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ABSTRACT

This research prepared aluminum pillared montmorillonite (Alpill-MMTs) by
structural modification of sodium montmorillonite (Na -MMT) with aluminum
polyoxocation (AlOH) and doped the copper (Il) oxide into the Alpill-MMT (Cu-Alpill-
MMTs). In the preparation of AlOH precursor, the Alu,?+ polyoxocation having &-Al;s
Keggin structure was obtained in both stirring technique at 60°C for 24 hrs and high
power ultrasonic at room temperature for 30 min using the molar ratio of OH/Al=2.4.
The effects of preparation conditions, i.e. intercalation method (conventional stirring
and ultrasonic assisted methods), reaction temperatures (room temperature and 60
°C) and reaction time (10, 20, 30 and 60 min), on the intercalation efficiency and
characters of Alpill-MMTs were investigated. The characterization results indicated
that the ultrasonic product of Alpill-MMT-2.4-Ultra possessed high content of Al;0,
with multiple pore sizes in the range of 3.8 — 30 nm, resulting in higher specific
surface area (SSA) than that of Alpill-MMT-2.4-rt-Str stirring product, but it could be
obtained in shorter processing time. Both of Alpill-MMT-2.4-rt-Str and Alpill-MMT-2.4-
Ultra were composed of the random orientation and inhomogeneous distribution of
€-Al;; Keggin ions in the interlayer space of MMT, resulting in the house of card
structure.

The AlOH modified MMT (AlOH-MMT) and Alpill-MMTs were doped with copper
(I) ion by ultrasonic assisted adsorption and impregnation methods. In the ultrasonic
assisted adsorption, the AIOH-MMT and Alpill-MMT precursors were soaked in 0.4
mol/l CuSO,4*5H,0 solution for 30 min with high power ultrasonic treatment. The
Cu(ll) doped products were calcined at 500°C in order to obtain the Cu-ads-Alpill-
MMT1 and Cu-ads-Alpill-MMT2, respectively. In the impregnation method, the AlOH-



MMT was impregnated with the CuSO,4*5H,0 solution using various copper (ll) loading,
ie. 4,7, 10 and 13 wt%, and then calcined to obtained Cu-im-Alpill-MMTs. It was
found that the Cu-ads-Alpill-MMT1 and Cu-im-Alpill-MMT-13wt% possessed the
highest CuO content in their porous structures, resulting in the lowest of SSA and
pore volume.

Efficiencies of dye removal of Alpill-MMTs and Cu-ads-Alpill-MMTs adsorbents
were studied using 2 types of dye adsorbates, i.e. Basic Yellow 1 (BY1) and Reactive
orange 16 (RO16). The Alpill-tMMTs and Cu-ads-Alpill-MMTs exhibited high BY1
removal (>90%), but they hardly removed RO16 (<5%). The BY1 adsorption behavior
of Alpill-lMMTs was corresponded to pseudo-second-order kinetic equation and
Langmuir adsorption isotherm, representing the chemisorption of monolayer
adsorbate on the adsorbent. After thermal regeneration, the adsorption capacities of
Alpill-MMTs were slightly decreased. The higher numbers of adsorption and
regeneration, the lower adsorption capacities were obtained. The Alpill-MMT-2.4-
Ultra exhibited the highest percentage of BY1 removal and adsorption capacity in the
batch adsorption system. When the Alpill-MMT2.4-Ultra was used for removal 300
mg/l BY1 in the continuous adsorption system, the BY1 adsorption capacity was
slightly lower than that in the batch adsorption system.

The efficiencies of Cu-ads-Alpill-MMT and Cu-im-Alpill-MMT for RO16 removal
were studied using Fenton reaction (Cu-Alpill-MMT/H,0,) and photo-Fenton reaction
(Cu-Alpill-MMT/H,0,/UV).  The removal efficiency in the photo-Fenton reaction was
100% even using 6-fold shorter reaction time than the Fenton reaction, in which the
Cu-ads-Alpill-MMT1 exhibited higher removal efficiency than the Cu-ads-Alpill-MMT2
and Cu-im-Alpill-MMTs. In addition, the Cu-ads-Alpill-MMT1, Cu-ads-Alpill-MMT2, Cu-
im-Alpill-MMT-10wt% and Cu-im-Alpill-MMT-13wt% could inhibit the growth of
Eschericia coli ATCC®25922 under JIS L 1902: 1998 (Qualitative) test method, in
which the Cu-ads-Alpill-MMT1 presented the largest inhibition zone.

Keywords : Adsorbent, Catalytic oxidation reaction, Montmorillonite, Nanoporous
materials, Pillared structure
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Chapter 1
Introduction

1.1 Introduction

Textile industry is a vast multi-sector industry ranging from production of yarn
from plants or chemicals, weaving, bleaching, dyeing and finishing for properties’
maodification and the subsequent manufacture of clothing and apparels. Textile
manufacturing industry, therefore, consumes high quantities of water and chemicals;
consequently, it is one of the largest sources of water pollution. The excessive
chemicals may contaminate to the public water system, in which some residual
chemicals are toxic and harmful to living organisms and environment. Dyeing
wastewater is one of the most important water pollution because dyes can create
unsightly appearance and severely affect the aquatic life due to the reduction of
light penetration and their toxicity [1-3].

Several treatment processes for dye removal have extensively been applied
such as membrane filtration [4-5], ozone treatment [6-7], biodegradation [8-9] and
ion exchange [10-11], however, their high cost and operation difficulty are the most
important limitations. Adsorption is one of the most attractive methods because it
possesses higher efficiency in dye removal from wastewater than the biological
method and flexibility in design and operation than other methods. In the
adsorption process, the contaminants in the wastewater will be adsorbed on the
surface of adsorbents, in which several kinds of adsorbents have been developed
such as fly ash [12], zeolite [13], chitosan [14], clay [15], activated carbon [16], etc.
The activated carbon is the most popular adsorbent in various industries because it
shows high surface area, resulting in high adsorption capacity. However, it is difficult
to separate and regenerate the used activated carbon by chemical and thermal
processes, leading to loss of adsorbent and high operating costs.

From this point of view, various natural adsorbents have been developed due
to their availability and low costs. Clay minerals are one of the most attractive
natural adsorbents for physicochemical treatment of wastewater since they possess
not only the lamellar structure with high surface area providing a large number of
adsorption sites, but also good thermal stability [17-19] and regenerability [20].
Although the application of clay adsorbents for residual dye removals from textile
industrial effluents has attracted the attention due to their abundant resources and
inexpensive, the adsorption capacities of clays for organic dye molecules might be
limited by their small basal spaces. In order to improve the dye adsorption



efficiencies of clays, the interlayer spaces of clays have been modified by
intercalation with large organic and/or inorganic molecules, such as chitosan [21],
cetyltrimethylammonium  bromide [22], hexadecyltrimethylammonium  [23],
polydiallydimethyl-ammonium [24], aluminum oxide [25-30], iron oxide [31], silica
[32], etc. Although the organic intercalated clays exhibited high adsorption capacities
for dye removals, the inorganic oxide intercalated clays owned various merits, e.q.
multi-charged centers, high surface areas, large interlayer spaces, thermal stabilities,
regenerability, etc [25].

In the present study, we have been interested in the aluminum oxide
intercalated montmorillonite commonly known as aluminum pillared montmoril-
lonite (Alpill-MMT) because the intercalated aluminum oxide possesses not only the
previously described merits of inorganic oxide, but also the chemical stability and
inertness [28]. It was, therefore, the structure and adsorption ability of Alpill-MMT
would not change during adsorption treatment and/or after regeneration. In the
previous studies, the Alpill-MMT was conventionally prepared by slow adding the
base-hydrolyzed Al;; polyoxocations ([AlOAL;; (OH)zq(OHz)u]h. At13?+) into the
montmorillonite suspension. The All;+ ions could intercalate into the interplanar
spacing of MMT via cation exchange reaction and finally were calcined to form stable
aluminum oxide pillared MMT [26-27, 29-30]. This conventional pillaring method
requires long processing time especially in the base hydrolysis and intercalation steps
and high quantity of water for MMT swelling. To overcome these drawbacks, the
high power ultrasonic has been used in this research to accelerate the preparation of
base hydrolyzed AL137+ and promote the simultaneous diffusion of All37+ into the
interlayer spacing of MMT, simplifying and shortening the intercalation process of
MMT. The effects of ultrasound on structures of base hydrolyzed Al;;+ ions and
Alpill-MMT were investigated.

In addition, we have been interested in enhancing the decolorization efficiency
of the Alpill-MMT by doping with copper (Il) in the present study because the copper
(I could not only act as catalyst in advanced oxidation processes (AOPs) [33-34], but
also antibacterial agent [35-36]. The AOPs are one of the most attractive and
effective method for wastewater treatment because the AOPs have the ability to
generate the highly reactive hydroxyl radicals (HOe) in which they can attack a wide
variety of organic contaminants in wastewater, resulting in decolorization,
degradation and mineralization to CO, and H,0O [37-39]. The copper (ll) was selected
as dopant in this work because it was claimed to have greater catalytic activity for
AQOPs than iron catalysts in some researches [40-41]. The decolorization activities of
copper doped Alpill-MMT (Cu-Alpill-MMT) for basic and reactive dyes were



investigated in comparison with those of the starting Na'-MMT and Alpill-MMT using
three different treatment systems, i.e. batch adsorption, Fenton and photo Fenton.

1.2 Objectives

1.2.1 To study the effect of preparation parameters on structure and properties
of aluminum pillared montmorillonite (Alpill-MMT) and aluminum pillared
montmorillonite doped copper (Cu-Alpill-MMT)

1.2.2 To study the mechanisms and capabilities of Alpill-MMT and Cu-Alpill-MMT
for dye removals

1.2.3 To determine the antibacterial activities of Alpill-MMT and Cu-Alpill-MMT

1.3 Scope of study

1.3.1 Preparation of aluminum pillared montmorillonite  (Alpill-MMTs)
nanoporous adsorbents from sodium montmorillonite (Na'-MMT) and
aluminum polyoxocations (AL137+) solution using various parameters as
follows:

- Molar ratio of OH/AL, i.e. 2.0 and 2.4

- Preparation method of aluminum polyoxocations, i.e. conventional
stirring method and ultrasonic assisted method

- Reaction temperature of conventional stirring method, i.e. room
temperature and 60 °C

- Reaction time of ultrasonic assisted method, i.e. 10, 20, 30 and 60
min

1.3.2 Preparation of copper doped aluminum pillared montmorillonite (Cu-
Alpill-MMT) from Alpill-MMTs and copper solution various parameters as
follows: '

- Type of precursor, i.e. AKOH-MMT and Alpill-MMT

- Preparation method of Cu-Alpill-MMT, i.e. ultrasonic assisted
adsorption and impregnation

- Weigh percent of copper dopant in impregnation method, i.e. 4, 7, 10
and 13 wt.%

1.3.3 Characterization of Alpill-MMTs and Cu-Alpill-MMTs by various techniques,
i.e. X-ray fluorescence spectrometry (XRF), X-ray diffractometry (XRD),
nitrogen adsorption, scanning electron microscope and energy dispersive
spectroscopy (SEM-EDX)



1.3.4 Study on the mechanisms and capabilities of Alpill-tMMT and Cu-Alpill-
MMT for dye removals under various treatment systems as follows:

Type of adsorbent, i.e. Alpill-MMTs and Cu-Alpill-MMTs

Treatment method, i.e. Adsorption: batch and continuous method
Catalytic oxidation: Fenton and photo Fenton reaction

Type of dye solution, i.e. basic yellow 1 (BY1) and reactive orange 16
(RO16)

Contact time in batch adsorption process

Initial concentration in batch adsorption process

Reaction time of Fenton and photo Fenton processes

1.3.5 Study on the thermal regeneration of the Alpill-MMT adsorbent
1.3.6 Study on the antibacterial activities of Alpill-MMT and Cu-Alpill-MMT

1.4 Expected Results

1.4.1 High efficiencies and economic nanoporous absorbents/catalysts can be

produced from domestic clay minerals. These are value-adding of

domestic clay minerals and reducing the import of expensive adsorbents.

1.4.2 These nanoporous clay absorbents/catalysts can be applied for treatment

of textile industrial wastewater containing not only cationic dye molecules,

but also anionic and reactive dye molecules.

1.4.3 Mechanisms of nanoporous clay absorbents/catalysts in dye removals can

be applied for development of various wastewater treatment systems in

order to eliminate the organic contaminants.



Chapter 2
Theory and Literature Review

2.1 Clay minerals

Clay has been used to indicate fine particle with a grain size less than 2 pm.
Clay is an important group of the phyllosilicate minerals, which composes of
tetrahedral sheets of SiO, bonded with (Al, Mg, Fe)(O,0H)s octahedral sheets. The
different arrangements of tetrahedral and octahedral layers lead to different classes
of clay minerals which are classified into two main groups i.e. 1:1 and 2:1 as shown in
Figure 2.1 [42]. The 1:1 arrangement has 1 tetrahedral sheet linked to 1 octahedral
sheet, such as kaolinite. On the other hand, the 2:1 family comprises of 2
tetrahedral sheets sandwiching a center octahedral sheet, in which they bond
together by oxygen ions that belong to both sheets. The clay minerals classified to
2:1 family are illite, smectite, vermiculite and chlorite.

Kaolinite (1:1)
Nonexpansive
@ Oxygen /

Silicon @ Oxygen, Hydroxyl

- B

Illite (2:1) Vermiculite (2:1) Smectite (2:1) Chlorite (2:1)
Nonexpansive Moder ately Highly Nonexpansive
Expansive Expansive

Water molecules

and cations Water molecules
and cations

= |«—32—
|[«—35—]

PR

Figure 2.1 Structural arrangements of several clay minerals [43]



Generally, the 2:1 structure has a negative charge on the surface of clay layers
that must be balanced externally by cations. The quantity of balancing cations
holded the interlayer spacing of clay is called cation exchange capacity (CEC), usually
measured in milliequivalents per 100 ¢ of dried clay.

Differences in the charge of the clay layers, deficiency and interlayer cations
result in different physical and chemical properties of clay minerals, such as thermal
stability and swelling behavior, etc. Table 2.1 summarizes the common properties of
some common clay minerals.

Table 2.1 Classification and properties of clay minerals [44]

. Water )
Type Species ] CEC Chemical formula
swelling
17 Kaolinite Poor Low AlL;Siz0;(OH)g
IWite Poor Low [ (K,H;OXALMg,Fe),(Si,Al401,[(OH),,(H,0)]

,q | Vermiculite Good High (Mg,Fe " AUS(ALSO1o(OH),-8H,0

Smectite Good ngh (Na, Ca)(Al,Mg)6(5'|4010)3(OH)6_nH20

Chlorite Poor Low | (Mg,Fe)s(Si,AUiO10(OH)(Mg,Fe)s(OH),

The 2:1 clay family has better property than that of 1:1 arrangement. It
possesses higher exchange ability of interlayer cations and more expanding ability
than other clay minerals when water penetrating into the interlayer spacing. Hence,
the structure of 2:1 clay family could be easily modified and improved their
properties. Montmorillonite (MMT) is a member of the 2:1 smectite family which is
hydrated sodium calcium aluminum magnesium silicate hydroxide (Na,Ca)ys3(Al,Mg),
(Si4019) (OH),:nH,0 as shown in Figure 2.2 (a). The common balancing cations in the
MMT structure are sodium, calcium, magnesium and potassium. However, the exact
ratio of cations varies with source of clay minerals. The crystalline structure of MMT
is a stack of flake-shaped particles of about 1 nm thickness as shown in Figure 2.2 (b).
The MMT has been found in numerous locations around the world, e.g. North
America, China, Japan, France, etc. In Thailand, it has been discovered in Chaibadan,
Lopburi.

The main properties of MMT are high specific surface area (SSA) and high CEC,
therefore, the MMT has been used in a wide range of industrial applications, such as
nanocomposite materials [45-46], ceramics [47,44], oil drilling [48], paper industries
[49], decolorizing agents [50], ion exchanger, heterogeneous catalysis, etc [51].




Moreover, the negative charge surface of MMT could easily attract with a positive
charge elements. Therefore, the MMT has been widely used as adsorbent for

wastewater treatment applications [52-53].

Figure 2.2 Basic structure (a) and flake-like shape (b) of montmorillonite (MMT) [54]

In addition, the MMT structure could be modified in order to improve their
properties by ion exchange between the interlayer cations and other larger cations,

usually known as cationic exchange reaction or intercalation process [55].

2.2 Intercalation process

Intercalation is the process of inserting atoms or molecules (guest chemical
species) between layers in host materials with layered structure. The interlayer of
MMT clay can be efficiently intercalated with various organic and inorganic
compounds in order to increase its pore size and surface area. The intercalated
process is easily achieved by machanical stirring of clay suspension with guest ions
dissolved in water. The organic intercalation such as chitosan [21], starch [56],
cetyltrimethylammonium  [57], hexadecyltrimethylammonium [58], polydially-
dimethyl ammonium, hydrazine, urea, formamide, acetamide, dimethyl sulfoxide,
acetate [59], etc. has been reviewed. These organic molecules intercalated clay are
suitably applied as adsorbent, filler and thickener, however, they are insusceptibity

for high temperature applications (>250 °C) [60]. In order to overcome the

disadvantage of organic intercalate clay, the inorganic molecules known as



polyoxocations are intercalated into the MMT interlayers for improvement the
thermal property. In addition, the inorganic intercalated clay possesses many
advantages, e.g. multi-charged centers, high surface areas, large interlayer spaces and
regenerability [61]. Hence, the inorganic intercalated clays are more attractive than
the organic intercalated clays. Various inorganic intercalating molecules were
studied, e.g. aluminum oxide [61-65], iron oxide [66], silica [67], etc., commonly
called as pillaring agents. The pillaring agents, i.e. bulky inorganic polyoxocations can
be exchanged with interlayered cations of clays. These inorganic polyoxocations
convert to metal oxide clusters by dehydration and dehydroxylation after calcination
process. These metal oxide clusters (known as pillars) bond with surface oxygens in
clay layer, which generate a two-dimensional porous network on interlayer space.
The pillared structure can increase the basal spacing (dp;) of the clays layers and the
thermal stability, preventing the collapse of the interlayer space and generating a
stable porous structure [68]. The metal oxide intercalated clays are called as
pillared clays (PILCs). Figure 2.3 shows the preparation process of PILCs. The PILCs,
properties strongly depend on the synthesis parameters, such as the type of starting
clay, type of inorganic pillaring solution, conditions of intercalation, drying and
calcination processes, etc. The inorganic pillaring solutions have been produced
through the partial base hydrolysis of Al, Mg, Fe, Cr, Ni, Bi, Si and Zr salts [69-70].

Intercalation

W//////////////////% Cation exchange
() €9

o, —

Pillar oxide Basal spacingd, >d, > d,

Figure 2.3 Schematic representation of the pillaring process [55].

However, the aluminum pillaring agent is most widely used because the
aluminum chemistry is defined as better chemical composition, structure and charge
than that of other cations [57]. Moreover, the functional groups of solution were
simply studied by using spectroscopy, such as nuclear magnetic resonance (NMR).



2.3 Aluminum pillared montmorillonite

The Al;; polyoxocation is one of the most attractive agents, in which it was
firstly studied by Johansson in 1960. The merit of Al;3 polyoxocation is presence of
stable uniform size than other pillar species, leading to obtain a homogeneous
distribution of the Al;; polyoxocation between clay layers. Having a high surface area
and porosity, this material is commonly used as catalysts support and selective
adsorbents. From this point of view, our study has been focused on the synthesis of
Aly3 polyoxocation as a pillaring agent. In general terms, the experimental procedure
for the synthesis of aluminum pillared montmorillonite (Alpill-MMT) can be

represented by two experiments.

2.3.1 Synthesis of aluminum pillaring solution

The pillaring solution of Al;; polyoxocation is commonly prepared through
hydrolysis reaction between base and A" solutions. The structures of Aly5 polyoxo-
cation depend on the concentration of base solution adding into the A" solutions.
Normally, three types of the Al;3 polyoxocation structure have been discussed in the
reviews. In the low base concentration system, two minor polynuclear species
Alz(OH)z(HZO)ﬁ and Al(OH)«(H,0), "are formed by hydrolysis and polymerization of
AC". The large [Al;;04(OH)(H;0)p5]
solution systems [71-73]. Finally, the flocculation of hydroxide is obtained at high

polyoxocation species are formed in the neutral

concentration of base system. Most found structure is the [AlOsALl;, (OH) ,4(H,0) 12]7+
species (ALE”poLyoxocation) which is commonly called Al;s;-Keggin structure model
[74]. The Al;5-Keggin contain a central tetrahedral aluminum (Al(O)s) unit surrounded
by twelve aluminum octahedral (AU(Q); ) units, having an ionic radius in solution of ~

1.3 nm [75]. Figure 2.4 shows various familiar isomers of Al,s-Keggin.

Figure 2.4 Keggin isomers of Al;; polyoxocation species [74].

Among these Al;;-Keggin isomer structures, the most studied structure is the e-
isomer (e-Al;3-Keggin), consisting of four planar trimeric Al3(OH)s groups that linked to
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the central Al(O), site via four ug-O as shown in figure 2.5 (a). The molecule has 12 »-
OH, sites and two structurally distinct sets of 12 u,-OH at the shared edges of Al(O);
octahedral [74]. The structure of g-Al-Keggin in pillaring solution was analyzed by
“al NMR, in which four peaks of the chemical shifts were observed. The chemical
shift at 6 0 ppm corresponded to hexaaqua A" and from of monomer, iie. Al(HZO)53+,
Al(OH)(HZO)52+ and Al(OH), (HZO)J. The ALZ(OH)Z(HZO)34+ dimer and few Al5(OH) trimer
were obtained at & 3-5 ppm. The peak of tridecamer, AlOaAl12(OH)?_4(H20)127+
Al;5-Keggin was showed at & 62.5 ppm and the Al (OH), anion was assigned at & 80

, Of &

ppm [76]. Moreover, the literature, the signal at 6 64.5 and & 70 ppm respectively
corresponded to &-Aly3 and Alsg structure, [77] as shown in Figure 2.5 (b).

701,
Al(Q) sites
2 O Oastem /
® Alstom
e on

@ @ Water molecules

(a)

Figure 2.5 Structure of &-Al;; Keggin (a) and AU NMR spectrum of the large
aluminum molecules &-Al;s, &-Alyz and Alsg (b) [74]

Literature reviews

The structures of pillaring solutions are mainly depended on the preparation
parameters, such as OH/Al molar ratio, heat treatment, reaction time and mixing
methods, etc. Thomas J. P. et al [78] studied on the effect of OH/AlL molar ratios.
The Al-pillaring solution was prepared at 25 °C by adding NaOH solution to AlCls
solution using various OH/Al molar ratios, i.e,, 0.0, 1.0, 1.5, 2.25 and 2.42. The 27AL
NMR spectrum of Al3+starting solution showed a single sharp line at 6 0.0 ppm. In
contrast, the pillaring solution showed the chemical shift at & 62.8 ppm,
corresponded to &-Al;3 Keggin structure. The intensity of &-Al;; Keggin peak increased
with increasing of the OH/Al molar ratios from 1.0 to 2.42. However, the precipitation
of aluminum hydroxide was obtained in some studies when the OH/Al molar ratio
was higher than 2.5, such as the titration between AWNOs); /or Al(SO4); and NaOH
under various OH/Al ratios by Jim D. and John G. [79].
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Figure 2.6 Titration curves between AlCl; and NaOH under various OH/AL ratios [62].

Figure 2.6 shows the titration curves of AlCl; and NaOH, in which it can be
observed 4 main regions. In region 1, the pH of solution was rapidly increased
because of the base neutralization of free acid, which produced by spontaneous
hydrolysis. The pH of mixture in the region 2 was slowly increased in between 0.3
and 2.4 of the OH/AL molar ratios, corresponded to the formation of dimeric, trimeric
and Al;; polyoxocation. The increasing of OH/AL molar ratios in the region 3 from 2.4
to 2.8 would increase the pH of solution from 4.5 to 6.2, producing the amorphous
AUWOH); and rapid precipitation. In the region 4, the positive charge on the surface of
colloid hydroxide particles was reduced, thus the aluminum hydroxide flocculation
would form. In addition, Baoyou S. et al. [80] studied on the structure of Al pillaring
species in the solid state by adding Na,SO, solution into the Al pillaring solution at
the OH/Al molar ratio of 2.4. The XRD pattern proved that the solid-state Al pillaring
species mainly consisted of well-formed crystalline solid as shown in Figure 2.7 (a),
corresponding to the matter with tetrahedral structure as observed in SEM images
from Figure 2.7 (b). The existence of Al;s-Keggin structure in the precipitate was also
confirmed by solid state “’ALNMR. There was only one peak at chemical shift of 61.5
ppm, which was attributed to the resonance of the central Al atom within the &-Al,s-

Keggin structure.
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Figure 2.7 XRD pattern of Al;5-(SO,), precipitate (a) and SEM image of &-Al,5-Keggin
precipitate (b) [30].

Wei-Zi W. and Pa H. H.[81] studied on the effect of reaction time on the
structure of pillaring solution, which were prepared by adding 0.1 mol/L NaCOH to 0.1
mol/L AlCl; and then stirring for various aging periods from 1 to 120 h. The fraction
of &-Al;; Keggin slowly increased with increasing reaction time to 80 h and then
became constant for longer reaction time. Moreover, Wallace O. et al. [82] prepared
Al pillaring solution by adding NaOH to AICl; solution at the OH/AL molar ratio of
2.25. The reaction time at 4 h showed the maximum amount of &-Al,s-Keggin
structure and then it transformed to Al;4O5; structure after aging longer than 2 days.

Lionel A. and Francis T. [83] studied on the effect of reaction time and reaction
temperature on the structure of aluminum pillaring solution. The solution was
prepared by adding 0.5 mol/L AlNO3):.9H,0 solution into 1.0 M NaOH at 90 °C using
OH/AL molar ratio of 2.46 with vigorous stirring. The "Al NMR spectrum showed the
peak at & 63 and & 0 ppm. When this solution was heated between 50 and 150 °C or
aged during 6-24 months at 20 °C, the &-Al;s- Keggin structure transformed to new
aluminum polycations, especially 8-Alsy-Keggin as shown in Figure 2.8.

$600

) Monomers
Q capping

+Q Other Keggin
— — ~ +—— aluminium
-@ polycations

Al Ke-J Al Ke?
(63 ppm) (64.5 ppm) (70 ppm)

Figure 2.8 Chemical path ways of &-Al;3-Keggin transform to 8-Als;-Keggin [83]
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Initially, the e-Al;3-Keggin structure was capped by Al monomer to form an
intermediate species &-Al,4-Keggin, which was shown at & 64.5 ppm of AZ'NMR
spectrum. It can be assumed that the &-Al;4-Keggin was formed during the first stage
of &-Al;s-Keggin transformation and then dimerized and reacted with two other
monomers to produce &-Aly-Keggin. In addition, Zhaoyang C. et al. [84] studied on
the transformation of &-Al;;-Keggin to 8-Al;-Keggin. The content of &-Als-Keggin
became higher than that of &-Al;5-Keggin when the Al pillaring solution was heated at
95 °C for more than 12 h.

2.3.2 Synthesis of aluminum pillared montmorillonite

In general, the synthesis of aluminum pillared montmorillonite (Alpill-MMT) has
been performed in three main steps as follows. Firstly, a suspension of MMT clay
was mixed with the Al pillaring solution. In laboratory preparation, high quantity of
water was required for preparing the well dispersed clay. Suspension, therefore,
many researches had tried to minimize the water consumption. The intercalation of
€-Alys-Keggin within MMT layers was followed by the cation exchange process.
Secondly, the cationic exchanged suspension was filtered, washed and dried,
resulting in the intercalated MMT. The washing and drying process play the
important roles on the properties of the intercalated MMT, especially in porosity.
Washing was commonly performed by filtration or dialysis, while drying could be
done at room temperature or in an oven at 50-100 °C. Finally, the intercalated MMT
was calcined at high temperature in order to convert the g-Al;3-Keggin to aluminum
oxide (AL,Os) pillared clusters as shown in the equation (2.1) [85-86] and Figure 2.9.
The chemical bond between the pillars and surface oxygens of MMT were formed
producing the high permanent individual layer apart. In addition, the increases of
micro-porosity and surface area were achieved in the pillared clay; thereby they have
the potential for adsorption application.

(3-n) _Hzo

Al;z04 + (OH)pgen — 1 3 65ALO; + (3nH (2.1)
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Figure 2.9 Schematic diagrams of Al,; intercalated MMT and Al-pillared clay [87]

The arrangement of AL,O; cluster in the clay layers can be divided into two
classifies. The first type is a characteristic long range face-to-face stacking of clay
layers (lamellar aggregation), resulting in a large micro-porosity as shown in Figure
2.10 (@). On the other hand, house of card aggregation (face-to-edge and edge-to-
edge) of clays generate the meso-/macropores present in delaminated structures as

-y

edge-to-edge orientation

lamellar aggregation house of card like aggregation W

(a) (b) edge-to-face orientation

shown in Figure 2.10 (b).

Figure 2.10 Schematic representation of (a) face-to-face and (b) a house of cards

like aggregation

In order to tailor Alpill-MMT for their applications the understanding of Alpill-
MMT is requires. Moreover, the porosity parameters, such as basal space (dy;), pore
volume, pore size distribution and surface area must be investigated. In this
research, X-ray diffraction (XRD) was used for studying expand of Alpill-MMT layers
compared to the starting MMT. The surface area, pore volume and pore size
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distribution would be analyzed by gas adsorption technique, in order to support the
XRD results. In addition, the effects of preparation parameters on the structure of
Alpill-MMT have been investigated.

Literature reviews

Pinnavaia T.J. et al [78] studied on the effect of drying process on the structure
of Al pillared clays. The freeze-drying and air-drying methods were investigated.
Both air-drying and freeze-drying methods lead to products with a range of dyy; in
18.2-20.5 A. The air-drying product possessed the pore opening greater than 6.2 A
but less than 9.2 A. In contrast, the freeze-drying products exhibited a kinetic
diameter 10.0 A. The effect of drying method on pore size was related to layer
aggregation in the Al pillared clay. Figure 2.11 show the model of flocculated Al
pillared clay. The freeze drying method tend to preserve the structure of
flocculated clay, whereas the air-drying method indeed the reorganizing of the
delaminated aggregates and optimizing face-to-face aggregation. Moreover, the
drying methods the significantly affected catalyst longevity of Al pillared clays. The
catalytic activity of air-dried Al pillared clay exhibited decreased with increasing
reaction time, but that of the freeze-dried Al pillared clay was stable over the range

of investigated reaction time.

Freeze dried
G——

Air dried
B

Flocculated clay

Figure 2.11 Clay aggregations after drying process

Mokaya R. and Jones W. [88] studied on the effect of acid treatment of the
starting MMT before preparation of the Al pillared clay by conventional method.
The MMT or Al pillared MMT was treated with the concentrated sulphuric acid using
0.35 of acid/clay ratio for 16 h. The acid treated Al pillared MMT possessed higher
pore volume and meso-porosity (>50 nm), comparing with the conventional Al
pillared MMT. In addition, the increasing amount of acid treatment was led to
increase in pore volume and pore diameter (> 40 A).

Khalaf H. et al [89] concerned in the influence of cationic surfactant, i. e. cetyl
trimethyl ammonium bromide (CTAB), treatment on the preparation of Al pillared
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clay. The Maghnia and Mostaghanem were used as the staring clays from Algeria. All
of Al pillared clays were prepared using 1.8 of OH/Al molar ratio, 2 wt. % of CTAB/g
clay and 4.0 meg/s of megAl/g clay. Four difference methods for preparing Al
pillared clays were investigated; (1) the Al pillaring solution was firstly added to a
stirred clay suspension and then CTAB solution (2.0 wt. %) was added, (2) the CTAB
solution was firstly added to a stirred clay suspension and then the Al pillaring
solution was added, (3) both solutions were simultaneously added to a stirred clay
suspension and (4) a CTAB solution was added to a re-dispersed suspension of Al-
hydroxy-montmorillonite. Four methods were compared with the conventional
preparation method of Al-pillared clay. The conventional Al-pillared clay possesed
1.8 nm of dyy, 200-300 cm3/g of specific surface area (SSA) and stability at 500°C.
The CTAB-modified Al pillared clay obtained by the last method showed higher
thermal stability than the other method.

Maes N. et al [90] interested on the preparation of pillared clay using various
pillaring agents, i. e. Al, Ti, Zr and Fe pillaring agent for improving the properties of
clay materials. The Al pillared clay (Al-PILC) had higher crystallinity and SSA than the
other. In contrast, the Fe pillared clay (Fe-PILC) exhibited the lowest SSA and
micropore volume, in which its adsorption isotherm resembled to non-porous
isotherm type. The Ti pillared clay (Ti-PILC) showed distortion in the XRD pattern
because the presence of broad range of pore diameter indicated non-uniform sizes
of Ti molecules. Moreover, the effects of drying methods, i. e. air-dried and freeze-
dried, were investigated. It can be seen that no significant changes in the SSA and
micropore volume after air-drying and freeze-drying for Al-PILC, Zr-PILC and Ti-PILC.

Cheng L.S. and Yang R.T. [91] studied on the preparation parameters affected
to the structure of the Al pillared clays. The Arizona MMT (CEC = 1.40 meg/g) and
Wyoming MMT (CEC = 0.76 meg/g) were used as starting clays. Several of OH/AL
molar ratios (0.5, 1.6, 2.2 and 2.5) and calcining temperatures (400 and 600 °C) were
investigated. It was observed that the SSA and micropore volume of the Al pillared
Arizona MMT was higher than Al pillared Wyoming MMT, while their dyy; were similar.
In addition, the SSA of both samples increased with increasing OH/Al molar ratio
during pillaring process. The maximum SSA was obtained at OH/AL = 2.2, and then it
declined upon further increasing of OH/Al molar ratio. The interlayer spacing was
collapsed at high calcination temperature. Therefore, micropore volume of clay
calcined at 600 °C was consistently lower than those clay calcined at 400 °C.

Sanchez A. and Montes M. [92] studied on the influence of preparation
parameters on the properties of Al pillared clays. The Spanish clay was used as the
starting material, which ground and classified particle size by sieving into four
fractions: (1) < 60 um, (2) 60-100 pm, (3) 100-200 um, and (4) 200-320 um.  Figure
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2.12 shows the scanning electron microscope (SEM) images of the starting clay and Al
pillared clays with the particle size smaller than 60 um and the large particle size of
200-320pm. All Al pillared clays had similar appearance, implying that the particle
size of the starting clay had no influence on the properties of Al pillared clays. The
Al pillaring solution was prepared by adding NaOH solution to the AICl; solution
under vigorous stirring at room temperature. The concentration of AlCl; was varied
0.2,04, 0.8 and 1.5 M. AL NMR spectra of the Al pillaring solutions showed slight
reduction in quantity of the eg-Al-Kegging structure when increasing AlCly
concentration. In addition, the SSA and pore volume of all pillared clays also
decreased when increasing of AlCl; concentrations. It can also be seen that the
decreasing of SSA and pore volume were due to the decreasing in the corresponding
microporous properties (micropore surface area and micropore volume respectively),

but the mesoporous properties remaining almost constant.

Figure 2.12 SEM micrographs of the starting (a and b) and Al pillared clays (c and d)

078169
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Katdare SK. et al studied on the effect of sonication technique on the
properties of Al pillared MMT. Moreover, the effect of duration of ultrasonic
treatment (2, 5, 10, 20, 40, 60 and 80 min) and type of exchangeable cations (Na',
Ca’ and La3+) were also investigated. The longer duration of ultrasonic treatment,
the higher quantity &-Al;5-Keggin was obtained into all Al-pillared clays. From this
result, the role of ultrasound was to accelerate the &-Al,s-Keggin diffusion within the
clay layers. Moreover, the ultrasonic treatment method could also handle the
concentrated clay suspensions, which was the advantage over the conventional
preparation method. However, the rate of €-Al,s-Keggin insertion was dependent on
the exchangeable cation presented in the clays. For similar duration of ultrasonic
treatment ca. 5 min, the e-Al,5-Keggin incorporation in increased in the order of Na'-
MMT > Ca’ -MMT > La’-MMT. The delamination occurred at difference durations of
ultrasonic treatment for a given form of clay. The delamination of Na-pillared MMT,
Ca-pillared MMT and La-pillared MMT were formed after 20, 60 and 80 min,
respectively.

Shin Y-S. et al [93] studied on the effect of preparation parameters on the
properties of the Al pillared MMT. The Al pillaring solution was aged for 1, 4 and 7
days, respectively. After that the Al pillaring solution was slowly added to MMT
suspension with stirring for 24 h at room temperature. The solid products were
separated by filtration, and dried at 105 °C and calcined for 3 h at 400, 600 and 760
°C. The starting MMT showed 14.2 A of dp;, but the heating processes reduced the
doo; value to 9.5 A. In line with the starting MMT, the dj; of Al pillared MMT slightly
decreased when increasing the calcined temperature. Whereas, the Al pillaring
solution aging for 4 and 7 days remained constant of dyy;. The longer aging time of
Al pillaring solution could increase the SSA and micropore volume of the Al pillared
MMT, whereas the mesopore volume actually remained constant.

Jimenez de Haro M.C. et al [94] studied on the effect of ultrasonic pretreatment
starting of clays on the properties of Al pillared clays. Santa Olalla (SV, high-charge)
and Ojen (OV, low-charge) were used as the starting clays. Clay was mixed with
hydrogen peroxide (H,0,, 30%) solution and deionized water, and then sonicated for
10 -100 h. After that, both of pretreatment clays were reacted with the Al pillaring
solution using conventional method. It can be seen that the pretreated OV (36 mz/g)
and SV (54 mz/g) showed higher SSA than the starting clays (1 mz/g). The XRD
patterns show that the crystal structure of both starting clays remained practically
unchanged after sonication. However, the pretreatment produced a significant
delamination and decreasing of the particle size and the layer charge. The Al
pillared SV showed a dj; of 14 A, whereas that of the Al pillared OV was at 14 and
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18 A. The 18 A diffraction peak was preserved at high temperatures (550 °C) and it
was responsible for the increases of SSA and microporosity.

Olaya A. et al [95] studied on the effect of microwave radiation on the
properties of Al pillared MMT. The clay suspension were prepared at 2 %, 30%, and
dry clay, The Al pillared MMT were synthesized by applying microwave irradiation
both during the aging of the Al pillaring solution and in the intercalation process.
This method considerably reduced the reaction time and the amount of water when
comparing with the conventional method. The intercalation was carried out by
direct mixing of the pillaring solution and the clay. The XRD analyses of the cationic
exchange capacity and the catalytic assessment in the n-heptane hydroconversion,
showed that the solids synthesized exhibited better characteristics and catalytic
behavior than the Al pillared MMT obtained through the conventional method of
synthesis.

2.4 Synthesis of aluminum pillared montmorillonite doped metals

Since the pillared clays possess high thermal stability, high acidic property, high
surface area and porosity, therefore, they can act as the substrates for doping the
transition metal in order to create the active site for the catalysis reaction. Normally,
Cr, Ag, V, Fe, Mn, Ti, Ce, Pd and Cu have been used as the active components in
pillared catalysts [96-98]. The Cu and Fe dopants show high efficiencies for active
catalysis of oxidation reactions [99]. However, the Cu catalyst shows a greater rate
conversion of the pollutants in solution than the Fe catalysts at the same reaction
conditions for the long range of pH [97, 100]. This result indicates the efficiency of
Cu for using as degradation catalysis of organic water pollutants, such as phenol
[101-102], olive oil mill [103-104] agro food, dyes [105-106], etc., via Fenton-like
reactions, photo-Fenton reactions, and wet hydrogen peroxide oxidation [107]. In
addition, the Cu metallic ions could perform an inhibition of the bacteria growth
[108-109], indicating the antibacterial property.

The principle of catalyst preparation is the metal-salt dispersed within the
porous support by general methods, such as ionic exchange, deposition,
impregnation, co-precipitation [110-111], adsorption from solution, etc. After that,
the metal-salt was converted to metal oxide and bonded to the support surface by
calcination process. Figure 2.13 demonstrates the feature of copper oxide clusters
trapped in the interlayer space of aluminum pillared clay.



20

isolated Cu”’ species

4 = 1 A —
o i X i, 2
A1LO, ALO, aLo,

| im,o,ﬁ ‘AI,O,I W |
ﬁ l’oi Q"‘))
~

i A s
] 7

! /

clustered CuO species

Figure 2.13 Model of copper oxide fixed on aluminum pillared clay [112]

The adsorption process is one of the most effective methods to obtain well
dispersion and distribution of catalysts, in which it is on the support and easy to
operation when comparing with the other process. Thus, this technique is widely
used in the preparation of industrial catalysts. Formality of process is adsorption of
metal salts or metal ions from their solutions by either physisorption or
chemisorption on the active sites of supports. On the other hand, the impregnation
method is also widely used for preparing small quantity of catalysts for basic studies.
During impregnation, the metal ion precursor is deposited on the support, using the
same volume of metal ion solution as the pore volume of support. Hence, the
amount of catalyst in the support can be controlled. In this research, the catalyst
preparation was carried out by doping copper ions (Cu2+) into the Al pillared MMT

using adsorption and impregnation.

Literature reviews

Frini N. et al [113] studied on the effect of intercalation method on the
properties of Cu-Al pillared clays. Wyoming MMT (W), Tunisian illite (H) and Algerian
bentonite (MR) were used as the starting clay materials. The Al pillaring solution was
performed at 40 °C with a OH/(Al+Cu) molar ratio of 2 and at Cu/(Al+Cu) of 0, 5 and
10. The Cu-Al pillared clays were prepared by three methods; (1) conventional
method (C method), (2) the dry clay powder was directly dispersed in the diluted
pillaring solution (P method) and (3) a concentrated slurry method in which a dialysis
bag containing clay-water slurry (33% w/w) was placed in the pillaring solution (CS
method). The illustration of the three different methods was shown in Figure 2.14.
The results show that the calcinations of modified clays at 300°C led to dy; peak of
about 1.8 nm. However, the Cu- Alpillared clay (H) is remarkably stable upon ageing
(one year) and upon thermal treatment (800°C). The SSA and porosity considerably
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increases. It can be note that these surface properties of the Cu-Al pillared clay were
higher than those of the Al pillared clays. The Cu-Al pillared clay (H) preparation by
P method showed the maximum pore volume. Moreover, the Cu-Al pillared clay (H)
prepared by CS method showed the maximum microporous pore volume.
Therefore, the best results were obtained from P and CS method. The Cu-Al pillared
clay prepared by P method was much more active for phenol conversion than the D
method, which was investigated by Barrault J. et al [114].

Pillaring solution

Diluted clay | .
suspension
@%)
T=d°C
C method P method CS method

Figure 2.14 Illustration of three methods of intercalation process [113]

Bahranowski K. et al [115] studied on the effect of preparation parameters on
the physic-chemical and catalytic properties of the Cu-Al pillared clay. The copper
solution (0.1 mol/L) was introduced into the Al pillared clay by means of cationic
exchange method. The exchanged samples were obtained by varying the weight
percentage of copper (Cu), i.e. 1.1, 2.0 and 2.3. The values of dyy; and the SSA of
both Al pillared clay and Cu-Al pillared clay were higher than these of the starting
clay. However, the SSA and micropore volume of Al pillared clay and Cu-Al pillared
gradually decreased when increasing in Cu content. The copper ions were anchored
at the pillars rather than at the surface of clay layer as evidenced by electron spin
resonance (ESR) spectra. In addition, the catalytic hydroxylation of phenol was
investigated. The Al pillared clay showed certain activity in hydroxylation of phenol,
however, the Cu-Al pillared clay clearly improved the catalytic properties. An
increase of Cu content did not improve the catalytic performance because the
clusters of amorphous CuO might cause a local blocking of the micropores, resulting

in obstacle the catalytic activities of some Cu species.
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Ramaswamy V. et al [116] studied on the effect of immobilization method on
the properties of Cu-Al pillared MMT. The Cu-Al pillared MMT was prepared by
dispersing 1 ¢ of Al pillared MMT into pyridine solution and then the CuCs;H,Cl;4Ng
was added into this suspension under sonication for 20 min. The molar ratio of Cu-
ClygPc / g of Al pillared MMT was varied, i.e. 25, 50 and 70 mg, in order to obtain Cu-
Alpill-MMT-25(US), Cu-Alpill-MMT-50(US) and Cu-Alpill-MMT-75(US), respectively. The
immobilization of copper on the Al pillared MMT by conventional method was
denoted Cu-Alpill-MMT-(S). It can be observed that all of the Cu-Alpill-MMTs were
good thermal stability as compared with the Al pillared MMT. The ultrasonic
samples had higher CuO content when comparing with the Cu-Alpill-MMT-(S). The
higher copper concentration, the lower SSA was obtained. In addition, the size of
the agglomeration of Cu-Alpill-MMT-(US) was smaller than that of the Cu-Alpill-MMT-
(S). AWl Cu immobilized samples showed good catalytic activity on hydroxylation of
phenol using H,0, as oxidizing agent.

Yuan P. et al [117] studied on the effect of synthesis method on the properties
of iron pillared MMT (FepillMMT). The FepillMMT was prepared by adding Na,COs;
powder into 0.2 M Fe(NOs); solution and then adding to the clay suspension. The
OH/Fe molar ratio was varied range of 0.5-2.5. It was observed that increasing of
OH/Fe molar ratio could increase the Fe,O; content in the interlayer of clay.
However, the intensity of dyy; peak decreased with increasing of Fe content in the
pillaring solution, resulting in the delamination (edge-to-face and edge-to-edge) of
clay stack. The N, adsorption/desorption of Fepill-MMT showed type IV of isotherms,
suggesting that it was the mesoporous samples. The FepillMMT showed high
porosity and SSA as compared with the starting MMT. The SSA and the porosity of
the laminated Fepil-lMMT are 215.7 mz/g and 0.29 ml/g, respectively. The average
pore diameter would decrease when the OH/Fe ratio increased from 0.5 to 1.0.
However, the increase of OH/Fe ratio from 1.5 to 2.5 was slightly effected on the
pore structure parameters.

Lin Q. et al [118] studied on the effect of impregnation method on catalytic
activity of Cu-impregnated- Ce-Al pillared clay (Cu-Ce-Alpill-clay). The conversion of
nitric oxide (NO) removal from lean-burn gasoline and diesel exhaust were
investigated. The Ce-Al pillared clay was prepared by slow adding NaOH solution
into AlCl; + CeCl; solutions in order to obtain an OH/(Al+Ce) molar ratio of 2.0. This
solution was added into clay dispersion and then calcined at 500 °C for 6 hrs. The
Cu(NO3), solution impregnated into the Ce-Al pillared clay and evaporated under an
infrared lamp, the weight of Cu was varied, i.e. 1, 2, 3 and 5 wt%. The samples were
calcined at 500 °C for 6 hrs in order to obtain the Cu-Al-Ce-pillared clay. The Ce-Al
pillared clay showed slit-like pore structure and the average pore diameter was in
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the range of 9.26-11.35 nm, resulting in a house of cards structure of clay
aggregation. The Cu-Al-Ce-pillared clay was significantly active for NO removal. The
maximum NO conversion was reached about 56% when using the 2 wt% Cu content
at 350 °C of reaction temperature The NO conversion decrease when increasing of
Cu content.

Achma R.B. et al [119] studied on the effect of preparation parameters on the
catalytic activity of Cu-Al pillared clay. The elimination of tyrosol by catalytic wet
peroxide oxidation (CWPO) was investigated. The Cu-Al pillared clay was prepared by
solid ion exchange method. The Al pillared clay was mixed with Cu(NO,), in agate
mortar for 10 min, followed by heating at 300 °C for 3 h under helium atmosphere.
The sample was calcined under helium and oxygen atmosphere in order to obtain
the Cuye-Al pillared clay and Cug,-Al pillared clay, respectively. Both Cue-Al
pillared clay and Cug,-Al pillared clay does not affect the character of the XRD
pattern of Al pillared clay. However, the XRD pattern of Cug,-Al pillared clay was
broaded, which indicating the distortion of Cu-Al pillared clay layer was produced by
calcined under oxygen flow. In addition, the product calcination under helium flow
was more the crystalline than under oxygen flow. The Cu.-Al pillared clay showed
more catalytic activity and stability than Cug,,-Al pillared clay because the copper
species of Cuy.-Al pillared clay was wish linked to the internal layer of Al pillared
clay.

2.5 Dyes

Dyes are organic compounds with aryl rings structure which have delocalized
electrons. Commonly, the dye molecules comprise of two major components, i.e.
chromophores and auxochromes. The chromophores are the unsaturated functional
groups, such as azo (-N=N-), ethenyl (-C=C-), nitroso (-N=0), carbonyl (-C=0),
azomethine (-CH=N-), etc. The color of dye is provided by the presence of
chromophore group. The auxochromes are characteristic groups which intensify
color and/or improve the dye affinity to substrate. The most effective auxochromes
are amino (-NH,), cyano (-CN), acetyl (-COCH;), carboxylic acid (-COOH), hydroxyl (-
OH), sulphonic acid (-SO3;H) and methoxy (-OCHs) groups.

The common classification of dyes is based on their origins, applications and
chemical properties, especially classification by usage in textile industries. In textile
industries, they are applied on fibers, such as cotton, wool, nylon, silk, etc. Synthetic
dyes are extensively used in the textiles industries because they are easy to use,
cheap and wide range of colors. Examples of synthetic dyes are acid, basic, direct,
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reactive, vat, sulphur, disperse dyes, etc. In the present study, the basic and reactive

dyes were selected as water contaminant models.

2.5.1 Basic dye

The basic dyes are water soluble and yield colored cations in solution,
therefore, they are known as cationic dyes. The most popular basic dyes are
diazahemicyanine, triarylmethane, cyanine, hemicyanine, thiazine, oxazine, and
acridine. They have been commonly applied on paper, polyacrylonitrile, modified
nylons, and modified polyesters. This research used basic yellow 1 (BY1) as
wastewater model. The chemical formula of BY1 is Cy;HsCl N,S as shown in Figure
2.15 and its molecular weight of 318.86 g¢/mole.
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Figure 2.15 Chemical structure of BY1

2.5.2 Reactive dye

Reactive dyes are water soluble and yield colored anions in solution. The
principle chemical classes of reactive dyes are azo (including metallized azo),
triphendioxazine, phthalocyanine, formazan, and anthraquinone. These chemical
classes are used for dyeing and printing of cotton, wool, etc. The reactive dyes are
hydrolyzed to extent of 20% while dyeing textile substrates and therefore are
discharged into the effluents in unrecoverable form [120]. This reason is the major
problems of wastewater treatment before discharge into the nature. Thus, this
research used the reactive orange 16 (RO16) as wastewater model, having the
chemical formula of Cyy Hi7NsNay04,S3 as shown in Figure 2.16. Its molecular weight
is 617.53702 ¢/mole.
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Figure 2.16 Chemical structure of RO16
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2.5.3 Dye containing wastewater

The principle processes of textile industries include three main steps, i. e.
pretreatment, dyeing/printing and finishing steps. Since, these processes consume
large quantities of water creating large volumes of wastewater. Usually, the synthetic
dyes are used for dyeing and printing in all of textile industries. The main pollutants
in textile wastewater are often rich in color, containing residues of dyes and
chemicals, such as complex components, many aerosols, high chroma as well as
much more hard-biodegradation materials. The presence of very small amount of
dyes in water is highly visible. Therefore the discharges of textile wastewater into
the water resource can impede light penetration, damaging the food chain organism
and aquatic life. It is important to reduce and remove dye color from wastewater

before discharging to the environment.

2.5.4 Dye removal method
Generally, methodologies of dye removals are commonly classified as follow.

- Physical method accomplishes removal of substances by use of naturally
occurring forces, such as gravity, electrical attraction, and van der Waal forces.
Generally, the mechanisms involved in physical treatment do not change in chemical
structure of the target substances [121].

- Chemical method consists of some chemical reaction or reactions, which
include chemical coagulation, chemical precipitation, ion exchange, and chemical
neutralization and stabilization [121].

- Biological method uses microorganisms, mostly bacteria, in the biochemical
decomposition of wastewaters to stable end products. More microorganisms, or
sludge, are formed and a portion of the waste is converted to carbon dioxide, water
and other end products. Generally, biological treatment methods can be divided
into aerobic and anaerobic methods, based on availability of dissolved oxygen [122].

- Physicochemical method is a mixture of unit processes, some physical,
others chemical or biological in their action. It has been widely used for wastewater
treatment because it has high removal of chroma and suspended substances [122].

Most dyes are non-biodegradable in nature and stable against degradation by
sunlight and oxidation. The degradation of dyes in wastewater either traditional
chemical or biological process has not been very effective [123]. Therefore,
physicochemical processes are generally applied to treat colored wastewater. These
processes include flocculation, precipitation, ion exchanging, membrane filtration and
ozonation. Hence, one of the powerful physicochemical treatment processes for dry
removal from wastewater is adsorption due to its simplicity in design and operation,
low cost, insensitivity to toxic substances and great efficiency in the removal of

hardly degradable dyes, when compared with the conventional removal methods
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[124-125]. In addition, this process can be regenerated, resulting in significant cost
saving.

2.6 Adsorption

Adsorption is a physicochemical wastewater treatment process, involving the
interphase accumulation of concentration of substances at a surface or interface by
physical-chemical force [126]. The adsorbate substance e.g. dye molecules, is
attracted to the surface of a solid adsorbent [127]. Classifications of adsorption
depend on the nature of attractive force existing between the adsorbate and
adsorbent, i.e. physical adsorption (physisorption) and chemical adsorption
(chemisorption) [128].

2.6.1 Physical adsorption

Physical adsorption (physisorption) is a process of weak electrostatic interaction
between the adsorbate-adsorbent and adsorbate-adsorbate. The common
interactions are Van der Waals, hydrogen and dipole-dipole bonds.  The
physisorption is a non-specific phenomenon bringing about the formation of multi-
layers [129]. Since the forces of attraction are weak, the process of physisorption can

be easily reversible.

2.6.2 Chemical adsorption

Chemical adsorption (chemisorption) is a process of strong chemical interaction
between the adsorbate and adsorbent, i.e. covalent and ionic bonding. Since only
one layer of adsorbate can chemically bond to the surface of the adsorbent,
therefore chemisorption is restricted to a monolayer adsorption at the specific
position on the adsorbent surface, commonly known as adsorption site. For this
reason, chemisorption is irreversible and associated with activation energy [129].

The process of dye adsorption can be represented by three main steps [70].
Firstly, the diffusion/convection of dye molecules was through the bulk of solution
and dye molecules was through a diffusional boundary layer (film diffusion) into the
external surface of the adsorbent particles. Secondly, the diffusion of dye molecules
from the surface penetrated into the interior structure of the adsorbent materials.
Finally, the adsorption of dye molecules occurred on the surface of the adsorbent
materials through molecular interactions [130-134]. The overall adsorption process is
illustrated in Figure 2.17.
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Figure 2.17 Adsorption of dye molecules into the porous adsorbent

The concentrations of dye molecules and agitation may affect the diffusion
process in the first step. The second step is usually considered as the rate
determining stage, which affects the adsorption of dyes on the substrate. The third
step is depended on the nature of the dye molecules, such as anionic and cationic
structures.

Moreover, the adsorption ability is influenced by many factors including
dye/adsorbent interaction, adsorbent’s surface area, particle size, temperature, pH
and contact time [135]. The adsorption process can be simply represented in
equation (2.2):

A+B ———2 B (2.2)

A : adsorbate, B : adsorbent

The AB in the above equation represents the combination of adsorbate and
absorbent when the adsorbate bonds with the adsorbent. This equation that
governs most adsorbates can be driven to equilibrium.  In the reversible reaction,
the adsorbate will continue to accumulate on to the surface of the adsorbent until
the rate of the forward reaction (adsorption) is equal to the rate of the reverse
reaction (desorption). At this point, the adsorption equilibrium has been achieved
and further the accumulation of the adsorbate will cease to continue [136]. The

adsorption equilibrium can be more or less described by adsorption isotherms.

2.6.3 Adsorption isotherm
An adsorption isotherm is a constant (iso-) temperature (-therm) equilibrium
relationship between the quantity of adsorbate per unit of adsorbent and the

equilibrium concentration of adsorbate in the solution. Therefore, the adsorption
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behavior of adsorbate on the surface of the adsorbent can be commonly described
by Langmuir [137-138] and Freundlich [139-140] equations.

- Langmuir isotherm

The linearized form of Langmuir isotherm has been used to characterize the
adsorption process of dye molecules on the adsorbent as expressed in equation
(2.3).

Cc 1 s
qe Kiam qm

(2.3)

where g, is the equilibrium amount of adsorbate adsorbed on the adsorbent
(mg/e), C, is the equilibrium concentration of adsorbate (mg/L), g, is the maximum
amount of adsorbate adsorbed on the adsorbent surface (mg/¢) and K, is a Langmuir
constant (L/mg). The g,, and K, are respectively obtained from slope and intercept
of the linear plot of C./g, versus C..

The K, constant represents the energy associated with the adsorption, in which
it increases as the strength of adsorption bond increases. The favorable nature of
adsorbent on adsorbate can be expressed in term of separation factor (R)),
calculated by the following equation (2.4).

1
= —— 2.4
L 1+K,C @4

where C, is the initial adsorbate concentration range (mg/L), R, value represents
that R, > 1 for unfavorable adsorption, 0 < R, < 1 for favorable adsorption and R, = 0
for irreversible adsorption [139, 141].

- Freundlich isotherm

The Freundlich isotherm expresses a multi-site reversible adsorption for
heterogeneous surface, which can be written in linearized form as shown in equation
(2.5).

logqe = logKr + %logCe (2.5)

where n and K are Freundlich constant respectively related to the adsorption
intensity and adsorption capacity of adsorbent (mg/g), obtained from slope of the
linear plot of log g, versus log C,. In case of n = 1, it is referred to linear adsorption
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and equal adsorption energies for all sites. The value of n between 2 and 10
indicates good adsorption. However, n < 1 shows that the marginal adsorption

energy decreased with increasing surface concentration [142-143].

2.6.4 Adsorption kinetic

The kinetic data of adsorption are processed to understand the dynamics of
adsorption process in terms of the order of rate constant. It is one of the most
important characteristics in defining the efficiency of adsorption [144]. The
adsorption kinetics of the heterogeneous adsorption can be expressed by the
pseudo-first-order and the pseudo-second-order kinetic models [145-147]. Both
models have been widely applied to explain the experimental results obtained from
the aqueous pollutants, such as dyes and metal ions [148].

- Pseudo-first-order kinetic equation

thy
2.303

log(qe — q¢) = log q. — (2.6)

where k; is the pseudo-first-order rate constant (min-l), ge and g; are the
amount of dyes adsorbed per unit amount of adsorbent at equilibrium and at time
(t, min), respectively (mg/g). The values of rate constant (k;) are obtained from the
slope of linear plot of log (g.-q¢) versus t.

- Pseudo-second-order kinetic equation
t 1 t

- (2.7)
qac k2qe? de

where k; is the pseudo-second-order rate constant (g/meg.min), g, and g; are the
amount of dyes adsorbed per unit amount of adsorbent at equilibrium and at time
(t, min), respectively (mg/g). The values of rate constant (k,) and g, are respectively
obtained from the intercept and slope of linear plot of t/q; versus t.

However, there is not only one methodology used for all type of dye
wastewater. In the present study, we consider that the contaminants in the textile
industrial wastewater is the combination of several dye stuffs even if cationic and
anionic dyes. It is, therefore, the adsorption capacities of pillared clay might be
limited. In this context, advance oxidation processes (AOP) are considered a highly
competitive water treatment technology for the removal of those dyes pollutants
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not treatable by conventional techniques due to their high chemical stability and/or
low biodegradability [149].

2.7 Advance oxidation processes

One of the most attractive methods for water and wastewater purification,
called advanced oxidation processes (AOP) have been studied and developed. The
AOP processes mostly use hydrogen peroxide (H,0;) as the main oxidizing agent,
which generate hydroxyl radicals (HO.) in sufficient quantity to affect water treatment
[150]. Many systems are qualified under this broad definition of AOP, included
Fenton reaction [151], photo Fenton reaction [152]. These reactions can be divided
to two main types as homogeneous and heterogeneous.

- Homogeneous reaction, the catalyst is in the same phase as the reactants. This
process requires the advance of separation process to recover the catalyst in order
to prevent contamination from the treated water. Disadvantages of this reaction are
costly of recovering and enable catalyst reuse.

- Heterogeneous reaction, the catalyst is in a difference phase from the
reactants. It is easy to the catalysts from the treated water andable to be reused. In
addition, the pillared clays are widely uses as catalyst support because of their high

specific surface area.

2.7.1 Fenton reaction

The Fenton reaction has been known since 1894 by Fenton H.JH. and is
currently one of the most powerful oxidizing reactions available. In this reaction, the
peroxide is broken down into a hydroxide ion (HO) and a hydroxyl free radical (HOs)
in the process of transition metal cation catalysts. The hydroxyl free radical is the
primary oxidizing species and can be used to oxidize and break apart the organic
molecules. The Fenton reaction can be expressed as shown in equation (2.8) [153].

M™ + H0, ——3 M™ 4 HO + HO- 2.8)

where M is a metal transition. The basic chemistry, as well as applications of
Fe2+/H202 and Fe3+/HZOZ are used as catalyst for Fenton reaction wastewater
treatment. The reaction between Fe2+/H202 and F93+/H202 was shown in equation
(2.9) and (2.10), respectively.

Fe” +H,0, ———3 Fe' +HO + HO» 2.9)
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Fe™ + HO, ————3 Fe +H +HOO (2.10)

In this research, the application of Cu2+/H202 system is investigation for clay
removal. The catalytic reaction between hydrogen peroxide and a cu” ion are
shown in equation (2.11) and (2.12) [154-155].

W +HO, ——3 Cu +HOO+H" 2.11)
U’ +H0, ———3 Cu™ +HO-+OH 2.12)

The Cu”‘reacted with the H,0,, leading to the formation of strong oxidizing
species as shown in the chemical equation (2.11) and (2.12). At the first stage (Eq.
(2.11)), the H,0, decomposition with Cu” resulted in the formation of hydroperoxyl
radical (HOO-) and Cu’, then the Cu’ reactive intermediate further reacted with the
H,0,, producing the cu”™ and HO- in the second stage (Eq. (2.12)). These reactive
radicals could oxidize organic contaminants in wastewater, resulting in decolorization,
degradation and mineralization to CO, and H,O [156-158] as follows in equation
(2.13).

2R-H + 2HQ» =——> 2R+ 2H,0 (2.13)

The rate of degradation of organic pollutant with Fenton like reagents is strongly
accelerated by irradiation with UV-Vis light, known as photo-Fenton reaction [149].

2.7.2 Photo Fenton reaction

The oxidizing power of the Fenton system can be greatly enhanced by
irradiation with UV or UV-visible light. This is an extension of Fenton process which
takes advantage from UV-visible light irradiation at wavelength values higher than 300
nm [100]. The UV-visible irradiation can increase the degradation rate of hydrogen
peroxide and the photo-reduction rate of cu” ions, which produce new HOs radicals
with H,O, according to equation (2.14) and (2.15), respectively. In addition, the UV
radiation can induce the formation of more HO- radicals from the decomposition of

water molecules in the present of cu” as shown in equation (2.16) [159-161].

H,0, —B 5 2 HOs (2.19)
Cu™ + H0, — BV 5 Cu" + HOw + H' (2.15)

T H,O L} Cu’ + HOe + H' (2.16)
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Besides, the Cu' intermediate produced in equation (2.8) and (2.9) can be
further reacted with the H,O, as previously shown in equation (2.5). Therefore, the
higher quantity of HOe radicals, the faster catalytic oxidation of wastewater is

obtained in the photo Fenton system.

Literature reviews

Bouberka Z. et al [162] studied on the effect of Al pillared clay on wastewater
treatment. Na-bentonite and Al pillared bentonite (Alpill-bentonite) were used as
adsorbents. The 0.1 g adsorbent was added to 100 ml of supranol yellow (4GL)
solution, using 100 mg/L of initial dye concentration and various adsorption times, i.e.
5, 10, 15, 20, 30, 45, 50, 60, 75 and 120 min. The Na-bentonite and Alpill-bentonite
reached their equilibrium in 45 min with 37% of dye removal and 30 min with 60%
of dye removal, respectively. Both Na-bentonite and Alpill-bentonite were fitted to
pseudo-first-order of kinetic model. The rate constants of Na-bentonite and Alpill-
bentonite were 0.078 and 0.079 minvl, respectively. The dye removal percentage
decreased with increasing the amount of Na-bentonite. In contrast, the increasing
amount of Alpill-bentonite could increase the percentage of dye removal, however,
it remained constant after adsorbent dosage of 3 g/L. In the concentration range of
10-100 meg/L, the Alpill-bentonite showed higher adsorption capacity than the Na-
bentonite. The Alpill-bentonite was fitted with Langmuir and Freundlich equations,
whereas the Na-bentonite was only obeyed to Langmuir equation.

Gurses A. et al [163] studied on the effect of MMT on the removal of methylene
blue (MB) containing wastewater by adsorption process. The 0.1 ¢ MMT was added
to 100 ml of MB solution using various initial MB concentrations, i.e. 10, 20, 30, 40,
50, 60, 70, 80, 90 and 100 mg/L. The increase in initial dye concentration led to an
increase in adsorption capacity from 9.2 to 58.3 mg/g for respectively increasing initial
concentration from 10 to 100 mg/L. The percentage of dye removal decreased with
increasing of adsorption temperature from 20 to 40 °C, however, the adsorption
capacity slightly increased when increasing the temperature from 40 to 60 °C. When
increasing the adsorbent amount from 0.1 to 0.3 g, the adsorption capacity
respectively increased from 57.1 to 66.1 mg/g. The regression coefficient for linear
plot of pseudo-second-order was higher than pseudo-first-order. Therefore, the
adsorption kinetic of MB sorption on MMT was obeyed to the pseudo-second-order.

Manohar D.M. et al [164] studied on the adsorption performance of Al pillared
bentonite (Alpill-bentonite) for cobalt () removal. The 0.1 ¢ Al pillared bentonite
was added to 50 ml of Colll) solution. The effect of pH, contact time, initial
concentration and adsorption isotherm were studied. It was found that the surface

charge of Alpill-bentonite was positive at pH below 4.2, thus the Colll) poorly
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adsorbed on the surface of Alpill-bentonite at very low of pH value. The adsorption
capacity of Colll) increased with increasing contact time and reached at the
maximum adsorption within 24 h. Moreover, the adsorption capacity increased when
increasing the initial Co(ll) concentration from 10 to 100 mg/L, whereas the
percentage of Col(ll) removal decreased with increasing initial concentration. The
adsorption isotherm at 30 °C was carried out using various Co(ll) concentrations from
10 to 500 mg/L at pH 6. The Alpill-bentonite was fitted with both Langmuir and
Freundlich isotherms. The value of 1/n and R, were between 0.1<1/n<1.0 and less
than 1, respectively, indicating highly favorable adsorption of Colll) onto the Alpill-
bentonite. The kinetic adsorption of Co (Il) onto the Alpill-bentonite had two stage;
(1) external mass transfer diffusion and (2) intraparticle mass transfer diffusion.

Ntampegliotis K. et al [165] studied on the decolorization of dye containing
wastewater by Fenton reactions. The procion navy H-exl (PNH), procion crmson H-
exl (PCH) and procion yellow H-exl (PYH) were used as pollutant models. The Fe”
or Fe”*and H,O, were used as catalyst and oxidizing agent, respectively. In oxidation
experiment, the H,0, was added to dye solution and then quickly added the catalyst
to the dye solution. The effect of pH, H,O, concentration, catalyst concentration
and catalyst type were investigated. It was observed that the most suitable pH range
was in between 3 and 4, while the rate of decolorization rapidly decreased at the pH
below 2.0. The decolorization efficiencies of PNH and PCH were optimized when the
H,0, concentration was in between 0.2 and 2.0 % (w/w). Moreover, both PNH and
PCH dye solutions showed the optimum decolorization rate at the range of FeCl;
concentration between 0.005 and 0.1 % (w/w), whereas the optimum for PYH
solution system was at the FeCl; concentration higher than 0.1 % (w/w). The rate of
Fe’* was faster than Fe ' during the early time and then completed within 10 min in
the pH range between 3 and 5. When the UV radiation was introduced into the
reaction, the rate of decolorization and TOC reduction was faster than the Fenton
reaction.

Baskaralingam P. et al [166] studied on the effect of organobentonite on the
removal of acid red 151 (AR151). The cetyldimethylbenzylammonium chloride
bentonite (CDBA-bent) and cetylpyridinium chloride bentonite (CP-bent) were used
as adsorbents. In the adsorption experiment, the 0.1 ¢ of adsorbent was added into
50 ml of dye solution. The effects of adsorbent dosage and initial dye concentration
were studied. The rate of adsorption increased with increasing of the amount of
adsorbent from 0.005 to 0.025 g. The initial dye concentrations used in this study
were 60, 80 and 90 mg/L for CDBA-bent and 70, 80 and 100 mg/L for CP-bent. The
CP-bent showed higher adsorption capacity than the CDBA-bent at 80 mg/L of initial
dye concentration. The adsorption capacity increased when increasing of contact
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time and reached equilibrium at 60 and 90 min of CDBA-bent and CP-bent,
respectively. Furthermore, the adsorption isotherm and adsorption kinetic were
fitted by Langmuir model and pseudo-second-order model, respectively. The higher
adsorption capacity of 357.14 mg/g for CDBA-bentonite and 416.66 mg/g for CP-
bentonite was obtained from Langmuir equation.

Wang L. and Wang A. [167] studied on the effect of surfactant-modified MMT on
the removal of congo red (CR). The cetyltrimethylammonium bromide (CTAB) was
used as surfactant in order to intercalated in the MMT, denoted as CTAB-MMT. In
the adsorption experiment, 0.05 g of adsorbent was added in to 25 ml of dye
solution. The effect of pH (4.0 - 9.0), temperature (30 - 50 °C) and contact time (10
- 900 min) were studied. When the pH value of the dye solution was raised from 4.0
to 9.0, the adsorption capacity reduced slowly from 381 to 344 mg/g. The
adsorption capacity increased from 350.13 to 399 mg/g when increasing temperature

from 30 to 50°C. The adsorption capacity rapidly increased within 180 min and then

reached adsorption equilibrium at 480 min.

Monvisade P. and Siriphannon P. [21] studied on the effect of chitosan
intercalated MMT nanocomposites (Chi-MMT) on the removal of basic blue 66 (BB66),
basic blue 9 (BB9) and basic yellow 1 (BY1). The Na-MMT, chitosan and Chi-MMT
were used as adsorbents. In the adsorption experiment, the 1.0 g of adsorbent was
added into 100 ml of 500 mg/L dye solution. After that, the mixture was stirred for 2
h at room temperature and aged overnight. It was observed that the Chi-MMT
possessed higher adsorption capacities for BB9 (97%, 48.9 mg/g), BB66 (99%, 49.2
meg/g) and BY1 (92%, 45.9 mg/g) than the Na-MMT and chitosan. However, the
adsorption of BB9 and BY1 on chitosan was slightly higher than those of Na-MMT,
whereas the excellent adsorption was obtained for BB66. When increasing the initial
concentration of basic dye from 500 to 10,000 mg/L, the Chi-MMT obviously showed
the distinct adsorption capacities for removal all dyes. The Chi-MMT showed the
highest adsorption capacity for BB66, i.e. 977 mg/e.

Giordano L.A. et al [168] studied on the catalytic activities of copper zeolite (Cu-
Ze) and copper pillared clay (Cupill-clay) for wet hydrogen peroxide catalytic
oxidation (WHPCO) of olive oil mill (OMW) containing wastewater. The catalyst was
added into waste solution (500 meg/L) and heated to 50 and 80 °C for Cu-Ze and
Cupill-clay, respectively. Afterward, the H,O, was continuously feed at 0.5 ml/h into
the waste solution. The catalyst/wastewater ratio of Cu-Ze and Cu-PILC was 0.6¢/1
OMW and 5¢/l OMW, respectively. In comparison the overall catalytic performance
between Cu-Ze and Cupill-clay, it can be considered that the lower activity of Cupill-
clay was compensated by the absence of Cu leaching, which improves the possibility
of catalyst reuse. The used Cu-Ze was regenerated and reused at the second
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WHPCO reaction cycle for OMW treatment. The percentage of COD reduction slightly
decreased from 87.3% to 84.5% in comparison with the first cycle. This result
caused by the partial copper leaching after the first reaction cycle. Moreover, both
catalysts showed the high conversion in the oxidation of poly-phenols and were able
to drastically reduce the chemical oxygen demand (COD), the biochemical oxygen
demand (BOD) and the non-biodegradability of the OMW wastewater.

Abdullah AH. et al [169] studied on the effect of activated carbon (AC) and
copper oxide doped on activated carbon (Cu-AC) on decolorization of reactive
orange 16 (RO16) by adsorption process. 0.5 g of catalysts was added to a beaker
containing 1000 ml of 25 mg/L dye solution and then continuously stirred for 6 h.
Although the Cu-AC adsorbent showed higher dye adsorption than the AC adsorbent,
but the percentage of dye removal was lower than 30% after 6 h of adsorption
process. Therefore, the presence of H,0, UV and H,O,/UV in the decolorization
process was investigated. The effect of H,0O, and UV light on the decolorization of
RO16 was carried out by adding a fixed amount of 1 M H,0, solution and irradiating
the dye solution with UV lamp. However, the system with the corporation of H,O,
and UV radiation was faster and higher generated the strongly radical (OHs) than the
other systems. The decolorization efficiency of the Cu catalyst under four different
conditions was observed to have the following order: Cu-AC/H,0,/UV > Cu-AC/H,0, >
Cu-AC/UV > Cu-AC/adsorption.

Molu Z.B. and Yurdakoc K. [170] studied on the adsorption capacity of Al
pillared clay for trimethoprim (TMP) solution. The Al pillared K10 (Alpill-K10) and Al
pillared KSF (Alpill-KSF) were used as adsorbents. The adsorption experiments were
carried out in flasks containing 0.01 g of adsorbents and 25 ml of TMP solution. The
mixtures were shake and temperature controlled in the water bath. The effect of
adsorbents, contact time, adsorption kinetic and adsorption isotherm were
investigated. Although the amount of Alpill-K10 in TMP adsorption was lower than
that of the Alpill-KSF, but the adsorption capacity exhibited higher than Alpill-KSF.
However, the adsorption percentage of Alpill-KSF increased with increasing the
amount of adsorbents. The suitable amount of adsorbents on TMP adsorption was
10 and 100 mg of Alpill-K10 and Alpill-KSF, respectively. When increasing the
contact time, the adsorption capacities of Alpill-K10 and Alpill-KSF increased and
reached the equilibrium after 120 and 240 min, respectively. The adsorption kinetic
of all adsorbents corresponded to the pseudo-second-order model with R’ > 0.978.
Moreover, the Freudlich isotherm much better fitted than Langmuir isotherm when
comparing the value of R,

Kaemkit C. et al [171] studied on the effect of chitosan intercalated MMT
nanocomposites (Chi-MMT) on the removal of basic blue 66 (BB66) and basic yellow
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1 (BY1). The Na-MMT, chitosan and Chi-MMT were used as adsorbents. In the
adsorption experiment, 0.1 g of adsorbent was added in to 100 ml of 500 mg/L dye
solution. After that, the mixture was stirred for 2 h at room temperature and aged
overnight. It was observed that the Chi-MMT showed the complete adsorption of
BB66 (>99%, 49.8 mg/g) and BY1 (>99%, 49.8 mg/g) over those of Na-MMT and
chitosan. The adsorption kinetic of Chi-MMT was carried out using 3000 mg/L of
initial BY1 concentration and varying the contact time from 5 to 1440 min. The
adsorption capacity increased rapidly within 10 min and then reached equilibrium.
The correlation coefficients (R°) from pseudo-second-order linear plot was higher
than pseudo-first-order. Therefore, the kinetic adsorption of Chi-MMT was fitted with
pseudo-second-order equation. The adsorption isotherm was carried out varying the
initial BY1 concentration from 500 to 7000 mg/L and adsorption time of 1440 min.
The adsorption capacity sharply increased from 48.4 to 282.8 mg/g due to the 500 to
4000 mg/L of initial dye concentration, and slightly increased later up to 302.8 mg/s.
Moreover, the adsorption isotherm was fitted both Langmuir and Freundlich isotherm

models.



Chapter 3

Experimental

3.1 Chemical reagents

5. Basic Yellow 1 (BY1, dye content 70%)

6. Reactive Orange 16 (RO16, dye
content 50%)

8. Hydrogen peroxide (H,0,, 35 % w/v)

Analytical grad

Analytical erad

Analytical grad

Chemical reagents Grade of purity Manufactures
1. Mac-gel Montmorillonite  (MMT) Analytical grad Thai Nippon
2. Aluminum nitrate  (Al(NOs);:9H,0) Analytical grad Rankem
3. Sodium hydroxide (NaOH) Analytical grad Labscan
4. Copper (II) sulfate (CuSO45H,0) Analytical grad Carlo Erba

Acros reanics

Sigma Aldrich

Fisher chemicals

3.2 Apparatus

Apparatus

Model, Manufactures

1. Nuclear magnetic resonance spectrometer (NMR)

2. X-ray fluorescence spectrometer (XRF)

3. X-ray Diffractrometer (XRD)

4. Scanning electron microscope and energy

dispersive X-ray microanalysis (SEM-EDX)

5. Gas Adsorption Analyzer

Inova 500, Varian
SRS 3400, Bruker AG
D8 Advance, Bruker AG

JEOL, JSM-5410

Autosorb-1, Quantachrome




Apparatus

Model, Manufactures

10.

L 8

12

13.

14.

15,

16.

[

18.

19,

20.

6. UV-VIS Spectrophotometer
7. Total Organic Carbon analyzer (TOC)
8. Ultrasonic horn

9. Furnace

Oven

Peristaltic pump
Centrifuge machine
Balance

Hot Plate
Thermostat

UV lamp

Sieve

Mortar and pestle
Porcelain crucible

Glassware

Helios omega, Thermo Scientific
TOC-VCPH, Shimadzu
VC-505, Vibra Cell
Furnace 600, Thermolyne
Isotemp, Fisher Scientific
V 77120-52, Cole Parmer
Centaur 2, Sanyo
TC-254, Denver Instrument
C-MAG HS 7, Fisher Scientific
Euro-ST B, Ika Laboratory Staufen Ltd.
TUV TL Mini (254 nm), Philips

Mesh No. 400, Retsch

3.3 Studied factors

as follow;

The experimental procedures in this thesis were divided into 3 main sections

3.3.1 Preparation of aluminum pillared montmorillonite

Various preparation conditions were carried out, i.e.

3.3.1.1 Preparation of aluminum polyoxocation solution (AlOH)
- Molar ratio of OH/AL, i.e. 2.0 and 2.4

- Reaction temperature of conventional stirring method, i.e.

room temperature and 60 °C




39

- Preparation method of AIOH solutions, i.e. conventional
stirring method and ultrasonic assisted method

- Reaction time of ultrasonic assisted method, i.e. 10, 20, 30 and
60 in

3.3.1.2 Preparation of aluminum pillared montmorillonite (Alpill-MMT)

- Preparation method of Al-pill-MMT, i.e. conventional stirring
method and ultrasonic assisted method

- Reaction temperature of conventional stirring method for
Alpill-MMT preparation, i.e. room temperature and 60 °C

- Reaction time of ultrasonic assisted method for Alpill-MMT
preparation, i.e. 10, 20, 30 and 60 min

3.3.2 Preparation of copper doped aluminum pillared montmorillonite
(Cu-Alpill-MMT)
Various preparation conditions were carried out, i.e.

Preparation method of Cu-Alpill-MMT, i.e. ultrasonic assisted
adsorption and impregnation

Weigh percent of copper dopant in impregnation method, i.e. 4, 7, 10
and 13 wt.%

Type of precursor, i.e. AIOH-MMT and Alpill-MMT

-3.3.3 Waste treatment process of dye solution

Various treatment conditions were carried out, i.e.

Treatment method, i.e.

- Adsorption: batch and continuous method

- Catalytic oxidation: Fenton and photo Fenton reaction
Type of dye solution, i.e. basic yellow 1 (BY1) and reactive orange 16
(RO16)
Contact time of BY1 adsorption, i.e. 30, 60, 120, 150, 180, 210, 240,
270 and 300 min
Initial concentration of BY1 solution in batch adsorption processes, i.e.
50, 100, 300, 500, 700, 1000, 2000 and 3000 mg/l
Contact time of RO16 adsorption, i.e. 60, 120, 180 and 240 min
Reaction time of Fenton and photo Fenton process for RO16 removal,
i.e. 30, 60, 90, 120, 240 and 360 min
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3.3 Experiment

3.4.1 Preparation of montmorillonite

Starting material was a commercial sodium montmorillonite (Na“-MMT) with the
cation exchange capacity of about 1 meg/e. The as-received Na -MMT was purified
by dispersion in distilled water, sonication for 10 min and further decantation the
upper layer of the suspension. The decanted suspension was filter and then dried at
100 °C for 24 hrs. Finally, the Na'-MMT was characterized by XRF, XRD, and N,
adsorption. The flow diagram of this stage was shown in the Figure 3.1.

3.4.2. Preparation of aluminum polyoxocation solution (ALOH)
The preparation procedures of aluminum polyoxocation solution (AlOH) were

performed using 2 different methods as follow;

A. Conventional stirring method

The AlOH was prepared by slow adding 0.4 M NaOH solution (2 ml/min) into 0.4
M AUNO;)5-9H,0 solution, the molar ratio of OH/AL in the solution was varied at 2.0
and 2.4. The mixture was continuously stirred at room temperature for 24 hrs (or/60
°C for 3 hrs and then overnight at room temperature).

B. Ultrasonic assisted method

In this method, the AlOH solution was prepared by mixing 0.4 M NaOH and 0.4
M AlINO;);-9H,0 with a high power ultrasonic probe (20 KHz and 500 W) at room
temperature. The reaction time in the solution was varied i.e. 10, 20, 30 and 60 min.

All AlOH preparation conditions were concluded in Table 3.1. The structures of
as-prepared solutions were characterized by “ALNMR.
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[ Cured Na'-MMT J [ Distilled water J
[ l T

Crude Na'-MMT : Distilled water
1g:120ml

v

Sonication for 10 min

v

Filtering

Y

Drying 100 °C for 24 h

y

Grinding

Characterize by XRF, XRD, N, adsorption and antibacterial

Figure 3.1 Flow diagrams for preparation of Na -MMT.
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Table 3.1 Preparation conditions of AlOH solution

Sample OH/AL |  Temperature Reaction time Method
Room ‘
AlOH-2.0-Str-rt 20 temperature 24 Conventional
stirring
AlOH-2.0-5tr-60 60 °C
ALOH-2.4-Str-rt Room _
Conventional
temperature 24 h o
stirring
AlOH-2.4-5tr-60 60 °C
ALOH-2.4-Ultra-10 24 10 min
AlOH-2.4-Ultra-20 Room 20 min Ultrasonic
ALOH-2.4-Ultra-30 temperature 30 min assisted
ALOH-2.4-Ultra-60 60 min

3.4.3 Preparation of aluminum pillared montmorillonite (Alpill-MMT)
The preparation procedures of aluminum pillared montmorillonite (Alpill-MMT)

were performed using 2 different methods as follow;

A. Conventional stirring method

The AlOH-2.4 solution preparation by conventional stirring method was slowly
added (2 ml/min) to the Na'-MMT aqueous suspension, in which the ratio of mmol
AL3+/g Na'-MMT was 2.5. The AIOH-MMT suspension was vigorously stirred at room
temperature for 24 hrs (or/ 60 °C for 3 hrs and then overnight at room temperature).
The modified AIOH-MMT was filtered and washed several times with distilled water.
The AIOH-MMT was dried in an oven at 100 °C for overnight and calcined at 500 °C
for 2 hrs in order to obtain the aluminum pillared MMT (Alpill-MMT-Str).

B. Ultrasonic assisted method

In this method, the Na-MMT was added into the AlOH-2.4 solution (ultrasonic
assisted method) and then sonicated at room temperature. The reaction time was
varied i.e. 10, 20, 30 and 60 min. The mmol AL3+/g Na'-MMT was also maintained at
2.5. The sonicated AIOH-MMT was filtered, washed several times with distilled water,
dried at 100 °C for overnight and calcined at 500 °C for 2 hrs in order to obtain the
aluminum pillared MMT (Alpill-MMT-Ultra). All Alpill-MMT preparation conditions
were concluded in Table 3.2.
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Table 3.2 Preparation conditions of Alpill-MMT

Sample Temperature Reaction time Method
Room
Alpill-MMT-2.4-60-Str-rt temperature - Conventional
stirring
Alpill-MMT-2.4-60-Str-60 60 °C
Alpill-MMT-2.4-30-Ultra-10 10 min
Alpill-MMT-2.4-30-Ultra-20 Room 20 min
Ultrasonic assisted
Alpill-MMT-2.4-30-Ultra-30 temperature 30 min
Alpill-MMT-2.4-30-Ultra-60 60 min

Finally, all of Alpill-MMTs were characterized by XRF for measuring the chemical

composition of Alpill-MMT powder and measured the basal spacing (dp;) by XRD.

The specific surface area and pore size diameter were characterized by N,

adsorption. The flow diagram of Alpill-MMT preparation by conventional stirring and

ultrasonic assisted method was shown in the Figure 3.2 and 3.3, respectively.



{ NaOH (ag) 0.4 M ] [ AUNOs)s» 9H,0 (ag) 0.4 M ]
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Characterize the structure of AlOH by “AUNMR
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- At room temperature for 24 h
- At 60 °C for 30 min and overnight at room temperature

MMT : Distilled water
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y

Filtering

v

Drying 100 °C for 24 h

v

Calcination at 500 °C for 2 h
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[ Alpill-MMT-Str }

v

Characterize by XRF, XRD, N, adsorption and antibacterial

Figure 3.2 Flow diagrams for preparation of Alpill-MMT by conventional stirring

method.
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Figure 3.3 Flow diagrams for preparation of Alpill-MMT by ultrasonic assisted
method.
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3.4.4 Synthesis copper dope Aluminum pillared montmorillonite

A. Adsorption method

The ALOH-MMT /or Alpill-MMT precursor was dispersed in 50 ml an aqueous
solution of 0.4 M CuSO4-5H,0. The mixture was treated with a high power sonic
probe (20 KHz and 500 W) at room temperature for 30 min. The modified Alpill-MMT
was filtered, washed several times with distilled water, dried at 100 °C for overnight
and calcined at 500 °C for 2 hrs. The calcined product was described as the copper
doped Alpill-MMT (Cu-ads-Alpill-MMT).

B. Impregnation method

The AIOH-MMT was impregnated by CuSO45H,0 aqueous solution under
various of percent Cu2+ in the solution i.e. 4, 7, 11 and 13 wt%. The product was
dried at 100 °C for overnight and calcined at 500 °C for 2 h. The calcined product
was described as the copper doped Alpill-MMT (Cu-im-Alpill-MMT).

All Cu-Alpill-MMT preparation conditions were concluded in Table 3.3. Finally,
all of sample were characterized by XRF for measuring the chemical composition of
Cu-Alpill-MMT powder and measured the basal spacing (dpy;) by XRD. Surface
morphologies of the Cu-Alpill-MMTs were investigated by SEM and the elemental
distribution of copper on the Cu-Alpill-MMTs surfaces was determined by EDX
incorporated with the SEM.

The specific surface area and pore size diameter were characterized by N,
adsorption. The flow diagram of copper doped Alpill-MMT preparation under
adsorption and impregnation method was shown in the Figure 3.4 and 3.5,

respectively.
Table 3.3 Preparation conditions of Cu-Alpill-MMT
Sample Support Concentration of Cu”" Method
Cu-ads-Alpill-MMT1 ALOH-MMT
2 - 04M Adsorption
Cu-ads-Alpill-MMT2 Alpill-MMT
Cu-im-Alpill-MMT-4wt% 4 wt%
Cu-im-Alpill-MMT-7wt% 7 wt% Impregnation
Cu-im-Alpill-MMT-10wte | ACOH-MMT 10 wt%
Cu-im-Alpill-MMT-13wt% 13 wt%
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ALOH-MMT (s) CuSO4+5H,0 (aq) Alpill-MMT (s) CuSQy4#5H,0 (aq)

0.1¢ 10 ml 0.1g 10 ml

v
Sonication for 30 min Sonication for 30 min
Y v
Filtering Filtering
v v
[ Cu-ads-AlOH-MMT1 ] { Cu-ads-Alpill-MMT2 ]

v v

Calcination 500 °C for 2 hours Calcination 500 °C for 2 hours

* ' '
_{ Cu-ads-Alpill-MMT1 ] [ Cu-ads-Alpill-MMT2 ]

Characterize by XRF, XRD, SEM-EDX, N, adsorption and antibacterial =

Figure 3.4 Flow diagrams for preparation of Cu-ads-Alpill-MMT by adsorption
method.

\ 4
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Calcination 500 °C for 2 hours
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[ Cu-im-Alpill-MMT ]

\J

Characterize by XRF, XRD, SEM-EDX, N, adsorption and antibacterial

Figure 3.5 Flow diagrams for preparation of Cu-im-Alpill-MMT by impregnation
method.

3.5 Waste treatment of dye solution

The experimental procedure in this stage was divided into 2 different methods

as follow;
3.5.1 Adsorption method

A. Batch process

The Na'-MMT, Alpill-MMT-Str, AlpilllMMT-Ultra and Cu-ads-Alpill-MMTs were
grinded, sieved through 400 mesh stainless steel, and then used as adsorbents for
dye adsorption experiment. In this system, two different kinds of dyes were used as
model adsorbates, i.e. Basic Yellow 1 (BY1) and Reactive Orange 16 (RO16). The
initial concentrations of dye solutions were fixed. The adsorption was performed by
mixing 0.5 ¢ of adsorbent and 50 ml of aqueous dye solution at room temperature
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for 120 min. The adsorbent was separated from the dye solution by centrifugation at
5000 rpm for 5 min.

The adsorption time was varied in the range of 30 - 300 min using initial dye
concentration of 1000 mg/L in order to determine the adsorption equilibrium. The
adsorption was performed by mixing 0.5 ¢ of adsorbent and 50 ml of BY1 aqueous
solution at room temperature. The dye solution was separated from the adsorbent
by centrifugation at 5000 rpm for 5 min.

The adsorption kinetic of Alpill-MMT-Str and Alpill-MMT-Ultra adsorbents were
carried out using initial BY1 concentration of 1000 mg/L with various contact times,
i.e. 30, 60, 90, 120, 150, 180, 210, 240, 270 and 300 min. The adsorption was
performed by mixing 0.5 ¢ of adsorbent and 50 ml of BY1 aqueous solution at room
temperature. The adsorption kinetic data were, therefore, fitted to the equations of
pseudo-first-order and pseudo-second-order in order to determine the most suitable
model.

The adsorption isotherms of Alpil-MMT-Str and Alpill-MMT-Ultra were
determined from the adsorption experiments using various initial BY1 concentrations,
i.e. 50, 100, 300, 500, 700, 1000, 2000 and 3000 mg/L. The adsorption was performed
by mixing 0.5 ¢ of adsorbent and 50 ml of BY1l aqueous solution at room
temperature. The adsorption data were therefore fitted to the Langmuir and
Freundlich isotherms in order to find the most suitable model.

The absorbencies of the dye solutions were determined by UV visible
spectrophotometry (UV-Vis). In addition, the total organic carbon in the dye
solutions before and after adsorption experiment was measured by TOC analyzer
(Shimadzu, TOC-VCPH). The flow diagram of batch dye adsorption was shown in the
Figure 3.6.

B. Continuous process

The Alpill-MMT-ultra was grinded, sieved through 400 mesh stainless steel, and
then used as adsorbent for dye removal under continuous process. The adsorption
was performed by packing 1.0 g in glass of AlpillMMT ultra adsorbent column
(diameter = 2 cm and high = 10 cm). The 300 mg/L BY1 solution was continuously
fed into column using rate of about 2 mU/min at room temperature. The treated
solutions were collected at regular time intervals and the concentration was
measured by UV-vis. The flow diagram of continuous dye adsorption was shown in
the Figure 3.7.
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v

Calcination 500 °C for 2
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Testing by UV-vis and TOC

-

A 4

Characterize by XRD

and N, adsorption
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Figure 3.6 Flow diagrams for waste treatment by batch adsorption process
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BY1 solution 300 mg/L

2 ml/min

v

Alpill-MMT (s) Column

Collected every 10 min

y

The treated solution

A 4

Testing by TOC and UV-Vis

Figure 3.7 Flow diagrams for waste treatment by continuous adsorption process.

3.5.2 Catalytic oxidation process
Catalytic abilities of Alpill-MMT and Cu-Alpill-MMTs for RO16 oxidation were
investigated using the Fenton and photo Fenton processes.

A. Fenton process

This process was performed by mixing 0.2 g of Alpill-MMT or Cu-Alpill-MMTs, 20
ml of 300 mg/L RO16 solution and 5 ml of 0.1 M hydrogen peroxide (H,0;). The
mixture was continuously stirred for various reaction times, i.e. 60, 120, 240 and 360
min. After predetermined reaction time, the catalyst was separated from the mixture
solution by centrifugation at 5000 rpm for 5 min. The flow diagram of waste
treatment of dye solution was shown in the Figure 3.8.

B. Photo-Fenton process

In this process, the reaction was performed under UV radiation using the similar
mixture of Cu-Alpill-MMTs, RO16 and H,O, as prepared for the Fenton process in
order to determine the effect of UV radiation on the oxidation efficiency. In this
process, the mixture was continuously stirred under 6W UVC-radiation (254 nm; TUV
TL Mini, Philips) for various reaction times, i.e. 30, 60, 90, 120, 240 and 360 min. After
treatment, the Cu-AlpilllMMT was separated from the mixture solution by
centrifugation at 5000 rpm for 5 min. The flow diagram of waste treatment of dye

solution was shown in the Figure 3.9.
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Figure 3.8 Flow diagrams for waste treatment by Fenton reaction.
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Figure 3.9 Flow diagrams for waste treatment by photo Fenton reaction.

3.6 Regeneration method

After adsorption experiments, the Al-pill-tMMT-str and Al-pill-MMT-ultra
adsorbents were filtered from the dye solutions and then washed several times with
distilled water. The adsorbents were dried at 100 °C for overnight and calcined at
700 °C for 2 h in order to thermally regenerate the adsorbents. The thermally
regenerated adsorbents were repeatedly used for the dye adsorption by mixing 0.5 ¢
of adsorbent and 50 ml of BYlaqueous solution using initial dye concentration of
1000 mg/L and contact time of 120 min. In addition, the 2nd-Al-pill-MMTs were
thermally regenerate at 700 °C for 2 h after the second adsorption experiment, and
then characterized by XRD and N, adsorption. A series of regeneration method was
shown in Table 3.4.
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Table 3.4 Series for regeneration method of Alpill-MMT-Con and Alpill-MMT-Ultra

Thermally regenerated condition

Samples Temperature | Time | Number of time for
(°C) (hrs.) calcination

Thermally regenerated an-Al-pillMMT-Z.ﬂ-GO-Str-rt

Thermally regenerated 2nd-Al—pillM MT-2.4-30- 700 = 3
Ultra-20

3.7 Antibacterial activity test

Prior to the antibacterial activity test, 1.5 g of adsorbents was shaped by uniaxial
pressing into cylindrical pellet of 1.3 &+ 0.1 cm in diameter. The adsorbent pellet
was placed in intimate contact with the surface of agar plate that was inoculated
with a cell suspension of Eschericia coli (E.coli) ATCC®25922 and incubated at 37°C
for 24 hrs. This test was performed in triplicate according to the JIS L 1902: 1998
(Qualitative) technique. The presence of and size of any zone of inhibition around

the samples was then recorded.




Chapter 4
Results and Discussions

4.1 Preparation of aluminum polyoxocation solutions

Commonly, the aluminum polyoxocation solution (AlOH) has been derived from
base-hydrolysis of A" solution [1-3], in which various of Al forms Al-OH species were
obtained including small/middle/large polymeric AlOH species, such as Al monomeric,
ALOH),>", ALOH),™, ALOH)s ", Al(OH)15- T, AlOH),™", Alig(OH),+ and Alys(OH)s,  [76).
In this research, the AlOH solutions were prepared by two different methods, i.e.
conventional stirring and ultrasonic assisted methods, in order to study the effect of
preparation method on the AIOH structures. The as-prepared AIOH solutions were
analyzed by Al NMR.

4.1.1 Conventional stirring method

The ALOH solutions were prepared using different OH/Al molar ratios (2.0 and 2.4)
and reaction temperatures (room temperature and 60 °C). All of the as-prepared AlOH
solutions were clear, indicating that there were no A(OH); solid phase formed by partial
hydrolysis of AC" ions. Figure 4.1 shows a strong peak at 6 = 63 ppm in the Al NMR
spectra of all AlOH solutions, corresponding to the chemical shift of [AlOsAl;,(OH),4
(OH2)12]7+ tridecamer cation (Al137+ polyoxocation) [77].  This Alﬁ7+ polyoxocation is
known as e-Keggin structure, composed of one Al atom occupies a central AlO,4
tetrahedral position and the remaining 12 Al atoms occupy equivalent octahedral
positions defined by oxygen, hydroxyl and water ligands as shown in Fig. 4.2 [74, 78].
The pH values of ALOH-2.0-rt-Str, AlOH-2.0-60-Str, AlOH-2.4-rt-Str and AlOH-2.4-60-Str
solutions were 4.23, 3.36, 4.33 and 3.43, respectively. By increasing the temperature, the
pH of AlOH solution was shifted to the acidic side and the Al137+ polyoxocation species
became the predominant species at a given temperature, indicating the kinetics of Alwh
polyoxocation formation was fast [86]. Some research mentioned that the high reaction
temperature higher than 80 °C could intensively promote the formation of AlOH species,
leading to less AL13?+ polyoxocation species [172]. Therefore, the medium high
temperature might be favorable for Al,37+ polyoxocation formation, therefore the

reaction at 60 °C was chosen in this study.
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However, the trace signal of [AL(OH2)6]3+ monomer at 6 = 0 ppm was also observed
in all samples. The peak intensity of the chemical shift at 6 = 0 ppm in both 2.0 and 2.4
OH/AL molar ratios significantly decreased with the increase of reaction temperature
used for the base-hydrolysis of A’ solution. The peak intensity at & = 0 ppm of the 2.0
OH/AL molar ratio was higher than that of the 2.4 OH/Al molar ratio, indicating that the
Al monomeric species (i.e. A(OH)s, Al(OH),", A(OH)*" and [AL(OH2)6]3+) and/or free A" ion
were mainly obtained in the 2.0 OH/Al molar ratio. By contrast, the higher amount of
OH in the 2.4 OH/Al molar ratio could promote base-hydrolysis and Al polymerization,
therefore, the rate of Alm?+ polyoxocation formation in the 2.4 OH/Al molar ratio was
faster than that in the 2.0 OH/AL molar ratio.

From the previous results and discussion, the AlOH solution prepared with the
OH/AlL molar ratio of 2.4 was selected for further preparation of aluminum pillared

montmorillonites.
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Figure 4.1 AU NMR spectra of the AlOH solutions prepared by conventional stirring
method
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Figure 4.2 Basic structure of Al,; &-Keggin

4.1.2 Ultrasonic assisted method

In this part, the AlOH solution was prepared from the starting precursor with the
OH/AL molar ratio of 2.4, in which it was treated with high intensity ultrasonic for various
treatment times, i.e. 10, 20, 30 and 60 mins. Figure 4.3 shows the AU NMR spectra of
the ALOH solutions prepared by ultrasonic assisted methods. The ZTAUNMR spectra of all
ALOH solutions showed the peak at 6 = 0 ppm and & = 63 ppm, corresponding to the
chemical shift of Al monomeric and Al137+ polyoxocation, respectively. The peak
intensity at & = 0 ppm of AlOH-2.4-Ultra-10 was higher than those of AlOH-2.4-Ultra-20,
AlOH-2.4-Ultra-30 and AlOH-2.4-Ultra-60, corresponding to the higher amount of Al
monomeric species and/or free A" ion in the AlOH-2.4-Ultra-10 precursor. The longer
ultrasonic treatment time, the lower peak intensity of & = 0 ppm but the higher peak
intensity of & = 63 ppm were obtained, indicating that the All;,?+ polyoxocation was the
main component in the AlOH-2.4-Ultra-20, AlOH-2.4-Ultra-30 and AlOH-2.4-Ultra-60.

After ultrasonic treatment, the solution temperatures of AlOH-2.4-Ultra-10, AlOH-
2.4-Ultra-20, AlOH-2.4-Ultra-30 and AlOH-2.4-Ultra-60 solutions were increased to 45, 55,
66 and 78 °C, respectively. It can be seen that the temperature increased with
increasing reaction time because the ultrasonic treatment could induce the formation,
growth and collapse of micro-bubbles in the liquid medium, releasing large amount of
energy release and creating the localize high temperatures [173). In addition, the pH
value of ALOH solutions was shifted to the acidic side with the increase of temperature
of AlOH solutions. The pH of AlOH-2.4-Ultra-10, AlOH-2.4-Ultra-20, AlOH-2.4-Ultra-30 and
AlOH-2.4-Ultra-60 solutions were 3.91, 3.66, 3.37 and 3.14, respectively. Hence, the high
reaction temperature could accelerate the formation of Alw?+ polyoxocation as

previously discussed in conventional stirring method section [86]. However, there was
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no significant difference of the peak intensity at 8 = 0 ppm and & = 63 ppm between the
AlOH-2.4-Ultra-30 and AlOH-2.4-Ultra-60. Therefore, the AlOH-2.4-Ultra-30 was used as
Al pillaring solution for preparation of aluminum pillared montmorillonite under

ultrasonic assisted method.
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Figure 4.3 “’Al NMR spectra of the ALOH solutions prepared by ultrasonic assisted

method
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From these results, the Al NMR spectra indicated that the hydrated AU(NOs);
was hydrolyzed by NaOH to [Al(OH2)6]3+ monomers and then condensed to
[ALOQALIZ(OH)M(OHZ)IZ]7+ tridecamers in both stirring and ultrasonic methods, however,
the high power ultrasonic could enhanced the hydrolysis and condensation of ALOH
species, resulting in the shortening of reaction time.

4.2 Preparation of aluminum pillared montmorillonite

In this section, the aluminum pillared montmorillonite (Alpill-MMTs) prepared by
two different methods, i.e. conventional stirring and ultrasonic assisted method, were
characterized in order to investigate the effects of preparation methods on the
structures of Alpill-MMTs.

4.2.1 Conventional stirring method

The Na'-MMT was modified with AlOH-2.4-60-Str solution by conventional stirring
method under two different reaction temperatures i.e. room temperature and 60 °C.

Figure 4.4 shows the XRD patterns of Na'-MMT, Alpill-MMT-2.4-60-Str-rt and Alpill-
MMT-2.4-60-5tr-60. The starting Na'-MMT showed a peak at 260 = 7.12°, corresponded to
dgo; basal spacing of 1.24 nm. When the Na'-MMT was modified with the ALOH solution,
the diffraction peak of 001 plane in the Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-60-
Str-60 was shifted to the lower angle around 5.2° (dgo; = 1.69 nm), indicating the great
expansion of 001 interlayer distance due to the intercalation of Al,3?+ polyoxocation.

These results were in agreement with the chemical composition measured by XRF
as shown in Table 4.1, in which the amount of Al,O; and Al/Si molar ratio in both Alpill-
MMTs were higher than the starting Na'-MMT, insisting on the AL137+ polyoxocation
penetration into the MMT interlayer. In addition, the amount of Na,O in the Alpill-MMT
samples significantly decreased after pillaring processes due to the cation exchange
between Na' and ALHH polyoxocation.

However, the 001 plane peak of the Alpill-MMTs was broader and significantly
lower intensity than that of the starting Na'-MMT. This result was considered to be due
to the structure diversity of Alm7r+ polyoxocation intercalated MMTs as schematically
shown in Fig. 4.5. In Model-(l), the random molecular orientation and inhomogeneous
distribution of Alw?+ polyoxocation in the interlayer space of MMT caused several
interplanar spacing of 001 plane leading to broaden dgy; peak. Modelll) represented

that the intercalation of Al137+ polyoxocation resulted in the disorder and/or
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delamination of MMT tactoids in which it would create the house of card structure after
calcination process [50, 74, 78].

\f\\ _ JJL (©)
L/\ - ,.WJ\w (b)

16 18 20 22
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Figure 4.4 XRD patterns of (a) Na' -MMT, (b) Alpill-MMT-2.4-60-Str-rt and (c) Alpill-MMT-

2.4-60-5tr-60
Na™-MMT
Model-(1)
-0
} dlo\‘ll
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Figure 4.5 Schematic models of Al;; ™ intercalated MMTs and Alpill-MMTs structures



Table 4.1 Chemical composition, basal spacing (dy;), specific surface area (SSA), pore volume and BJH pore diameter of Na" -MMT,

Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-60-Str-60

Chemical composition N, adsorption Basal spacing

Pore

Sample AO; | SO, | NaO | o SSA l BJH pore size oo
i volume

Wt%) | (wtoe) | (wit%) (m’/g) (nm) (nm)

(mUg)
Na'-MMT 11.99 73.44 231 0.19 54 0.20 3.80 1.24
Alpill-MMT-2.4-60-Str-rt 18.46 AT 0.56 0.29 117 0.24 3.80 1.69
Alpill-MMT-2.4-60-Str-60 19.20 71.84 0.49 0.31 120 0.23 3.82 1.69

€9
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Figure 4.6 shows the N, adsorption isotherms of Na -MMT, Alpill-MMT-2.4-60-Str-rt
and Alpill-MMT-2.4-60-Str-60. The specific surface area (SSA), pore volume and pore size
distribution are summarized in Table 1. The SSA values of the unmodified Na'-MMT,
Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-60-Str-60a were 54, 117 and 120 mZ/g,
respectively. The increase of Alpill-MMTs’ SSA was considered to be due to the
calcination of Al,37+ molecules intercalated in the interplanar spacing of MMT, consisting
with the XRD and XRF data.

The isotherms of both Na'-MMT and Alpill-MMTs corresponded to type IV isotherm
in the Brunauer, Deming, Dewing and Teller (BDDT) classification [91, 174], in which the
adsorption curve is steep at saturation pressure and the desorption curve is at
intermediate relative pressure. The hysteresis loop in both isotherms could be classified
as H3 type (IUPAC classification) [175], revealing the mesoporosity (2-50 nm) of plate-like
aggregates with open slit-shaped capillaries and house of card structure. These results
were corroborated with the Model-(l) and Model(ll) purposed in Fig. 4.5. It can be seen
that the general features of Alpill-lMMT isotherms were quite similar to that of the
starting Na'-MMT, however, the amount of nitrogen adsorption in the Alpill-MMTs was
significantly increased.

Figure 4.7 shows the mesopore size distributions of Na'-MMT, Alpill-MMT-2.4-60-Str-rt
and Alpill-MMT-2.4-60-Str-60. The pore size distribution of Na'-MMT was mostly
restricted to about 3.8 nm, while, two modes of distribution of about 3.8 nm and broad
6 - 30 nm were obtained in the Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-60-5tr-60 with
higher pore volumes. These results were in consistent with the broad dgp; peak in the
XRD patterns and the proposed Model-(l) and Model-(Il) as described previously in Fig.
4.5,

It can be seen that there is no significant difference in the dgy;, SSA, pore volume and
BJH pore size distribution of both Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-60-5tr-60,
indicating high temperature was not influence on Al137+ polyoxocation intercalation
efficiency after aging for 24 h. Hence, the Alpill-MMT-2.4-60-Str-rt was further used as an
adsorbent for dye-containing waste treatment in the next section.
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Figure 4.6 Nitrogen adsorption—-desorption isotherms of (a) Na" -MMT, (b) Alpill-MMT-
2.4-60-Str-rt and (c) Alpill-MMT-2.4-60-Str-60
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Figure 4.7 BJH pore size distribution curves of (a) Na" -MMT, (b) Alpill-MMT-2.4-60-Str-
rt and (c) Alpill-MMT-2.4-60-5tr-60
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4.2.2 Ultrasonic assisted method

The Na'-MMT was modified with AlOH-2.4-Ultra-30 solution and treated with high
power ultrasonic for various treatment times, i.e. 10, 20, 30 and 60 min.

Table 4.2 shows the characterization data obtained by XRF, XRD and gas adsorption
analysis of the Na'-MMT and Alpill-MMT products. In the XRF, the Si was considered as
a reference element because it is a structural element of the MMT which is not
supposed to change during the pillaring process [176]. The XRF data showed the
increase of the Al percentage in the Alpill-MMTs when comparing with the starting Na'-
MMT, indicating an effective penetration of Al,37+ polyoxocation into the interlayer of
Na'-MMT. However, the AU/Si molar ratios of all Alpill-MMTs did not change with the
increase of treatment time. These results suggested that the increase of treatment time
could not enhance the efficiency of cation exchange between Na' and Al,;+
polyoxocation. In Fig. 4.8, it can be observed from the XRD patterns of Alpill-MMTs that
the 001 plane shifted to lower 20 angles than that of Na'-MMT, corresponding to the
increase of 001 basal spacing (dgy;), in which the Alpill-MMT-2.4-30-Ultra-20 (1.76 nm)
possessed greater basal spacing than those of Alpill-MMT-2.4-30-Ultra-10 (1.69 nm),
Alpill-MMT-2.4-30-Ultra-30 (1.76 nm) and Alpill-MMT-2.4-30-Ultra-60 (broad peak).

By increase of ultrasonic treatment time, the peak of 001 plane was broadened
with lowering peak intensity. These results indicated that the delamination of MMT
tactoids as explained previously in section 4.2.1. Since the tactoids of Na'-MMT weakly
held together by Van der Walls interaction, therefore, the strong ultrasonic force led to
the formation of Alpill-MMTs with disorder and/or delaminated structures after longer
ultrasonic treatment than 20 min. It was, therefore, the surface area and pore volume
were initially increased after ultrasonic treatment for 10 and 20 min, but significantly
decreased after 30 and 60 min treatments.



Table 4.2 Chemical composition, basal spacing (dy;), specific surface area (SSA), pore volume and BJH pore diameter of Na' -MMT,
Alpill-MMT-2.4-60-Ultra-10, Alpill-MMT-2.4-60-Ultra-20, Alpill-MMT-2.4-60-Ultra-30 and Alpill-MMT-2.4-60-Ultra-60

Chemical composition N, adsorption Basal spacing
Pore )
Sample ALO; SiO, Na,O _ SSA BJH pore size doos
Al/Si 5 volume
(wtoe) | (wt%) | (wt%) (m'/g) (nm) (nm)
(mU/g)
Na'-MMT 11.99 73.44 2.31 0.19 54 0.20 3.80 1.24
Alpill-MMT-2.4-30-Ultra-10 19.81 71.99 0.70 0.32 123 0.22 3.77 1.69
Alpill-MMT-2.4-30-Ultra-20 20.48 171 0.54 0.34 134 0.27 3.80 1.76
Alpill-MMT-2.4-30-Ultra-30 19.68 72.92 0.45 0.32 70 0.20 3.81 1.76
Alpill-MMT-2.4-30-Ultra-60 19.24 71.53 0.43 0.32 52 0.12 3.80 Broad peak
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Figure 4.8 XRD patterns of (a) Na' -MMT, (b) Alpill-MMT-2.4-30-Uultra-10, (c) Alpill-MMT-
2.4-30-Ultra-20, (d) Alpill-MMT-2.4-30-Ultra-30 and (e) Alpill-MMT-2.4-30-
Ultra-60

Figure 4.9 shows the adsorption isotherms of Na' -MMT and all Alpill-MMTs
obtained by ultrasonic method. The Alpill-MMT-2.4-30-Ultra-10 in Fig. 4.9 (b) and Alpill-
MMT-2.4-30-Ultra-20 in Fig. 4.9 (c) show higher N, adsorption than that of the starting
Na'-MMT. Both of Na' -MMT and Alpill-MMTs exhibited type IV isotherms and H3 type
hysteresis loop according to BDDT and IUPAC classification, respectively, in which there
were the characteristics of mesopores with slit-like shape [176-178].

Figure 4.10 shows the BJH pore size distributions of Alpill-MMT-2.4-30-Ultra-10,
Alpill-MMT-2.4-30-Ultra-20, Alpill-MMT-2.4-30-Ultra-30 and Alpill-MMT-2.4-30-Ultra-60. It
can be observed that all of Alpill-MMT-Ultra exhibited the mesopores (2-50 nm) with
mainly pore diameter of about 3.77-3.80 nm as shown in Fig. 4.10 (a)-(d). However, the
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quantity of mesopore with 3.77-3.80 nm of diameter in the Alpill-MMT-ultra were initially
increased after ultrasonic treatment for 10 and 20 min, but significantly decreased after
30 and 60 min treatments. These results suggested that the strong ultrasonic force led
to the formation of MMT disordered staking and/or delamination of MMT tactoids as
described previously. Therefore, the high mesopore sizes ranging from 5 — 35 nm were
also observed in all of Alpill-MMT-Ultra.
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Figure 4.9 Nitrogen adsorption-desorption isotherms of (a) Na' -MMT (b) Alpill-
MMT- 2.4-30-Ultra-10, (c) Alpill-MMT-2.4-30-Ultra-20, (d) Alpill-MMT-
2.4-30-Ultra-30 and (e) Alpill-MMT-2.4-30-Ultra-60
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Figure 4.10 BJH pore size distribution curves of (a) Alpill-MMT-2.4-30-Ultra-10, (b)

Alpill-MMT-2.4-30-Ultra-20, (c) Alpill-MMT-2.4-30-Ultra-30 and (d)
Alpill-MMT-2.4-30-Ultra-60
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The Alpill-MMT-2.4-30-Ultra-20 possesses high dgp; basal spacing, SSA, pore volume
and pore diameter than other Alpill-MMTs. Hence, the Alpill-MMT-2.4-30-Ultra-20 was
used as an adsorbent for dye-containing waste treatment in the next step.

From the preview results, it can be concluded that the ultrasound treatment could
facilitate the intercalation of Al137+ polyoxocation into MMT layers by inducing the
formation and fracture of were bubbles in the liquid medium, in which this
phenomenon created high temperature and pressure, which promoted the dispersion,
expansion and delamination of the MMT tactoids. In comparison with the conventional
method for synthesis of Alpill-MMTs, in section ultrasonic assisted method considerably
reduced the pillaring process, in which the Alpill-MMT prepared by ultrasonic treatment
for 20 min were similar to the Alpil-MMT obtained by prolonged conventional stirring
method (24 hrs).

4.2.3 Dye adsorption

The dye adsorption behavior and capacity of Alpill-MMT prepared by ultrasonic
assisted method (Alpill-MMT-2.4-30-Ultra-20) were determined in comparison with one
prepared by conventional stirring method (Alpill-MMT-2.4-60-Str-rt). The cationic dye, i.e.

Basic Yellow 1 (BY1), was used as an adsorbate model.

A. Effect of adsorbent type
Table 4.3 shows the dye adsorption abilities of Na -MMT, Alpill-MMT-2.4-60-Str-rt
and Alpill-MMT-2.4-30-Ultra-20 using initial dye concentration of 1000 mg/L and contact

time of 120 min. After adsorption treatment, the dye solution became pale yellow to

clear colorless with the reduction of absorbance peak at Avmax Of 413 nm analyzed by
UV-Vis, meaning the amount of BY1 molecules was eliminated from the dye solution.
The percentages of BY1 removal were 46.28, 81.34 and 94.39 % for the Na'-MMT, Alpill-
MMT-2.4-60-Str-rt  and  Alpill-MMT-2.4-30-Ultra-20, respectively, equaling to the
adsorption capacities of 46.28, 81.34 and 94.39 mg/g. Moreover, the BY1 solutions
before and after adsorption treatment were analyzed by TOC analyzer. The amount of
total organic carbon (TOC) was significantly decreased from the initial concentration of
442.30 mg/L to 210.97, 102.82 and 67.07 mg/L when using the Na -MMT, Alpill-MMT-2.4-
60-Str-rt and  Alpill-MMT-2.4-30-Ultra-20 adsorbents, respectively. The TOC data
suggested that the BY1 organic dye was actually removed from the dye solution by the
solid adsorbents, in line with the UV-Vis analysis described previously. The percentages
of TOC removal of Na'-MMT, Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-20
were 52.30, 76.75 and 84.84 %, respectively. It was found that the Alpill-MMTs exhibited
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higher removal percentages than the starting Na -MMT because the presence of Al,03
intercalated molecules in the Alpill-MMTs resulted in higher SSA and pore volume, so
the diffusion of BY1 molecules into the interlayer space was facilitated. In addition, the
highest amount of AlO; in the interlayer of Alpill-MMT-2.4-30-Ultra-20 brought about
the highest adsorption efficiency for BY1 removal.

Table 4.3 Percentage of dye removal, adsorption capacities and percentage of TOC
removal of Na'-MMT, Alpil-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-

20
UV-Vis TOC
Dye removal Ge TOC TOC removal

Sample (%) (mg/g) (mg/L) (%)
BY 1 - - 442.30 -
Na -MMT 46.28 46.28 210.97 52.30
Alpill-MMT-2.4-60-Str-rt 81.34 81.34 102.82 76.75
Alpill-MMT-2.4-30-Ultra-20 94.39 94.39 67.07 84.84

B. Effect of contact time

Figure 4.11 shows the adsorption data of Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-
2.4-30-Ultra-20 adsorbents carried out using initial BY1 concentration of 1000 mg/L under
various contact times, i.e. 30, 60, 90, 120, 150, 180, 210, 240, 270 and 300 min. The
adsorption capacities of Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-20 increased
with an increase of contact time and became constant after 120 min because the
number of free adsorbent surface decreased with filling of BY1 molecules and the free
path in adsorbent pore was also blocked. These results represent the time at which
equilibrium of BY1 adsorption (q.) has been attained. The experimental g. values of
Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-20 were 83.46 and 96.36 mg/g,
respectively. According to these results, the contact times for further adsorption
experiments of both Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-20 were fixed at
120 min.

It can be seen that there are no significant difference in the adsorption capacities
for both adsorbents in the first 30 min contact time because the large number of pores
and free surface area were available for dye adsorption together with free pore volume
for diffusion of dye molecules into the interlayer of adsorbents. However, Alpill-MMT-
2.4-30-Ultra-20 showed higher adsorption capacity than the Alpill-MMT-2.4-60-Str-rt after
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prolonged contact time in the period of 60 - 300 min. These results were attributed to
the presence of multiple pore sizes (wide range of pore size distribution), high pore
volume and high SSA in the Alpill-MMT-2.4-30-Ultra-20 as discussed previously,
facilitating the penetration of more BY1 molecules into the partially occupied interlayer
of Alpill-MMT-2.4-30-Ultra-20.
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Figure 4.11 Effect of contact time on adsorption capacities of Alpill-MMT-2.4-60-Str-rt
and Alpill-MMT-2.4-30-Ultra-20 for BY1 removal (initial BY1 concentration
= 1000 meg/L)

C. Effect of initial dye concentration

Figure 4.12 shows the effect of initial dye concentration on the adsorption
capacities of Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-20 using various initial
concentrations, i.e. 50, 100, 300, 500, 700, 1000, 2000 and 3000 mg/L. For both
adsorbents, the adsorption capacities increased when increasing the initial dye
concentration and reached the maximum capacities at 1000 mg/L. When using initial dye
concentration lower than 500 meg/L, the adsorption capacity of Alpill-MMT-2.4-30-Ultra-
20 was equal to that of Alpill-MMT-2.4-60-Str-rt because the content of BY1 molecules
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was lower than the adsorption sites in the adsorbents. Besides, the Alpill-MMT-2.4-30-
Ultra-20 exhibited higher adsorption capacity than the Alpill-MMT-2.4-60-Str-rt when
using high initial dye concentration (>500 mg/L) due to their higher SSA, pore size and
pore volume as similarly explained in the effect of the contact time. These adsorption

data were used for determination of adsorption isotherm.
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Figure 4.12 Effect of the initial dye concentration on adsorption capacities of Alpill-
MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-20 for BY1 removal
(contact time = 120 min)

D. Adsorption kinetics

The experimental data from varying contact time were used to evaluate the kinetic
parameters corresponding to equations (3) and (4). Figure 4.13 and 4.14 respectively
show the linear plots of pseudo-first-order and pseudo-second-order models for both
Alpill-MMT-2.4-60-Str-rt  and  Alpill-MMT-2.4-30-Ultra-20  systems. All calculated
parameters from the linear plots were summarized in Table 4.4.
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The pseudo-first-order rate constant (k;) of Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-
2.4-30-Ultra-20 were 0.015 and 0.026 min'l, respectively. It can be seen that the linear
correlation coefficients (Rz) of Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-20 in
the pseudo-first-order model were 0.1919 and 0.7164, respectively. These R values
were significantly lower than unity, suggesting that the adsorption mechanism of Alpill-
MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-20 did not obey to the pseudo-first order
model.

In contrast, the R’ values from the linear plots of pseudo-second-order model were
close to unity for both Alpill-MMT-2.4-60-Str-rt (R* = 0.9970) and Alpill-MMT-2.4-30-Ultra-
20 (R2 = 0.9953) systems. It was, therefore, the calculated g, values of Alpill-MMT-2.4-
60-Str-rt and Alpill-MMT-2.4-30-Ultra-20 were matched with the experimental g, values.
It was cleared that the mechanism of BY1 adsorption on Alpill-MMT-2.4-60-Str-rt and
Alpill-MMT-2.4-30-Ultra-20 corresponded to the pseudo-second-order model, implying to
the chemical adsorption.

In addition, the Alpill-MMT-2.4-30-Ultra-20 possessed lower pseudo-second-order
rate constant (k) but higher equilibrium adsorption capacity than the Alpill-MMT-2.4-60-
Str-rt, indicating that the AlpilllMMT-2.4-30-Ultra-20 possessed higher BY1 adsorption
efficiency.
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Figure 4.13 Pseudo-first-order of Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-
20 for BY1 removal
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Figure 4.14 Pseudo-second-order of Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-
Ultra-20 for BY1 removal
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Table 4.4 Kinetic adsorption parameters for BY1 adsorption onto Alpill-MMT-2.4-60-Str-
rt and Alpill-MMT-2.4-30-Ultra-20

Pseudo-Second-Order
(me/g)
Adsorbent . ) w3 k; Qe 2
experimental ) R
(g/mg-min) | (me/g)
Alpill-MMT-2.4-60-Str-rt 83.46 0.0014 84.74 | 0.9970
Alpill-MMT-2.4-30-Ultra-20 96.36 0.0007 101.01 | 0.9953
4 3 t

* —
@) as — = —— o —
e was calculated from equation (4) as o Bt T a

E. Adsorption isotherms

The adsorption isotherm data were calculated according to Langmuir and
Freundlich adsorption models as their linear plots in Fig. 4.15 and 4.16, respectively. All
calculated isotherm parameters were summarized in Table 4.5.

From the linear equation of Langmuir isotherm, the calculated g,, of Alpill-MMT-
2.4-30-Ultra-20 was higher than that of Alpill-MMT-2.4-60-Str-rt, in which these calculated
values were close to the highest adsorption capacities from experimental data as shown
in Fig. 4.12. In addition, the R, values of both adsorbents were in the range of 0 - 1,
indicating favorable interaction between the BY1 molecules and both Alpill-MMTs.

In the case of Freundlich calculation, both AlpillMMT adsorbents showed the
values of n greater than 1, reflecting a strong bond between the adsorbent and the
adsorbate [179]. However, the value for correlation coefficient (RZ) of linear plots for
both Alpill-MMT adsorbents deviated from unity, implying that the adsorption of Alpill-
MMT did not obey the Freundlich model. Therefore, these results suggested that the
BY1 molecules were assumed to be monolayer adsorbed on the surface of Alpil-MMT
adsorbents. It was because the molecular diameter of BY1 molecule (3.5 & 0.5 nm)
[180] is close to the average pore diameter of Alpill-MMTs (3.8 nm) as shown in Fig. 4.7
and 4.10.
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Figure 4.15 Langmuir isotherms of Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-
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Figure 4.16 Freundlich isotherms of Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-

20 for BY1 removal
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Table 4.5 Langmuir and Freundlich parameters for BY1 adsorption onto Alpill-MMT-2.4-
60-Str-rt and Alpill-MMT-2.4-30-Ultra-20

Langmuir isotherm
Parameters Alpill-MMT-2.4-60-Str-rt Alpill-MMT-2.4-30-Ultra-20
Linear
] y = 0.0123x + 0.1359 y = 0.0104x + 0.0761
equation
Qm (me/s) 81.30 96.15
K, (L/mg) 0.09 0.14
Re 0.004 - 0.18 0.002 - 0.13
R’ 0.9999 0.9999
Freundlich isotherm
Parameters Alpill-MMT-2.4-60-Str-rt Alpill-MMT-2.4-30-Ultra-20
Linear
, y = 0.3235x + 1.0345 y = 0.3196x + 1.1543
equation
Ke (mg/g) 10.83 14.27
n 3.09 313
R’ 0.8515 0.8086

F. Regeneration

Table 4.6 shows the adsorption capacity of the as-prepared Alpill-MMTs for BY1
removal in comparison with those of the Alpill-MMTs after 1" and 2™ thermal
regeneration, denoted as lﬂ—AlpiLl—MMTs and an—AlpiLL—MMTs, respectively.  The
adsorption capacities of the Alpill-MMTs gradually decreased after thermal regeneration.
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Table 4.6 Adsorption capacity (g.) and reduction percentage of g, of Alpill-MMT-2.4-60-
Str-rt and Alpill-MMT-2.4-30-Ultra-20 after thermal regeneration

Adsorption capacity (ge, mg/g) % reduction of ge*
Alpill-MMT-2.4- | Alpill-MMT-2.4- | Alpill-MMT-2.4- | Alpill-MMT-2.4-30-
Adsorbent 60-Str-rt 30-Ultra-20 60-Str-rt Ultra-20
As-prepared 81.34 94.39 - -
1" regeneration 76.63 90.14 5.8 4.5
an regeneration 69.95 84.22 14.0 10.8

Table 4.7 Specific surface area (SSA), pore volume and BJH pore diameter of thermally
regenerated 2nd-Alpill-MMTs

N, adsorption

BJH pore
Sample SSA | Pore volume '
2 Size
(m/g) (ml/e)

(nm)

Alpill-MMT-2.8-60-Str-rt 117 0.24 3.80
2" _ Alpill-MMT-2.4-60-Str-rt 81 0.20 3.84
Alpill-MMT-2.4-30-Ultra-20 134 0.27 3.80
2™ - Alpill-MMT-2.4-30-Ultra-20 | 93 0.24 3.81

* 9% reduction of g, =

Qe (as—prepared)

Qe (as—prepared)—9e (as—prepared) x 100

In addition, the 2nd—AlpiLl-MMTs were thermally regenerate at 700 °C for 2 hrs after
the second adsorption experiment, and then characterized by XRD and N, adsorption. It
was found that the SSA values of both regenerated Alpill-MMTs were lower than the as-
prepared Alpill-lMMTs as shown in Table 4.7. The SSA reduction of thermally regenerate
Alpill-MMTs was attributed to the presence of thermally degraded residuals of BY1, i.e.
carbonaceous and sulfur products, resulting in the lowering of adsorption capacities.

Besides, the dpy; basal spacing and BJH pore size distribution of the regenerated
Alpill-MMTs shown in Fig. 4.17 were not significantly different from those of the as-
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prepared Alpill-MMTs. These results exhibited the unchanged pore structures of Alpill-
MMTs after several cycles of adsorption and regeneration.

The thermally regenerated Alpill-MMT-2.4-30-Ultra-20 showed higher adsorption
capacities than the regenerated Alpill-MMT-2.4-60-Str-rt. These results were ascribed to
the effect of different pore size and pore structure between the Alpill-MMT-2.4-60-Str-rt
and the Alpill-MMT-2.4-30-Ultra-20.  Alpill-MMT-2.4-60-Str-rt mainly possessed the
mesopores with almost average diameter of about 3.8 nm, in which they might be
partially blocked with thermally degraded residuals of BY1 after regeneration. On the
other hand, the multiple pore sizes ranging from 3 - 30 nm in the Alpill-MMT-2.4-30-
Ultra-20 could facilitate the migration and liberation of the degraded products from the
interior pores of Alpill-MMT-2.4-30-Ultra-20.

From the adsorption experiments, it can be concluded that the Alpill-MMT
prepared by ultrasonic assisted method exhibited higher adsorption capacity than the
Alpill-MMT prepared by the conventional stirring method when using the 2000 mg/L BY1
as the adsorbate. Hence, the Alpill-MMT-2.4-30-Ultra-20 was further applied as the
adsorbent for the dye removal experiment using the continuous process in section 4.2.3
(G). In addition, we have been interested in enhancing the decolorization efficiency of
the Alpill-MMT-2.4-60-Str-rt by doping with copper (Il) in section 4.3.
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1 -a- Thermally regenerated 2"-Alpill-MMT-2.4-60-Str-rt
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Pore diameter (nm)

Figure 4.17 (a) XRD patterns and (b) BJH pore size distribution of thermally regenerated
2" Alpil-MMTs
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G. Continuous process

The continuous adsorption experiment was carried out using the glass column
packed with the Alpill-MMT-2.4-30-Ultra-20 adsorbent in order to evaluate the efficiency
of Alpill-MMT-2.4-30-Ultra-20 for removal BY1 molecules from the aqueous solution.
The 300 mg/L BY1 solution was continuously fed into the column using rate of about 2
ml/min at room temperature. The treated solution was collected at regular time
intervals and further determined the BY1 concentration in the evaluate by UV-vis
spectrometer. Figure 4.18 shows the break through curve for continuous BY1 removal in
the fixed-bed Alpill-MMT-2.4-30-Ultra-20 column. It can be seen that there were three
periods of breakthrough curve for BY1 on Alpill-MMT-2.4-30-Ultra-20. In the first period
(I, 10-120 ml of evaluate), the concentration for BY1 decreased from 300 mg/L (initial
concentration) to 0.3-6.0 mg/L. The percentage of BY1 removal and adsorption capacity
in the period | were ~99% and ~35.78 mg/g, respectively, indicating the favorable
interaction (Chemisorption) between the BY1 molecules and Alpill-MMT-2.4-30-Ultra-20.

In period Il, it can be seen that there were significant difference in the
concentration of treated BY1 solution when increasing the feed volume from 120 to 130
ml, in which the percentage of BY1 removal decreased from 98% to 71%. After that, the
BY1 concentration in the evaluate slightly increased when increasing the feed volume to
350 ml because of the reduction of free surface area for BY1 adsorption. The BY1
removal data in period Il suggested that the adsorption mechanism in period Il was
assumed to be mainly physical interaction (Physisorption) between the free BY1
molecules and the previously adsorbed BY1 molecules in free pore volume of Alpill-
MMT-2.4-30-Ultra-20 adsorbent. This physisorption was in agreement with the presence
of multiple pore sizes (6-30 nm) in the Alpill-MMT-2.4-30-Ultra-20 as discussed
previously in Fig. 4.10 (b).

In period Ill, the BY1 concentration in the evaluate was steeply increased when
the feed volume increased from 350 to 360 ml, then gradually increased when the feed
volume increased from 360-570 ml and became constant after the feed volume was
higher than 580 ml. It can be seen that the BY1 concentration in the evaluate between
the feed volumes from 580 to 700 ml was almost equal to 300 mg/L of initial BY1
concentration. The low BY1 removal in period lll was because the number of free
adsorbent surface decreased with the filling of BY1 molecules and the free path in
adsorbent pore was also blocked. Therefore, the adsorption mechanism in this period

was mostly occurred at the void space between particles of Alpill-MMT-2.4-30-Ultra-20.
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The adsorption capacities of the Alpill-MMT-2.4-30-Ultra-20 in batch and
continuous adsorption processes were 96.15 and 83.83 mg/g, respectively as shown in
Table 4.8. It can be seen that the adsorption efficiency in the continuous adsorption
process was slightly lower than that of the batch adsorption process because the
contact time between the BY1 molecules and the adsorbent in the continuous
adsorption process was low.
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Figure 4.18 Break through curve analysis for fixed-bed adsorption of BY1 using the Alpill-MMT-2.4-30-Ultra-20 adsorbent

Table 4.8 The adsorption capacities of the Alpill-MMT-2.4-30-Ultra-20 in batch and continuous adsorption processes

Breakthrough volume G (Mmg/9) % . .
Sample _ % Utilazation
(mU) batch process | continuous process | Reduction
Alpill-MMT-2.4-30-Ultra-20 120 96.15 83.83 12.81 87.18

G8
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4.3 Preparation of copper doped aluminium pillared montmorillonite

In this section, the copper doped aluminium pillared montmorillonite (Cu-Alpill-
MMTs) were prepared by two different methods, i.e. ultrasonic assisted adsorption and
impregnation method, in order to study the effect of preparation method on their

porosity structures and decolorization activities.

4.3.1 Ultrasonic assisted adsorption method

In this section, two different starting precursors were used for preparation of Cu-
Alpill-lMMTs by ultrasonic assisted adsorption, i.e. AlOH-MMT-2.4-60-Str-rt* and Alpill-
MMT-2.4-60-Str-rt**.

The AIOH-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-60-Str-rt precursor were dispersed in
the aqueous solution of copper solution with ultrasonic treatment, and then calcined.
The calcined products of AlOH-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-60-Str-rt precursor
were denoted as Cu-ads-Alpill-MMT1 and Cu-ads-Alpill-MMT2, respectively.

A. Characterization of copper doped aluminium pillared montmorillonite

The chemical compositions and XRD patterns of AIOH-MMT-2.4-60-Str-rt, Alpill-
MMT-2.4-60-Str-rt, Cu-ads-Alpill-MMT1 and Cu-ads-Alpill-MMT2 are respectively shown in
Table 4.9 and Fig. 4.19. The main components of the starting Na'-MMT were Al,O; and
SiO, of phyllosilicate structure accompanying with a trace of Na,O from the Na'
interlayer counterions. In Fig. 4.8 (a), the crystalline peak at 20 = T:12% corresponded to
the 001 plane interlayer spacing (dpy;) of Na'-MMT, in which the interlayer distance
calculated from Braggs’ equation was 1.24 nm.

*  AlOH-MMT-2.4-60-Str-rt was prepared by conventional stirring method in section 3.4.3
(A)

** Alpill-MMT-2.4-60-Str-rt was prepared by conventional stirring method in section 3.4.3
(A)
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@ MMT e CuO

. (d)

Figure 4.19 XRD patterns of (a) AlOH-MMT-2.4-60-Str-rt, (b) Cu-ads-Alpill-MMT1, (c)
Alpill-MMT-2.4-60-Str-rt and (d) Cu-ads-Alpill-MMT2



Table 4.9 Chemical composition, basal spacing (dy,), specific surface area (SSA), pore volume and BJH pore diameter of AlOH-MMT-

2.4-60-Str-rt, Alpill-MMT-2.4-60-Str-rt, Cu-ads-Alpill-MMT1 and Cu-ads-Alpill-MMT2

Chemical composition

N, adsorption

Basal spacing

Sample
) ) , Pore BJH pore
Al203 SIOZ Nazo CuO Al/SI Cu/Si SSA . do()j
) , 2 volume size
(Wt%) | (wt%) [ (wt%) | (wit%) | molar ratio | molar ratio | (m'/g) 3 (nm)
(cm'/g) (nm)
AlOH-MMT-2.4-60-str-rt 18.44 | 7368 | 0.50 | 0.00 0.29 0.00 n/a n/a n/a 1.74
Alpill-MMT-2.4-60-Str-rt 18.46 | 73.57 | 0.56 0.00 0.29 0.00 117 0.24 3.80 1.69
Cu-ads-Alpill-MMT1 15.50 | 56.20 [ 0.43 | 25.50 0.32 0.34 12 0.10 4.24 Broad peak
Cu-ads-Alpill-MMT2 19.00 | 69.56 | 0.49 | 13.20 0.31 0.15 83 0.21 3.78 Broad peak

88
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The dpg; values of the AlOH-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-60-Str-rt precursor
were 1.74 and 1.69 nm, respectively, corresponding to the presence of Al137+ Keggin ions
and Al,O; in the starting precursors as previously discussed and shown in Fig. 4.20.

Since, the structures of AlOH-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-60-Str-rt
possessed the random molecular orientation and inhomogeneous distribution, resulting
in multi-interplanar spacing as schematically shown in Fig. 4.20. When the Cu (Il) was
doped into the ALOH-MMT-2.4-60-Str-rt, Alpill-MMT-2.4-60-Str-rt using the ultrasonic
treatment, the CuO component could be measured in the Cu-ads-Alpill-MMT products.
Moreover, the sample prepared from the AIOH-MMT-2.4-60-Str-rt precursor (Cu-ads-
Alpill-MMT1) possessed higher CuO and Cu/Si molar ratio than the sample prepared
from the Alpill-MMT-2.4-60-Str-rt precursor (Cu-ads-Alpil-MMT2). The higher dy; value
of Cu-ads-Alpill-MMT1 brought about the higher efficiency for Cu (ll) adsorption,
corresponding to the XRD and XRF data. However, the relative amounts of Al,O; and
SiO, and the AUSI molar ratio in the Cu-ads-Alpill-MMTs were hardly changed in
comparison with those in the AlOH-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-60-Str-rt. In Fig.
4.19 (b) and (d), the dyy; crystalline peak observed was broadened with slight declining
peak intensity. In addition, a crystalline peak observed at 26 = 35.5° was indentified to
CuO phase. These results suggested that the pillared structure of Cu-ads-Alpill-MMTs
remain unchanged during the Cu (Il) doping process even it was treated with the high
intensity ultrasonic processor, implying to the structural stability of the as-prepared
ALOH-MMT and Alpill-MMT.

The doped Cu (Il) was considered to partially occupy both internal and external
surfaces of the AlOH-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-60-Str-rt  precursor  as
schematically shown in Fig. 4.20. These results were in agreement with the regular
distribution of Cu element observed on the surfaces of both Cu-ads-Alpill-MMT1and Cu-
ads-Alpill-MMT2 as shown in SEM micrographs of Cu mapping (Fig. 4.21). It can be seen
that the Cu-ads-Alpill-MMT1 possessed higher quantity of Cu in the EDX mapping than
the Cu-ads-Alpill-MMT2.
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(a) (b)

Figure 4.21 SEM micrographs of Cu mapping of (a) Cu-ads-Alpill-MMT1 and (b) Cu-
ads-Alpill-MMT2

Figure 4.22 shows the N, adsorption isotherm of Cu-ads-Alpill-MMT1 in
comparison with that of the Cu-ads-Alpill-MMT2, in which their SSA, pore volume and
BJH pore diameter were summarized in Table 4.9. Both isotherms corresponded to
type IV isotherm in the Brunauer-Deming-Dewing-Teller (BDDT) classification [91]. The
volume of N, adsorption in the Cu-ads-Alpill-MMT1 was lower than that in the Cu-
ads-Alpill-MMT2, in which it was in agreement with the reduction of SSA and pore
volume. These results were considered to be due to the presence of CuO occupied
the internal surface of Cu-ads-Alpill-MMTs samples. Moreover, the SSA and pore
volume of Cu-ads-Alpill-MMT1 was lower than Alpill-MMT-2.4-60-5tr-rt.

The hysteresis loop isotherms of both Cu-ads-Alpill-MMT1 and Cu-ads-Alpill-
MMT2 could be classified according to the IUPAC classification as H3 type [181]. The
H3 type represented the structure of mesoporosity (2-50 nm), having pore geometry
of slit-like. Both of Cu-ads-Alpill-MMT1 and Cu-ads-Alpill-MMT2 possessed the
mesopores with almost average diameter of about 3.8 nm in the BJH pore size
distribution diagram as shown in Fig. 4.23. It can be seen that the quantity of pores
with diameter of 3.8 nm in the Cu-Alpill-MMT decreased in concomitance with an
increase of pores with diameter ranging from 6 to 30 nm, representing the
nanoporous structure with multiple pore sizes as schematically purposed in Fig. 4.20.
This result was considered to be because the pores of Cu-ads-Alpill-MMTs were

encumbered with CuO.
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B. Dye removal

B.1 Batch adsorption process

Table 4.10 shows the BY1 and RO16 removal capacities of Alpill-MMT-2.4-60-Str-
rt, Cu-ads-Alpill-MMT1 and Cu-ads-Alpill-MMT2 adsorbents using batch adsorption
process. It can be seen that all of adsorbents more preferably adsorbed the BY1
adsorbate than the RO16 adsorbate. Although the initial concentration of BY1 was
500 mg/L, the Alpill-MMT-2.4-60-Str-rt, Cu-ads-Alpill-MMT1 and Cu-ads-Alpill-MMT2
exhibited very high percentage of dye removal, i.e. ~94%, ~87% and ~89%,
respectively. In addition, the significant reduction of TOC values was obtained after
treatment the BY1 solution with all Alpill-MMT-2.4-60-Str-rt (~90%), Cu-ads-Alpill-
MMT1 (~80%) and Cu-ads-Alpill-MMT2 (~85%) adsorbents, indicating the successful
removal of BY1 molecules from the dye solution by the solid adsorbents. The
adsorption capacities of Alpill-MMT-2.4-60-Str-rt, Cu-ads-Alpill-MMT1 and Cu-ads-
Alpill-MMT2 for BY1 removal reached about 47.19, 4395 and 4455 mg/g,
respectively. On the other hand, the percentages of dye removal and TOC removal
were somewhat low in the RO16 system for all Alpill-MMT-2.4-60-Str-rt, Cu-ads-Alpill-
MMT1 and Cu-ads-Alpill-MMT2 adsorbents even the initial concentration was just 300
mg/L. The adsorption capacities of Alpill-MMT-2.4-60-Str-rt, Cu-ads-Alpill-MMT1 and
Cu-ads-Alpill-MMT2 were 1.09 mg/g, 1.17 mg/g and 1.16 meg/g, respectively. These
results were because the Alpill-MMT-2.4-60-Str-rt, Cu-ads-Alpill-MMT1 and Cu-ads-
Alpill-MMT2 possessed negative charged sites throughout their structures, in which
the zeta-potential values of Alpill-MMT-2.4-60-Str-rt, Cu-ads-Alpill-MMT1 and Cu-ads-
Alpill-MMT2 were -28, -5 and -5 mV, respectively. It was, therefore, the Alpill-MMT-
2.4-60-Str-rt, Cu-ads-Alpill-lMMT1 and Cu-ads-Alpill-MMT2 could uptake the BY1
molecules from the dye solution into their interlayer spaces and/or onto the
external surfaces via the electrostatic interaction between the negative surfaces of
adsorbents and the positive charged BY1 adsorbate. Besides, the RO16 is an anionic
water soluble dye, so the RO16 molecules hardly interacted with the Alpill-MMT-2.4-
60-Str-rt, Cu-ads-Alpill-MMT1 and Cu-ads-Alpill-MMT2 adsorbents. In addition, the
molecular size of BY1 was smaller than that of RO16; therefore, the BY1 could easily
migrate and adsorb in the nanopores of Alpill-MMT-2.4-60-Str-rt, Cu-ads-Alpill-MMT1
and Cu-ads-Alpill-MMT2 adsorbates.



Table 4.10 Percentage of dye removal, adsorption capacity (g;), TOC and percentage of TOC removal of Alpill-MMT-2.4-60-Str-rt, Cu-
ads-Alpill-MMT1 and Cu-ads-Alpill-MMT2 adsorbents in the batch adsorption process

UV-Vis TOC
Dye adsorbate Adsorbent
Dye removal (%) q: (mg/g) TOC (mg/L) | TOC removal (%)
Alpill-MMT-2.4-60-Str-rt 94.39 47.19 19.03 90.18
BY1°® Cu-ads-Alpill-MMT1 87.89 43.95 33.74 82.60
Cu-ads-Alpil-MMT2 89.10 44.55 21.90 85.61
Alpill-MMT-2.4-60-Str-rt 3.64 1.09 83.66 2.47
RO16" Cu-ads-Alpil-MMT1 391 1.17 82.03 4.37
Cu-ads-Alpill-MMT2 3.85 1.16 82.06 4.34

? Initial concentration of BY1 = 500 mg/L (TOC = 193.9 me/L)

 Initial concentration of RO16 = 300 mg/L (TOC = 85.78mg/L)

b6
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In the BY1 system, the Alpill-MMT-2.4-60-Str-rt exhibited the superior removal
capacity than the Cu-ads-Alpill-tMMT1 and Cu-ads-AlpilllMMT2 because the former had
higher SSA and pore volume than the latter as discussed previously. Likewise, the Cu-
ads-Alpill-MMT2 with higher SSA and pore volume than the Cu-ads-Alpill-MMT1,
therefore, the Cu-ads-Alpill-MMT2 exhibited the highest adsorption efficiency for BY1
removal. On the other hand, the RO16 adsorption capacity of Cu-ads-Alpill-MMTs was
slightly higher than that of the Alpill-MMT-2.4-60-Str-rt. This result was attributed to the
lowering of negative charge in the Cu-ads-Alpill-MMTs, so that it could adsorb higher
amount of anionic RO16 molecules than the Alpill-MMT-2.4-60-Str-rt. However, the
batch adsorption process using Alpill-MMT-2.4-60-Str-rt, Cu-ads-Alpill-MMT1 and Cu-ads-
Alpill-MMT2 adsorbates were inappropriate for elimination of RO16 molecules from the
dye solution; therefore, the catalytic oxidation system of Cu-ads-Alpill-MMTs was
developed in order to enhance the efficiency of RO16 removal.

B.2 Catalytic oxidation process

B.2.1 Fenton process

Figure 4.24 present the percentages of color and TOC removals when the Alpill-
MMT-2.4-60-Str-rt, Cu-ads-AlpilllMMT1 and Cu-ads-AlpillMMT2 were used as
heterogeneous reagent for elimination of RO16 in the presence of H,0,. In the Alpill-
MMT-2.4-60-Str-rt/H,0, system, the percentage of color removal gradually increased with
the increase of reaction time and reached about 16.25% in 360 min. This result was
attributed to the presence of H,0, which could generate highly reactive «OH radicals.
These radicals were then reacted with the aromatic rings and chromophores of RO16,
resulting in the decolorization of RO16 solution. However, the percentage of color
removal significantly increased and reached around 70-80% in the first 60 min of
treatment when the Cu-ads-Alpill-MMTs/H,0, were used, while the percentage of TOC
removal reached around 40-60%. These results suggested that the presence of CuO in
the Cu-ads-Alpill-MMTs significantly enhanced the efficiencies of color and TOC removals
because the CuO could act as the heterogeneous catalyst for the decomposition of
H,O,, in which this system was commonly known as Fenton process. The Cu”*ions were
considered to leach out from the CuO in the Cu-Alpill-MMT and then reacted with the
H,0,, leading to the formation of strong oxidizing species as shown in the chemical
equations (4.1) and (4.2). At the first stage (Eq.4), the H,O, decomposition with cu®
resulted in the formation of hydroperoxyl radical (HOOs) and Cu”, then the Cu” reactive
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intermediate further reacted with the H,O,, producing the cu” and HO- in the second
stage (Eq.4.2) [154-155].

cu” +H,0, = Cu" +HOOs + H' (4.1)
cu' +H,0, = Cu™ + HO» + OH (4.2)

These reactive radicals could oxidize the RO16 molecules which adsorbed in the
nanoporous structure of Cu-ads-Alpill-MMTs and the dissolved molecules in the vicinity
of Cu-ads-Alpill-MMTs. From these results, the Cu-ads-Alpill-MMT1 exhibited higher
decolorization and TOC removal percentages than the Cu-ads-Alpill-MMT2 because the
Cu-ads-Alpill-MMT1 possessed the highest amount of CuO occupied on both internal
and external surfaces as shown in the XRF data and the SEM Cu mapping image.

In the catalytic oxidation treatment, the degradation of RO16 was considered to be
the azo linkage (-N=N-) cleavage and aromatic degradation, resulting in the drastic
decolorization of RO16 solution in the earlier stage of treatment. However, the
percentage of TOC removal in the first 60 min of treatment was lower than that of color
removal. These results suggested that the RO16 molecules were firstly degraded to
smaller molecules of organic compounds and then partially mineralized to CO,, H,0,
etc. The longer the reaction time, the higher percentages of color and TOC removals
were obtained until they reached about 98% removals in 360-min treatment. These
results indicate that the complete mineralization of RO16 was obtained after prolonged
treatment in the Cu-Alpill-MMT/H,0, system.
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Figure 4.24 Efficiency of RO16 elimination of Cu-ads-Alpill-MMTs in Fenton process: (a)

percentage of color removal and (b) percentage of TOC removal
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B.2.2 Photo-Fenton process

The efficiency of Cu-ads-Alpill-MMT1 and Cu-ads-Alpill-MMT2 for RO16 elimination
in the presence of H;0, and UV radiation, known as photo-Fenton process, was shown in
Fig. 4.25. It can be seen that the percentages of color and TOC removals rapidly
increased and respectively reached around 96-98% and 91-95% even the treatment was
performed for 30 min. The complete decolorization and mineralization of RO16 solution
were achieved after 60-min treatment with the Cu-ads-Alpill-MMTs/H,0,/UV process.
However, the percentage of color and TOC removals were hardly different between Cu-
ads-Alpill-MMT1 and Cu-ads-Alpill-MMT2 under photo Fenton treatment.

The RO16 elimination in the Cu-ads-Alpill-MMTs/H,0,/UV system was six times
faster than the conventional Fenton system of Cu-ads-Alpill-MMTs/H,0,. These results
were attributed to the activation of UV radiation on the formation of more HOe radicals
from the decomposition of water molecules with Cuz+ and the dissociation of H,0, as
respectively shown in the chemical equations (Eq.4.3) and (Eq.4.4) [160].

hv

W +HO = Cu +HOe+H' (4.3)
hv
H,0, —> 2HO- (4.0)

In addition, the Cu” intermediate produced in equation (Eg.6) could further reacted
with the H,O, as previously shown in equation (Eq.4.2). The higher quantity of HOe
radicals, the faster catalytic oxidation of RO16 was obtained in the Cu-ads-Alpill-
MMTs/H,0,/UV system.

The capability of BY1 and RO16 elimination suggested the competency of Cu-ads-

Alpill-MMTs for treatment of wastewater containing various kinds of dyestuffs.
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4.3.2 Impregnation method

The Cu-im-Alpill-MMTs were prepared by impregnation of the copper (Il) solution
into the dried ALOH-MMT-2.4-60-Str-rt using various copper (ll) loading, i.e. 4, 7, 10 and 13
wt%, and then calcined. The calcined products with the copper loading of 4, 7, 10 and
13 wt% were denoted as Cu-im-Alpill-MMT-4wt%, Cu-im-Alpill-MMT-7wt%, Cu-im-Alpill-
MMT-10wt% and Cu-im-Alpill-MMT-13wt%, respectively.

A. Characterization of copper doped aluminium pillared montmorillonite

Figure 4.26 shows the XRD patterns of Cu-im-Alpill-MMTs are shown in comparison
with the AlOH-MMT-2.4-60-Str-rt precursor. The dy; value of AlOH-MMT-2.4-60-Str-rt was
1.73 as summarized in Table 4.11. After Cu’’ impregnation into the AlOH-MMT-2.4-60-
Str-rt and calcination, the dyy; peak almost disappeared from the XRD patterns of all Cu-
Im-Alpill-MMTs as shown in Fig. 4.26 (b) - 4.26 (e). These results suggested that the
impregnated cu” could penetrate into the interlayer space of AIOH-MMT-2.4-60-5tr-rt,
bringing about the delamination of MMT tactoids. The impregnated cu”* was calcined to
CuO, therefore, the crystalline peak of CuO phase was also observed in the XRD patterns
of all Cu-iAlpill-MMTs at 28 = 35.5°. The presence of impregnated CuO in the Cu-im-
Alpill-MMTs was also detected by the XRF analyses as reported in Table 1. The
increases of CuO amount and Cu/Si molar ratio in the Cu-im-AlpilltMMTs were in
agreement with the Cu”*amount used in the impregnation process.
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Figure 4.26 XRD patterns of (a) ALOH-MMT-2.4-60-Str-rt, (b) Cu-im-Alpill-MMT-4wt%, (c)
Cu-im-Alpill-MMT-7wt%, (d) Cu-im-Alpill-MMT-10wt% and (e) Cu-im-Alpill-

MMT-13wt%



Table 4.11 Chemical composition, basal spacing (dg;), specific surface area (SSA), pore volume and BJH pore diameter of AlOH-
MMT-2.4-60-str-rt, Cu-im-Alpil-MMT-1wt%, Cu-im-Alpill-MMT-7wt%, Cu-im-Alpill-MMT-10 wt% and Cu-im-Alpill-MMT-

13 wt%
Chemical composition N, adsorption Basal spacing
Sample
) Pore .
ALO; | SIO, | Na,O | CuO AVSI Cu/Si SSA . BJH pore size doos
volume
(Wt9%) | (wt%) | (wt%) | (wt%) | molar ratio | molar ratio (mzlg) EA (nm) (nm)
cm/g
ALOH-MMT-2.4-60-str-rt 19.24 | 71.53 | 0.43 0.00 0.32 n/a n/a n/a n/a 1.73
Cu-im-Alpill-MMT-4 wt% 16.17 | 66.65 | 0.22 4.921 0.29 0.06 87 0.19 379 Broad peak
Cu-im-Alpill-MMT-7 wt% 1583 | 61.65 | 0.23 | 8.353 0.30 0.10 40 0.17 3.79 Broad peak
Cu-im-Alpill-MMT-10 wt% | 14.98 | 56.23 | 0.14 | 12.132 0.31 0.16 30 0.16 3.79 Broad peak
Cu-im-Alpill-MMT-13 wt% | 13.95 | 50.56 | 0.16 | 15.401 0.32 0.23 31 0.06 3.34 Broad peak

¢01
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Figure 4.27 shows the SEM micrographs of the Cu-im-Alpill-MMT surfaces with their
Cu mapping images. The regular distribution of Cu was observed on the surfaces of all
Cu-im-Alpill-MMT samples, suggesting that the impregnated cu” ions occupied not only
the ALOH-MMT interlayers but also the AIOH-MMT surfaces. The quantity of Cu
observed on the EDX mappings increased with the increase of cu”"amount used in the
impregnation process.

Figure 4.28 shows the N, adsorption isotherms of the starting Na'-MMT and all Cu-
im-Alpill-MMTs. The adsorption isotherms of Na'-MMT and Cu-im-Alpill-MMTs could be
classified as type IV isotherm in the Brunauer, Deming, Dewing and Teller (BDDT)
classification, having the hysteresis loop of H3 type in IUPAC classification [182]. It was,
therefore, indicated that the starting Na'-MMT and all Cu-im-Alpill-MMTs consisted of
slit-like mesopore structures (2-50 nm). The Brunaur-Emmet-Teller (BET) equation and
Barrett-Joyner-Halenda (BJH) method were respectively used for determination of the
SSA and average diameter of mesopores as concluded in Table 4.11. It was found that
the SSA and pore volume of the Cu-im-Alpill-MMTs decreased with the increase of the
impregnated Cu content. These results were considered to be because the CuO
occupied the interior pores of the Cu-im-Alpill-MMTs. The occupancy of CuO might
occur through two main possibilities; i.e. the impregnated Cu”" ions could coordinate to
the oxygens of the MMT silicate layer and/or the oxygens of the aluminium polyhydroxy
cations intercalated in the ALOH-MMT precursor [183].

Figure 4.29 shows the BJH pore size distributions of the starting Na'-MMT and all
Cu-im-Alpill-MMTs. It can be seen that the starting Na -MMT possessed the mesopores
with average pore diameter of about 3.8 nm as shown in Fig.4.29 (a). On the other
hand, the BJH pore size distributions of all Cu-im-Alpill-tMMTs have revealed the
formation of multiple mesopore sizes ranging from 3.3 — 35 nm in all Cu-im-Alpill-MMTs
after intercalation and impregnation treatments as observed in Fig.429 (b) - 4.29 (e).
The quantities of mesopores in the Cu-im-Alpill-MMTs gradually decreased with the
increase of the impregnated Cu content due to the pore-filling with CuO.
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(b)

(d)

Figure 4.27 SEM micrographs mapping image with Cu of (a) Cu-im-Alpill-MMT-4wt%, (b)
Cu-im-Alpill-MMT-7wt%, (c) Cu-im-Alpill-MMT-10wt% and (d) Cu-im-Alpill-
MMT-13wt%
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B. Catalytic oxidation system of RO16

B.1 Fenton process

Figure 4.30 (a) and 4.30 (b) respectively show the percentages of color and TOC
removals of all Cu-iAlpill-MMTs in the presence of H,0, It was found that the
percentages of color and TOC removals gradually increased with the increases of
reaction time and Cu’‘amount used in the impregnation process. The Cu-im-Alpill-
MMT-13wt% exhibited the highest ability for RO16 removal even though it possessed
the lowest pore volume, suggesting that the Cu-im-Alpill-MMTs tend to act more as
the heterogeneous catalysts for the degradation of RO16 molecules than the simple
adsorbents. The catalytic degradation of RO16 was considered to be initiated by the
cu”'ions leached out from the CuO in both interior pores and surfaces of the Cu-im-
Alpill-MMTs.  The cu’'ions could promote the decomposition of H,O, to strong
oxidizing species, i.e. hydroperoxyl radical (HOO-) and hydroxyl (HO-) as reported
elsewhere [154-155]. These reactive radicals could oxidize the RO16 molecules,
causing the cleavages of azo linkage (-N=N-), C-S bond between the aromatic ring
and sulfonate group, C-N bond between the naphthalene ring and azo group and
aromatic ring opening [184]. These oxidation reactions resulted in the decolorization
of RO16 due to the degradation of chromophore and auxochrome which are
responsible for their color. In addition, the cleavage fragments of oxidized RO16
were considered to be demineralized by the reactive radicals as evidently observed

in the significant increase of TOC removal.

B.2 Photo-Fenton process

Figure 4.31 (a) and 4.31 (b) respectively show the percentages of color and TOC
removals of all Cu-im-Alpill-MMTs in the presence of H,0, and UV radiation. Under
the UV radiation, all Cu-im-Alpill-MMT catalysts exhibit significantly higher color and
TOC removals than those performed without UV radiation using the same reaction
time. These results were attributed to the synergistic effect of UV radiation and
cu”'ions leached from the Cu-im-Alpill-MMTs on the rapid degradation of H,O, and
H,O into the HO» radicals, bringing about the faster decolorization and mineralization
of RO16 molecules. The systems with the higher Cu content in the Cu-im-Alpill-
MMTs and/or the longer reaction time exhibited the higher percentages of color and
TOC removals. However, the efficiency of RO16 removal of Cu-im-Alpill-MMT-10wt%
was quite close to that of Cu-im-Alpill-MMT-13wt%, although the Cu content in the
Cu-im-Alpill-MMT-10wt% was lower than that in the Cu-im-Alpill-MMT-13wt%. This
result was considered to be because the excess Cu in the Cu-im-Alpill-MMT-13wt%
which formed as CuO clusters on its exterior surface might partially hinder the
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migration of Cu”"ions leached from the interior. It was, therefore, both Cu-im-Alpill-
MMT-10wt% and Cu-im-Alpill-MMT-13wt% could completely eliminate the RO16
within 60 min when using the photo-Fenton systems.

After Fenton and photo-Fenton treatments for 360 min, the Cu-ads-Alpill-
MMT2 and Cu-im-Alpill-MMT-10wt% were collected, dried at 100 °C for 24 hrs and
characterized by XRD. Fig. 4.32 shows the XRD patterns of Cu-ads-Alpill-MMT2 and
Cu-im-Alpill-MMT-10wt% before and after treatments. It can be seen that there were
not significantly different between the as-prepared Cu-Alpill-MMTs and the used Cu-
Alpill-MMTs. Moreover, the crystalline peak of CuO phase was also observed in the
XRD patterns of both Cu-Alpill-MMTs at 20 = 35.5°. These results indicated that the
Fenton and photo-Fenton treatments did not effect on the Cu-Alpill-MMTs structure.
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Figure 4.30 Efficiency of RO16 elimination of Cu-im-Alpill-MMTs in Fenton process:
(a) percentage of color removal and (b) percentage of TOC removal
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4.4 Antibacterial activity

Figure 4.33 shows the antibacterial activity test of Na'-MMT, Alpill-MMTs and Cu-
Alpill-MMTs. It cannot observe the inhibition zone in the Na'-MMT, AlOH-MMT-2.4-60-
str-rt,  Alpill-MMT-2.4-60-str-rt ~ Cu-im-Alpill-MMT-4wt% and Cu-im-Alpill-MMT-7wt%,
indicating that they were inactive for E. coli. On the other hand, Cu-ads-Alpill-MMT1, Cu-
ads-Alpill-MMT2, Cu-im-Alpill-MMT-10wt% and Cu-im-Alpill-MMT-13wt% presented good
antibacterial activities, with the inhibition zone diameter of 11.0, 6.0, 5.5 and 8.5 mm,
respectively. The antibacterial activity of Cu-Alpill-MMTs was attributed to the catalytic
activity of Cu”"ions which leached out from the CuO in the Cu-Alpill-MMT, leading to the
generation of highly reactive oxygen species (ROS) such as HO™, O, , HO, ~ and H,0, in
aqueous suspensions [185]. These ROS could damage the cell integrity of £. coli [186].
Since the E. coli is a gram-negative bacterium and possesses a thin layer of
peptidoglycan (about 2-3 nm) between the cytoplasmic membrane and the outer cell
wall [187], therefore; the cu”tions might be electrostatic interacted with the cell wall of
E. coli. This phenomenon resulted in death and/or disability in replication of bacteria, in
which it can be seen as the inhibition zone (clear zone) around the cylindrical pellet of
sample. The diameters of clear zone formed around the Cu-Alpill-MMTs were reported
in Table 4.14. The Cu-ads-Alpill-MMT1 possessed larger clear zone than those of Cu-
ads-Alpill-MMT2, Cu-im-Alpill-MMT-10wt% and Cu-im-Alpill-MMT-13wt% because the Cu-
ads-Alpill-MMT1 possessed high doped CuO quantity on its external as shown in Fig. 4.21
(a). Therefore, the CuO rich surfaces of Cu-ads-AlpilllMMT1 could generate high
quantities of ROS species, resulting in the highest antibacterial activity.
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AlOH-MNMT-2.4-60-str-rt Alpill-MNMT-2.4-60-str-rt

Cu-ads-Alpill-MMT1 Cu-ads-Alpill-MMT2
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Cu-im-Alpill-MMT-10wt% Cu-im-Alpill-MMT-13wt%

Figure 4.33 Antibacterial activities for £. coli growth of Na'-MMT and all as-prepared
samples
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Table 4.12 Antibacterial activity data of Na -MMT, AlOH-MMT-2.4-60-str-rt, Alpill-MMT-
2.4-60- str-rt, Cu-ads-Alpill-MMTs and Cu-im-Alpill-MMTs for E. coli growth

Clear Zone diameter

Sample Activity
(mm.)

Na'-MMT 0.0 Inactive
AlOH-MMT-2.4-60-str-rt 0.0 Inactive
Alpill-MMT-2.4-60-str-rt 0.0 Inactive
Cu-ads-Alpill-MMT1 11.0 Active
Cu-ads-Alpill-MMT2 6.0 Active
Cu-im-Alpill-MMT-4wt% 0.0 Inactive
Cu-im-Alpill-MMT-7wt% 0.0 Inactive
Cu-im-Alpill-MMT-10wt% 5.5 Active
Cu-im-Alpill-MMT-13wt% 8.5 Active




Chapter 5
Conclusion and Recommendation

5.1 Conclusion

This research successfully prepared the nanoporous aluminum pillared
montmorillonites (Alpill-MMTs) by structural modification of sodium montmorillonite
clay (Na'-MMT) with aluminum polyoxocation (AIOH). The Alpill-MMTs exhibited the
excellent adsorption efficiency for cationic dye removal from aqueous solution. In
addition, the copper (II) was successfully doped into the aluminum pillared
montmorillonites (Cu-Alpill-MMTs) in order to create their photocatalytic activity for
removal various kinds of dyestuffs. The effect of preparing conditions on the
structure and properties of AlOH precursor solutions, Alpill-MMTs and Cu-Alpill-
MMTs were concluded as shown below.

5.1.1 Aluminum polyoxocation (ALOH)

The AIOH solutions were prepared by conventional stirring and ultrasonic
assisted methods. It was found that the OH/Al molar ratio, system temperature and
treatment time played the most important role in the formation rate of ALB7r+
polyoxocationin AlOH solutions. The AIOH solutions with monophasic ALBY+
polyoxocation (e-Al;; Keggin structure) were obtained when using the starting
substances with the molar ratio of OH/Al=2.4, in which the high power ultrasonic
assisted method could perform at room temperature for 30 min while the
conventional stirring method had to perform at 60°C for 24 hrs. It can be concluded
that the high power ultrasonic could enhance the base-hydrolysis and condensation

of €-Al,3 Keggin ions, resulting in the shorter of reaction time.

5.1.2 Aluminum pillared montmorillonite

The Alpill-MMTs could be prepared by both conventional stirring (Alpill-MMT-
Str) and ultrasonic assisted (Alpill-MMT-Ultra) methods. Since the random orientation
and inhomoge-neous distribution of g-Al;; Keggin ions in the interlayer space of MMT,
both of Alpill-MMT-Str and Alpill-MMT-Ultra possessed the disorder and/or
delaminated structures with multiple pore sizes. The Alpilll-MMT-2.4-60-Str-rt and
Alpill-MMT-2.4-30-Ultra-20 showed higher of basal spacing (dyy;), specific surface area
(SSA), pore volume and pore diameter than other Alpill-MMT-Str and Alpill-MMT-
Ultra products, respectively. However, the characterization results indicated that the
Alpill-MMT-2.4-30-Ultra-20 possessed multiple pore sizes in the range of 3.8 — 30 nm,
resulting in higher SSA than that of Alpilll-MMT-2.4-60-Str-rt, even it was prepared in
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shorter processing time. The ultrasonic treatment could minimize not only the
reaction time of AlOH base hydrolysis, but also the interaction time of AlOH into the
MMT.

Dye removal efficiencies of Alpilll-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-
20 adsorbents were investigated by using basic yellow 1 (BY1) and reactive orange 16
(RO16) as adsorbates. The BY1 adsorption behaviors of Alpilll-MMT-2.4-60-Str-rt and
Alpill-MMT-2.4-30-Ultra-20 were corresponded to pseudo-second-order kinetic
equation and Langmuir isotherm, representing the chemisorption of monolayer
adsorbate on both AlpilllMMT adsorbents.  After thermal regeneration, the
adsorption capacities of Alpilll-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-20 were
slightly decreased. The higher numbers of adsorption and regeneration, the lower
adsorption capacities were obtained. The Alpill-MMT-2.4-30-Ultra-20 exhibited the
highest percentage of dye removal and adsorption capacity in the batch adsorption
system. When the Alpill-lMMT-2.4-30-Ultra-20 was used for removal 300 mg/l BY1 in
the continuous adsorption system, the BY1 adsorption capacity was slightly lower
than that in the batch adsorption system because the contact time between the BY1
molecules and the adsorbent in the continuous adsorption process was low.
Moreover, it was found that Alpilll-MMT-2.4-60-Str-rt exhibited the highest BY1
removal capacities (>90%), but they hardly removed RO16 (<5%).

5.1.3 Copper doped aluminum pillared montmorillonite

The ALOH-MMT-2.4-60-Str-rt and Alpill-MMT-2.4-60-Str-t were modified by
doping with the copper (Il) ion using ultrasonic assisted adsorption and impregnation
methods.

In the ultrasonic assisted adsorption method, it was found that the amount of
CuO in the porous structure of Cu-Alpill-MMT1 obtained from the ALOH-MMT-2.4-60-
Str-rt was higher than that of Cu-Alpill-MMT2 obtained from the Alpill-MMT-2.4-60-
Str-rt, therefore, it possessed lower SSA and pore volume than the Cu-Alpill-MMT2.
In the impregnation method, the AlOH-MMT-2.4-60-Str-rt impregnated with 13 wt%
Cu (Cu-im-Alpill-MMT-13wt%) possessed the highest CuO content resulted in the
lowest of SSA, pore volume and pore diameter. Nevertheless, both ultrasonic
assisted adsorption and impregnation methods could create the Cu doped Alpill-
MMTs with multiple pore sizes ranging from 6 to 30 nm in diameter, indicating that
the delamination of MMT tactoids. The regular distribution of Cu was observed on
the exterior surfaces of both Cu-ads-Alpill-MMTs and Cu-im-Alpill-MMTs, suggesting
that the Cu’" ions occupied not only the MMT interlayers but also the MMT surfaces.
During impregnation, the quantity of Cu”solution closed to the pore volume of
support. Therefore, the cu” ion tended to deposited into the internal pore
structure higher than the external surface of support.
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The efficiencies of Cu-ads-Alpill-MMTs and Cu-im-Alpill-MMTs for RO16 removal
were performed using Fenton reaction (Cu-Alpill-MMT/H,0,) and photo-Fenton
reaction (Cu-Alpill-MMT/H,0,/UV). It was found that the removal efficiency of photo-
Fenton reaction was 100% using 6-fold shorter reaction time than the Fenton
reaction. The Cu-ads-Alpill-MMT1 exhibited higher decolonization efficiency than the
Cu-ads-Alpill-MMT2. In addition, the Cu-im-Alpill-MMT-13wt% also showed higher
decolonization efficiency than other Cu-im-Alpill-MMTs. However, the efficiency of
RO16 removal of Cu-im-Alpill-MMT-10wt% was quite close to that of Cu-ads-Alpill-
MMT1 and Cu-im-Alpill-MMT-13wt%, although the Cu content in the Cu-im-Alpill-
MMT-10wt% was lower than that in the Cu-ads-Alpill-MMT1, and Cu-im-Alpill-MMT-
13wt%. This result was considered to be because the excess Cu in the Cu-ads-Alpill-
MMT1 and Cu-im-Alpill-MMT-13wt% which formed as CuO clusters on its exterior
surface might partially hinder the migration of Cu”'ions leached from the interior
pores.

Moreover, the amount of cu” in the support can be controlled. Hence, the
impregnation method for preparation of Cu-Alpill-MMT was more effective than the

ultrasonic assisted adsorption method.

5.1.4 Antibacterial activity

Antibacterial activity was studied using E.coli ATCC®25922 under JIS L 1902:
1998 (Qualitative) test method. It was found that the Na+-MMT, ALOH-MMT-2.4-60-
str-rt, Alpill-MMT-2.4-60-str-rt  Cu-im-Alpill-MMT-4wt% and Cu-im-Alpill-MMT-7wt%
were inactive for E. coli. In contrast, the Cu-ads-Alpill-lMMT1, Cu-ads-Alpill-MMT2,
Cu-im-Alpill-MMT-10wt% and Cu-im-Alpill-MMT-13wt% could clearly inhibit the
growth of E.coli. The Cu-ads-Alpill-MMT1 with the CuO rich surface could generate
high quantities of reactive oxygen species (ROS), resulting in their high antibacterial
activities. The Cu-ads-Alpill-MMT1 presented larger clear zone (11.0 mm) than the
Cu-ads-Alpill-MMT2 (6.0 mm), Cu-im-Alpill-MMT-10wt% (5.5 mm) and Cu-im-Alpill-
MMT-13wt% (8.5 mm).

5.2 Recommendation

5.2.1 The effect of pH and salt ions on dyes adsorption behavior of Alpill-MMTs
should be studied by using batch and continuous adsorption process.

5.2.2 The efficiency of continuous adsorption process should be studied in the
larger scale in order to evaluate the tendency of Alpill-MMTs and/or Cu-Alpill-MMTs
usages for textile industrial applications.
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523 The efficiencies of Alpill-MMTs and Cu-Alpill-MMTs for treatment of
wastewater containing other contaminants such as organic compounds, toxic

substances, etc., should be investigated.

5.2.4 The antibacterial activities and cytotoxicities of Cu-Alpill-MMTs should be

investigated.
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A. 1 Determination of dye removal

a. UV-Visible spectrophotometer (UV-Vis)

Absorbencies of the dye solutions were measured by UV-Vis at lmax of 413 nm
for BY1 and 388 nm for RO16. The standard calibration curves of BY1 and RO16 were
shown in Fig A.1 (a) and B.1 (b), respectively. Therefore, the dye concentration was
calculated by linear regression equation from the standard calibration curve as
shown in Table A.1.
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Figure A.1 Standard calibration curves of (a) BY1 and (b) RO16
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Table A.1 The linear regression equations from the standard calibration curve of
BY1 and RO16

Dye Linear regression equation R’
Basic Yellow 1 (BY1) y = 0.0659x 0.9997
Reactive Orange 16 (RO16) y = 0.0064x 0.9999

Where y = UV-Vis absorbance
x = final dye concentration (mg/L).

Percentage of dye removal could be determined from equation (B.1):

% dye removal = -(-96-—,CL) x 100 (B.1)

The adsorption capacities of all adsorbents for each dye adsorbate (g, meg/g) were

calculated by equation (B.2):

__v(ci-cy)
m

de (B.2)
where C, = Initial dye concentration (mg/L)

C = Final dye concentration (mg/L)

V = Volume of dye solution (L)

m = Amount of adsorbent (g)

b. Total organic carbon (TOC)

Total organic carbon (TOC) in the dye solutions before and after treatment
processes was measured by TOC analyzer (Shimadzu, TOC-VCPH). Percentage of TOC
removal could be determined from equation (B.4):

(TOC;-TOCY)

% TOC removal = —
/]

x 100 (B.3)

where TOC, = Initial concentration of total organic carbon (mg/L)
TOC; = Final concentration of total organic carbon (mg/L)
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A.2 Dye removal by adsorption process

A.2.1 Effect of adsorbent type

Table A.2 ABS and final concentration (mg/L) of dye and TOC of Na'-MMT, Alpill-
MMT-2.4-60-Str-rt and Alpill-MMT-2.4-30-Ultra-20 using BY1 concentration
of 1000 mg/L and contact time of 120 min

Final concentration
ABS
Dye (mg/L) TOC (mg/L)**
Na -MMT 0.354* 537.17 210.97
Alpill-MMT-2.4-60-Str-rt 0.123* 186.64 102.82
Alpill-MMT-2.4-30-Ultra-20 | 0.037* 56.14 67.07

* 1 ml of treated BY1 solution was adjusted to 100 ml with distilled water
**Initial concentration of TOC = 442.3 mg/L

Table A.3 ABS and final concentration (mg/L) of dye and TOC of Alpill-MMT-2.4-
60-Str-rt, Cu-ads-Alpill-MMT1 and Cu-ads-Alpill-MMT2 using BY1
concentration of 500 mg/L and contact time of 120 min

Final concentration
ABS
Dye (mg/L) TOC (mg/L)**
Alpill-MMT-2.4-60-Str-rt 0.185* 28.07 19.03
Cu-ads-Alpill-MMT1 0.399* 60.54 33.74
Cu-ads-Alpill-MMT2 0.359% 54.46 27.90

* 1 ml of treated BY1 solution was adjusted to 10 ml with distilled water
** Initial concentration of TOC = 193.9 mg/L



138

Table A.4 ABS and final concentration (mg/L) of dye and TOC of Alpill-MMT-2.4-
60-Str-rt, Cu-ads-Alpill-MMT1 and Cu-ads-Alpill-MMT2 using RO16
concentration of 300 mg/L and contact time of 120 min

Final concentration
ABS
Dye (mg/L) TOC (mg/L)*
Alpill-MMT-2.4-60-Str-rt 1.851 289.08 83.66
Cu-ads-Alpill-MMT1 1.845 288.27 82.03
Cu-ads-Alpill-MMT2 1.846 288.45 82.06

* Initial concentration of TOC = 85.78 mg/L

A.2.2 Effect of initial dye concentration

Table A.5 Adsorption capacity (g, mg/g) of Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-
2.4-30-Ultra-20 using contact time of 120 min under various initial BY1

concentrations
Initial BY1 Adsorption capacity (g;, mg/g)
concentration (meg/L) | Alpill-MMT-2.4-60-Str-rt | Alpill-MMT-2.4-60-Str-rt
0 0 0
50 4.95 4.98
100 9.86 9.87
300 29.38 29.41
500 47.19 48.95
700 62.33 67.49
1000 81.33 94.38
2000 81.48 95.90
3000 80.72 94.38




A.2.3 Effect of contact time
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Table A.6 Adsorption capacity (g,, mg/g) of Alpill-MMT-2.4-60-Str-rt and Alpill-MMT-
2.4-30-Ultra-20 using BY1 concentration of 1000 mg/L under various
contact times

Adsorption capacity (g, mg/g)
Time (min)
Alpill-MMT-2.4-60-Str-rt | Alpill-MMT-2.4-30-Ultra-20
0 0 0
30 53.71 5311
60 68.89 75.87
90 73.44 84.06
120 81.33 94.38
150 82.85 94.68
180 83.45 93.93
210 82.24 95.14
240 81.18 94.53
270 81.79 95.90
300 81.33 96.35

Table A.7 Final concentration and percentage of dye removal of Alpill-MMT-2.4-60-
Str-rt and Alpill-MMT-2.4-30-Ultra-20 after thermal regeneration using BY1
concentration of 1000 mg/L and contact time of 120 min

Final dye concentration (mg/L)

Dye removal (%)

Alpill-MMT-2.4- | Alpill-MMT-2.4- | Alpill-MMT-2.4- | Alpill-MMT-2.4-30-
Adsorbent 60-Str-rt 30-Ultra-20 60-Str-rt Ultra-20
As-prepared 186.64 56.14 81.34 94.39
1" regeneration 233.68 98.63 76.63 90.14
2™ regeneration 300.45 157.81 69.95 84.22
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Table A.8 Pseudo-first-order kinetics for dye adsorption onto Alpill-MMT-2.4-60-Str-rt

and Alpill-MMT-2.4-30-Ultra-20 using BY1 concentration of 1000 mg/L

log(ge-qr) (Mmg/g)

Time (min) | Alpill-MMT-2.4-60-Str-rt | Alpill-MMT-2.4-30-Ultra-20
0 1.92 1.98
30 1.47 1.63
60 1.16 1.31
90 1.00 1.08

120 0.32 0.29
150 -0.21 0.22
180 367 0.38
210 0.08 0.08
240 0.35 0.26
270 0.22 -0.33
300 0.32 272

Table A.9 Pseudo-second-order kinetics for BY1 adsorption onto Alpill-MMT-2.4-60-

Str-rt and Alpill-MMT-2.4-30-Ultra-20 using BY1 concentration of 1000

meg/L
t/q; (mim.g/mg)
Alpill-MMT-2.4-30-Ultra-

Time (min) | Alpill-MMT-2.4-60-Str-rt 20

0 0 0
30 0.55 0.56
60 0.87 0.79
90 1.22 1.07
120 1.47 1.2¢
150 1.81 1.58
180 2.15 1.91
210 2.55 2.20
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Table A.9 (cont.)

t/q; (mim.g/mg)

Alpill-MMT-2.4-30-Ultra-
Time (min) | Alpill-MMT-2.4-60-Str-rt 20
240 2.956262 2.538684
270 3.301113 2.815348
300 3.688433 3.113386

A.2.5 Adsorption isotherms

Table A.10 Langmuir isotherms for BY1 adsorption onto Alpill-MMT-2.4-60-Str-rt and
Alpill-MMT-2.4-30-Ultra-20 using contact time of 120 min

Alpill-MMT-2.4-60-Str-rt Alpill-MMT-2.4-30-Ultra-20
Ce (me/L) Co/Ge Ce (mg/L) Co/Qe
0.48 0.09 0.16 0.03
1.30 0.13 1.24 0.12
6.10 0.20 5.82 0.19
28.07 0.59 10.45 0.21
76.63 1.22 25.03 0.370
186.64 2.29 56.14 0.59
1185.12 14.54 1040.97 10.85
219271 27.16 2048.55 21.53

Table A.11 Freundlich isotherms for BY1 adsorption onto Alpill-MMT-2.4-60-Str-rt
and Alpill-MMT-2.4-30-Ultra-20 using contact time of 120 min

Alpill-MMT-2.4-30-Ultra-
Alpill-MMT-2.4-60-Str-rt 20
logCe logge logCe logge
-0.31 0.69 -0.77 0.69
0.11 0.99 0.09 0.99
0.78 1.46 0.76 1.46
1.44 1.67 1.01 1.682
1.88 1.79 1.39 1.82




Table A.11 (cont.)

A.2.6 Continuous adsorption

Alpill-MMT-2.4-30-Ultra-

Alpill-MMT-2.4-60-Str-rt 20
logCe logge logCe logge
2.27102 1.910279 | 1.749316 | 1.974905
3.073766 1.911089 | 3.017439 | 1.981832
3.340982 1.907026 | 3.311448 | 1.978382

142

Table A.12 Continuous BY1 adsorption onto Alpill-MMT-2.4-30-Ultra-20 using initial
dye concentration of 300 mg/L

Final Dye

No. volume ABS concentration Oye elimination

(ml) removal (%)

(mg/L)** (me)
1 10 0.021 0.31 99.89 299
2 10 0.079 1.19 99.60 298
3 10 0.082 1.24 99.59 2.98
4 10 0.081 1.22 99.59 2.98
5 10 0.083 1.25 99.58 298
6 10 0.088 1.33 99.56 298
7 10 0.089 1.35 99.56 2.988
8 10 0.094 1.42 99.53 2.98
9 10 0.118 1.79 99.41 298
10 10 0.123 1.86 99.39 298
11 10 0.201 3.05 99.00 297
12 10 0.382 579 98.11 2.94
13 10 0.094* 71.32 76.76 2.30
14 10 0.126* 95.59 68.86 2.06
15 10 0.132* 100.15 67.37 2.02
16 10 0.14* 106.22 65.40 1.96
17 10 0.144* 109.25 64.41 1.93
18 10 0.151* 114.56 62.68 1.88




Table A.12 (cont.)
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Volume Final ) Dye vy

No. ABS concentration elimination
(ml) e/ removal (%) i)
19 10 0.163* 123.67 59.71 1.79
20 10 0.162* 12291 59.96 1.79
21 10 0.177* 134.29 56.25 1.68
22 10 0.18* 136.57 55.51 1.66
23 10 0.193* 146.43 52.30 1.56
24 10 0.197* 149.46 51.31 1.53
25 10 0.198* 150.22 51.06 1.53
26 10 0.2* 151.74 50.57 151
i 10 0.201* 152.50 50.32 1.50
28 10 0.207* 157.05 48.84 1.461
29 10 0.208* 157.81 48.59 1.45
30 10 0.217* 164.64 46.37 1.39
31 10 0.219* 166.16 45.87 1.37
32 10 0.223* 169.19 44.88 1.34
33 10 0.224* 169.95 44.64 1.23
34 10 0.2258 170.71 44.39 1.33
35 10 0. 237" 179.81 41.42 1.24
36 10 0.268* 203.33 33.76 1.01
37 10 0.288* 218.51 28.82 0.86
38 10 0.298* 226.10 26.35 0.79
39 10 0.305* 231.41 24.62 0.73
40 10 0.308* 233.68 23.88 0.71
a1 10 0.318* 241.27 21.40 0.64
42 10 0.328* 248.86 18.93 0.56
43 10 0.329* 249.62 18.69 0.56
44 10 0.335* 254.17 17.20 0.51
a5 10 0.34* 257.96 15.97 0.47
46 10 0.34* 257.96 15.97 0.47




Table A.12 (cont.)
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Final Dye

No. Yolume ABS concentration e elimir):ation
(ml) (mg/h™ removal (%) ig)
a7 10 0.354* 268.58 1251 0.37
48 10 0.355* 269.34 12.26 0.36
49 10 0.358* 271.62 11.52 0.34
50 10 0.364* 276.17 10.04 0.30
51 10 0.368* 279.21 9.05 0.27
52 10 0.368* 279.21 9.05 0.27
53 10 0.3728* 282.24 8.06 0.24
54 10 0.384* 291.35 5.09 0.15
55 10 0.3898* 295.14 3.86 0.11
56 10 0.388* 294.38 4.10 0.12
57 10 0.391* 296.66 3.36 0.10
58 10 0.394 298.93 2.62 0.07
59 10 0.395* 299.69 2.37 0.07
60 10 0.402* 305.00 0.64 0.01
61 10 0.401* 304.24 0.89 0.02
62 10 0.404* 306.52 0.15 0.00
63 10 0.404* 306.52 0.15 0.00
64 10 0.401* 304.24 0.89 0.02
65 10 0.403* 305.76 0.40 0.01
66 10 0.404* 306.52 0.15 0.00
67 10 0.404* 306.52 0.15 0.00
68 10 0.403* 305.76 0.40 0.01
69 10 0.404* 306.52 0.15 0.00
70 10 0.403* 305.76 0.40 0.01

83.83***

" 1 ml of treated BY1 solution was adjusted to 50 ml with distilled water

**  Initial dye concentration of BY1 = 307 mg/L

*¥**  Total dye adsorption capacity



A.3 Dye removal by oxidation process

Table A.13 Percentage of dye and TOC removal when using Alpill-MMT-2.4-60-Str-rt in the Fenton process (Alpill-MMT-2.4-60-Str-rt /H,0,) and
Cu-ads-Alpil-MMTs in the Fenton (Cu-ads-Alpill-MMTs/H,0,) and photo Fenton process (Cu-ads-Alpill-MMTs/H,0,/UV)

Dye removal (%) TOC removal (%)
Time (min) Time (min)
30 60 90 120 240 360 30 60 90 120 240 | 360
Processes

Alpill-MMT-2.4-60-Str-rt /H,0, - 4 - 9 15 16 = 2 - 5 10 11
Cu-ads-Alpil-MMT1/ H,0, - 80 - 87 97 100 - 63 - 74 88 100
Cu-ads-Alpill-MMT2/ H,0, - 72 - 85 94 99 - 46 - 69 88 98
Cu-ads-Alpil-MMT1/ H,O/UV 98 100 100 100 100 100 91 98 99 100 100 100
Cu-ads-Alpill-MMT2/ H,O,/UV 95 100 100 100 100 100 91 98 99 100 100 100

apl




Table A.14 Percentages of dye and TOC removals of Cu-im-Alpill-MMT in the Fenton (Cu-im-Alpil-MMT/H,0,) and photo Fenton systems (Cu-

im-Alpill-MMT/H,0,/UV)
Dye removal (%) TOC removal (%)
PEL) Time (min) Time (min)

30 60 90 120 240 360 30 60 90 120 240 360
Cu-im-Alpill-MMT-4wt%/H,0, - 54 - 68 80 88 o 36 - 52 75 81
Cu-im-Alpill-MMT-4wt%/H,0,/UV 4aa 63 69 75 86 89 35 48 56 65 80 81
Cu-im-Alpill-MMT-7wt%/H,0, - 61 - 77 89 94 - a5 64 85 93
Cu-im-Alpill-MMT-7Twt%/H,0,/UV 74 82 91 94 97 98 67 80 89 91 93 95
Cu-im-Alpil-MMT-10wt%/H,0, - 70 - 83 94 99 - 56 - 74 88 96
Cu-im-Alpill-MMT-10wt%/H,0,/UV 98 99 100 100 100 100 93 99 98 100 100 100
Cu-im-Alpill-MMT-13wt%/H,0, 7 73 - 85 95 99 - 58 - 74 88 97
Cu-im-Alpill-MMT-13wt%/H,0./UV 98 100 100 100 100 100 95 99 100 100 100 100

vl




APPENDIX B
SEM-EDX
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B.1 Copper doped aluminium pillared montmorillonite

B.1.1 Ultrasonic assisted adsorption method

Cu-ads-Alpill-MMT1

Cu-ads-Alpill-MMT?2

Figure B.1 SEM micrographs mapping image with Cu of Cu-ads-Alpill-MMTs

Table B.1 Percentage of Cu atomic in Cu-asd-Alpill-MMTs

Atomic of Cu (%)
Sample
1 2 3 average
Cu-ads-Alpill-MMT1 117 1.94 1.31 1.47
Cu-adsAlpill-MMT2 0.38 0.57 0.85 0.60
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Figure B.2 EDX spectrum of Cu-ads-Alpill-MMT1
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Figure B.3 EDX spectrum of Cu-ads-Alpill-MMT2
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B.1.2 Impregnation method

Cu-im-Alpill-MMT-13wt%

Figure B.4 SEM micrographs mapping image with Cu of Cu-ads-Alpill-MMTs



Table B.2 Percentage of Cu atomic in Cu-im-Alpill-MMTs
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Atomic of Cu (%)

Sample
1 2 3 average
Cu-im-Alpill-MMT-4wt% 0.22 0.15 0.33 0.23
Cu-im-Alpill-MMT-7wt% 0.30 0.23 0.34 0.29
Cu-im-Alpill-MMT-10wt% 0.67 0.32 0.26 0.42
Cu-im-Alpill-MMT-13wt% 0.85 0.67 1.00 0.84
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ZETA POTENTIALS
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