack of self-assembled longitudinally-packed nanorods, together with a
\



mixed-morphology consisting of agglomerated particles with ill-defined grain

boundaries and coffin-shaped prismatic crystals.

MB adsorption studies on microporous ZSM-5 and its acid-dealuminated forms
revealed that all materials perform best at pH ~8 (i.e., pH 7.91), with the removal
efficiencies ranging from ~20 % to ~95 % in the case of ZSM-5(50) series, and ~22 %
to ~95 % for ZSM-5(25). The corresponding MB adsorption capacity for ZSM-5(50)
series ranged from ~5 to ~21.23 mg/g and ~8.33 to ~38 mg/g for ZSM-5(25).

The percentage MB removal efficiency increased consistently with increasing
adsorbent dose and contact time, while it decreased as a function of initial MB
concentration. The adsorption capacity of these adsorbent systems only showed a
clear decreasing trend when the performance of these materials was studied as a
function of adsorbent dose, and increased as a function of initial MB concentration.
Notably, the 5 hour-long dealumination of the ZSM-5 zeolite series produced the best-
performing adsorbent series though the lower SAR material consists of a mixture of

different crystalline phases instead of one.

Vi
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CHAPTER 1
General Introduction
1.1 Water contamination

The textile industry, through its various phases, constitutes a major source of water
contamination [1, 2]. The presence of textile dyes in water, including their toxic
nature, affects both aquatic ecosystems and human health negatively and mandate
the need for efficient treatment of such water [3]. This occurs because the presence
of coloured organic effluents in water also hinders the permeability of light and thus
prevents processes such as underwater photosynthesis. Various methods are
available for the treatment of textile dye-laden water for environmentally-sound
disposal and/or reuse. These methods include coagulation/flocculation, ozonation,
adsorption, photocatalytic degradation and many others [1 - 4]. The current
dissertation considers adsorption as a method of choice for the removal of textile
dyes from aqueous media, and uses methylene blue (MB) as a model textile dye
while simultaneously exploring porosity-empowered ZSM-5 zeolites as potential

adsorbents.

1.2 Technologies for removal of dyes from water

Various methods have been used to treat dye-contaminated wastewater. From these
methods, several studies have shown adsorption to be the most efficient technology
for the remediation of dyes from aqueous industrial effluents due to its simplicity and
low cost of operation [2 - 5]. Several materials such as activated carbon [2], clays
[3], mesoporous (2 nm < d < 50 nm) materials, as well as microporous (0 nm <d <
2 nm) zeolites, including ZSM-5, NHs-Beta and MCM-22 [6], have been investigated
as adsorbents for the removal of MB from water with good efficiencies. Although
activated carbon has an established reputation as an adsorbent for MB, the high cost
of its production and “no reusability” render its widespread use uneconomical [2].
The research focus has therefore shifted towards investigating the use of cheaper
inorganic materials such as zeolites as alternatives to activated carbon for
application as adsorbents in the rehabilitation of dye-contaminated wastewater [3,

4]. 1t was found that the use of mesoporous silicates such as SBA-15 as adsorbents



in the adsorptive removal of MB is highly efficient due to better diffusion of the bulky
MB components within the cavities, exhibiting adsorption capacities as high as 300
mg/g [4]. A comparison of the adsorptive performance of microporous zeolites (ZSM-
5, 20.68 mg/g [5]) and mesoporous silicates (SBA-15, 300 mg/g [4]) for MB led to
the choice of adsorbent material in this study, viz., hierarchical ZSM-5. This class of
zeolites contains both micro- and meso-pores within the same matrix [7, 8]. The
hierarchical matrix of ZSM-5 creates a molecular sieving effect that can improve the
removal of bulky dye contaminants. Textile dyes, including MB, have complex and
sterically hindered structures that prevent their diffusion into microporous adsorbent
matrices such as conventional zeolites. Thus, mesopore-containing adsorbents can
form an important basis in the design of adsorbent materials for the efficient
decontamination of these dyes from aqueous systems, due to the ease of percolation
of the bulky fragments into their matrices and entrapment inside the pores. In this
study, the adsorption of MB by different variations of ZSM-5 zeolite, obtained via an
acid-mediated dealumination process, was investigated with respect to pH, contact

time, adsorbent mass and initial concentration.

1.3 Description of zeolites

Zeolites are naturally-occurring and synthetic aluminosilicates characterised by a
crystalline and microporous (0 nm < d < 2 nm) crystal structure. These materials are
built by a matrix of channels and cages that consist of silicon (Si), aluminium (Al) and
oxygen (O) ions together with various other cations in extra-framework sites [9 — 11].
Structurally, zeolites are complex inorganic polymers based on an infinitely
extending 3-dimensional framework of [SiO4]* and [AlO4]°> tetrahedra, linked to each
other by sharing a vertex oxygen atom. The general formula for the composition of
a zeolite is:
Mxin[(AlO2)x(SiO2)y].mH20 [9],

where M is a positively charged exchangeable ion of valence n, that electrically
compensates for the negative charge on the negative aluminosilicate framework.
This negative charge arises from the coordination of aluminium and silicon atoms
(tetra-coordinated with oxygen atoms), with Al having a valency of 3 and Si a valency
of 4. Zeolite cavities are connected by channels that give rise to a variety of

microporous structures that are penetrated only by sufficiently small molecules. This



produces a “molecular sieving” effect, which is very important in separation
applications [10], as well as shape-selectivity, which is important for acid catalysis.
Compounds with bulky structures and/or long chains may not be able to percolate
into the microporous zeolite cavities. Zeolites are cation exchangers, which are often
ion-exchanged with ammonium ions that can be later decomposed into gaseous
ammonia and a framework hydrogen proton [12]. Protonic forms of zeolites are very
strong Brgnsted solid acids. There are thousands of zeolite types that are recognised
by the International Zeolite Association (IZA), and are differentiated using codes
which identify the topology. These include about 40 naturally occurring and 150
synthetic zeolites. The most common zeolites in various applications include ZSM-
48, ZSM-22 and ZSM-11 [13], as well as ZSM-5 [9].

1.4 ZSM-5 zeolite

Zeolite ZSM-5 was first prepared in 1972 by Mobil Oil Corporation researchers
Argauer and Landolt [9], and is part of the pentasil family of zeolites. ZSM-5 has an
MFI framework topology and is both highly crystalline and acidic. This zeolite ZSM-
5 has other attractive properties such as tuneable pore sizes, as well as good thermal
and chemical stability. These properties, and the flexibility of the material for use in
a wide range of applications, led to its choice for use in this study. The range of
applications of ZSM-5 can be extended by targeting a specific property and carrying

out in-situ, or post-synthetic functionalisation in order to improve performance.

1.4.1 Properties of ZSM-5

The MFI framework typically crystallises in the Pnma orthorhombic space group with
lattice constants a = 20.1, b = 19.9 and ¢ = 13.4 A. Figure 1.2(a) below shows the
framework diagram of the (100) face of ZSM-5, where the 10-membered ring

apertures serve as entrances to the intersecting channels [12, 14].
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Figure 1.1: Structural connectivity in ZSM-5 zeolite [15].

The structure of ZSM-5 is characterised by the predominance of 5-membered ring
cages [Figure 1.1(a)], where the vertices represent aluminium and/or silicon atoms
with the lines representing oxygen atoms. The small cages join together to create
10-membered rings and the pore structure shown in Figure 1.1(b) above. The ZSM-
5 framework contains two types of intersecting channel systems, viz., straight
channels with a nearly circular opening (5.3 x 5.6 A), along (010) and a sinusoidal
channel parallel to the (100) axis with an elliptical opening (5.1 x 5.5 A) [15]. The
surface of ZSM-5 consists of unbalanced negative charges, which are counter-
balanced by H* ions to produce Brgnsted adsorption sites, which enhance the affinity
of ZSM-5 materials for the adsorption of cationic substrates [5]. It is reported that
adsorption of cationic substrates occurs in two pathways, viz., a stepwise process or
a concerted process. In the stepwise process, the substrate adsorbs one molecule
at a time onto the adsorption site. In this case, the molecule binds to the adsorption
site more strongly while other molecules bind to the first molecule. During the
concerted process, individual molecules bind onto adsorption sites to form a larger
ring with Brgnsted sites and a zeolite framework. The simultaneous presence of
micro- and meso-pores in hierarchical ZSM-5 is expected to enhance the adsorption
and diffusion of bulky dye contaminants in ZSM-5 due to a molecular sieving effect.
The Si/Al ratio of the framework controls the number of charge-balancing cations in

the zeolite and hydrophilicity of a zeolite.



1.4.2 ZSM-5 as adsorbent for water contaminants

ZSM-5 is used in a number of industrial applications such as hydrocarbon cracking,
adsorption, as well as purification of water and separation processes [14 — 18]. It is
also used in agriculture to control soil pH and manure malodour [15], as well as to
adsorb heavy metals such as lead and cadmium from the soil to limit their harmful
availability to plants [16]. Furthermore, ZSM-5 enjoys widespread applications as an
adsorbent for heavy metals and organic contaminants from water [17, 18]. Ali et al.
[17] reported the use of ZSM-5 for the adsorptive removal of Pb?* from agueous
solutions. The zeolite was modified and used with good efficiency, removing 85 % of
Pb2*. Hammed et al. [5] have recently reported the application of ZSM-5 as an
adsorbent for the removal of MB from aqueous solutions. In their study, the zeolite
was modified by coating with sugar solutions and impregnating with iron (Fe) to
enhance MB removal performance. This novel modified ZSM-5 was found to have
strong ion-exchange properties, and the removal of MB was improved from 20.68
mg/g for microporous ZSM-5 to 86.70 mg/g for the modified adsorbent. However, the
modification of ZSM-5 via this method requires sophisticated experimental setups
and excess reagents, making use of this material uneconomical. Moreover,
Handreck and Smith [19] used hierarchical ZSM-5 zeolites prepared hydrothermally
as adsorbents, and found the adsorptive removal of MB to be linearly proportional to

the aluminium content in ZSM-5 as shown in Figure 1.2 below.
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Figure 1.2: Variation of the MB adsorption capacity of pentasil zeolites with Al content: ©)
ZSM-5, @) silicates and (&) ZSM-11 [19].

Post-synthesis dealumination treatments of parent ZSM-5 zeolites are known to
increase the porosity and surface area due to the extraction of aluminium ions from
the zeolite framework [7, 20]. Well-known post-synthesis treatments include
steaming at relatively high temperatures [20], acid-leaching [21] and alkaline
treatment [18]. These treatments tailor the ZSM-5 properties for better efficiency in
the adsorption of heavy metals and bulky organic contaminants. Acid-leaching
selectively extracts framework aluminium atoms of ZSM-5, introducing mesopores
in the intrinsically microporous framework of ZSM-5, and thus generating hierarchical
ZSM-5 [8, 20, 21]. The co-existence of micro- and meso-pores in the ZSM-5 matrix
creates a molecular sieving effect that will lead to bulky substrates being entrapped
in the zeolite matrix. The acid-mediated dealumination of ZSM-5 was employed to
produce adsorbent materials. This project mainly sought to investigate the potential
of hierarchical ZSM-5, prepared via acid-mediated dealumination, in the adsorptive

removal of MB (as a model organic dye) from aqueous solutions.



1.5 Aim and objectives
1.5.1 Aim

The aim of this study was to develop a hierarchical ZSM-5 adsorbent through
controlled acid-mediated dealumination of pristine ZSM-5, and test its efficiency in

the removal of MB from aqueous systems.

1.5.2 Objectives

The objectives of this study were to:

I.  synthesise high-aluminium content pristine ZSM-5 zeolites with silica-to-
alumina ratios (SARs) of 25 and 50,

ii. dealuminate the zeolites obtained in (i) above by acid-mediated treatment in
order to produce hierarchical ZSM-5 derivatives with an additional level of

porosity,

iii. characterise each zeolitic material using X-ray diffraction (XRD), Fourier-
transform infrared (FTIR) spectroscopy, scanning electron microscopy
(SEM), as well as N2 adsorption isotherms and Brunauer-Emmett-Teller

(BET) surface area measurements,

Iv. investigate the adsorptive performance of each zeolitic material in the

removal of MB from synthetic single-contaminant wastewater.

1.6 Dissertation structure

This dissertation consists of five chapters. Chapter 1 gives the background, aim and
objectives associated with this work. A literature review on relevant research is
compiled in Chapter 2. In Chapter 3, the details of methodology and experimental
procedures for preparation of pristine ZSM-5 and its dealumination derivatives,
physicochemical characterisation techniques, as well as procedure for MB
adsorption studies are given. Chapter 4 presents and discusses the results obtained
in this research. The summary and conclusions on the major findings of the work
are given in Chapter 5, along with recommendations for future work. An appendix
section, containing raw data of the results obtained, is at the end of the dissertation.



It is worth emphasising that each chapter contains its own references to limit their

repetition and avoid confusion.
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CHAPTER 2
LITERATURE REVIEW
2.1 Textile organic water pollutants

Textile industries consume large volumes of water and chemicals for wet processing
of textiles [1]. These industries further produce diverse types of coloured organic
compounds, dyes, in effluents and their presence in water systems is undesirable.
More than 70 000 tons of dyes are manufactured annually, and often find their way
into various streams, dams and rivers. It is therefore essential to treat the aqueous
industrial effluents in order to minimise the amount of coloured pollutants discharged
into the environment. There are many structural varieties of dyes which include acidic,
basic, disperse, azo, diazo, anthroquinone based and metal complex dyes [1 — 3].
Methylene blue (MB) is a cationic dye that is greenish in appearance and
characteristically blue when dissolved in water. It is used in several industries such as
textile, pharmaceutical, food, cosmetic and paper [1, 2], as well as an acid-base
indicator in basic chemistry experiments. Many textile companies use MB as a pigment
for the colour blue, which is often released along with the effluents from these
industries. This cationic dye has recently also been used in the field of medicine to
treat ailments such as methemoglobinema, schizophrenia, kidney stones and herpes
infections [3]. The chemical structure of MB is shown in Figure 2.1.
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Figure 2.1: Chemical structure of MB, cited from [4].

The complex chemical structure of MB (Figure 2.1) and other dyes make them

resistant to breakdown by numerous chemical, biological, as well as physical
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treatments and it becomes difficult to efficiently decontaminate MB and other organic

dyes from water. The MB dye is toxic in water at levels exceeding 5 mg/L [4].

2.2 Environmental effects of textile dyes

Effluents generated from daily routines and various industries contain numerous water
pollutants such as organic dyes and these constitute major sources of global water
pollution. Due to their aromatic rings, textile dyes are highly toxic and very difficult to
degrade and remove from water. The discharge of these organic dyes from their
sources into water systems disturbs the metabolic processes of aquatic organisms
since they weaken the permeability of light [2]. Furthermore, industrial effluents with

organic coloured effluents cause the formation of toxic and carcinogenic breakdown

products.

Figure 2.2: Effect of methylene blue on aquatic ecosystems [5].

The effect of MB and other dyes is apparent in Figure 2.2 above, whereby numerous
fish and other aquatic species die in the dye-contaminated water. This could be due
to the lack of penetration of light which retards photosynthesis and limits the availability
of oxygen in water for aquatic organisms. Several methods have been developed for
the decontamination of coloured organic pollutants from water. Biological methods
such as biodegradation have been proposed, but are less efficient due to the low
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biodegradability of cationic dyes. Chemical treatment processes such as ozonation,
coagulation/flocculation and chlorination are more effective [2 — 4]. Adsorption is the
most frequently used method due to its high efficiency and low cost of operation. Low-
cost materials are preferred for use as adsorbents for the adsorptive removal of textile

dye compounds from water.

2.3 Adsorption of MB from wastewater

Aqueous effluents from several industries, including the textile sector, as well as
everyday life contain coloured organic contaminants in the form of dyes and these
constitute one of the major sources of worldwide water pollution. The presence of
textile dyes in water, including their toxic nature, affects both aquatic ecosystems and
human health negatively and warrant the need for efficient treatment of contaminated
water. This toxicity occurs because the presence of coloured organic effluents in water
prevents the permeability of light and thus hinders processes such as photosynthesis.
Organic dyes have characteristic bulky chemical structures, which make them
resistant to being broken down or removed by water treatment technologies such as
bio-degradation, ozonation [6], electro-coagulation, advanced oxidation and
coagulation-flocculation [7]. Furthermore, the maintenance of the abovementioned
processes remains costly with limited efficiency. Several disadvantages of some water
treatment methods are summarised in Table 2.1:

Table 2.1: Disadvantages of the common methods of dye removal from industrial
effluents [8].

Physical/chemical methods | Disadvantages

Ozonation Short half-life (20 min)
Membrane filtration Concentrated sludge production
Electro-coagulation High sludge production
Photochemical Formation of toxic by-products

Electrochemical destruction High cost of electricity
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Thus, there is a need for alternative efficient and economical processes for the
purification of water. Adsorption is a process where a solute is removed from a liquid
phase through contact with a solid adsorbent having affinity for the solute [9]. It is
considered an effective method for removing bulky organic molecules from aqueous
solutions due to its simplicity of design, insensitivity to toxic substances and low cost
of operation [9 — 12]. Adsorption is considered the most efficient technology for the
removal of dyes using low-cost materials [2, 8]. Research has expanded towards low-
cost materials with large adsorption capacities. A wide range of adsorbents have
recently been evaluated for efficiency in the remediation of dyes. Several materials
including clays [2], activated carbon [3], zeolites [9] and agricultural products have
been used in the remediation of MB from aqueous solutions. Activated carbon is the
most used adsorbent for the removal of dye contaminants from wastewater due to its
high surface area. This adsorbent can be prepared from different abundant sources of
carbon. However, the activation of the carbon sources requires sophisticated
equipment operating in the presence of N2 gas, which raises the production costs.
Despite activated carbon having very high adsorption capacity (>120 mg/g), the high
cost of production and lack of regeneration makes it uneconomical [3]. Advancements
have been made to produce low-cost adsorbents having improved efficiency in the
removal of dyes from wastewater and also with ease of regeneration. Recently,
inorganic adsorbents with high surface areas have been used as alternatives to costly
carbon adsorbents [9, 13]. These include synthetic zeolites and siliceous materials,
with unique surfaces and pore properties, as well as high thermal and chemical
stabilities, which are increasingly used in the adsorption [10] of dissolved pollutants
from aqueous systems. Dong et al. [14] investigated the efficiency of several zeolites
in removing dyes from aqueous effluents. Materials such as NH4-ZSM-5, NH4-Beta,
MCM-22 and SBA-15 were all evaluated as potential MB adsorbents in their work.
They found that the microporous NHs-ZSM-5, NH4-Beta and MCM-22 were ineffective
in quickly lowering the MB concentrations of the effluents. NH4-ZSM-5 in particular
showed rapid reaction with the dye solution since the equilibrium point of the

experiment was reached very quickly [13].

Mesoporous materials, such as MCM-41, are demonstrating a higher efficiency in the
removal of organic contaminants from aqueous effluents [8, 13, 14], because of their

larger pore sizes (2 — 50 nm) and surface areas (>1000 m?/g), achieving high
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adsorption capacities (300 — 800 mg/qg) [7, 14]. Eftekhari et al. [7] observed a high
removal efficiency in the decontamination of rhodamine B from aqueous solutions
using mesoporous AI-MCM-41 as adsorbent. Conventional MCM-41 has an
adsorption capacity for methylene blue of 54 mg/g [13]. However, MCM-41 has a low
stability in aqueous environment and is prone to structure collapse [7, 8]. Thus, it is
not viable for applications in water. Dong et al. [14], tested SBA-15 in the remediation
of MB from aqueous effluents, and found an outstanding adsorption performance
(adsorption capacity ~300 mg/g). Their material could be easily regenerated through
calcination, and reused at least ten times. Furthermore, regenerated SBA-15 exhibited
an XRD pattern consistent with that of the parent material. Inorganic aluminosilicates,
such as zeolites, have great potential for use in the remediation of dye-containing
wastewater [15]. Hammed et al. [9] reported the application of modified ZSM-5 zeolites
in water purification, as an adsorbent for MB. However, microporous materials consist
of significantly smaller pore sizes that cannot accommodate the bulky MB molecules
(dimension: 0.4 nm x 0.61 nm x 1.43 nm), shown in Figure 2.1 [4]. Sugar-coating ZSM-
5, followed by impregnation with iron precursor solution improved the MB adsorption
capacity of ZSM-5 from 20.68 to 86.70 mg/g. The current dissertation focusses on the
flexibility of zeolite ZSM-5 as a low-cost material with potential in water
decontamination processes. Particular attention is directed to the removal of organic
dyes, modelled by MB, from synthetic wastewater. From a consideration of the
microporous nature of ZSM-5 (pore size 5.3 — 5.6 A), together with the bulky and
sterically-hindered nature of MB, it became imperative in this research to empower
microporous ZSM-5 with an additional level of porosity through a post-synthesis acid-
mediated dealumination treatment. The properties of ZSM-5 as an efficient adsorbent

for MB, as a model textile dye, are highlighted in the subsequent sections.

2.4 The ZSM-5 zeolite

Zeolites are crystalline microporous aluminosilicate materials, consisting of high
specific surface areas and nanometer-sized channels, which are used for many crucial
industrial reactions. Zeolite Socony Mobil-5 (ZSM-5) is a synthetic subclass of these
materials which finds widespread applications in oil refining and in water treatment as
adsorbents [4, 6, 15]. Zeolite ZSM-5 was first prepared by Mobil Oil Corporation
researchers Argauer and Landolt in 1972 [16], and belongs to the pentasil family of
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zeolites, and has since demonstrated to be one of the most important classes of zeolite
catalysts. There are thousands of zeolite types that are recognised by the International
Zeolite Association (IZA) and each is differentiated using three-letter code which
identifies the zeolite framework topology. For example, ZSM-5 is a highly crystalline

zeolite with an MFI topology.

2.4.1 Physicochemical characterisation of ZSM-5

ZSM-5 possesses attractive characteristics, including high internal surface area, good
thermal stability, intrinsic acidity and tuneable pore sizes. The structure of this zeolite
consists two types of intersecting channels, both formed by 10-membered silicate

rings as shown in Figure 2.3 and is classified as a medium-pore zeolite [16].

M ®53x56A
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Figure 2.3: Structural connectivity in ZSM-5 zeolite [17].

Figure 2.3 illustrates the layout of the ZSM-5 channels. The skeletal diagram of (100)
face of ZSM-5 is depicted on Figure 2.3(a), where the 10-membered ring apertures
constitute the entrances to the sinusoidal channels. Some of these channels are
straight and have a nearly circular opening (5.3 x 5.6 A) along (010), while the others
are sinusoidal with an elliptical opening (5.1 x 5.5 &) along (100) [18, 19], as shown on
Figure 2.3(b).

The zeolite matrix consists of Si-O-Si and Si-O-Al chain linkages that make up the
pores, aligned in a geometry governed by a structure-directing agent (SDA) used in
the synthesis. There are also bridging hydroxyl groups that induce a single band that
shifts from 3595 to 3620 cm on the FTIR spectrum, by varying the silica-to-alumina
ratio (SAR). Furthermore, the IR spectrum of ZSM-5 also provides confirmatory

information regarding the identity of this zeolite by a characteristic MFI band at 550
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cm?l. The characteristics of ZSM-5 samples produced are strikingly similar,
irrespective of the synthesis method. XRD patterns normally show seven characteristic
peaks: two in the region 8 — 10° 26, three in the region 24 — 26° 206 and a doublet at
45° 20. The surface of ZSM-5 consists of unbalanced negative charges, which are
counter-balanced by cations. These extraframework cations are responsible for the
ion-exchange properties of ZSM-5 and other zeolites. When these cations are
exchanged with protons (H*), the Brgnsted acid form, H-ZSM-5, is generated. The
framework of negative charges can play a role in the adsorption of cationic substrates.
[16]. Many other different techniques have been used for the characterisation of ZSM-
5 zeolites such as NHs3-TPD to determine acid sites and strength, transmission
electron microscopy (TEM) and scanning electron microscopy (SEM) for
morphological studies, N2 adsorption isotherms and BET surface area measurements,
as well as ?’Al NMR for the types of aluminium species in zeolites. In this study,
however, N2 adsorption isotherms were used to confirm the preparation of hierarchical
ZSM-5 by the appearance of a pronounced hysteresis loop with respect to the parent
material after dealumination, XRD, FTIR and SEM to probe the morphology of
synthesised samples. ZSM-5 zeolites have characteristic coffin-shaped particles with

intergrowth crystals.

2.4.2 Synthesis of ZSM-5

The original method for synthesising this zeolite is based on the hydrothermal
crystallisation of reactive alkali metal aluminosilicate gels at high pH and temperatures
exceeding 100 °C [16]. These gels are prepared using recipes consisting of a silica
source, an alumina source, mineralising agents such as OH™ or F~, a solvent, and
optionally organic molecules as SDAs. The complexity of the crystallisation process
makes ZSM-5 synthesis dependent on parameters such as synthesis gel aging,
stirring, temperature, pH, nature of template, composition and order of reagents
addition, all of which have a bearing on the structural integrity of this zeolite. The
hydrothermal synthesis approach, under the influence of TPABr as an organic SDA,
has been chosen for the production of ZSM-5 in this study. These as-synthesised
ZSM-5 samples will be post-synthetically dealuminated to prepare hierarchical ZSM-5

(see section 2.4.2 and Chapter 3). The most important part in zeolite synthesis is
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structure direction, which is normally facilitated by various organic amines. This is

described in the next section.

2.4.2.1 Templating agents

The role of organic molecules in the synthesis of zeolites can be in various forms such
as space filling, structure-directing and templating. ZSM-5 is commonly synthesised
using organic SDAs such as tetrapropylammonium hydroxide (TPAOH), TPABr [18],
carbon black pearls [15], triethylammonium, tripropylammonium, ethyldiamine, n-
butylamine, ethylamine, ethanol, isopropylamine [19], 1,5-diaminopentane, 1,6-
diaminohexane or under organic template-free conditions [16 — 18, 20]. The TPA* ion
is universally used as structure-directing template, since it promotes the synthesis of
MFI over a wide range of compositions, and eventually gets entrapped in the channels
of the final zeolite [16]. Laboratory synthesis methods are varied, and include
crystallisation under hydrothermal conditions [15, 18], microwave-assisted syntheses
[15] and sol-gel route [21]. Compared with other methods, the hydrothermal route is a
useful and attractive method for the preparation of pristine ZSM-5 zeolites, since it

produces pure and highly crystalline powders with controlled morphology [22].

Most organic SDAs are very costly to acquire and recent advances have been made
to prepare ZSM-5 materials without the use of a template. Argauer and Landolt [16]
reported the synthesis of pristine ZSM-5 with and without a template. The structural
stability of ZSM-5 samples synthesised without a template was found to be lower when
compared to the samples obtained from templated methods [16]. Further production
of ZSM-5 via organic-free synthesis gels was evaluated and reported by Shiralkar and
Clearfield [23]. They found that the structural stability of the organic-free samples is
significantly lower than that of samples prepared in the presence of organics. The lack
of stability is attributed to excess sodium atoms occluded within the zeolite framework
[16, 23, 24]. A comparatively inexpensive synthesis method was explored by Koo et
al. [15], where microwave irradiation was used to enhance the growth of carbon-
templated ZSM-5. Additional dielectric heating of the synthesis gel is advantageous in
producing samples with larger crystals, as well as higher chemical and thermal
stability. However, syntheses using this route is not viable since very sophisticated
equipment is required. Recently, non-ionic surfactants have been shown to be

effective in reducing cost implications aligned with ZSM-5 syntheses. Narayanan et al.
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[22] identified an inexpensive non-ionic surfactant Triton X-100 as a template for
producing hierarchical ZSM-5 materials with different SARs. This surfactant produced
materials consisting of micro-, meso- and macro-pore size ranges. However, materials
produced in their study had relatively low crystallinity, which limited their lifetime and
stability. Moreover, samples obtained through the use of the surfactant were not
phase-pure, and the method was not reproducible. A potentially beneficial method for
the production of hierarchically-structured ZSM-5 was reported by Ge et al. [25]. It
uses a single micropore template, TPAOH, to direct the formation of the product zeolite
at moderate temperatures. However, not all the materials prepared through this route
were hydrothermally stable, and they showed no ordered mesoporosity. Generally, the
use of organic SDAs is an acceptable to prepare highly crystalline and ordered
materials with enhanced physicochemical properties. Furthermore, TPA* ions
compounds are very popular for the synthesis of ZSM-5, since they produce materials
with highly defined crystal structures, high internal surface areas, uniform pores, as

well as good thermal stability [16].

2.4.2.2 Zeolite synthesis variables

Primary variables that play a role in the synthesis of ZSM-5 and other zeolites include
alumina and silica sources, alkalinity, SAR, synthesis temperature, aging and
crystallisation time, water content, presence of seed crystals, alkalinity, nature of

cations in the synthesis medium and template(s) [16 — 19, 21-25].

Particle size and size distribution of MFI-type zeolites are influenced by all of these
variables. Prolonged gel aging before hydrothermal crystallisation, along with the type
of aluminium source, affect the crystal sizes of ZSM-5 [24, 25]. For example, crystals
increase in size when the aging time preceding crystallisation is relatively short and
inorganic aluminium salts are used as alumina sources [25]. Aly et al. [26] have
investigated the influence of different alumina sources on the properties of ZSM-5
zeolites. It was found that highly crystalline ZSM-5 materials are obtained in synthesis
with sodium aluminate. Furthermore, the average crystal size increased in the order
sodium aluminate (78.56 nm) < aluminium nitrate (104.87 nm) < aluminium chloride
(112.3 nm). Aluminium nitrate produces materials with high surface area (212.4 m?/qg)

that crystallise in hexagonal and spherical shape crystal morphology. Moreover,
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synthesis of ZSM-5 at low SAR i.e., high aluminium content, has the tendency to

produce analcime zeolites [27].

The alkalinity of reaction system also has a strong influence on the average crystal
size, but can change the topology of an envisaged material if not managed correctly.
A lower synthesis pH of 11 is advantageous for the crystallisation of samples as
compared to a more basic pH 14. It has been reported that lowering the pH can
significantly lower the probability of having ZSM-5/ZSM-11 intergrowths in the
products [16]. Moreover, smaller crystal sizes are obtained at lower pH and a
suppression of the intergrowth morphology is achieved. Water content in synthesis
mixture also affects the crystallised products [16 -19, 22]. When the amount of water
is high at a constant pH, the average crystallite sizes of MFI materials is large while
the yield of produced material is low. Figure 2.4 summarises the effect of some
synthesis parameters on the production of ZSM-5 zeolites.

Synthetic parameters ZSM-5/ZSM-11 zeolite

Silicon source

Crystallization ]

Aluminum source

4 n

SI0,/AL,0, ratio ZSM-5 percentage

Alkall metal cation

Alkalinity wooRY

Figure 2.4: The effect of synthesis parameters on physicochemical properties of ZSM-5
materials [19].

The amorphous silicate intermediates formed during the process of silica dissolution
play an important role in zeolite formation and are influenced by the nature of the silica
source used. Silica sources can also influence specific features of zeolitic materials
because the impurities introduced by the sources into a gel composition can also affect
the morphology and chemical properties [28]. Tetraethyl orthosilicate (TEOS), fumed
silica, colloidal silica and sodium metasilicate have previously been studied as different
silica sources in the synthesis of ZSM-5 [28]. Highly crystalline materials are obtained

using fumed and colloidal silica, as well as TEOS, but a quartz silica phase exists
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when sodium metasilicate is used. Furthermore, zeolites obtained using fumed silica
crystallise in cuboidal shaped crystals and the samples which were prepared from
TEOS and colloidal silica crystallise in twinned and intergrowth crystal morphology.
Fumed silica, TEOS and colloidal silica have been reported as the best sources to use

for zeolite synthesis [17].

The composition of the zeolite framework can be varied by changing the SAR of the
reaction mixture. Synthesis of ZSM-5 materials with very low SARs require more effort
to prevent the formation of adventitious extra-framework aluminium (EFAL) species
forming [15, 25]. Furthermore, it has proved extremely difficult to produce ZSM-5 from
reaction mixtures with SARs less than 20, which could produce crystals with
correspondingly lower framework silica to alumina molar ratio. The problem of
producing ZSM-5 with a low silica to alumina molar ratio has been particularly
pronounced in the case of small crystal materials [29]. Beck et al. [29] pioneered a
method of preparing ZSM-5 materials with SARs in the range 15 — 100. This method

produces highly crystalline ZSM-5 materials with very small crystals (1 um).

Hydrothermal crystallisation time is directly related to the synthesis temperature used.
Argauer and Landolt [16] have reported the synthesis of ZSM-5 within 24 — 144 hours.
However, many researchers have reported that induction time decreases as synthesis
temperature is increased [15 - 17]. The synthesis of ZSM-5 has further been reported
for the temperature range 150 — 180 °C [16, 27, 28]. Moreover, the synthesis of ZSM-
5 at synthesis temperatures below 100 °C has also been reported [15, 16]. A previous
study by Mintova et al. [30] illustrated the use of temperature to study the growth
process of ZSM-5 crystals and optimise product yields during synthesis, as well as
alter the morphology of samples. Analysis of their kinetic data shows that the growth
mechanism is independent of temperature and maximal crystallinity was reached in a
shorter time at higher temperatures. Furthermore, it was observed that synthesis time
decreased with increasing temperature, and fewer crystals are formed at higher

temperatures [30].

2.5 Hierarchical ZSM-5

Hierarchical ZSM-5 zeolites are zeolites that consist of both micro- (0 nm <d <2 nm)
and meso-pores (2 nm < d < 50 nm) within the same matrix. Consequently, they

combine the advantages of the two pore regimes. These materials show an enhanced
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accessibility, leading to improved catalytic activity in reactions suffering from steric
and/or diffusional limitations [31, 32]. The secondary porosity offers an ideal space for
the deposition of additional active phases and for functionalisation with organic
moieties. The channel system of bulk ZSM-5 restricts diffusion within the cavities, but
the presence of mesopores in hierarchical ZSM-5 makes it capable of adsorbing and
processing bulky organic molecules [9]. Hierarchical zeolites exhibit zeolitic properties
similar to those of conventional zeolites in terms of acidity, hydrophobic/hydrophilic
character, confinement effects, shape-selectivity and hydrothermal stability [23].
Hierarchical zeolites can be prepared by a direct hydrothermal method under the
influence of polyguartenary ammonium surfactants, and also through post-synthesis
treatments of pre-formed microporous zeolites such as acid- and base-treatments.
Furthermore, it has been demonstrated that hierarchical zeolites, prepared by post-
synthesis treatments, not only retain most properties of the parent materials, but also
show vast advantages of easy separation and fast mass-transport [33, 34]. Thus,
hierarchical ZSM-5 is a promising material for the remediation of bulky organic
molecules from water and catalysis of reactions restricted by diffusion limitations.

Pristine ZSM-5 zeolites have severe diffusion limitations and confinement effects that
impose mass transport constraints on the products upon application [21]. Tailoring the
shape, size and connectivity of the framework channels is an important aspect of
zeolite synthesis. The effective post-synthetic methods for tailoring zeolite properties
continue to be indispensable to enable the preparation of materials with application-
specific properties [35]. Hierarchical ZSM-5 is the subject of larger surface area,
special pore structure, improved mass transfer, shape selectivity and high thermal
stability [31, 36]. These hierarchical materials are commonly produced from post-
synthesis treatments such as acid/base leaching by dealumination/desilication,
synthesis with hard/soft templates, as well as thermal treatments using steam [31, 33,
35, 36]. There are two main routes leading to hierarchical ZSM-5 products, viz.,
template and non-template methods [25]. The former centres on the use of soft bulky
templating agents or dual templates that work constructively to direct the synthesis of
hierarchical materials [25]. In the “constructive’/hard-templating method, large
amounts of organic or inorganic templates are used which makes thermal treatments
and/or acid washing somewhat inevitable to open the porous structures. To avoid the

occurrence of phase separation between microporous crystals and amorphous
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mesoporous species in this method, carefully selected or specially designed dual pore-
making templates are usually necessary [25]. This increases the cost of materials
manufacturing and reduces large-scale industrial applications. The latter non-
templated methods use already synthesised zeolites followed by post-synthesis
treatments such as acid/base leaching or thermal treatment [31, 33]. This
“deconstructive” method is a multi-step process, consisting of either acid treatment for
dealumination or alkaline treatment for desilication, with a rare combination of these
processes to generate additional mesoporous structures [32]. For this acid-leaching
post-synthesis process, there is a SAR limitation which ranges from 25 to 50 for ZSM-
5 zeolites [37].

Synthesis of high aluminium-content ZSM-5 can encourage modifications of the
structural connectivity. Leaching out the Al atoms from within the zeolite framework
improves the surface area, modifies crystallite sizes and generates irregularly
dispersed mesopores [33, 34, 38]. The true nature of the mechanism of mesopore
formation is not clear, but several plausible theories have been put forward to elucidate
the understanding of post-synthesis treatments [33]. The dealumination process is
influenced by the zeolite structure, the distribution of the framework aluminium within,
as well as its ability to stabilise the resulting defect sites. Proposed dealumination
models are often based on zeolites with high aluminium content which contain,
primarily, aluminium tetrahedra that are less stable against hydrolysis and
dealumination [34]. The figure below shows a schematic representation of perceived
mesopore generation in pristine ZSM-5 zeolites via post-synthesis treatment.
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Figure 2.5: Schematic depicting mesopore formation from bulk zeolite [34]. 23



Research has demonstrated that alkaline desilication of zeolites is one of the most
important strategies for the synthesis of hierarchical zeolites [33]. However, its
destructive nature usually causes a reduction in microporosity and acid sites, resulting
in the decreased activity and stability of the zeolites [39]. Low aluminium content
zeolites have greater stability, which makes the zeolite desilication process particularly
difficult to control. The current dissertation is based on acid-mediated dealumination

as a post-syntheses route to hierarchical ZSM-5 zeolites.

2.5.1 Thermal dealumination

The most prominent technique for the dealumination of ZSM-5 remains thermal
treatments at elevated temperatures. This is traditionally achieved using steam [38].
Dealumination through steaming is the most common technique for preparing
industrially-important catalysts of high activity, selectivity and stability [38, 39]. Water
is able to hydrolytically remove Al from their tetrahedral coordination in the lattice of
the zeolite [38]. Treating ZSM-5 with steam produces larger mesopores compared to
those obtained from acid leaching and alkaline treatment. This is because aluminium
atoms are easily extracted from the framework of ZSM-5 at elevated temperatures
(>500 °C), producing thermally and chemically stable materials that are hierarchical in
nature [38, 39]. Different EFAL/amorphous phases with disordered mesoporosity are
typically observed in the thermally-dealuminated samples. The formation of Lewis acid
EFAL is known to enhance the catalytic activity in hydroxylation reactions [40]. In order
to control the degree of dealumination using steam, the technology requires constant
monitoring of the treatment temperature and time, as well as the steam pressure [9,
29, 10]. This makes the technique uneconomical and time-consuming. Thermal
dealumination produces materials with significantly large mesopores but

disadvantages include:

e Requiring elevated temperatures and being temperature sensitive.
e Producing excess EFAL.

e Leading to significant structural damage.

e Difficult to control.

e Demands constant supervision and monitoring.
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Therefore, thermal dealumination of ZSM-5 is associated with numerous
disadvantages and, is therefore, not very straightforward to use. Hence, this approach

was not considered in the current dissertation.

2.5.2 Acid dealumination of ZSM-5

The framework Si/Al ratio of zeolites is an important factor governing properties such
as catalytic activity, selectivity, strength of Brgnsted acid sites and hydrothermal
stability. Dealumination of ZSM-5 selectively extracts Al from within the zeolite
framework, thereby generating surface defects and mesopores. Generally, zeolites
containing a low Al concentration are chemically and thermally more stable [37].
Dealumination can be achieved via either acid-leaching or thermal treatments at high
temperatures with/without steam [34, 37, 39 - 42]. The chemical leaching technique is
a prominent method since it introduces irregularly dispersed mesopores within the
zeolite cavities. Dealumination of zeolites was first reported by Barrer et al. [43] in
1964 on their study of clinoptilolite. This method gives rise to EFAL species in and
around the zeolite cavities [37, 43 - 45]. The EFAL species are mostly cationic, but
can in some cases be neutral. Their formation can be seen as a change in coordination
mode of the framework aluminium as it is removed from the matrix. The presence of
the EFAL, however, enhances the acid strength of ZSM-5 materials [34, 38]. Both the
mechanism of formation and nature of these species is still unclear and their
characterisation requires expensive techniques. Removal of Al atoms from the zeolite
framework has been agreed to occur via a penta-coordinated aluminium species,
identified by a signal at 30 ppm on the 2’Al MAS NMR spectrum [38, 39].

Kooyman et al. [35] were the first to explore a wide range of dealumination acids, and
the effect of their concentrations on the extent of dealumination. The strength of an
acid can largely influence the formation and dispersion of the mesopores. Organic
acids such as acetic and oxalic acid [40], ammonium hexafluorosilicate (AHFS),
chelating agents such as ethylenediamine tetraacetic acid (EDTA), as well as mineral
acids such as hydrochloric acid (HCI) [39, 45], sulfuric acid (H2SO4) [37] and nitric acid
(HNOs3) [35, 36] have all been previously evaluated as suitable dealuminating agents.
The organic acids are classified as mild dealuminating agents due to their inferior acid
strength. Dealumination using organic acids achieves minimal removal of aluminium

from the zeolite framework and uneven distribution of the mesopores [33]. Mineral
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acids, on the other hand, have since enjoyed extensive interest in the dealumination
of particularly ZSM-5 due to the superior acid strength [33, 36]. In this regard, HNO3
has been shown to be the most suitable and effective mineral acid in the dealumination
of ZSM-5. This acid removes aluminium, inducing regularly dispersed mesopores
within the zeolite matrix [36]. However, in the study reported by Kooyman et al. [35],
no significant dealumination is found when aqueous solutions of H2SO4 and HBr are
used [35]. Only HCI treatment led to mild dealumination of ZSM-5 as the concentration
was increased, but produced non-uniform hierarchical pores [35]. The temperature,
acid concentration and Si/Al ratio of the zeolite was found to not have a significant
effect in the removal of the framework aluminium. Ammonium hexafluorosilicate has
also been investigated as a zeolite dealuminating agent [46]. Though it is a mild
dealuminating agent, it has the advantage of producing samples that are relatively free
of any EFAL. The mechanism of this dealumination was postulated by Silaghi et al.
[33] to generally consist of a net replacement of the framework aluminium by Si atoms.
This stabilises the zeolite, but reduces its activity in processes such as hydrocracking.
The technique is difficult and costly to maintain because it requires high temperature
conditions to take effect [38, 39]. The acid-mediated dealumination method has
shortfalls such as producing large amounts of highly acidic waste products that must
be disposed properly and being difficult to control. However, this method is associated
with several advantages such as:

¢ Yields no significant structural damage.

e Produces less EFAL.

e Small EFAL species are easily removed.

e Induces evenly dispersed mesopores.

e Does not require persistent monitoring.
The limited number of disadvantages of the acid-dealumination of zeolites makes this
method suitable for application, compared to other techniques, for post-synthesis
mesopore generation. Therefore, the current dissertation is based on acid-mediated
dealumination of ZSM-5 in an attempt to expand its level of porosity and thereby

increase its adsorption capacity for water pollutants.
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2.6 Applications of hierarchical ZSM-5

Hierarchical ZSM-5 zeolite has attracted attention in applications such as
isomerisation [47], catalytic hydrocracking [48] and water purification [9]. This
attraction stems from its known and controlled physicochemical properties such as
surface area and acidity. A consequence of the porous organisation in hierarchical
ZSM-5 is the high surface area, which can vary from several hundred to several
thousand square meters per gram (m?/g). Intrinsic ZSM-5 acidity, shape selectivity as
well as other flexible physicochemical properties make the material sought after for
different applications. Recent studies on zeolite synthesis are concentrated on tailoring
the shape, size and connectivity of intra-framework channels. It has been envisaged
that shortening the diffusion path length of the micropores would lead to an improved
mass-transport [16]. Ali et al. [10] reported the use of hierarchical ZSM-5 for the
adsorptive removal of Pb?* from aqueous solutions. Pristine ZSM-5 zeolites were
secondarily modified using mesopore-directing templates, and used with good
efficiency for the adsorption of heavy cations removing 85 % of Pb?*. Hierarchical
ZSM-5 has also been used by Ikhlaq et al. [6] for the catalytic ozonation of organic
contaminants for their decontamination in water. Ozonation of cumene and Ibuprofen
by ZSM-5 was found to be efficient, with 100 % and 79 % decontaminated,
respectively. Similar studies other have been carried out for the adsorption of dyes by
ZSM-5 zeolites. Lamia et al. [11] investigated the adsorption of methyl green onto
hierarchical ZSM-5 zeolites. In this work, pyrrolidine was incorporated onto ZSM-5 and
was found to greatly improve the adsorption capacity. However, the performance was
low with increasing dye concentrations which was attributed to less accessibility to
active sites at high concentrations. Furthermore, Handreck and Smith [12] have found
the adsorptive removal of MB by ZSM-5 zeolites to be linearly proportional to the

aluminium content in ZSM-5.
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CHAPTER 3
Experimental
3.1 Brief Introduction

This chapter describes experimental procedures for the synthesis of microporous
ZSM-5 zeolite and its subsequent conversion into hierarchically porous derivatives via
acid-mediated dealumination, together with the physicochemical characterisation
techniques used. Characterisation techniques included X-ray powder diffraction
(XRD), Fourier-transform infrared (FTIR) spectroscopy, scanning electron microscopy
(SEM), as well as N2 adsorption isotherms and Brunauer-Emmett-Teller (BET) surface
area measurements. The procedure for the removal of MB from aqueous solutions,

and expressions for quantitation are also described.

3.2 Synthesis of zeolite ZSM-5 and post-synthesis treatment
3.2.1 Materials and supplies

The zeolites were synthesised hydrothermally using a 1 L Parr 4848 high pressure
reactor, fitted with a magnetic drive and a turbine-type impeller to allow overhead
stirring. All chemical reagents were used as received, without further purification, and
are listed in Table 3.1. The list includes colloidal SiO2 (Ludox HS-40), aluminium
sulphate  octadecahydrate [Al2(SO4)3.18H20], sodium hydroxide (NaOH),
tetrapropylammonium bromide (TPABr), ammonium nitrate (NH4NO3) and nitric acid
(HNO:3).

Table 3.1: Chemicals and reagents used for the preparation of adsorbent materials in

this study.
Material Role Supplier
Ludox HS-40 (40% SiO2, 60% H20) | Silica source Sigma-Aldrich
Al2(S04)3-18H20, (98%) Alumina source Sigma-Aldrich
NaOH, (97%) Mineraliser Rochelle Chemicals
TPABT, (99%) Template Acros Organics
NHaNOs, (98%) Acidification Fisher Chemicals
HNOs, (70%) Al extraction Sigma-Aldrich
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3.2.2 Synthesis of parent ZSM-5 zeolites

ZSM-5 zeolite was synthesised to two levels of silica-to-alumina ratio (SAR), viz., 25

and 50, and the resulting zeolites were designated as ZSM-5(25) and ZSM-5(50).

3.2.2.1 Synthesis of ZSM-5(50)

The synthesis of ZSM-5(50) zeolites was carried out following a method previously

reported by Yu et al. [1], using a synthesis gel of initial molar composition
9.0 Na20 : 1.0 Al203 : 50 SiO2 : 0.53 (TPA)20 : 1300 H20.

The general synthesis procedure involved the preparation of two solutions, viz.,
solution A and solution B. Solution A was prepared by dissolving ca. 20.40 g of
NaOH and 22.04 g of Al2(SOa4)3-18 H20 in 317 mL of distilled water. The mixture
was stirred for 0.5 h using an overhead stirrer to obtain a clear solution. Solution
B was prepared by dissolving 8.64 g of TPABTr in 20 g distilled water, followed by
addition of 173.31 mL of Ludox HS-40 colloidal SiO2, and consequent
homogenisation by stirring. Solution A was then slowly added to solution B under
stirring, and the mixture was further stirred for 2 h to form a homogeneous gel (pH
~14). The resulting gel was transferred into a 1 L Parr 4848 high pressure reactor
and heated under hydrothermal conditions with stirring at 170 °C for 72 h. The as-
synthesised ZSM-5 solid products were filtered from the mother liquor using a
Buchner funnel, fitted with a glass microfiber filter paper (Whatman GF/C) of 12.5
cm diameter. They were then washed with distilled water until all Br~ ions were
removed (confirmed by the AgNOs test). Subsequent to the washing, the zeolites
were dried overnight in an oven (Labotech Ecotherm®) at 85 °C, and the template
was removed by calcination in a Carbolite-type S30 furnace at 550 °C for 5 h. The
calcination process was carried out by increasing the temperature from room
temperature, in steps of 50 °C at 15 min intervals, to 550 °C, and maintained at

this temperature for 5 h.

3.2.2.2 Synthesis of ZSM-5(25)

This zeolite composition was synthesised according to the method reported by

Nicolaides et al. [2], using a synthesis gel of initial molar composition
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25 SiO2: Al203: 13 Na20: 3 (TPA)20: 3978 H20

The synthesis procedures, including the calcination step, were the same as those
used for the synthesis of ZSM-5(50) materials above, except that the

hydrothermal treatment was carried out at 150 °C for 48 h.

3.2.3 Conversion of Na-ZSM-5 into H-ZSM-5

The Na-ZSM-5 zeolites obtained in Sections 3.2.2.2 and 3.2.2.3 above were ion-
exchanged with a 1 M NH4NOs solution in the solid-to-liquid ratio of 1 g : 20 mL. The
suspension, contained in a round-bottom flask, was heated at 65 °C under reflux for 1
h without stirring. At the end of 1 h, the aqueous solution was decanted and a fresh
NH4* solution was added. This ion-exchange procedure was carried out three times.
The resulting NH4*-ZSM-5 zeolites were thoroughly washed with distilled water until a
negative nitrate test (brown-ring test) and dried overnight in an oven at 85 °C.
Subsequently, these NH4*-forms of ZSM-5 zeolites were converted into H*-forms by
calcination at 550 °C for 4 h.

3.2.4 Dealumination of H-ZSM-5 zeolites

The dealumination of H-ZSM-5 was achieved by acid-mediated treatment following a
method reported by Kooyman et al. [3]. In a typical procedure, approximately 5 g of H-
ZSM-5 was added to 100 mL of 1 M HNOs solution in a 250 mL round-bottom flask.
The suspension was then heated under reflux at 90 °C using a heating mantle without
any stirring. Dealumination times ranged from 0.5 to 6 h. At the end of each treatment
step, the mixture was left to settle and cool to room temperature, followed by filtering
to recover the zeolite residue using a glass funnel fitted with a Macherey-Nagel (MN
615) filter paper with a diameter of 7.0 cm. The recovered solid product was washed
thoroughly with distilled water until the pH of the filtrate was ca. 7. The samples were
then dried overnight in a Labotech™ Ecotherm® oven at 85 °C. Subsequently, the
dealuminated H-ZSM-5 products were calcined at 550 °C for 4 h.
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3.3 Physicochemical characterisation of ZSM-5 derivatives
3.3.1 X-ray powder diffraction

The XRD patterns of the ZSM-5 zeolites synthesised in this study were recorded on a
Philips PW1830 diffractometer using Cu-Kq radiation (A = 1.5405 A), operated at a
voltage of 40 kV and a tube current of 40 mA. The diffractometer was equipped with a
primary beam Gdobel mirror, a radial Soller slit and a Vanatec-1 detector. About 1 g of
each zeolite was finely-ground with a mortar and pestle. The ground zeolite was
mounted on an acetone-cleaned aluminium plate sample-holder. After loading the
sample into the sample compartment, the diffractometer was switched on to allow the
X-rays to strike the sample at different angles. The scanning speed was 0.025° per
second over a 26 range of 4 — 63°. In addition to structural confirmation, the XRD
patterns were further used to determine the relative crystallinity and the crystallite size
of the resulting zeolites. The relative % crystallinity of each material was calculated

from the intensities of the characteristic diffraction peaks using equation 3.1 [4]:

Relative % crystallinity = =252 _ o 10094 3.1

> I (reference)
where Iisample) and Ireference) are the intensities of the characteristic peaks of the sample
and reference material, respectively. The reference material was chosen as the

sample with the highest XRD peak intensities synthesised in this work.

The crystallite size of ZSM-5 was calculated using the Scherrer equation, given by

equation 3.2 [5]:

[ = KA 3.2
~ Bcos6

where L is the crystallite size of the crystalline domains; K is a dimensionless shape

factor, with a value close to 1; A is the X-ray wavelength (1.5405 A); 8 is the full-width

at half maximum intensity in radians, and 6 is the diffraction angle.

3.3.2 Fourier-transform infrared spectroscopy

Room-temperature FTIR spectra were recorded using an Agilent Cary 600 series FTIR
spectrophotometer (equipped with Agilent Resolutions Pro software) in the
wavenumber range 500 - 4000 cm™. ZSM-5 samples were ground to a fine powder

using a mortar and pestle. Approximately 0.05 g of the sample was packed into the
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hole of the crystal plate sample holder. The sample was pressed sufficiently and
covered atop with a crystal plate. Thereafter, a crystal plate clamp was pinned in place,
followed by closing the instrument cover in order to collect the FTIR spectra of the
samples for about 20 min per sample. For every sample, 100 scans were collected

using a resolution of 4 cm-2.

3.3.3 Nz adsorption analysis

N2 adsorption/desorption experiments were carried out using a Micrometrics Tristar Il
Surface Area and Porosity Analyser 3000 instrument. For the sorption measurements,
approximately 0.1 g of sample was degassed overnight (using N2 gas) at 400 °C to
completely remove the water inside the pores and subsequently cooled to room-
temperature. After the degassing process, the sample holder containing the zeolite
was loaded on the analysis station for the determination of the adsorption isotherms.
The BET surface areas were calculated from the Nz isotherms at -196 °C.

3.3.4 Scanning electron microscopy

Samples for SEM analysis were prepared as follows:

A 40.0 mm x 20.4 mm aluminium stub was covered with 12 mm double-sided carbon
tape (S-05082-AB, SPI Supplies, USA). The carbon tape was also attached to a
transparency paper, which was subsequently cut into small pieces (12 mm x 3 mm) to
strengthen the carbon tape. These pieces were dipped into the zeolite sample
resulting in small quantities of powder attaching to the carbon tape. About 6 to 8 of
these small carbon tape pieces containing different samples were placed on the
double sided carbon tape that was attached to the aluminium stub. Excess powder
was removed by using a single blast of compressed dry nitrogen gas. The samples
were then coated with gold under argon gas using an Emitech K550X sputter-coater
(Ashford, England). They were then viewed on a JEOL JSM-5800LV (JEOL, Tokyo,
Japan) scanning electron microscope. The samples were imaged at 5 kV and lowest
beam current that would achieve the optimum resolution of a specific magnification.

The low beam intensity was used as a precaution to avoid sample damage.
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3.3.5 Methylene blue adsorption studies

The performance of the bulk and dealuminated ZSM-5 zeolites in the adsorption of
MB from aqueous solutions was investigated by adopting a method reported by Gong
et al. [5]. A batch-type experimentation was carried out at room temperature for this
study. In a typical procedure, ZSM-5 zeolites were added to 250 mL conical flasks
containing 50 mL of MB solutions with concentrations in the range 50 — 250 mg/L, and
agitated at 300 rpm for 0.5 — 6 h. After each experiment, the solid materials were
filtered off from the liquid solutions using a Whatman™ filter paper with a diameter of
11.0 cm. The final concentrations of MB in the filtrates were determined by using a
UV-Vis spectrophotometer (Shimadzu UVmini-1240) at, A = 660 nm. The percentage

MB removal was calculated using the equation:

Ci—Ce 3.3
% MB Removal = (C—lq) x 100

where Ciis the initial concentration (mg/L) and Ceq is the equilibrium concentration

(mg/L).

The adsorption capacity of each zeolitic adsorbent for MB (in mg/g) was calculated

using the equation:

o= (Ci—Ceq)V 3.4
m
where e is the amount of MB adsorbed (mg/g), m is the mass of the adsorbent used
(g) and V is the volume of the analysed solution (L). The influence of process variables
such as pH, initial concentration, contact time and adsorbent dose on MB uptake by

the different zeolites was investigated.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Introduction

In this chapter, the results obtained from the physicochemical characterisation of ZSM-
5 zeolitic materials, as well as their performance in the adsorptive removal of
methylene blue (MB) from aqueous solutions are presented and discussed. The major
characterisation techniques used in this study were X-ray diffraction (XRD), Fourier-
transform infrared (FT-IR) spectroscopy, Brunauer-Emmett-Teller (BET) surface area
measurements and scanning electron microscopy (SEM). No elemental analysis was
done on the final zeolites. Therefore, the silica-to-alumina ratio (SAR) quoted for each
sample was determined directly from the synthesis gel composition, and is
consequently nominal. Two pristine ZSM-5 zeolites were synthesised to SARs of 25
and 50, respectively, and were further dealuminated via treatment with aqueous HNO3
solutions to influence their structural as well as their MB adsorption properties. For
ease of reference, the different sets of parent zeolites are designated as ZSM-5(x),

where x is the nominal SAR, a notation that was also held for dealuminated materials.

4.2 XRD patterns

The parent ZSM-5 zeolites and their dealumination derivatives were examined using
XRD for phase confirmation and crystallinity elucidation. The figure below shows the
XRD patterns of the pristine ZSM-5(25), synthesised at 150 °C for 72 h, and its

derivatives obtained by HNO3 acid dealumination for different lengths of time.

40



(f)
| ()

(d)

CPS (a.u)

S S

(c)

1 . (b)

(a)

0 10 20 30 40 50

Degrees 2-theta
Figure 4.1: XRD patterns of the ZSM-5(25) sample synthesised at 150 °C for 72 h and

its dealumination derivatives: (a) Parent, (b) 0.5 h, (c) 2.5 h, (d) 3 h, (e) 4 hand (f) 5 h.

It follows from Figure 4.1(a) that the parent ZSM-5 zeolite was successfully
synthesised in this study, as evidenced by sets of peaks at ~8 - 10°, 24 - 26°and 45°
20 which are characteristic of the MFI topology [1]. The material obtained by
dealuminating for 0.5 h [Figure 4.1(b)] possesses all the characteristic MFI peaks, but
shows enhanced intensities of the XRD peaks at ~16°, ~26.4° and 31° 26. Triantafilidis
et al. [2] attributed the increase in intensity of peaks to relatively small changes
occurring in the unit cell of a ZSM-5 zeolite after dealumination. They reasoned that
the removed aluminium species may form extra-framework aluminium (EFAL)
fragments, which change the framework arrangement of ZSM-5 and lead to intense
signals in the XRD patterns. Furthermore, the intensity of the peak at ~23° 20
decreases slightly as a result of the dealumination treatment leading to a decrease in
relative crystallinity. Dealumination for 2.5 h [Figure 4.1(c)] showed a similar effect,
with intense peaks at ~16°, ~26.4° and 31° 26. However, the intensities of these peaks

are slightly lower compared to those of the material acid-treated for 0.5 h [Figure
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4.1(b)]. A further increase in the dealumination time to 4 h and higher [Figures 4.1(e)
and (f)] produces additional non-MFI XRD peaks at ~6.4°, 9.7° and 22.19° 26. These
additional signals closely resemble those of analcime zeolite, by analogy with the
findings by Sari et al. [3]. Notably, the MFI structure of the pristine zeolite was

maximally retained, regardless of the coexistence of additional phase.

Figure 4.2 illustrates the variation of the relative crystallinity (RC) of ZSM-5(25)

samples with dealumination time. RC value are tabulated in Appendix (Table Al).
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Figure 4.2: Variation of the relative crystallinitiy of ZSM-5(25) samples with dealumination time.
The intensities were normalised to those of the ZSM-5(50) sample used as a reference, and

the dealumination time of O h corresponds to the pristine ZSM-5(25) zeolite.

The RC of these materials decreases as the dealumination time increases. A
breakdown in the trend is observed as the dealumination treatment time is increased
to 2.5 h. Within the dealumination period of 0 — 5 h, all samples were found to exhibit
relative crystallinity values of 260 %. Fan et al. [4] also studied the dealumination of
H-ZSM-5 and found that the RC decreased as a result of the formation of an additional
phase. Furthermore, dealumination of zeolites has been reported by other researchers

to be associated with partial loss of relative crystallinity [4, 5]. Moreover, the
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dealumination of aluminium-rich zeolites was also found to produce multiple lattice

defects, resulting in a lower stability of the crystal structure.

The corresponding crystallite sizes of the ZSM-5(25) derivatives, as calculated using

the Scherrer equation, are shown in Figure 4.3. Crystallite sizes tabulated in Table Al.
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Figure 4.3: Variation of the crystallite size of ZSM-5(25) samples with dealumination time. The

dealumination time of O h corresponds to the pristine ZSM-5(25) zeolite.

The Scherrer crystallite sizes of the ZSM-5(25)-based zeolites decrease with
dealumination time. A 54.5 % reduction in the Scherrer crystallite size is attained after
5 h of HNOs-mediated dealumination of the pristine zeolite. This decrease in the

Scherrer crystallite sizes of ZSM-5 materials has also been previously reported [4, 6].

A pristine ZSM-5(50) sample, synthesised using the same protocol as ZSM-5(25)
discussed above, was similarly dealuminated and the XRD patterns of the resulting

series of zeolites are shown in Figure 4.4.
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Figure 4.4: XRD patterns of the ZSM-5(50) sample synthesised at 150 °C for 72 h and
its dealumination derivatives: (a) Parent (O h) (b) 0.5 h, (c) 1.5h, (d) 2 h, () 3 h, (f) 4
h and (g) 5 h.
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A successful synthesis of the pristine material is highlighted by Figure 4.4(a).
Interestingly, the pristine MFI framework structure was totally maintained throughout
the dealumination treatment up to 5 h as evidenced by the absence of non-MFI peaks.
This observation suggests the resistance of ZSM-5(50) to structural collapse through
acid-mediated dealumination over the treatment-time range studied. However, the
shortest dealumination time (0.5 h) was accompanied by enhancement of certain MFI
reflections (Figure 4.4(b)) relative to the pristine zeolite, especially the ones at 20
values of ~16. ~26.4 and ~31°. This observation is analogous to that in the ZSM-5(25)
counterpart in Figure 4.1(b) above. The ZSM-5(50) series of zeolites is more resistant,
compared with ZSM-5(25) samples, to structural degradation by the corrosive

treatment.

Figure 4.5 illustrates the effect of dealumination time on the relative crystallinity of the

pristine ZSM-5(50). RC values are tabulated in Table A3 of Appendix section.
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Figure 4.5: Variation of the relative crystallinitiy of ZSM-5(50) samples with dealumination
time. The intensities were normalised to those of the pristine sample used as a reference,
and the dealumination time of O h corresponds to the pristine ZSM-5(50) zeolite.

The RC of ZSM-5(50) also shows a general decrease with HNOs-aided dealumination
time, with a slight breakdown in the trend at 3 h. This observed fluctuation may arise
from a dealumination-realumination cycle taking place during this treatment. The
general decrease observed may be a result of lattice contractions as aluminium
species are extracted from the pristine zeolite framework. Previous studies have also

found that dealumination of zeolites produces a partial loss of their crystallinity [4 — 6].

The change in the crystallite size of ZSM-5(50) was also studied as a function of the
duration of acid-mediated dealumination, and the results are shown in Figure 4.6. The

crystallite sizes that were calculated are tabulated in Table A3 of Appendix section.
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Figure 4.6: Variation of the crystallite size of ZSM-5(50) samples with dealumination time.
The dealumination time of 0 h corresponds to the pristine ZSM-5(50) zeolite.

It follows from Figure 4.6 that the Scherrer crystallite size also decreases with HNO3
treatment time, decreasing from ~0.22 uym in the parent zeolite to ~0.11 ym after a 5
h treatment. This 50 % decrease in the crystallite size is less than that found for the
ZSM-5(25) series of zeolites (54%) over the same period of treatment, and further
highlights the resistance of this material to structural collapse. Previous studies have
also found the dealumination in ZSM-5 to be accompanied by a decrease of the

Scherrer crystallite size [4, 6].

4.3 FTIR spectroscopy

The figure below shows IR spectra of the ZSM-5(25) series of zeolites obtained by

acid-mediated dealumination.
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Figure 4.7: Framework IR spectra of ZSM-5(25) recorded as a function of dealumination time:
(a) Parent, (b) 0.5h, (c)2.5h, (d) 3 h, (e) 4 hand (f) 5 h.

The spectrum of the parent ZSM-5(25) material [Figure 4.7(a)] shows characteristic
zeolitic vibration bands at ~1064 cm! (with a shoulder at ~1225 cm!) and ~800 cm™,
which are attributed to symmetric Si-O-Al vibrations and symmetric Si-O-Si vibrations,
respectively [1]. The intensity of the Si-O-Al band is indicative of the aluminium content
found in a zeolitic sample [7]. Upon dealumination for 0.5 h [Figure 4.7(b)], 2.5 h
[Figure 4.7(c)] and 3 h [Figure 4.7(d)], the intensity of the characteristic bands is similar
with those of the parent zeolite spectrum. Further extending the dealumination time to
4 h [Figure 4.7(e)] shows a significant decrease in the intensity of the symmetric Si-O-
Al vibration. The removed aluminium species have a tendency to form EFAL species
[8, 9], which may account for the increase in the intensity of this band. Extending the
dealumination treatment further to 5 h [Figure 4.7(f)] led to a decrease in the intensity
of the symmetric Si-O-Al band. This is accompanied by the disappearance of the
symmetric Si-O-Si band with respect to the parent. The zeolitic functional groups of
ZSM-5(25) are more resistant to degradation by the dealumination treatment to

different extents.

Figure 4.8 shows the FTIR spectra in the framework region of ZSM-5(50) series of
zeolites obtained by acid-mediated dealumination.
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Figure 4.8: Framework IR spectra of ZSM-5(50) recorded as a function of dealumination
time: (a) Parent, (b) 0.5 h, (c) 1.5 h, (d) 2 h, (¢) 3 h, (f) 4 hand (g) 5 h.

The spectrum of the parent material [Figure 4.8(a)] shows characteristic zeolitic
vibration bands at ~1224 cm, ~1073 cm™* and ~801 cm?, which are attributed to
asymmetric Si-O-Al, symmetric Si-O-Al and symmetric Si-O-Si vibrations, respectively
[1]. The intensity of the symmetric Si-O-Al band is indicative of aluminium content in
the zeolite sample while the crystalline ZSM-5 structure is indicated by a band at ~539
cm [3]. As the ZSM-5 material was dealuminated for 0.5 h [Figure 4.8(b)], the intensity
of the symmetric Si-O-Al band decreased. However, the band at 1224 cm™ is more
pronounced on this derivative compared to the parent zeolite. This vibration is
observed as a shoulder on the spectrum of the parent sample. As the dealumination
treatment was increased to 1.5 h [Figure 4.8(c)], a decrease in the intensity of the
symmetric Si-O-Al band is observed. The intensity of the asymmetric vibration at 801
cm? increases compared to that of the parent ZSM-5(50). Further increasing the
dealumination time to 2 h [Figure 4.8(d)] shows a more pronounced decrease in the
intensity of the symmetric Si-O-Al band. Further increase of the dealumination time to
3 hresults in an increase in the intensity of the symmetric Si-O-Al band at 1073 cm™.
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Increasing the treatment time from 4 to 5 h [Figure 4.8(f) — (g)] resulted in no significant
changes compared to the spectrum of the parent. The spectra of the dealuminated
ZSM-5(50) variants show a general shift in the position of the symmetric Si-O-Al
vibration compared to that of the parent.

4.3 N2 sorption isotherms

The ZSM-5(25)-derived materials were characterised using adsorption-desorption

isotherms and the results are shown in Figure 4.9.
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Figure 4.9: N2 adsorption/desorption isotherms of pristine ZSM-5(25) and its dealuminated
variants: (a) Parent, (b) 0.5 h, (c) 3.5 h, (d) 4 h and (e) 5 h. 0 h represents pristine ZSM-5(25).

It is apparent from Figure 4.9 that the parent material exhibits a Type | isotherm, a
characteristic feature of microporous materials [1, 4]. The lowest N2 adsorption
capacity was observed for this material and increased with dealumination time in the
dealuminated derivatives. The largest increase in N2 adsorption was obtained in the
material that was dealuminated for 5 h. The development of a hysteresis loop is also

observed in the dealuminated samples in the partial pressure range 0.4 < P/Po < 0.8.
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The hysteresis loop signals the presence of mesopores in the dealuminated ZSM-
5(25) samples, and is more pronounced in the derivative obtained after 5 h
dealumination. It is interesting to remember that this ZSM-5(25) derivative also
showed the co-existence of an additional non-MFI phase in Figure 4.1(e). The
increased uptake of N2 at higher relative pressure, coupled with the pronounced
hysteresis loop confirms a hierarchically porous system containing both micro- and
meso-pores within the same zeolite matrix [3, 4]. It is apparent that the dealumination

of ZSM-5(25) affects the structure of the material by improving its porosity.

The figure below shows the variation of the surface area of ZSM-5(25) samples with
increasing dealumination time. Textural properties of ZSM-5(25) materials are
tabulated in Table A2 of Appendix section.
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Figure 4.10: Variation of the BET surface area of ZSM-5(25) samples with dealumination time.

The surface area of the materials obtained by dealumination of ZSM-5(25) seems to
increase with dealumination time, with a tendency to level off beyond 5 h. A maximum

BET surface area of 301 m?/g was reached at 5 h of HNOs treatment, making 5 h a
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requisite treatment time for achieving high surface area materials, though resulting in
mixed zeolite phases. Other researchers have also reported an increase of surface

area with dealumination time [4, 6].

Below is a depiction of the relationship between the BET surface area of ZSM-5(25)
materials and the relative crystallinity, achieved by dealuminating the parent zeolite
for different periods of time.
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Figure 4.11: Variation of the BET surface area of ZSM-5(25) samples. The dealumination time

used to achieve each Sger/RC pair is indicated inside the plot area.

The general trend suggests that the BET surface area of the ZSM-5(25) series of
zeolites decreases asymptotically with RC. This figure also suggests that highly
crystalline materials possess low BET surface areas. It is interesting to note from this
plot that high surface area derivatives with moderate crystallinity are obtained at high
dealumination times. Therefore, to obtain high surface area materials, the RC range
between 50 and 65% should be targeted in the preparation of these zeolites.
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The nitrogen adsorption-desorption isotherms of the ZSM-5(50) series of zeolites

related by acid dealumination are depicted in Figure 4.12.
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Figure 4.12: N, adsorption/desorption isotherms of pristine ZSM-5(50) and its dealuminated

variants: (a) Parent, (b) 0.5 h, (¢) 2.5 h and (d) 3 h. 0 h represents the parent material.

The parent ZSM-5(50) material exhibits a Type | N2 adsorption isotherm, a
characteristic feature of microporous materials [1, 4]. Upon dealumination,
improvements are observed in the N2 adsorption capacity, accompanied by the
appearance of an obscure hysteresis at P/Po 0.3 — 0.9. The hysteresis loop is more
pronounced for materials acid-treated for = 2.5 h. The increased uptake of N2z at higher
relative pressure, coupled with the pronounced hysteresis loop confirms a
hierarchically porous system containing both micro- and meso-pores within the same
zeolite matrix [4, 5]. However, the hysteresis loops of the isotherms cannot be
assigned to any significant ordered mesoporosity that develops after dealumination of

the parent ZSM-5(50) due to the unpredictability of dealumination [2].

52



The relationship between BET surface area and dealumination time for the ZSM-
5(50) series of zeolites is depicted below. Textural properties of ZSM-5(50) samples

are compiled in Table A4 in Appendix section.
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Figure 4.13: Variation of surface area of ZSM-5(50) zeolites with dealumination time.

As the dealumination time increases, the surface area of the materials is observed to
increase relative to that of the parent material. The surface area of this series of
zeolites was found to increase from 105 m?/g in the parent ZSM-5(50) to a maximum
of 335 m?/g in the sample obtained after 3 h of HNOz acid treatment. This is higher
than the 302 m?/g surface area recorded for ZSM-5(25). Figure 4.13 suggests that the
specific surface area increases through a maximum as the HNOs-treatment time is
increased, making 3 h an optimal treatment time. The data points are spread above

and below the trend line

The variation of BET surface area with the relative crystallinity of ZSM-5(50), induced

by different dealumination times, is shown in Figure 4.14
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Figure 4.14: Variation of BET surface area and relative crystallinity of ZSM-5(50) with
dealumination time. The dealumination time used to achieve each Sge7/RC pair is indicated in
the plot area.

The data points in this figure do not follow a clear general trend, but suggest that highly
crystalline products have the lowest specific surface areas. In terms of the
dealumination time responsible for the observed RC/Sger pairs, it can be concluded
that longer treatment times (= 1.5 h) are necessary to produce high surface area
materials with reasonable retention of crystallinity. Interestingly, the MFI structure for
this series of zeolites was maximally retained, with no evidence of a “foreign” phase in
the XRD patterns (Figure 4.4). Therefore, it can be safely concluded in this work that
3 h dealumination is recommendable for achieving a high surface area derivatives of

reasonable crystallinity.

4.4 SEM micrographs

The surface morphology of ZSM-5 zeolites prepared in this work was studied using

scanning electron microscopy (SEM). Several areas of each sample were imaged at
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different magnifications to zoom into the different shapes present. Only the ZSM-5(50)
series of zeolites prepared in this work was studied by SEM because of its maximal
retention of the MFI structure throughout the dealumination time range investigated,
in contrast with ZSM-5(25) (see XRD patterns in Figures 4.1 and Figure 4.4) The SEM
micrographs of the parent ZSM-5(50) zeolite, synthesised by hydrothermal treatment
of the pertinent precursor gel, are shown in Figure 4.15.
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Figure 4.15: SEM micrographs of parent ZSM-5(50) zeolite calcined at 550 ° C for 5 h. The
micrograph are arranged in order of increasing magnification: (a) x1500, (b) x3000, (c) x10000

and (d) x20000. Arrows in (c) and (d) highlight key morphological features.
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The morphology of this sample is dominated by large deltoidal icositetrahedral
crystals, in the proximity of randomly-aligned rod-like prismatic particles including
coffin-shaped crystals. The large crystals appear with multiple faces of trapezohedral
form [illustrated by arrows on Figure 4.15(c)], which are unusual for ZSM-5 materials,
and have never been reported in the literature. Such a morphology has been
commonly-observed in zeolite analcime [6]. Moreover, the parent ZSM-5(50) material
is observed to consist of well-defined crystals with smooth surfaces [clearly apparent
in Figure 4.15(d)]. These latter features may be indicative of the crystallinity of this
material as suggested by the corresponding XRD pattern.

Dealumination of ZSM-5(50) using HNOs3 at 90 °C for 0.5 h was found to change the

morphology of this zeolite significantly as shown in Figure 4.16.
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Figure 4.16: SEM micrographs of ZSM-5(50) acid-treated for 0.5 h, arranged in order of increasing
magnification: (a) x1500, (b) x3000, (c) x10000 and (d) x20000.
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Large chunks of “broccoli-like” structures are observable in Figure 4.16(a) and (b). As
the sample is zoomed into, small agglomerated rod-like crystals are visible in Figure
4.16(c) and (d) with a random alignment. These rod-like crystals are different from the
tetragonal prismatic crystals observed in the parent material in Figure 4.15(c) above.
The deltoidal icositetrahedral crystals of the parent material are no longer visible in the
derivative obtained after 0.5 h of acid-treatment. Instead, randomly aligned
agglomerated cylindrical nanorod particles are observed [Figure 4.16(c)]. This change
in morphology differs from what has been previously reported by other authors, where
the morphology of ZSM-5 was maintained after dealumination treatments [7, 8].
However, Fuijita et al. [9] found the sizes of the ZSM-5 crystals to be decreasing after

dealumination relative to the parent materials.

A further increase in the dealumination time to 1.5 h brought about additional changes

in the surface morphology of the ZSM-5(50) zeolite as illustrated in Figure 4.17.
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Figure 4.17: SEM micrographs of ZSM-5(50) acid-treated for 1.5 h, arranged in order of increasing
magnification: (a) x1500, (b) x7500, (c) x10000 and (d) x13000. The arrows highlight the main
morphological features observed. 57




A change in morphology accompanying the 1.5 h acid treatment manifests itself by the
appearance of larger rod-like crystals, co-existing with small agglomerated spheroidal
crystals. These rod-like crystals [Figure 4.17(b)] appear longer and fewer than those
observed in the micrograph of the parent ZSM-5(50) and the related derivative obtained
after 0.5 h acid treatment [Figure 4.16(d)], deposited on a cracked amorphous surface
[Figure 4.17(a) — (d)]. Moreover, the large rods appear corroded on the surface of the

smaller face or ends.

When the dealumination treatment time was further increased to 2 h, additional
changes in morphology of ZSM-5(50) were observed. These are illustrated in Figure
4.18.

e d 45

& ok ' e i
BED-C 1 %1500 W 10um BED-C 100kV WD10.2mm  Std.-P.C40.0 100Pa

1086 06 10 2016 1085

100kVv  WD10.2mm Sun C 100Pa X7 500 | Oum
1084 06 10 2016 1083 06 10 2016

Figure 4.18: SEM micrographs of ZSM-5(50) zeolite dealuminated for 2 h, recorded at different
magnifications: (a) x1500, (b) x3000, (c) x5000 and (d) x7500.
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Acid treatment of the ZSM-5(50) material for 2 h produced a mixture of thick, flat and
smooth rectangular rods, and predominant small agglomerated spheroidal particles.
The agglomerated spheroidal crystals appear cracked in the middle of the large chunk
[Figure 4.18(a)], together with rod-like particles [indicated by arrows on Figure 4.18(b)].
Furthermore, the flat rectangular particles have corroded edges which can be
attributed to the corrosive nature of the treatment. The particles are deposited onto an

amorphous cracked surface.

Dealumination of ZSM-5(50) for 3 h produced a material with SEM features illustrated in

Figure 4.19 below.
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Figure 4.19: SEM micrographs of ZSM-5(50) after acid-dealumination for 3 h, and imaged at
different magnifications: (a) x1500, (b) x3000, (c) x5000 and (d) x7500.
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Irregularly dispersed lumps of agglomerated spheroidal crystals are observed with a
non-uniform morphology. The large chunks observed seem to be made of small
irregularly-shaped spheroids. Additionally, flat narrow rods are visible [indicated by
arrows in Figure 4.19(b)] fused with the agglomerated spheroidal crystals. Small flake-
like particles are also visible as indicated in Figure 4.19(a). The crystals are deposited
onto an amorphous cracked surface. Gonzalez et al. [7] reported no significant change
in the morphology of ZSM-5 after dealumination in HC|I medium. However,
dealumination of mordenite and zeolite beta in the same conditions produced samples
that appear less agglomerated, with densely packed crystallites similar to what was
found in this study.

Upon increasing the dealumination time to 4 h, additional changes in particle
morphology of the ZSM-5(50) zeolites were also observed. Figure 4.20 shows

representative micrographs of this sample.
3 W R q.:,;@’gwm“» P ¥ -

Std.-P.C40.0 100Pa

BED-C 10.0kV Std.-P.C.40.0 100Pa X7 5 St x10 000 we— 1um
1069 05 10 2016

Figure 4.20: SEM micrographs of ZSM-5(50) acid-treated for 4 h, recorded at different
magnifications, as well as regions of the same sample: (a) x3000, (b) x5000, (c) x7500 and (d)
x10000.
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A different change in the morphology for this derivative is manifested by agglomerated
spheroidal and rod-like particles deposited on a cracked surface. The small spheroidal
crystals are connected to larger rod-like unsymmetrical particles [illustrated with arrow
in Figure 4.20(d)], as well as “coffin-shaped” crystals. The compact arrangement of
particles for this derivative [illustrated by arrows in Figure 4.20(c)] is identical to that
seen in the micrographs of the other derivatives (Figures 4.17 — 4.19). Furthermore, a
well-defined deltoidal icositetrahedral particle is observed amongst the small
agglomerated spheroids in Figure 4.20(b). A larger icositetrahedral crystal was
observed in Figure 4.15 of the parent ZSM-5(50), and the appearance here is evidence
that the material can withstand the corrosive acid treatment, as corroborated by the
XRD patterns. Moreover, the decrease in the size can be attributed to the corrosive
nature of the acid treatment in harsh conditions (90 °C for 4 h)

A spectacular morphology was observed in the material obtained from nitric acid-
mediated dealumination of ZSM-5(50) for 4.5 h. This is depicted in Figure 4.21.
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Figure 4.21: SEM micrographs of ZSM-5(50) dealuminated for 4.5 h, recorded at different
magnifications: (a) x3000, (b) x5000, (c) x7500 and (d) x10000. 61




The representative morphology of this ZSM-5(50) derivative, depicted in Figure 4.21,
is dominated by agglomerated spheroidal particles with ill-defined grain boundaries.
Co-existent with these groups of agglomerated spheroids are coffin-shaped and
rectangular prismatic rods with smooth surfaces [Figure 4.21(d)], as well as a tightly-
packed structure consisting of self-assembled longitudinally-stacked cylindrical rods
near the centre of Figure 4.21(a — c¢). This morphology is rather unique compared to
that of similar materials obtained by dealuminating the parent ZSM-5(50) zeolite for <
4 h. Interestingly, this morphology is also different from that of the material produced
by dealuminating for 5 h (see Figure 4.22 below). Notably, no cracks are observable
on the supporting surface of Figure 4.21, which was consistently observed on Figures
4.15 - 4.20.

When the dealumination time for the pristine ZSM-5(50) was further increased to 5 h,

the morphological changes depicted in Figure 4.22 were observed.
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Figure 4.22: SEM micrographs of ZSM-5(50) zeolite acid-dealuminated for 5 h and imaged at
different regions and magnifications: (a) x1500, (b) x3000, (c) x5000 and (d) x7500. 62




This treatment produced materials with a non-uniform arrangement of agglomerated
spheroidal particles. This irregular dispersion of the particles is significantly different from
the morphology observed in Figure 4.21 above for ZSM-5(50) treated for 4.5 h, but similar
in the type of agglomeration observed in Figures 4.17 — 4.19 above. Furthermore, two
rectangular rod-like particles are observed surrounded by the agglomerated spheroidal
particles. To generalise, in addition to the agglomerated spheroidal morphology observed
in the series of zeolites in this study, this sample also shows “corn-flake” type of particles,
and a strange arrangement of two rods “propped” by a third narrow rod to define a “capital
A” shape. The morphology of the derivatives prepared in this study is closely related, with
a visible agglomeration of particles, while the acid treatment carried out induced evident
changes in the morphology and crystal shapes from the parent zeolite. It is clear that the
surface morphology of ZSM-5(50) is greatly influenced by acid-mediated dealumination.

4.5 Adsorption of MB on ZSM-5(25)-based adsorbents

Both the parent and dealuminated derivatives of ZSM-5(25) were evaluated as
potential adsorbents for the removal of methylene blue (MB) from aqueous solutions.
Four process variables were investigated for their influence on the adsorptive removal
of this dye, namely solution pH, adsorbent dose, contact time, MB initial concentration.
The results obtained from this investigation are systematically presented and
discussed below. Supplementary information on the adsorption results is tabulated in

Appendix section in Figure Al and Tables A5 - A20.

4.5.1 Solution pH

The influence of the initial pH of MB solutions on the removal efficiency of the dye from
agueous solutions using ZSM-5(25) derivative was evaluated. Evaluation of the pH of
a solution is important because it determines the surface charge of the adsorbent
material, thus affecting the adsorption affinity or preference for the adsorbate. This
study was carried out at room temperature using a solution with concentration 50 mg/L
in contact with 0.1 g of the zeolitic adsorbent and contact time of 1 h. The pH was
measured using a pH meter (AOWA AD 111) for all the solutions. Figure 4.23
summarises the results obtained from the ZSM-5(25) series of zeolites.
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Figure 4.23: The effect of solution pH on MB removal by the dealuminated ZSM-5(25) series

of zeolitic materials. The designation DeAlYh means ZSM-5(25) dealuminated for Y hours
and O h represents the parent material; conditions: dose = 0.1 g, contact time = 1 h).

Figure 4.23 shows a general increase in MB removal with solution pH up to a pH value
of 8, beyond which the MB removal decreases. However, the decreased MB removal
seems to remain stable/constant above pH 10. This performance pattern is observed
for all the ZSM-5(25) series of zeolites investigated in this work. Hammed et al. [13]
also observed a similar pattern of performance in their study. It is also striking to note
that the adsorptive performance of the ZSM-5(25) derivatives increases with
increasing dealumination time, with the largest improvement in MB removal observed
upon increasing the dealumination time from 4 h to 5 h. This enhanced MB adsorption
by these materials seems to agree with their high BET surface areas 301 m?/g, but
can also arise from the co-existence of an additional crystalline phase suggested by
their XRD patterns [Figure 4.1(e + f)]. This sample (dealuminated for 5 h) attained the
highest value of 95 %.

The corresponding MB adsorption capacity data for the ZSM-5(25) series of zeolitic
adsorbents is plotted in Figure 4.24.
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Figure 4.24: The effect of solution pH on MB adsorption capacity of the dealuminated ZSM-
5(25) series of adsorbents. The designation DeAlYh means ZSM-5(25) dealuminated for
Y hours and 0 h represents the parent material; conditions: dose = 0.1 g, contacttime =1

The adsorption capacity of the ZSM-5(25) series of adsorbents demonstrates a similar
trend to the % MB removal observed in Figure 4.23 above. The highest performing
sample with the BET surface area of 301 m?/g and co-existence of an additional non-
MFI phase, also demonstrated the highest MB adsorption capacity (24.8 mg/g) in this
series of adsorbents. It is interesting to note that the dealumination treatment increase
the adsorption capacity from 5.65 mg/g in the parent zeolite to ~24.8 mg/g in the
derivative obtained after 5 h of dealumination. Since the BET surface areas of these
materials increase from 109 m?/g in the parent to 301 m?/g in the derivative obtained
after a 5 h acid treatment, it can be concluded that the adsorption capacity increases

with increasing Sser.

In a similar study, Jin et al. [15] reported MB adsorption studies by commercial
microporous and surfactant-modified ZSM-5 zeolites. They found very low MB
adsorption capacities in both the unmodified and modified ZSM-5 zeolites, increasing
with an increase in pH and reaching maximum adsorption capacities of 6.1 and 12.42

mg/g, respectively. In this study, however, MB adsorption studies on parent ZSM-5
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and its acid-dealuminated forms showed that all materials perform best at pH ~8 (i.e.,
pH 7.91), with MB adsorption capacities ranging from ~8.33 to ~38 mg/g for ZSM-
5(25) adsorbents.

45.2 Adsorbent dose

The effect of adsorbent dose on MB removal was investigated using a solution of initial

concentration 50 mg/L at pH 7.91. Figure 4.25 illustrates the observed trends.
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Figure 4.25: Variation of % MB removal with adsorbent dose for the ZSM-5(25) series of
adsorbents. The designation DeAlYh means ZSM-5(25) dealuminated for Y hours and 0 h
represents the parent material; conditions: contact time =1 h, pH = 8).

The percentage removal of MB by the ZSM-5(25) series of adsorbents increases with
the amount of zeolite used. This is expected because increasing the amount of
adsorbent increases the number of adsorption sites for MB removal. The parent ZSM-
5(25) shows the worst performance, while the derivative obtained upon a 5 h
dealumination shows the highest performance, levelling off very close to 100 % MB
removal within the dose range studied in this work. All the other materials would need
adsorbent doses significantly larger than 1 g to achieve acceptable MB removal levels.

The Seer’s of the materials seem to be playing an important role in enhancing the
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adsorptive performance, though the best material of the series may be assisted by the
co-existence of a non-MFI phase in its matrix as confirmed by XRD patterns (Figure
4.1).

Figure 4.26 shows the corresponding variation of the adsorption capacity for MB on
ZSM-5(25)-derived materials with adsorbent dose.
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Figure 4.26: Variation of MB adsorption capacity with adsorbent dose for the ZSM-5(25) series
of adsorbents. The designation DeAlYh means ZSM-5(25) dealuminated for Y hours and O h

represents the parent material; conditions: contact time = 1 h, pH = 8).

The general trend in Figure 4.26 is similar to that observed in Figure 4.25 for the
corresponding % MB removal. The observed decrease in ge with adsorbent dose
agrees well with the equation for determining it. Note that the two highly-performing
adsorbents could have a contribution from the co-existing non-MFI phase in this
material (inferred from XRD studies). The highest adsorption capacity reached by the

best-performing zeolitic adsorbents was 16.95 mg/g.

The general trends in this study showed that the MB adsorption capacities decrease

with increasing ZSM-5(25) adsorbent dose. Jin et.al [15] have reported similar trends
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for MB adsorption by ZSM-5 zeolites. However, they reported significantly lower
adsorption capacities for both the unmodified and modified ZSM-5 zeolites i.e., 0.55

and ~14 mg/g.
4 5.3 Contact time

An investigation of the influence of contact time of the zeolitic adsorbents with dye
solutions on the MB removal efficiency was carried out using a solution of initial
concentration 50 mg/L, at pH ~8 and a dose of 0.3 g. The observed trends are

illustrated in Figure 4.27.
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Figure 4.27 Variation of MB adsorption capacity with adsorbent dose for the ZSM-5(25) series
of adsorbents. The designation DeAlYh means ZSM-5(25) dealuminated for Y hours and O h
represents the parent material; conditions: contact time =1 h, pH = 8).

The general trend in Figure 4.27 suggests that the removal of MB increases with the
contact time for all adsorbents studied. Also, the poor performance shown by the
parent ZSM-5(25) zeolite improves upon dealumination of this material, with the
highest performance (close to 100 %) achieved by the material produced after
dealuminating the parent material for 5 h. Again, this superior performance cannot be
solely attributed to excellent textural properties (i.e. 301 m?/g) of this sample, but also

to a combined effect due to the co-existence of the non-MFI phase.
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The corresponding MB adsorption capacity data for the ZSM-5(25) series of
adsorbents is plotted in Figure 4.28.
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Figure 4.28: Influence of contact time of the ZSM-5(25) series of adsorbents with MB solutions
on adsorption capacity. The designation DeAlYh means ZSM-5(25) dealuminated for Y hours

and 0 h represents the parent material; conditions: pH = 8, dose = 0.3 g.

Figure 4.28 shows a similar pattern to the observation with the % MB removal
efficiency (Figure 4.27), with the parent zeolite as the poorest performer, while its
derivative obtained by dealuminating for 5 h as the best adsorbent in the series. The

highest adsorption capacity achieved in this parameter is 8.33 mg/g.

The trends shown in this study illustrate a general increase of MB adsorption
capacities with increasing contact time. A similar MB adsorption study by Jin et al. [15]
showed a similar pattern for adsorption capacities, reporting MB adsorption capacities
of 6.1 and 12.42 mg/g for both the unmodified and modified ZSM-5 adsorbents. This
is slightly higher than the 8.33 mg/g value reported in this study for ZSM-5(25) obtained
after 5 h dealumination.
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4.5.4 Initial MB concentration

The influence of the initial MB concentration on the uptake from solution was
investigated using the ZSM-5(25) series of adsorbents and the results are illustrated

in Figure 4.29 below.
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Figure 4.29: Variation of % MB removal by ZSM-5(25) series of zeolitic adsorbents with initial
concentration. The designation DeAlYh means ZSM-5(25) dealuminated for Y hours and O h

represents the parent material; conditions: pH = 8, contact time = 2 h, dose = 0.3 g.

A general observation from Figure 4.29 is a decrease in percentage MB removal with
increasing initial MB concentration for the different adsorbents, with the exception of
the sample dealuminated for 5 h. This sample shows an essentially constant MB
removal efficiency in the concentration range 50 — 150 mg/L and a decrease
thereafter. The decrease is, however, not abrupt. The decrease in the uptake is
because the adsorbents have reached their carrying capacity for MB [13, 14, 16].
Increasing the initial MB concentration, leads to excess MB that can adsorb onto the
limited number of adsorption sites of the ZSM-5(25) adsorbents. For a particular
adsorbent, the total number of adsorption sites available is fixed, thus adsorbing a
specific amount of MB [9, 10]. The parent material performed poorly in MB removal
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even at lower concentrations, in agreement with the other reported studies [13, 14].
However, the dealumination treatment is observed to improve the MB removal
efficiency of the parent zeolite remarkably, particularly for those materials obtained by
dealuminating for > 0.5 h. For these zeolitic adsorbents, the increase in % MB

correlates well with their BET surface areas.

The corresponding MB adsorption capacity data for the ZSM-5(25) series of

adsorbents was determined and is plotted in Figure 4.30.
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Figure 4.30: Variation of MB adsorption capacity of ZSM-5(25) series of zeolitic adsorbents
with initial concentration. The designation DeAlYh means ZSM-5(25) dealuminated for Y hours

and 0 h represents the parent material; conditions: pH = 8, contact time = 2 h, dose = 0.3 g.

As observed with the % MB removal trends (Figure 4.29) with respect to the initial
concentration, the low-performing parent and its 0.5 h-dealuminated samples also
show coinciding performances in their MB adsorption capacities. For the other
samples, it can be seen that the adsorption capacity increases with increasing
dealumination time, which tends to be the order of increasing BET surface area. It is
worth remembering that the enhanced improvement in the adsorption capacity of the

5 h-dealuminated sample may be due to the presence of a non-MFI phase in this
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material. The performance of adsorbent material dealuminated for 0 — 4 h tends to

stabilise at higher initial concentration or go through a maximum.

4.6 Adsorption of MB on ZSM-5(50) adsorbents

Similar variables investigated for the ZSM-5(25)-based adsorbents were also

investigated for this series of adsorbents.

4.6.1 Solution pH

The influence of the pH of MB solutions on the dye removal efficiency by ZSM-5(50)
series of zeolites was evaluated. Evaluation of the pH of a solution is important
because it determines the surface charge of the adsorbent material, thus affecting the
adsorption affinity or preference for the adsorbate. Figure 4.31 summarises the results
obtained on differently-treated ZSM-5(50) adsorbents.
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Figure 4.31: The effect of solution pH on MB removal by the dealuminated ZSM-5(50) series
of zeolitic materials. The designation DeAlYh means ZSM-5(50) dealuminated for Y hours
and 0 h represents the parent material; experimental conditions: dose = 0.1 g, contact time =
1 h, initial MB concentration = 50 mg/L.

Figure 4.31 shows a general increase in the percentage MB removal with solution pH
up to a pH value of 8, beyond which it decreases. However, the decrease in

percentage removal seems to remain essentially stable/constant above pH 10. This
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performance pattern is observed for all the ZSM-5(50) series of zeolites investigated
in this work. A similar pattern of performance was also observed by Hammed et al.
[12] and Hassan et al. [14] in their studies. Interestingly, the adsorptive performance
of the ZSM-5(50) derivatives increases with increasing dealumination time, with the
largest improvement in MB removal exhibited by the derivative obtained by
dealuminating the parent zeolite for 5 h. The enhanced MB adsorption by this material
seems to agree with its high Sger 275 m?/g, but can also be arise from the mixed
morphology observed for this derivative (Figure 4.22). This 5 h-dealumination sample

attained the highest MB removal value of 95 %.

The accompanying MB adsorption capacity data was determined using the initial and

equilibrium concentrations and is plotted in Figure 4.32 below.
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Figure 4.32: The effect of solution pH on MB adsorption capacity of the dealuminated ZSM-
5(50) series of adsorbents. The designation DeAlYh means ZSM-5(50) dealuminated for
Y hours and 0 h represents the parent material; experimental conditions: dose = 0.1 g,
contact time = 1 h, initial MB concentration = 50 mg/L.

Figure 4.32 demonstrates an increase in MB adsorption capacity by the ZSM-5(50)
adsorbents with solution pH up to a pH value of 8, beyond which it decreases. The
increase in MB uptake with pH is aided by the decrease of electrostatic repulsions
between the MB and the surface of the ZSM-5(50) adsorbents. Notably, the

dealuminative treatment increases the adsorption capacity of ZSM-5(50) by a factor
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of 4, from 5.75 mg/g in the parent zeolite to 23.75 mg/g in the derivative obtained after
5 h of dealumination. The slowdown of the uptake beyond pH 8 has been reported to
be due to the precipitation of MB at basic range [12, 14]. It is worth noting that the 3
h-dealumination adsorbent shows an overlap in adsorption capacity at pH 8 with the
sample obtained after dealuminating for 4 h. The larger surface area of the 3 h-
derivative (335 m?/g) compared to the 4 h-dealumination variant (268 m?/g) could be
aiding the adsorptive performance of this material. The pH of 8 was taken to be the

ideal condition for MB removal and was used for the following studies.

Similarly to the trends observed for ZSM-5(25) adsorbents, dealumination of ZSM-
5(50) zeolites improves the MB adsorption capacities of these materials 5-fold

compared to the modifications reported by Jin et al. [15] on ZSM-5 zeolites.

4.6.2 Dose

Figure 4.33 below illustrates the variation of percentage MB removal with adsorbent

dose. ZSM-5(50) and its dealuminated variants were explored as adsorbents.
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Figure 4.33: Variation of % MB removal with adsorbent dose for the ZSM-5(50) series of
adsorbents. The designation DeAlYh means ZSM-5(50) dealuminated for Y hours and O h
represents the parent material; experimental conditions: contact time = 1 h, pH = 8, initial MB

concentration = 50 mg/L.
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The percentage removal increases monotonically with adsorbent dose for all
adsorbent materials obtained from pristine ZSM-5(50) through acid-mediated
dealumination. This increase in percentage MB removal with increasing adsorbent
dose can be attributed to the increase in the number of adsorption sites that become
available when the amount of adsorbent is increased [12 — 14]. The parent ZSM-5(50)
shows the most inferior performance, while the derivative obtained by a 5 h-long
dealumination treatment shows the highest performance, with a tendency to level off
very close to 100 % MB removal in the dose range studied in this work. Notably, the 4
h-, 4.5 h- and 5 h-dealumination derivatives were much more efficient for MB removal
compared to the other adsorbents. The large Sser of the materials play an important
role in enhancing their adsorptive performance. The 5 h-dealumination derivative
removed 89 % of MB at 0.3 g dose.

The corresponding data illustrating the variation of MB adsorption capacity with ZSM-
5(50) adsorbent dose is plotted in Figure 4.34.
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Figure 4.34: Variation of MB adsorption capacity with adsorbent dose for the ZSM-5(50) series
of adsorbents. The designation DeAlYh means ZSM-5(50) dealuminated for Y hours and O h
represents the parent material; experimental conditions: contact time = 1 h, pH = 8, initial MB

concentration = 50 mg/L.
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The general trend in Figure 4.34 suggests a decrease in MB adsorption capacity as
the adsorbent dose increases, similar to the previous observation by Hassan et al.
[14]. This is because a fixed initial MB concentration leads to equilibrium reached
quickly with increasing adsorbent dose [12 — 14], as there are more adsorption sites
than adsorbate species. It is worth noting that MB uptake by the 4.5 h- and 5 h-
dealumination adsorbents could be aided by the large surface areas of the materials
with 208 and 275 m?/g, respectively. The highest adsorption capacity reached by the
best performing zeolitic adsorbent was 16.25 mg/g. To be economical, a 0.3 g dose

was used for following studies.

Similarly to the trends observed for ZSM-5(25) adsorbents, dealumination of ZSM-
5(50) zeolites improves the MB adsorption capacities of these materials 4-fold

compared to the modifications reported by Jin et al. [15] on ZSM-5 zeolites.

4.6.3 Contact time

The influence of contact time on percentage MB removal by ZSM-5(50) series of

zeolites was evaluated and the results are illustrated in Figure 4.35.
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Figure 4.35: Variation of MB adsorption capacity with adsorbent dose for the ZSM-5(50) series
of adsorbents. The designation DeAlYh means ZSM-5(50) dealuminated for Y hours and O h
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concentration = 50 mg/L.
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It is observed from Figure 4.35 that the removal of MB increases with the contact time
for all adsorbents studied. A similar trend has also been reported by other researchers
[12 - 14]. The poor performance shown by the parent ZSM-5(50) zeolite improves upon
dealumination, with the highest performance achieved at a contact time of 5 h for the
material produced after dealuminating for 5 h. Furthermore, the 5 h-dealumination
adsorbent removed ~90 % MB at 2 h contact time, corresponding to the non-toxic final
concentration of MB in water. The ideal contact time for efficient MB removal was then
chosen to be 2 h.

The corresponding MB adsorption capacity data for the ZSM-5(50) series of
adsorbents is plotted in Figure 4.36.
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Figure 4.36: Influence of contact time of the ZSM-5(50) series of adsorbents with MB solutions
on adsorption capacity. The designation DeAlYh means ZSM-5(50) dealuminated for Y hours
and 0 h represents the parent material; experimental conditions: pH = 8, dose = 0.3 g, initial
MB concentration = 50 mg/L.

Figure 4.36 shows a similar pattern to the observation with the percentage MB removal
efficiency (Figure 4.35), with the parent adsorbent as the poorest performer, while its
derivative obtained by dealuminating for 5 h is the best adsorbent in this series. The
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adsorption capacity achieved in this parameter at 2 h contact time is 7.42 mg/g MB,

rising to 8.32 mg/g at 5 h contact time. The contact time of 2 h was used for the

following experiments.

Similarly to the trends observed for ZSM-5(25) adsorbents, dealumination of ZSM-
5(50) zeolites improves the MB adsorption capacities of these materials 6-fold

compared to the modifications reported by Jin et al. [15] on ZSM-5 zeolites.
4.6.4 Initial MB concentration

The influence of the initial MB concentration on the uptake from solution was
investigated using the ZSM-5(50) series of adsorbents and the results are illustrated

in Figure 4.37.
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Figure 4.37: Variation of % MB removal by ZSM-5(50) series of zeolitic adsorbents with initial
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represents the parent material, experimental conditions: pH = 8, contact time = 2 h, dose =

0.3g.

78



Figure 4.37 illustrates that percentage MB removal by the ZSM-5(50) series of
adsorbents decreases with increasing initial concentration. This is because at a fixed
adsorbent dose (e.g. 0.3 g), the total number of available adsorption sites is constant
and can only remove a specific amount of adsorbate [12, 14]. Beyond this saturation
point, no further MB adsorption takes place on the adsorbent surface, resulting in lower
removal values. Also, for a specific initial MB concentration, the MB uptake increases
with the dealumination time used in the preparation of the particular zeolitic adsorbent.
This is because the Sger of the parent ZSM-5(50) improved after dealumination for
different durations (refer to Table A4 in Appenices), which aids the removal of MB by
these adsorbents The highest MB removal value attained by this series of adsorbents

is 96.2 % for the material produced by dealuminating for 5 h.

Figure 4.38 presents the variation of MB adsorption capacity for ZSM-5(50) series of
adsorbents with initial MB concentration.
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Figure 4.38: Variation of MB adsorption capacity of ZSM-5(50) series of zeolitic adsorbents
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Zeolitic adsorbents produced by dealumination of ZSM-5(50) for < 4 h show a
decrease in adsorption capacity when the initial MB concentration is increased from
50 to 100 mg/L. At higher initial MB concentrations, the adsorption capacity increases
through different maxima for the individual adsorbents, with the exception of the
pristine zeolite. On the other hand, the materials obtained by dealumination for 4.5 h
and 5 h showed an initial increase in adsorption capacity with increasing MB
concentration up to their respective maxima, after which a decrease in adsorption
capacity was observed at higher initial concentrations. Except for a few overlaps in the
plots, the adsorption capacity seems to increase with increasing dealumination time
during the preparation of these adsorbents. The highest adsorption capacity attained
in this series was 21.23 mg/g at an initial MB concentration of 150 mg/L for the
adsorbent obtained through a 5 h dealumination treatment time. This could be due to

the large Sset (275 m?/g) of this adsorbent.
4.7 Adsorption isotherms

Equilibrium adsorption isotherms are fundamental in describing the interactions
between adsorbates and adsorbents, and are therefore important in the design of
adsorption systems [12, 16, 17]. These isotherms relate the amount of adsorbate (e.qg.,
MB) in the solid to that remaining in solution, which allow calculation of the capacity of
the adsorbent, as well as the affinity of the adsorbate for the adsorbent (e.g., zeolite)
surface [16]. Several adsorption models are currently employed to describe adsorption
phenomena, with the Langmuir and Freundlich isotherms being the most commonly
used. The MB adsorption data in this study was experimentally obtained through a
series of batch tests using ZSM-5 zeolites as adsorbents in aqueous environments.
These zeolites, synthesised to two SARs of 25 and 50, were produced by direct
hydrothermal synthesis, and were each dealuminated for different times by heating in
HNO:s solutions. Each of the resulting ZSM-5 derivatives were evaluated for efficiency
in the adsorption of MB from aqueous solutions with various initial concentrations (Co),
i.e., 50, 100, 150, 200 and 250 mg/L. Adsorption data on representative adsorbents
from each of the two SARs were further analysed using Langmuir and Freundlich
isotherms. The expressions for the two forms of these isotherm models are

summarised in Table 4.1;
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Table 4.1: Forms of the Langmuir and Freundlich isotherm models [16].

Isotherm models Non-linear form Linear form
Langmuir Ce C. 1 1
= qmK, ———— — = —C, +
e =mBLT R, C, R e
Freundlich e = KeCM" In (de) = In (Ke) + - In (Ce)

where ge is the equilibrium adsorption capacity (mg/g), Ce is the equilibrium solution
concentration of MB (mg/L), gm is the maximum adsorption capacity (mg/g), K. is a
constant related to adsorption energy, n is a Freundlich parameter giving an indication
of favourability of the MB adsorption process and Kg is an adsorption constant for the
amount of dye adsorbed by the adsorbents. The linear forms of the isotherm models
enable the determination of adsorption parameters for the process. For the Langmuir
isotherm, a plot of Ce/ge against Ce gives a straight line with the slope of 1/gm and
intercept 1/KLgm. Analogously, the Freundlich parameters n and Kr can be obtained

from the slope and intercept, respectively, of the plot of In (ge) against In (Ce) [16].
4.7.1 Langmuir model

The Langmuir isotherm assumes that adsorption only occurs on a finite humber of
homogeneous sites, and is based on monolayer surface coverage [12, 16]. Figure
4.39 depicts the two forms of the Langmuir isotherms plotted using experimental
adsorption data collected for ZSM-5(25)-based adsorbents. The source data is

tabulated in Table A21 in the Appendix section.
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Figure 4.39: Langmuir adsorption isotherms for the adsorption of MB by ZSM-5(25) as affected
by adsorbent dealumination time: (a) non-linear form, and (b) linear form. Adsorption
conditions: dose = 0.5 g, pH 8, contact time =2 h.

The plots in Figure 4.39(a) suggest trends that conform to the Langmuir model, i.e.,
most data points lie on the trend line and the plot shapes suggest an initial increase in
the adsorption capacity followed by a plateau (surface saturation). Such a trend is
attributed to an adsorption process that involves a monolayer surface coverage by MB
molecules [12]. The linear version of the Langmuir model fits the experiments data
well, except for the parent ZSM-5(25) adsorbent, which shows a wide spread of data
points. The values of the linear correlation coefficients (R?), as well as the Langmuir
adsorption parameters calculated from the linear Langmuir isotherms, are
summarised in Table 4.2.Table 4.2: Langmuir adsorption parameters for the
adsorption of MB by the ZSM-5(25)-based adsorbents.

*Dealumination Linear Langmuir
Adsorbent time (h)
R? Ki(mg/g) | am(mg/g)

0 0.891 0.032 2.10

3 0.991 0.022 16.67
ZSM-5(25)

4 0.996 0.010 20.00

5 0.997 B 30.33

*Duration of acid dealumination time of pristine ZSM-5(25) -




The high R? values obtained from linear plots confirm adherence to the Langmuir
mechanism and that the process proceeds via monolayer coverage. These correlation
coefficients are accompanied by gm values that are similar to the adsorption capacities
(ge) calculated from the experimental data (Table A21). Hammed et al. [12] reported
similar trends in their study on the removal of MB using novel-modified ZSM-5. The
values of K. determined from the linear Langmuir isotherms in this study lie in the
range 0 < KL < 1, indicating a favourable adsorption process. Furthermore, the
inadmissible value of K. for the 5 h dealumination derivative (indicated by a dash)

shows that minimal energy is required for the adsorption of MB onto the adsorbent.

Similar studies were performed on the ZSM-5(50) series of zeolites, and the results

are depicted in Figure 4.40.
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Figure 4.40: Langmuir adsorption isotherms for the adsorption of MB by ZSM-5(50) as affected
by adsorbent dealumination: (a) non-linear form, and (b) linear form. Adsorption conditions:

dose = 0.5 g, pH 8, contact time = 2 h.

The non-linear Langmuir isotherms adopt shapes that do not conform to that of the
conventional Langmuir model, which is normally characterised by an initial increase in
ge followed by a plateau at higher equilibrium concentrations. The ge values decrease
with increasing initial concentration, thus deviating from the conventional model. This
is due to equilibrium being reached rapidly since there are excess adsorbate

molecules for a fixed number of adsorption sites [12, 17]. However, the MB adsorption
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efficiency of ZSM-5(50) increases with increasing treatment time of the adsorbent. The

adsorption parameters calculated from Figure 4.40(b) are summarised in Table 4.3.

Table 4.3: Langmuir adsorption parameters for the adsorption of MB by the ZSM-

5(50)-based adsorbents.

*Dealumination Linear Langmuir
Adsorbent _ H
time (h) R? KL(mg/g) | Qm (mglg)
3 0.8828 0.040 5.56
ZSM-5(50) 45 0.9598 0.040 6.25
5 0.9914 0.005 20.00

*Duration of acid dealumination time of pristine ZSM-5(50)

Contrary to the observation in Figure 4.40(b), Table 4.3 suggests that the experimental
data fits the linear Langmuir isotherm well, with high R? values suggesting that MB
adsorption on ZSM-5(50) adsorbents proceeds via monolayer process. The gm values
determined from the linear Langmuir isotherms are similar to the adsorption capacities
(ge) calculated from the experimental data (Appendix, Table A20), and increase with
prolonged zeolite dealumination period. The gm values increase by 12.4% for the
adsorbents dealuminated for 3 and 4.5 h, while increasing by 220% from the 4.5 to the
5 h dealumination adsorbents. This is due to the sharp decrease in Sger from 3 to 4.5
h (335 — 208 m?/g) dealumination treatment which is followed by an increase after
dealumination from 4.5 to 5 h (208 — 275 m?/g). The KL constants determined for the
ZSM-5(50)-based adsorbents lie in the range 0 < KL < 1, indicating a favourable
adsorption process. Surprisingly, the ZSM-5(50) 5 h dealumination adsorbent does
not show linear adsorption of MB in contrast to the sister derivative of the ZSM-5(25)-

based adsorbents.
4.7.2 Freundlich model

The Freundlich isotherm is another popular model that describes heterogeneous
adsorption, which applies to multilayer adsorption [16]. Figure 4.41 illustrates the two
forms of Freundlich isotherm for MB uptake by ZSM-5(25) adsorbents.
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Figure 4.41: Freundlich isotherms for the adsorption of MB by ZSM-5(25) and its acid-
dealuminated variants: (a) non-linear form, and (b) linear form. Adsorption conditions: dose =

0.5 g, pH 8, contact time = 2 h.

It follows from Figure 4.41 that the experimental data for MB adsorption by ZSM-5(25)
adsorbents fits well in the non-linear form and not in the linear form of Freundlich
isotherms. This suggests that the surface of the adsorbents is heterogeneous and MB
removal by ZSM-5(25) adsorbents proceeds beyond monolayer adsorption [16, 17].
The heterogeneity of the ZSM-5(25) adsorbent surface accounts for the similar
isotherm that was obtained in the Langmuir model, which conforms to the conventional
form of that isotherm. Moreover, MB adsorption efficiency of ZSM-5(25) increases with
increasing acid-treatment time of the adsorbent, i.e., 0 < 3 < 4 < 5 h. Adsorption
parameters for the Freundlich linear form were calculated and are displayed in Table
4.4:
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Table 4.4: Freundlich adsorption parameters for the adsorption of MB by ZSM-5(25)-

based adsorbents.

*Dealumination Linear Freundlich
Adsorbent time (h)
R2 Kr n

0 0.9814 2.72 1.74

3 0.9114 1.77 0.62
ZSM-5(25)

4 0.8799 7.69 0.66

5 0.3879 6.29 0.48

*Duration of acid dealumination time of pristine ZSM-5(25)

Table 4.4 suggests that the adsorption process is favourable, since the experimental
data corresponds to high correlation coefficients. However, the R? values decrease
with increasing adsorbent treatment times, suggesting that the experimental data does
not fit well into the linear Freundlich form. A value of the slope 1/n < 1 is associated
with a chemisorption process that is more heterogeneous as the value gets closer to
zero, while 1/n > 1 is indicative of coorperative adsorption [17]. The n values
calculated suggest that the adsorption of MB by the ZSM-5(25) dealumination
derivatives proceeds through cooperative adsorption, i.e., unfavourable adsorption
process. Hammed et al. [12] and Chen [16] have also reported unfavourable
adsorption processes. However, the pristine ZSM-5(25) adsorbent removes MB by a
favourbale adsorption process. This suggests that dealumination of the ZSM-5(25)
material changes the mode of MB adsorption by the derivatives to unfavourable MB
adsorption process. Moreover, the calculated Kr constants deviate from the adsorption
capacities determined from experimental data, indicative of a poor fit by this isotherm
model.

The Freundlich isotherm was also used to analyse experimental data from the
adsorption of MB by ZSM-5(50) adsorbents, and the results are illustrated in Figure
4.46.
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Figure 4.42: Freundlich isotherms for the adsorption of MB by ZSM-5(50) and its acid-
dealuminated variants: (a) non-linear form, and (b) linear form. Adsorption conditions: dose =
0.5 g, pH 8, contact time = 2 h. Parent ZSM-5(50) is omitted in (b) because experimental data

yields undefined results from analysis by the linear Freundlich equation.

The experimental data collected for MB adsorption using the ZSM-5(50)-based
adsorbents does not fit either form of the Freundlich isotherms, because most of the
data points do not lie on the trend lines. Furthermore, the inadequate fit of the
experimental data into both forms of the model suggests that the surface of the ZSM-
5(50) adsorbents is homogeneous even after dealumination. Surprisingly, the ZSM-
5(25)-based adsorbents seem to have a heterogeneous surface [12], and the
dealumination of this material changes the MB adsorption mode from favourable
adsorption to a cooperative adsorption process. Moreover, adsorption efficiency of
ZSM-5(50)-based adsorbents increases with dealumination time in agreement with
what was found from the Langmuir analysis. Adsorption parameters were calculated

from the linear Freundlich isotherms and are summarised in Table 4.5.

87




Table 4.5: Freundlich adsorption parameters for the adsorption of MB by ZSM-5(50)-

based adsorbents.

*Dealumination Linear Freundlich
Adsorbent time (h)
R2 Ke n
3 0.4611 0.95 -1.340
ZSM-5(50) 4.5 0.5466 0.83 -0.403
5 0.9281 0.84 0.560

*Duration of acid dealumination time of pristine ZSM-5(50)

The R? value of MB adsorption data by the 3 h dealumination adsorbent is low, while
the correlation of the experimental data increases with the increase in zeolite
dealumination time. Furthermore, 1/n < 1 indicates a sorption process that occurs on
a homogeneous surface by favourable adsorption process [17], which agrees with the
result from Langmuir analysis. The fitting of the experimental data generated from the
3 and 4.5 h dealumination adsorbents leads to negative values of n, which result from
the negative slopes depicted on Figure 4.42 above. These negative n values suggest
that the chemisorption process is heterogeneous. However, this is unique because n
values usually range between 0 and 1. Moreover, the Kr values determined using this

model deviate substantially from the data that was obtained experimentally.

4.8 Conclusions

The adsorption of MB by both the ZSM-5(25)- and ZSM-5(50)-based adsorbents
proceeds via monolayer adsorption. The experimental data fits into the Langmuir
model and not into the Freundlich isotherms, since higher R? values were found for
both series of adsorbents by fitting into the linear Langmuir form. Pristine ZSM-5(25)
is characterised by a homogeneous surface but, upon dealumination, the ZSM-
5(25)-based derivatives were found to adsorb by cooperative adsorption.
Furthermore, the ZSM-5(50) adsorbents were found to have a homogeneous surface
even after acid dealumination. Importantly, MB adsorption by ZSM-5 adsorbents
becomes more efficient as the acid dealumination period of the zeolites increases.

The gm values of 30.33 and 20 mg/g were calculated for the 5 h dealumination
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derivatives of the ZSM-5(25) and ZSM-5(50) adsorbents, respectively, and are

similar to the ge values (38 and 21.23 mg/g) calculated from the experimental data.
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CHAPTER 5
5.1 Summary and conclusions

The aim of this work was address the water contamination problem arising from textile
effluents through the development of MFI-based zeolitic adsorbents with improved
efficiency in the removal of methylene blue (MB) from aqueous solutions. First, parent
ZSM-5 zeolites were prepared by a hydrothermal method to two levels of silica-to-
alumina ratio (SAR), viz., 25 and 50. Then, these zeolites were further dealuminated
by post-synthesis treatment using an aqueous 1 M solution of HNO3s at 90 °C for
different lengths of time. Physicochemical characterisation of the parent zeolites and
their post-synthesis treated derivatives was carried out using X-ray powder diffraction
(XRD), N2 adsorption/desorption, scanning electron microscopy (SEM) and Fourier
transform infrared (FTIR) spectroscopy. MB was chosen as a model basic cationic dye
to study the performance of the synthesised zeolites in its adsorptive decontamination
from water. The MB adsorption performance of the ZSM-5 zeolites prepared in this

study was investigated via batch experimentation.

For the parent ZSM-5(25), the successful synthesis of a phase-pure material was
immediately confirmed using XRD. Dealumination of the parent ZSM-5(25) was found
to influence the crystal structure, resulting in mixed-phase MFl/analcime-type structure
at dealumination times longer than 3 h as suggested by XRD. The percentage XRD
crystallinity of this zeolite was found to decrease with increasing dealumination
treatment time. A gradual decrease of the ZSM-5(25) crystallite sizes was also
observed with the increasing HNOs treatment time relative to the parent material. In
addition, the synthesis of ZSM-5(25) was also corroborated by FTIR spectroscopy,
with bands in the infrared skeletal vibration at ~1225 cm-1, 1064 cm™ and ~800 cm
characteristic of MFI materials. The Si-O-Al bands were observed to decrease in
intensity and shift to lower wavenumbers with prolonged dealumination treatment,
confirming the extraction of framework aluminium from this zeolite. The parent ZSM-
5(25) showed a Type | N2 adsorption isotherm, suggestive of a purely microporous
character. Nitrogen adsorption-desorption isotherms of the dealuminated derivatives
revealed the presence of mesopores in the intrinsically microporous ZSM-5(25) zeolite
framework consequent to the dealumination treatment. This was demonstrated by

combined Type | and Type IV adsorption isotherms with a broader step in the
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adsorption branch and a pronounced hysteresis loop. The BET surface area (Seer)
and porosity data improved significantly following the dealumination treatment, and
ranged from 109 m?/g in the parent to 301 m?/g in the highest Sget derivative, i.e., a
3-fold increase in Sget. Pore sizes of the ZSM-5(25)-derived series of zeolites were
not significantly affected by the acid treatment. Adsorption of MB on ZSM-5(25)
zeolites was found to be influenced by experimental variables such as pH, adsorbent
dose, contact time and initial MB concentration. The adsorptive removal of MB was
highest at pH 8, and significantly lower in the more basic and acidic range. MB uptake
by ZSM-5(25) series of adsorbents was found to increase with the amount of zeolite
used. This is due to the abundance of adsorption sites in the larger doses. The MB
uptake by ZSM-5(25) zeolites decreased with increasing initial MB concentration for
this series of adsorbents because the adsorbents reached equilibrium quickly at higher
concentration. Amongst these materials, the sample obtained after 5 h of
dealumination showed the highest MB adsorption performance (37.75 mg/g)
compared to the other samples in the ZSM-5(25) series. This could be attributed to
either the high surface area of this material relative to other members of this series, or
to the co-existence of an additional non-MFI phase in this sample that was suggested
by XRD.

The successful synthesis of phase-pure parent ZSM-5(50) was also confirmed using
XRD, which further indicated that ZSM-5(50) was resistant to structural destruction by
acid treatment. That is, phase-pure MFI-derivatives were obtained even after 5 h of
dealumination. The percentage XRD crystallinity decreased with increasing
dealumination time. This decrease could be associated with lattice contractions as Al
species are extracted from the parent zeolite framework. The crystallite sizes of the
ZSM-5(50) also decreased with increasing acid treatment time. In addition to XRD
findings, successful synthesis of the ZSM-5(50) series was also corroborated by FTIR
spectra, with bands in the infrared skeletal vibration at ~1224 cm, ~1073 cm™ and
~801 cm. The IR bands corresponding to the Si-O-Al vibrations decreased in intensity
with prolonged dealumination time, confirming the leaching of Al from the zeolite lattice
through this treatment. The N2 adsorption isotherm of the parent ZSM-5(50) changed
from Type | to Type IV consequent to the dealumination treatment, suggesting the co-
generation of mesopores in the zeolite matrix. A pronounced hysteresis loop in the N2

adsorption isotherms of these dealuminated products also signalled the presence of
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mesoporosity. The corresponding Sser values were generally increased by the HNO3
treatment, and ranged from 105 m?/g in the parent ZSM-5(50) to the highest value of
335 m?/g in the 3 h-dealumination sample. SEM morphological studies revealed that
pristine ZSM-5(50) synthesised through this method is dominated by a previously-
unobserved morphology, consisting of deltoidal icositetrahedral crystals, similar to that
normally found in zeolite analcime. The dealuminative treatment of this material
completely altered the observed icositetrahedral morphology of the parent, producing
a range of other morphologies at different treatment times. A spectacular morphology
was observed in the ZSM-5(50) zeolite after a 4.5 h dealumination treatment: In
addition to agglomerated particles with ill-defined grain boundaries, and coffin-shaped
as well as prismatic structures conventionally found in ZSM-5, this ZSM-5(50)
derivative showed a cylindrical stack of self-assembled longitudinally-packed
nanorods, which seems to be absent in the other derivatives. Similarly to the ZSM-
5(25) series of zeolitic adsorbents, the adsorption of MB by ZSM-5(50) materials was
influenced by pH, adsorbent dose, contact time and initial MB concentration. The ZSM-
5(50) series of zeolites also performed best in the adsorptive removal of MB at pH 8.
MB uptake by ZSM-5(50) series of adsorbents also increased with the amount of
zeolite used due to the abundance of adsorption sites at larger doses, while it
decreased with increasing initial MB concentration because equilibrium between the
adsorbate and the materials is reached quicker at high concentrations. Again, the
zeolitic adsorbent obtained by dealuminating ZSM-5(50) for 5 h showed the highest
performance in the removal of MB from aqueous systems (21.23 mg/g). This
performance can be attributed solely to the high Sger of this phase-pure material, in
contrast with the observation in the corresponding adsorbent derived from ZSM-5(25),

whose activity could also be attributed to its analogue mixed-phase nature.

5.2 Recommendations

The following recommendations are suggested for future studies:

e Dealumination of ZSM-5 zeolites could be carried out beyond 5 hours to obtain

materials with larger surface areas and having better adsorption capacities.
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APPENDICES

Table Al: Effect of dealumination on the physicochemical properties of dealuminated
ZSM-5(25) zeolites.

Sample | Dealumination | Relative Scherrer crystallite
time (h) Crystallinity (RC) size (um)
Parent 0 96.40 0.22
1 0.5 75.85 0.21
2 1 56.91 0.14
3 15 52.63 0.14
4 2 81.74 0.13
5 2.5 61.60 0.13
6 3 55.97 0.13
7 3.5 60.81 0.12
8 4 61.49 0.12
9 4.5 58.29 0.11
10 5 69.26 0.10
11 5.5 50.79 0.21
12 6 35.85 0.22
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Table A2

: Textural properties of ZSM-5(25) samples.

Sample | Treatment | Sget t-plot t-plot
(h) (m?/g) Micropore | Micropore
area (m?/g) | volume
(cm3/g)
Parent 0 109.620 |89.78 0.04
DZM-01 0.5 154.327 | 77.691 0.04
DZM-02 15 190.095 | 95.577 0.05
DZM-03 2 230.324 | 110.39 0.04
DZM-04 2.5 228.304 | 115.112 0.06
DZM-05 3.5 215.796 | 126.82 0.04
DZM-06 4 292.129 |154.71 0.04
DZM-07 301.490 | 159.68 0.09
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Table A3: Effect of dealumination on the physicochemical properties of ZSM-5(50) products.

Sample | Dealumination | Relative Scherrer Crystallite
Time (h) Crystallinity sizes (um)
(RC)
Parent |0 100 0.226
1 0.5 94.03 0.259
2 1 90.61 0.211
3 1.5 82.32 0.208
4 2 81.74 0.201
5 2.5 75.90 0.181
6 3 78.83 0.164
7 3.5 74.89 0.158
8 4 62.27 0.179
9 4.5 59.35 0.151
10 5 47.35 0.111
11 5.5 51.68 0.102
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Table A4: Textural properties of the parent and treated ZSM-5(50) zeolites.

Sample | Treatment | Sget t-plot t-plot
(h) (m?/g) Micropore | Micropore
area (m?/g) | volume
(cm3/g)
Parent 0 105.45 89.780 0.04
DZM-01 0.5 115.45 88.612 0.04
DZM-02 1 270.12 187.04 0.09
DZM-03 15 283.06 217.31 0.11
DZM-04 2 310 223.58 0.11
DZM-05 2.5 228.66 158.15 0.08
DZM-06 3 335.18 215.49 0.10
DZM-07 4 268.36 179.49 0.09
DZM-08 4.5 208.33 97.10 0.05
DZM-09 5 275.02 176.58 0.09
DZM-09 55 301.86 194.28 0.09
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Figure Al: Calibration curve of standard MB solutions.



Table A5: Equilibrium concentrations (mg/L) of MB removal by ZSM-5(25) with
increasing pH.

Dealumination time (h)

pH

5 4.5 4 3 2.5 1.5 0.5 0
2 16.5 25.6 34.5 35.8 38 39.3 40.4 44 .4
4 11 22.5 32 335 36.9 38.1 38 44
6 8.3 16.2 24.3 26.8 33.3 35.9 37.5 41.5
8 2.2 14 19.7 20.6 21.8 31.7 36.2 38.7
10 8 18.8 234 24.5 33.5 35.5 37.5 40.4
12 8.6 20 23.6 26 35.3 34 37.6 40.4
14 8.5 20 24 26.2 35.6 34.3 37.6 40.5

Table A6: Percentage MB removal by ZSM-5(25) with increasing pH.
Dealumination time (h)
pH

5 4.5 4 3 2.5 1.5 0.5 0
2 67.6 48.9 31 28.7 24.1 21.6 19.1 12.2
4 78 55 36.30 |33 25.7 23.9 23.6 13.1
6 83.8 67.8 51.59 |46.8 325 28.7 25 17.6
8 95.6 72 60.56 |58.9 42.9 36.54 |27.5 22.5
10 84.2 62.5 53.10 |51 33 29 25.6 19.2
12 83.4 60 52.81 |48 30.1 28.13 | 24.7 19.1
14 83 60 52 47.1 29.2 27.8 24.7 19
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Table A7: Equilibrium concentrations (mg/L) of MB removal by ZSM-5(25) with

increasing adsorbent dose.

Dose Dealumination time (h)

(©) 5 4.5 4 3 2.5 1.5 0.5 0
0.1 16.7 24 27.5 334 355 36.7 41.7 42.5
0.2 12 16.2 251 31.8 33.2 32.5 40 40.9
0.3 3.5 12.2 22 28.5 30 30.3 38 39
0.4 2 11.5 18.8 26.7 27.5 284 33.5 36.8
0.5 1.2 7.1 171 24.5 25 26 31.9 36.4
0.6 0.5 5.5 13 23.6 22.5 24 29 33.7
0.7 0.2 3.2 121 22.1 21.8 23 26.1 32.8
0.8 0 2.6 9.5 18.5 19.1 19.6 24.8 31
0.9 0 1.6 7.8 15.9 17 18 23 29.7
1.0 0 1 6 13 16.1 16.5 215 27
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Table A8:

Percentage MB removal by ZSM-5(25) with increasing dose.

Dealumination time (h)

Dose

) 5 45 4 3 25 15 05 0
0.1 66.6 |52 452 315 |29 274 | 187 |15
0.2 764 | 672 496 |36.7 |341 |33 201 | 182
0.3 93 746 562 |43 39.8 |389 |24 23.1
0.4 96 77 629 |476 |45 436 |331 |262
05 976 |853 |658 |51 50.6 | 48 373 |274
0.6 99 89 74 558 |53.9 |52 421 |325
0.7 99.8 |934 |772 |585 |56.3 |54.1 |46.4 |348
0.8 100 |95 81 63 615 |59 50.3 |38
0.9 100 |96.9 |847 |68.7 |66 643 |54 40.9
1 100 |98 88 74 704 |67 57 44

Table A9: Equilibrium concentrations (mg/L) of MB removal by ZSM-5(25) with
varying contact time.

Contact Dealumination time (h)
time (h)

5 4.5 4 3 2.5 1.5 0.5 0
1 5 5.5 20.5 22.3 32.5 35 38.3 40.5
2 0.1 15 16 16.8 27 32.8 36.5 37.5
3 0 0.3 12 15.5 24.5 28 32.5 34
4 0 0 7.2 13 20.5 25.5 30.5 315
5 0 0 3.8 12 17.4 23.5 27 28.7
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Table A10:

Percentage MB removal by ZSM-5(25) at different contact time.

Dealumination time

Contact

time (h) [9h 4h 3h 25h 1.5h 0.5h Parent
(O h)

1 90.2 59 55.9 35 30 23.6 19

2 99.8 68 65.7 46.3 37.4 27 25.3

3 100 76 69 51 44 35 32

4 100 85.3 74 57.5 49.1 39 37.4

5 100 92.7 76 64.9 52.6 46.2 42.3

Table Al11: Equilibrium concentrations (mg/L) of MB removal by ZSM-5(25) with
increasing initial concentration.

MB Dealumination time (h)
Concentration
(mg/L) 5 4.5 4 3 2.5 15 0.5 0

50 0 0 131 |20.1 |28.6 |40 43.4 | 49.3
100 0.1 2.1 47 48.7 |629 |87.6 [91.1 |91.7
150 0.8 2.9 70 86.9 |103.4 |127 138 139.2
200 9.53 154 119 123.1 | 151.1 |175.3 |188.6 |191.2
250 23.5 |589 |1655 |176.9 |201.7 |231.5 |239.2 |246.2
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Table A12: Influence of initial concentration on MB uptake by ZSM-5(25).

MB Dealumination time (h)

Concentration

(mg/L) 5 45 4 3 2.5 15 | 05 0
50 100 85 73.9 |59.7 |429 |25.7 13.1 115
100 99.90 |77 66.8 |51.3 |37.1 174 |8.9 8.3
150 9955 |71.3 |53 42,1 311 158 |8 7.1
200 95.28 | 67 41 38.6 |24.6 12.3 | 5.7 4.4
250 90.60 |60.1 |338 [293 |19.2 |10.2 |4.3 15

Table A13: MB adsorption capacity for ZSM-5(25) as a function of pH.
Dealumination time (h)
pH
5 4.5 4 3 2.5 1.5 0.5 0

2 16.75 |12.20 |7.75 7.10 6 5.35 4.80 2.80
4 1950 |[13.75 |9 8.25 6.55 5.95 5.95 3
6 20.85 |16.90 |12.85 |11.60 |8.35 7.05 6.25 4.25
8 23.90 |18 15.15 |14.70 |14.10 |9.15 6.90 5.65
10 21 15.60 |13.30 |12.75 |8.25 7.25 6.25 4.80
12 20.70 |15 13.20 |12 7.55 8 6.20 4.80
14 20.75 |15 13 1190 |7.20 8.10 6.20 4.75
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Table A14: MB adsorption capacities for ZSM-5(25) as a function of dose.

Dose Dealumination time (h)

9) 5 4.5 4 3 2.5 1.5 0.5 0
0.1 16.65 |13 11.25 |8.30 7.25 6.65 4.15 3.75
0.2 9.50 8.45 6.23 4.55 4.20 4.38 2.50 2.28
0.3 7.75 6.30 4.66 3.58 3.33 3.28 2 1.83
0.4 6 4.81 3.90 2.91 2.81 2.70 2.06 1.53
0.5 4.88 4.29 3.29 2.55 2.50 2.40 1.81 1.36
0.6 413 3.71 3.08 2.20 2.29 2.17 1.75 1.36
0.7 3.56 3.34 2.71 1.99 2.01 1.93 1.71 1.23
0.8 3.13 2.96 2.53 1.97 1.93 1.90 1.58 1.19
0.9 2.78 2.69 2.34 1.89 1.83 1.78 1.50 1.13
1.0 2.50 2.45 2.20 1.85 1.70 1.68 1.43 1.15

Table A15: MB adsorption capacities for ZSM-5 (25) as a function of contact time.

Contact Dealumination time (h)
time (h) 5 4.5 4 3 2.5 1.5 0.5 0
1 7.50 5 4.92 4.62 2.92 2.50 1.95 1.58

2 8.31 5.65 5.67 5.53 3.83 2.87 2.25 2.08
3 8.33 5.78 6.33 5.75 4.25 3.67 2.92 2.67
4 8.33 6.42 7.13 6.17 4.92 4.08 3.25 3.08
5 8.33 7.42 7.70 6.33 5.43 4.42 3.83 3.55

Table A16: MB adsorption capacities on ZSM-5(25) as a function of initial
concentration.

MB Dealumination time (h)

Concentration

(mg/L) 5 4 3 2.5 0.5 0
50 8.33 6.15 4.98 3.57 1.10 0.133
100 16.65 8.83 8.55 6.18 1.48 1.38
150 24.87 13.33 10.51 7.76 2 1.80
200 31.75 13.50 12.81 8.15 1.90 1.47
250 37.75 14.08 12.18 8.05 1.80 0.63
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Table A17: Equilibrium concentrations (mg/L) of MB removal by ZSM-5(50) with
increasing pH.

Dealumination time (h)

PH T3 45 |4 3 2 15 [05 [0
2 22.8 28.9 33 33.9 38 39 41.2 43.3
4 18 27.5 31 33.5 37 38.2 38.1 43.2
6 5.5 26 28 26.1 334 38 37.5 41
8 2.5 14 22 22.4 28.5 36.5 36 38.5
10 13 18.5 23.5 24.5 33.5 37.5 37 42.1
12 12.1 20 24.1 26 35 38.2 36.9 42.5
14 11.9 20 24.3 26.5 35.6 38.3 36.9 43
Table A18: Percentage MB removal at different pH by ZSM-5(50).

oH Dealumination time (h)

5 4.5 4 3 2 1.5 0.5 0
2 57.3 42.9 34.2 28.7 24.1 21.5 19.1 12.2
4 64 45 38 33 25.7 22.8 23.6 13.1
6 88.6 57.8 43.5 46.8 32.5 24.2 25 17.6
8 95 72 56 58.9 42.9 26.9 27.5 22.5
10 74.2 62.5 52.5 51 33 25 25.6 155
12 73.5 60 51.4 48 30.1 23.8 24.7 15.1
14 71.4 60 51.2 47.1 29.2 23.5 24.7 14

Table A19: Equilibrium concentrations (mg/L) of MB removal by ZSM-5(50) with

increasing dose.

Dose Dealumination time (h)

(9) 5 4.5 4 3 2 1.5 0.5 0
0.1 17.5 22 24 33.8 34.8 35.3 40.5 42.5
0.2 15 16 16.5 32.6 33 32.5 40 41
0.3 7.5 11.5 12.5 27.5 30 30.3 38 37.5
0.4 5.5 5.4 11.5 26 27.3 28 33.5 37
0.5 2.8 4 7.3 24.5 25 26 31.3 36.5
0.6 1.2 2.5 5.5 23.9 23.2 24 29 34.7
0.7 1 1.5 3.1 23.5 22 23 27 32.5
0.8 0.1 1.5 2.5 17.5 18.7 20.5 24.9 31
0.9 0 0.1 1.6 16.7 16.9 18 23 29.5
1.0 0 0.1 1 13 14.7 15.9 26.5 28
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Table A20: Percentage MB removal with varying ZSM-5(50) dose.

Dose Dealumination time (h)

(9) 5 4.5 4 3 2 1.5 0.5 0
0.1 63 55.6 52 315 29.4 27.4 18.7 15
0.2 69.8 68.1 67.2 36.7 35 33 20.1 18.2
0.3 84.5 79 74.6 43 40 38.9 24 23.1
0.4 89 85.4 77 47.6 45.2 43.6 33.1 26.2
0.5 94.6 92 85.3 51 49.7 48 37.3 27.4
0.6 97.5 95.1 89 55.8 53.1 52 42.1 32.5
0.7 98 96.8 93.4 58.5 56 54.1 46.4 34.8
0.8 98.9 97 95 63 61.8 59 50.3 38
0.9 100 98.9 96.9 68.7 66.6 64.3 54 40.9
1 100 99.2 98 74 70.9 67 57 44

Table A21: Equilibrium concentrations (mg/L) of MB removal by ZSM-5(50) with
varying contact time.

Contact Dealumination time (h)
time (h) 5 4.5 4 3 2 1.5 0.5 0
1 11.2 16 20 27.6 32.9 34 37.5 42.9
2 5.5 13.5 14.8 16.8 27.5 31 37 38.1
3 4.2 10.5 12 15 24.5 27 32.8 35
4 0.8 9.1 10 13.1 19.6 24.9 31 315
5 0 6.5 7.8 11 16.9 23.2 27.5 29.1
Table A22: Percentage MB removal by ZSM-5(50) with increasing contact time.
Contact Dealumination time (h)
time (h) 5 4.5 4 3 2 1.5 0.5 0
1 76.8 67.6 60 56.7 39.6 32 23.1 18.6
2 89 73.1 69.4 67.2 45 38.3 25.9 24.7
3 95.9 79 75.9 70.1 50.7 45.5 34.2 30
4 98.2 84.3 80 73.5 59.1 50.2 37.7 36.8
5 100 87 83.6 78 66.4 53.2 45 41.5

Table A23: Equilibrium concentrations (mg/L) of MB removal by ZSM-5(50) with
increasing initial concentrations.

MB Dealumination time (h)
Concentration 5 4.5 4 3 2 15 0.5 0
(mg/L)
50 1.9 2.6 5.4 241 |28.8 |30.7 [313 |35
100 3.8 6.4 69.6 |84 875 895 [96.8 |90.5
150 22.6 94 105 125.9 | 131.3 | 133.9 | 145 150
200 83.5 161.8 | 170 176 185 189 192 200
250 1514 [186.4 | 224 250 250 250 250 250
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Table A24: Percentage MB removal by ZSM-5(50) with increasing initial concentration.

MB Dealumination time (h)
Concentration 5 4.5 4 3 2 15 0.5 0
(mg/L)

50 96.2 94.8 89.1 |51.8 |428 |386 |374 |30

100 96.2 93.6 62.7 |22 194 189 |11.3 |95

150 84.93 | 37.73 |30.4 |16 125 |105 |3.2 0

200 58.25 | 19 15.1 12.5 7.58 5.6 0.4 0

250 39.44 2544 1104 |0 0 0 0 0
Table A25: MB adsorption capacities for ZSM-5(50) as a function of pH.

oH Dealumination time (h)

5 4.5 4 3 2 1.5 0.5 0

2 13.6 10.55 |8.50 8.05 |6.5 5.5 4.4 3.10

4 16 11.25 |9.50 8.25 |6.75 |5.9 5.95 |3.40

6 22.25 |12 11 11.95]| 8.3 6 6.25 |4.50

8 23.75 |18 14 14.3 |10.75 |6.75 |7 5.75

10 18.5 15.75 13.25 12.7518.25 [(6.25 |6.5 3.95

12 18.95 |15 12.95 |12 7.5 5.9 6.55 |3.75

14 19.05 |15 1285 (118 |7.2 585 |6.55 |3.50
Table A27: MB adsorption capacity for ZSM-5(50) as a function of dose.

Dose Dealumination time

(9) 5 4.5 4 3 2 1.5 0.5 0

0.1 16.25 14 13 8.1 7.6 7.35 4.75 3.75

0.2 8.75 8.50 8.38 4.35 4.25 4.38 2.50 2.25

0.3 7.08 6.41 6.25 3.75 3.33 3.28 2 2.08

0.4 5.56 5.58 4.81 3 2.84 2.75 2.06 1.63

0.5 4.72 4.60 4.27 2.55 2.50 2.40 1.87 1.35

0.6 4.07 3.96 3.71 1.92 2.23 2.17 1.75 1.28

0.7 3.50 3.46 3.35 1.89 2 1.93 1.64 1.25

0.8 3.12 3.03 2.96 1.86 1.96 1.84 1.57 1.19

0.9 2.78 2.77 2.69 1.85 1.84 1.78 1.50 1.14

1.0 2.50 2.50 2.45 1.85 1.77 1.71 1.18 1.10
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Table A28: MB adsorption capacity for ZSM-5(50) as a function of contact time.

Contact Dealumination time (h)

time (h) | 5 4.5 4 3 2 1.5 0.5 0

1 6.47 5.67 5 3.73 3.48 2.67 2.08 1.18
2 7.42 6.08 5.87 5.53 3.75 3.17 2.17 1.98
3 8 6.58 6.33 5.83 4.25 3.83 2.87 2.5
4 8.2 6.81 6.67 6.15 5.07 4.18 3.17 3.08
5 8.33 7.25 7.03 6.5 5.52 4.47 3.75 3.48

Table A29: MB adsorption capacity of ZSM-5(50) as a function of increasing initial

concentration.

MB Dealumination time (h)
Concentration 5 4.5 4 3 2 1.5 0.5 0
(mg/L)
50 802 |790 |[7.43 [431 |353 |3.22 |3.12 |250
100 16.03 | 15.60 |5.07 |2.67 |2.08 |1.75 |053 |1.58
150 2123|1750 |750 |4.02 |3.12 |268 |0.83 |0
200 1941 |5 5 4 250 183 |133 |0
250 16.43 1433 [433 |0 0 0 0 0
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Figure A2: Comparison of MB uptake by ZSM-5(25) and ZSM-5(50) zeolites at pH

8 obtained after dealumination for 5 h.
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