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PREPARATION AND CHARACTERIZATION OF Al-, Fe- AND Zr - PILLARED
CLAYS AND THEIR APPLICATIONS

ABSTRACT

Aluminum, iron, zirconium - pillared clays veeprepared by using Montmorillonite
KSF and K10 and used as inorganic fillers for sgat poly(acrylic acid/ Aluminum
and zirconium pillared clays) superabsorbent coig@sPillared clays and Al- KSF,
Al-K10 and Zr-KSF based superabsorbents were ctaraed by XRD, FTIR, gas
adsorption analysis, SEM and TGA. Pillaring precessulted in a strong increase in the
doo1 basal spacing. BET surface area analyses inditiaé¢dhe surfaces areas of pillared
clays were increased. The superabsorbents showeddggéndent and reversible
swelling behaviors. Decreasing of swelling raticsvedoserved by increasing the content
of Zr-KSF on the superabsorbent. The more crossinkatio of Al-K10 based
superabsorbents was understood from less swelligacter than AI-KSF based
superabsorbents. XRD revealed that the layersagfdispersed on the composite. FTIR
analyses indicated that the shifts of stretchirlations of O-Si-O tetrahedra and OH
bands supported ester formation between acrylicworét and pillared clay.
Additionally, the efficiency of aluminum-pillare@yered K10 and KSF
montmorillonites (Al-PILCs) for the removal of Trathoprim (TMP) was investigated.
The removal percentage was highly depended on pHR &nd the adsorbent surface,
both carrying positive charges at acidic pH valoes/ explain the poor adsorption. Al-
K10 exhibits higher removal capacity of TMP at lovaelsorbent dosages in comparison
with AI-KSF. Adsorption is increased by increasitgmperature onto AlI-KSF and
increased by decreasing temperature onto Al-K1G®mFrDubinin—Radushkevich
isotherm equation, the adsorption onto Al-KSF aneKRAO can be explained by ion-
exchange mechanism and physical adsorption tymgecotively. Standard enthalpy
value of the sorption indicates that adsorptioandothermic while the standard entropy

suggests that randomness increases during adsorptio



The results showed that Al-PILCs are poténts&ful adsorbents for the removal of
TMP from wastewater treatment plants and fine inoig fillers for synthesis of

superabsorbent composites.

Keywords: Pillared clays, hydrogel, superabsorbent compoatteorption



Al-, Fe- VE Zr- SUTUNLU K ILLER iN HAZIRLANMASI VE
KARAKTER IZASYONU VE UYGULAMALARI

0z

Aliminyum, demir, zirkonyum-sutunlu killeri @dntmorillonit KSF ve K10
kullanilarak hazirlandi ve poli(akrilik asit/ Alumyum ve Zirkonyum sutunlu Kkilleri)
siiperabsorplayici kompozitlerde inorganik dolgu desid olarak kullanildi. Sttunlu
killer ve superabsorplayicilar XRD, FTIR, gaz agsoyon analizi, SEM ve TGA ile
karakterize edildi. SUtunlamgleémi thp1 bazal aralikta blyuk bir agta sonuclandi. BET
yuzey alani analizleri sutunlu killerin ylzey alanhin arttgini  gosterdi.
Superabsorplayicilarin pH'a gianli ve tersinirsisme 6zellgine sahip olduklari yapilan
sisme deneyleri ile anfgldi. Stperabsorplayicidaki Zr-KSF’nin miktari agsnylasisme
oraninda d§me gozlenmektedir. Al-K10 tabanl stperabsorplayrciAl-KSF tabanl
stperabsorplayiclya gore daha c¢cok capraglabana yapiil daha azsisme Ozellgi
gostermesinden anliémaktadir. XRD sonuclari kilin tabakalarinin konzgoicinde
dagildigini ortaya cikarmgtir. FTIR analizleri, O-Si-O tetrahedral geriimedele OH
bandlarindaki kaymalarin akrilik yapi ile situnlul karasinda ester cgumunu
desteklediini gostermektedir. Bunlara ek olarak, bu gala aliminyum- sttunlangs
tabakali K10 ve KSF montmorillonitlerin (Al-PILC’t® Trimetoprimin (TMP) sulu
¢cOzeltiden uzakkiriimasinda etkinfiini arastirmistir. TMP’nin uzaklatiriima yuzdesi
blylk oranda pH’a lgdir. TMP ve adsorplayici ylzeyinin her ikisinie @ésidik pH
deserlerinde pozitif yuk tgmasi, Al-PILC’lerin yizeylerine TMP’nin daha zayif
tutunmasini agiklayabilmektedir. Al-K10, AI-KSF il&lyaslandginda daha diiik
adsorplayici miktarinda daha yiksek TMP’i uzgkiana kapasitesi gostermektedir.
TMP’nin AI-KSF (zerine olan adsorpsiyonu sicakifaaken, Al-K10 tzerine olan ise
sicaklik digerken artmaktadir. Dubinin—Radushkevich izotermktaminden, Al-KSF
ve Al-K10 Uzerine olan adsorpsiyon sirasiyla iyagisimi ve fiziksel adsorpsiyonla
aciklanabilir. Standart entalpi gkri adsorpsiyonun endotermik ofgltnu gdsterirken

standart entropi geri de dizensiziin adsorpsiyon sirasinda agthi belirtmektedir.

Vi



Al-PILC’ler atik su aritma tesislerinden TMi uzaklagtirilmasinda potansiyel
yararl bir adsorplayici ve stiperabsorlayici konigerin sentezinde ise iyi bir inorganik
dolgu maddesi oldiunu sonuglar gostermektedir.

Anahtar so6zcukler: Satunlu kil killer, hidrojel, stperabsorplayici kpozit,
adsorpsiyon
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CHAPTER ONE

INTRODUCTION

1.1 Clays and Catalysts

The main properties of cationic and anionic claysvall as their role in catalysis are
discussed in light of the versatility and potentiahge of these materials. Clays exhibit
specific features such as high versatility, widagea of preparation variables, use in
catalytic amounts, ease of set-up and work-up, mdderimental conditions, gain in
yield and or selectivity, low cost, etc., which mbg very useful tools in the move
towards establishing environmentally friendly teslugies. Furthermore, the possibility
of upgrading these materials by the pillaring psscepens new and interesting
perspectives, also considering possible shape tseleadvantages. Recent catalytic
applications of cationic and anionic clays in oinigaor fine chemistry (acid- or base-
catalyzed reactions, Diels—Alder reactions, reacti using metallic nitrates, etc.)
,environmental catalysis (DeSOx, DeNOx or contaminaxidation) and energy
exploitation (partial oxidation of methane) arecdissed as very promising research
subjects with a wide range of possible future dgwelents with the transition from 2- 3-

dimensional structures via the preparation of pliieclays (Vaccari, 1998, s.161).

1.2 Clays

Clays are very versatile materials and hundrednillions of tons currently find
applications not only in ceramics and building mats, paper coatings and fillings,
drilling muds, foundry moulds, pharmaceuticals, état also as adsorbents, catalysts or
catalyst supports, ion exchangers, etc, dependmgheir specific properties (Grim,
1968; Van Olphen, & Fripiat, 1979; Nemecz, 1981¢\wen et al., 1984; Reichle, 1986;
Newman, 1987; Schoonheydt, 1991; Cavanie et 81)19



“Clay minerals” refers collectively to the g of fine- grained hydrous silicates of
aluminum (and also to some extent of magnesiunmaor).i When examined under the
scanning electron microscope, these minerals ame &econsist of readily identifiable
particles, which can have a variety of geometriapgls. Despite this variety of
morphology, clays are closely interrelated in tewhsheir basic crystal structures, and
also in the characteristic physical and chemicaberties resulting from their crystal
chemistry (Wilson, 1987).

1.2.1 Structureof The Clay Minerals

Most clay minerals involve two basic typesuniits in their atomic structure. The
manner in which these units are combined and the of exchangeable atoms that are

present will play a very significant role in thggyof clay mineral that forms.

The first unit is built of silica tetrahornsh@ tetrahedral sheet is composed of silicon
bounded to four oxygen atoms. Each unit consista oéntral four-coordinated atom

(e.g. Si) surrounded by four oxygen atoms thatiumm, are linked with other nearby

atoms (e.g. Si), thereby serving as inter-unitdigés to hold the sheet together (Juma,
1998).

Figure A®Basic structural unit of §Ds*



The second unit consists of octahedrals. Aatmdral sheet, consisting of two layers
of oxygen atoms or hydroxyl groups, between whikthménium, magnesium, iron are
bonded in six — fold coordination. If the layer &@ns mainly trivalent aluminium ions
which occupy two thirds of the available octahedrdérstices, this is known as a
gibbsite type or dioctahedral layer. Converselythi# layer contains mainly divalent
magnesium ions, this will occupy all of the octafadsites, and the layer is called a

brucite — like or trioctahedral layer (Wilson, 1987

n __-__.‘n*_—-___’

Vi - L % 4 §

O 53

Mg*? Fe*? ar AlI*?

After Klein & Hurlbut (1999) O ar OH"
Figure 1.4 Octahedral unit Figure 1.5 Octahedral sheet Figure 1.6 Octahedral sheet

The structural units of clays therefore consiseitier alternating tetrahedral (T) and
octahedral sheets (O) (OT or 1:1 structure), ahénkaolinite group of clay minerals;
tetrahedral sheets (TOT or 2:1 structure), aslite iind the smectite clay minerals, of
which the most common member is montmorillonite;aararrangement in which the
layer TOT units alternate with a brucite layer (2:$tructure) as in chlorite. The basic
structural arrangements of the more common clayerais are illustrated schematically
in Figure 1.7 (Wilson, 1987).



Figure 1.7 Layer structuoéswo-layer minerals (1:1 clay minerals)

(A) and of three-layer miale (2:1 clay minerals)
(B); T, O=tetraeder andaecler layers, respectively;=layer distance.

Table 1.1 Clay minerals and their net charge

@Al Mg Fe

Group Layer Type| Net Negative ChargeSurface Area |Basal Spacing
(Coulombmolkg) (m?g) (hm)

Kaolinite 11 2-5 10-30 0.7

Fine-grained mica 2:1 15-40 70-100 1.0

Smectite 2:1 80-120 600-800 1.0-2.0

Vermiculite 2:1 100-180 550-700 1.0-15

Chlorite 2:1:1 15-40 70-100 1.4




1.2.1.1 Smectite [ 2:1 or TOT structure]

Smectite minerals have three layers with thensum atoms lying between two
layers of silicon atoms in a 2:1 structure, shatimg valencies of their oxygen atoms
(Juma, 1998).

This group is composed of several mineralsuiclg pyrophyllite, talc, vermiculite,
sauconite, saponite, nontronite and montmorilloniteey differ mostly in chemical
content. Montmorillonite, a type of smectite is arding clay mineral and different
layers are held together by bonding between divatations and water with basal
oxygen atoms of the tetrahedral sheets. The formigla montmorillonite is
(Siz 6Al0.2) (Al 3.4Mgo.6) O20(OH)s. The formula indicates that there is substitufionSi**
by AI**in the tetrahedral layer and for’Aby Mg?* in octahedral layer (Juma, 1998).

These substitutions lead to net negative clsaogethe clay structure which must be
satisfied by the presence of charge-balancing matsmmewhere else in the structure.
The interlayer is hydrated, which allows cationsnove freely in and out of the
structure. Because the interlayer is open and bgdraations may be present within the
interlayer to balance negative charges on the shhemselves. These cations between
the layers are part of the cation exchange capatitye soil. Smectites will have a CEC
of around 80 to 150 meqg/100 g. (Juma, 1998). Als®,amount of water present in the
interlayer of montmorillonite results in swellingnder wet conditions and shrinking in

dry conditions (Juma, 1998).

Smectites are swelling clays, thus water is ablenter into the interlayer region,
thereby expanding the clay layers, and the hydreatidns can be exchanged with other
type of larger hydrolysed metal cations or orgammorganic complexes. These two
properties of smectites, swelling and ion-exchahiiéa are critical for the successful
synthesis of PILCs (Pillared Clays).



Figure 1.8 Idealised structure of a smectite clayemal showing the

@) Oxygen atoms and) hydroxyl groups

Therefore, the common procedure for the preparatid?iLC materials is considered to
be: (i) swelling of smectite in water; (ii) exchang the interlayer cations by partially
hydrated polymeric or oligomeric metal cation coexgs in the interlamellar region of
the clay; (iii) drying and calcining of the wet @akf expanded clay to transform the
metal polyoxocations into metal oxide pillars, whiwould 1) open up the silicate
platelets permanently and 2) form covalent bondh thie tetrahedral sheets of the clay.
So, in step (ii) it is still possible to exchange pillars, while in step (iii), the pillars are

permanently bonded to the clay layers (Ding, Klgge, & Frost, 2001).

The main properties relevant for catalytic apgians are affected considerably by
the composition and particle size (Grim, 1968).a84sinction of their small particle size,
clays may exhibit both Bronsted and Lewis acidssitee former are the external OH
groups, while the Lewis sites are the exposed czetfold coordinated Af ions,
substituting for the i ions in the tetrahedral sheets. The strength@Bilonsted sites
may be determined by Hammet indicators, butylamntitnation or IR spectroscopy
using probe molecules (Newman, 1987; Schoonhe@#];1Knozinger, 1993), with a
direct correlation between acid strength and cottipas The surface acidity decreases
as the amount of residual water in the clay in@sawith an extension related to the

nature of the exchangeable cations (Schoonheyfli,)19



Not only acid sites, but also electron-aceeptor oxidizing sites may be located at
the edges or in the structure. The former may batified as trigonal AT ions, acting
as Lewis sites, while B&ions in the lattice are the structural oxidiziries (Theng,
1974). Moreover, redox properties may be inducethbyexchangeable cations, such as
CU", Ag", Fé" or RU" (Y. Soma, M. Soma and I. Harada, 1986).

1.3 Pillared Clays
1.3.1 A Historical Perspective

Barrer and McLeod (1995) demonstrated the epnof intercalation of clays by
organic compounds. However, organic and organofietalttercalating or pillaring
agents decompose at relatively modest temperatatesng the pillared clay structure to

collapse.

Nowadays, these types of pillared clays amustrially used as gelling agents,
thickeners, and fillers (Schoonheydt, 1991).

The escalation of the oil prices in 1973 confed the oil industry with the problem
of how to maximize the processing of crude oil, ezsqlly the heavy fractions to
gasoline components (Ding, Kloprogge & Frost, 200he problems then cascaded to
fluid catalytic cracking (FCC) catalyst design gmbcess development. The inherent
problem with zeolite catalysts in processing sudtemal is the relatively small pore
size of zeolites, and the large amount non-selegre-cracking that would have to take
place before the large reside molecules were rebieca size capable of diffusing into
the very active and selective zeolite componenhefcatalysts (Smith & Dytrych, 1984;
Meier, 1986). A strong impetus was thus given te tdevelopment of catalysts with
relatively large pore sizes, able to deal with éangolecules than the existing molecular
sieves, and good thermal and hydrothermal stabilitye oil crisis thus resulted in a

renewed interest in the concept of pillared clayee use of inorganic hydrated



polyoxocations as pillaring agents provided thehlmatable pillared clays with high
specific surface areas (200 to 50&/gh Upon calcination the hydrated polyoxocations

dehydrate and dehydroxylate, and react to forndfixetal oxide pillars.

I

d-spmnzng

Figure 1.9 Schematic structures of the single ab@dnmetal oxide PILCs with various d-spacings.
(a) AI-PILC; (b) Si/Ti-PILC.

1.3.2 Pillaring

Pillared layered clays PILC’s, nanocompositaterials with open and rigid
structures are obtained by linking robust, threaedisional species to a layered host.
The final properties of PILC’s can be modulated dayefully choosing the different
parameters, such as nature of the pillaring aggpe, of clay and particle size, pillaring
procedure, thermal treatments, etc., thus offeangery powerful and flexible way to
design tailored catalysts. Therefore, control & fhllaring process is a very promising
means to obtain solids with i) very high surfaceaar (up to 600 fg?), ii) a broad
spectrum of properties structural, chemical, céiglyetc., and iii) controlled internal
structures, with reactive sites and/or speciesamn®s match particular applications or

provide host structures for chemical or physicakpsses (Vaccari, 1999).

Many different pillaring agents have been regmb in the literature organic
compounds, metal trischelates, organometallic cexgd, metal cluster cations, metal
oxide sols, polyoxocations, etc. Many of these gsebowever have some drawbacks,

such as low reactivity or lack of thermal stabiliolyoxocations are by far the most



widely employed pillaring agent. Different polyoxamns (Al, Ni, Zr, Fe, Cr, Mg, Si,
Bi, Be, B, Nb, Ta, Mo, Ti and more recently Cu d&bad) have been reported in the open
and patent literature and clays with multielemeiilas also have been prepared
(Schoonheydt, 1991; Vaughan, D.E.W. 1987).

Preparation of PILC’s consists in a controlegtrolysis reaction which can be
carried out in solution or in the interlamellar spaof the clay. The calcination process
also plays a key role. Three general cases may:a¢c¢he polyoxocations exit from the
clay (no pillaring) , ii) they degrade in situ gig rise to layers of aluminum hydroxide
(2.4 nm thick, corresponding to a pseudo-chloritenyd iii) in the case of true pillaring,
the polyoxocations dehydrate up to 573 K and dedwydate between 573 and 673 K.
At higher temperatures, the pillars transform pesgively, but the clays maintain the
initial spacing of about 1.9 nm, while at T >1073%2 K the clays degrade (Vaccari,
1999). The stability of pillared clays as a funatiof the calcination temperature
depends on the nature of the clays and the conosit the pillars. For example, an
increase in stability may be achieved using mixetygxocations or by doping with
small amounts of another element (Vaughan, 1987%ya@a, Kostapapas, Suib,&
Coughlin, 1986 & Occelli, 1986).

From the viewpoint of making catalysts at @anpetitive price, three important
criteria need to be met: i) use the whole clay nteafter minimal refining (i.e., low
cost) , ii) pillar the Ca or (Ca, Na) forms, notlythe Na forms (i.e., no pre-exchange),
and iii) be able to use clay-polyoxocation concatdns (>15% solids) that can be
economically and effectively spray-dried to givesable particle size distribution (40—
200 pum) (Burch & Warburton, 1987).
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1.3.3 Catalytic Applications of PILCs

1.3.3.1 Suface Acidity—Dependent Application

PILCs are used in catalytic cracking process, dsa RILCs find application as acid
catalysts in the synthesis of chemicals. Differigpies of reactions have been studied,
such as hydroisomerisation (Moreno, Kou, & Pongdl8d6, 1997; Moreno, Gutierrez,
Alvarez, Papayannakos, & Poncelet, 1997; Morenay,dolina, & Poncelet, 1999),
dehydration (Jones & Purnell, 1994), dehydrogenafioourvanij & Rorrer, 1997),
hydrogenation (Louloudi & Papayannakos, 1998), atigation (Liu, Zhao, Sun & Min,
1999), disproportionation (Chevalier, Franck, Suguambert & Barthomeuf, 1994),
esterification (Wang & Li, 2000), alkylation (Geattenarda, Storaro, Ganzerla &
Perissinotto, 1997), etc. Yang and co-workers tp@ished a series of reports on SCR
of NO to nitrogen with either ammonia or hydrocarbas reductants (Yang, Chen,
Kikkinides, Cheng & Cichanowicz, 1992).

1.3.3.2Catalytic Active Substrates- Dependent Applications

Modification of PILCs by metal deposition cdre easily achieved through
impregnation methods (Wang & Li, 2000). These nsetalich as Pt, Ni, Cu, etc., are
generally active for a variety of catalytic reao8o In addition, some types of metal
oxides in PILCs are also catalytically active. Téfere, apart from exploiting the surface
acidity and porous structure of the PILC in caialgipplications, it is of great interest to
take advantages of these catalytically active satest. In fact, all these three
characteristics, surface acidity, porous structumd catalytic active substrates, would
have correlative effects on the catalytic perforoeanf PILCs and one of them will

generally be dominant.

Loading a PILC with transition metal ions, dese of the oxidation state of these

metal ions, will lead to new materials that have plotential to be applied as a catalyst in
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redox reactions. In recent years, complete mirsatdin of organic pollutants in water,
termed advanced wastewater treatment, had drawre rmod more attention (Liu,
Liptak, & Bouis, 1997; Baird, 1998). In this pr@se the organic compounds are
oxidized to carbon dioxide and water, thereby pnéng secondary pollution. The most
popular methods for this process include homogenephotocatalytic oxidation
(Legrini, Oliveros & Braun, 1993), wet air/peroxideidation (Lei, Hu, & Yue, 1998),
heterogeneous photocatalytic oxidation (Ollis, 2sditi & Serpone, 1991) and catalytic
wet air/peroxide oxidation (Schiavello, 1997). Thet two methods employ only ozone
or hydrogen peroxide as oxidant, while the latveo imethods involve heterogeneous
catalysts. The most popular catalyst for heterogesg@hotocatalysis is TK{Serpone,
1995), while for catalytic wet oxidation, Cu or leaded on particle supports is widely
investigated (Barrault, et al., 1998). Therefotejsiinteresting to utilize PILC as a
support for these active substrates. However, bmlged research has been conducted

in this area.

1.3.4 The Importance of the Surface Acidity

PILCs possess both Bronsted acid (proton gasites and Lewis acid (electron pair
acceptor) sites (Chevalier & et al., 1994). To stigate the surface acidity on PILC
samples, the most commonly used methods are thily sthadsorbed ammonia or
pyridine by infrared (IR) spectroscopy and tempamiprogrammed desorption (TPD)
of adsorbed ammonia and amine titration using Hatnnmelicators. By choosing
adsorbed substrates with different basicity, bbéhrtumber and strength of the acid sites
can be determined. It is reported that 2,6-dimg@ymtiine (DMPY) is selectively
adsorbed on Brgnsted acid sites, thus it can beé ase good probe molecule for the
determination of Brgnsted acidity in clays and P$LGenerally, it is believed that
Bragnsted acidity is mainly coming from the claydagtructural hydroxyl groups, while
Lewis acidity is attributed to the metal oxide @il. In addition, the amount and strength
of Brgnsted and Lewis acid sites are closely rdl&tehe types of clays and metal oxide

pillars.
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Apart from the types of starting clay materiald anetal oxide pillars, acid-
activation of clays before pillaring is widely apted as another feasible way to improve
the acidity, particularly Brgnsted acidity. In afiigh, such acidity enhancement always
coupled with the increase of the pore volume anerage pore diameter (Mokaya,
Jones, Davies, & Whittle, 1993).

1.3.5 Theimportance of Porous Structure

The pore size of PILCs can be varied from Sofover 20 A, depending on the
synthesis conditions, such as type of the startitay materials, cation exchange
capacity (CEC) of clays, type of the metal oxiddlaps, and thermal treatment
temperature. Recent reports show d-spacing asdsgs0 A can be obtained on some
composite PILCs, such as Si/Ti-PILC (60 A), Si/Qt® (47 A), Si/Fe-PILC (63 A)
(Han, Matsumoto & Yamanaka, 1997) etc. In genéinal,porous structure of PILCs can
be stable up to 673-773 K. Further increase théingegemperature will lead to the
collapse of the clay layers because of the sirgesirthe pillars and the dehydroxylation
of the clay sheets. Both the nature of the clayenels and type of metal oxide pillars
will affect the thermal stability of the resultingILCs. It has been reported that a
homogeneous distribution of pillars is beneficiat fmproving the thermal stability.
Katdare and co-workers showed that an Al-PILC preghdoy a simplified method with
ultrasonic modification had superior thermal andlroyhermal stability (Schiavello,
1997).

1.3.6 Aluminum Pillared Clays (Al-PILC)

Pillared clays have reached considerable @stesis catalysts and catalysts supports
over the past years. Their porosity, reactivity dndrmal stability are being widely
applied in adsorption and catalysis (Kikuchi, & Blata, 1988; Mrada, Ghorbela, Tichit,

& Lambertc, 1997). Metals commonly used as ionecprsors are Al, etc. Aluminium
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has been profusely used as pillaring agent dugstbydrolisis capability to form large
inorganic polymeric oxy-hydroxy cations of sevenalklearities. The major aluminium
species used is the [A]”" polymer but other mono and polynuclear species bay
present in solution depending on its pH (Lambert,P&ncelet, 1997). The actual
exchange is dependent, as in every diffusion psoes the pillaring agent solution
concentration and the ageing conditions of the &mfrmation whose size and charge (n/q
ratio) deeply depends on the synthesis conditidisn, the effect of the drying method
is claimed to be more important than the pillarreggent itself or even the clay layer
charge on PILCs pore opening, giving rise to présiwath uniform pore size when air-
dried or with a continuous distribution of largeres when freeze-dried. With all that in
mind, the possibility of tuning the properties ofLEs by varying the synthesis
conditions seems plausible (Hutson, Hoekstra, & gyam999; Flegoa, Galassoa,
Millinia, & Kirics, 1998).

In general, the pillaring processes are cadoigt in diluted systems, less than 2 wt.%
of clay suspension and less than 0.5 M of pillasolyition (Figueras, 1988; Lambert, &
Poncelet, 1997). When a large amount of materiats tb be prepared, a quite large
volume of solutions has to be handled which tuhesRILCs synthesis in a non-viable
industrial method. Vaugan (Vaugan, 1988) propode first approaches to prepare
PILCs in large quantities. More recently, a metloddsynthesis based on the use of
highly concentrated clay suspensions without anyevipus purification or
homoionisation of clay prior to pillaring has bedeveloped (Storaroa, Lenardaa,
Gazerlaa, & Rinaldi, 1998). The method enablesptieparation of industrial quantities
of pillared materials with uniform properties, ani$ scale-up seems promising.
However, only scarce information has been, up ¢éonloment, reported on the physico-
chemical characteristics of the resulting materaalg on their comparison with those
obtained by the more conventional method of dillgadpensions (Salerno, Asenjo, &
Mendioroz, 2001).
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The first step in the pillaring process iptepare a pillaring agent. In the case of the
Al 13 polyoxocation, two methods are commonly usedn{iking of aqueous AlGlwith
Al to form a chlorohydrate which is also commergiavailable, and (2) addition of a
base to AIG} or Al(NOs); solutions with OH/AY* ratios up to 2.5. The polyoxocation
complex produced has been analyzed and is thoughtbd the tridecamer
[AlO 4Al 1(OH)4(H-0)5] ", also referred to as the Keggin ion (Kloprogge98&:9
Kloprogge, Seykens, Geus, Jansen, 1992; Klopragdgeost, 1999).

@ -0
@ =0H
@ = H:0

reverse view

Figure 1.10 Structure of the Acomplex.

The next step is the mixing of a clay suspamsvith this polyoxocation solution.
This allows the interlayer cations in the clay tcleange with the polyoxocation in
solution through cation exchange reaction or irkatoon (Gil, Gandia, 2000). After the
intercalation process is complete, the clay is s#pd, washed and then calcined. The
property of the stable pillared structure obtaimedreatly affected by factors such as
clay used, mixing and drying conditions and poliaras used.

1.3.7 Zirconium Pillared Clays (Zr-PILC)

Several experimental parameters (ageing teatpe;, ageing time, pH, and

concentration) can affect the degree of polymeonmnabf hydroxyl zirconium species in
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agueous solution. The solution chemistry of Zramplex, but it is known that zirconyl
ion is present in solid zirconium chloride as tlramer, [(Zr (OH).4H,0)s) 1**
(Clearfield & Vaughan, 1956). The four Zr ions &weated at the corners of a slightly
distorted square and are linked together by OHgesdabove and below the plane of the
square. When dissolved in water the solution besoguéte acidic due to hydrolysis of
the tetramers. Further hydrolysis eventually leéolsa tetramer with the formula
[Zr 4(OH)14.(H20)19)?*. Here, two of the zirconium ions have a singleifpascharge and
the other two are neutral. On ageing the solutasgdr species are observed (Muha, &
Vaughan, 1960) which are believed to be due tolgnparization reaction in which a
neutral site on one tetramer reacts with a singlgrged site on another tetramer, the
result being that the zirconium ions are connetigdvo OH bridges. Continuation of
this process leads to the formation of large “fafts two-dimensional hydroxy
polymers. Further polymerization eventually resulisthe precipitation of hydrous
Zr(OH)4 (Ross, 1988).

1.3.7.1 Influence of pH on Preparation of Zr-PILC

Increasing of the pH of the solution, by amditof NaOH for instance, favours the
hydrolysis reaction and this in turn leads to amrease in the degree of polymerization
as the number of neutral zirconium ions increag&escipitation of hydrous Zr(OH)
begins at a pH of about 3 (Vaughan, Lussier, & MadE79) give an example of a
preparation of a Zr-PILC in which the zirconyl chéte solution is treated with NGOs.
This will increase the degree of polymerization aledd to polymeric hydroxyl

zirconium pillars (Ross, 1988).
1.3.7.2 Influence of concentration on PreparatiéZoPILC
A solution of lower concentration will have hagher pH and so the degree of

polymerization will be higher. Concentrations tyglg used in the preparations

described in the earlier literature are in the ea@d — 0.33 (Ross, 1988).
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1.3.7.3 Influence of temperature and time on Prapan of Zr-PILC

Heating of the zirconyl chloride solution al@ads to an increase in the degree of
polymerization, as demonstrated by Clearfield, &utaan, 1956. This is simply due to
an increase in the rate of hydrolysis with temperatSimilarly, increasing the ageing

time at any specific temperature will increasedbgree of polymerization.

Surface areas obtained are critically dependen the method of preparation.
Samples synthesized from refluxed Zr solutions madkedly higher surface areas than
those prepared using fresh, unrefluxed Zr solutidssalready mentioned, the effect of
refluxing is to increase the degree of polymeraatiHence, as might be expected, it
appears that an increase in the degree of polyatene produces an increase in the

surface area of pillared clay (Ross, 1988).

The highest stability was obtained by reflgxihe Zr solution prior to mixing with
the dispersed clay, combined with a subsequentxiefj of the mixture (Burch, &
Warburton, 1986; Bartley, & Burch, 1985). Interdeda of the clay by Zr polymers is
very slow at room temperature. When the clay isroglated with an unheated zirconyl
chloride solution (i.e., containing only Zr tetrasiethe PILC formed has the lowest

surface area of all.

1.3.7.4 Effect of Drying Conditions on the Struetof Zr-PILC

Bartley, & Burch, 1985 have investigated é¢fiect of the drying temperature on the
surface area and interlayer spacing of Zr —PILC fanohd that a PILC with a basal
spacing up to 2.5 nm, and a markedly higher surfaea, was produced by replacing the
water with methanol and drying at < 60°C. These/pelrs are believed to be mobile
within the interlayer cavity of the clay prior toyihg. Removing water at 110°C may

cause the polymers to rearrange their positionsetiuce stacking. The dried PILC



17

contains stacked polymer units and this resultsmunch larger surface are being

obtained.

1.3.7.5 Structure and Stability of Zr-PILC

Bartley, & Burch, 1985 found that the high#strmal stability was obtained by first
refluxing the Zr solution prior to mixing with thelay and then refluxing the slurry.
Table 1.2 shows the influence of the method of araon on the thermal stability of
these Zr-PILCs.

Table 1.2 Thermal stability of pillared hectori{€xcelli, & Finseth, 1986)

Heating temperature/°C Peragatretention of surface area
Al-PILC Al Zr-PILC Zr-PILC

300 100.0 100.0 100.0

400 99.0 91.0 95.4

500 95.0 91.0 96.4

600 81.0 89.5 95.3

700 447 44.2 77.0

Zr-PILC with good thermal stability can be paeed and the interlayer spacing, the
interpillar distance, the surface area, and thedfitent can be manipulated over wide
ranges by varying the method of preparation. Zr®llhave some interesting catalytic
properties. They are active for cracking reactidasthe dehydration of methanol, and
when used as a support for Cu they can be usegntbesize olefins directly from
CO/H, gas mixtures (Ross, 1988).
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1.3.8 Iron Pillared Clays (Fe-PILC)

Of these publications the great majority hbeen concerned with Al or Zr-PILC, as
these seem to offer the greatest thermal stabifitgontrast, very few papers have been
concerned with Fe-PILC. This is perhaps surpriginggn that Fe-PILC are cheaper to
prepare and would not only have acidic properties,would also contain pillars which

in themselves may be catalytically active.

In order to prepare Fe-PILC it is importanuttderstand the hydrolysis chemistry of
Fe(lll) solutions so that some control over the 3¢ pillaring cations may be exercised.
Although the dissolution of Fe(lll) salts in watisrknown to result initially in simple
hydrolysis products such as Fe(BH)Fe(OH)", Fe(OH),*" and Fe(OH),>" (Bjerrum,
Schwarzcnbach, & Sillen, 1964; Sylva, 1972), theve studies suggest that further
hydrolysis leads to the formation of discrete spakpolycations. These gradually link
up to give rods comprising 2 to 6 spheres. Orharrhydrolysis these rods appear to
combine to give raft- like polycations 20x3 nm imes which continue to grow, whole
process may be brought about by either prolongétyagt room temperature, addition
of base, or aging at high temperature, it is recemuied that the addition of base is
used, since this appears to offer the greatestedegf control over the size of the

pillaring species (Warburton, 1988).

Tzou found that FegIFe(NQ); and Fg(SOy)3 solutions previously aged at 25°C for
24 h gave Fe-PILC with interlayer spacing of ab@.3 nm. It was concluded that only
simple hydrolysis products were responsible fdapig in such materials (Tzou, 1983).
On increasing the OH/Fe ratio from 0.0 to 1.0 ilatger spacings were found to increase
(from 0.3 tol.4 nm), particularly for the chloridand nitrate systems, and thereafter
increased slowly as the OH/Fe ratio was raised30The sulphate system, in contrast,
was found to give interlayer spacings of only O regardless of the OH/Fe ratio
employed. Precipitation in this system was obsemeedccur at a lower OH/Fe ratio

(1.5) than in the other systems (2.5). Since aficipitates were removed from the
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pillaring solutions before use, the small spaciolgserved were attributed to pillaring by

the small polycations remaining in solution (Tz&883).

Tzou also showed that large interlayer spacioigl.7 nm could be obtained using
longer aging periods or higher aging temperatyvesyiding precipitation was avoided
(Tzou, 1983).

Fe-PILC prepared from partially hydrolyzed IRg(Solution lacked thermal stability
above 300°C. This lack of thermal stability wasilatited to the fact that hydroxy Fe(lll)
cations were unstable in water and were partiatygived out during the final washing
step. To overcome this problem Yamanaka et alodlotced iron pillars by exchanging
Na-montmorillonite with partially hydrolyzed trinlgar aceto Fe(lll) ions, which when
thermally decomposed gave oxide pillars betweenstleate sheets (Yamanaka, Doi,
Sako, & Hattori, 1984). Using this procedure a ety stable Fe-PILC was prepared
which possessed a surface area and interlayerngpadi 280 M g* and 0.7 nm,

respectively, after calcination at 500°C (Warbustb@38).

Using a small excess of ¥dor the pillaring reaction (i.e. 7 mmoltemeq) surface
areas of the dried materials were found to increage OH/Fe ratio. The larger exess of
Fe* lengthening the final washing procedure considgradbads to a more complete
pillaring, resulting in a higher surface area. thAs polymeric cations produced at 75°C
would be expected to lead to a larger separatigheotlay layers and therefore a larger

surface area (Warburton, 1988).

The surface areas of the materials calcinésDafC generally indicate that the Fe-
PILC possess good thermal stability, suffering arhall reductions due to a decrease in

microporosity and an increase in mesoporosity (\Widdm, 1988).
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1.4 Adsor ption Phenomena

The use of solids for removing substances fromeeigfaseous or liquid solutions has
been widely used since biblical times. This procds®own asadsorption,involves
nothing more than the preferential partitioningsabstances from the gaseous or liquid

phase onto the surface of a solid substrate (Mausiae2002).

The interface of two different phases is algvayisotropic. That is, in the interface
the molecular interactions in one side differ framteractions in the other side. If the
molecules in a phase are mobile (e.g., gas — soliiduid — solid interfaces), then these
different molecular interactions cause a conceotnadifference between the interface
and bulk phase of mobile molecules. This type @nge in concentration taking place
in the interface is calleddsorption This is the reason why the interface is often refier
to as the adsorption space or adsorbed phase thtibile molecules can penetrate into
the bulk of the other phase, then this processaledabsorption It is sometimes
difficult or impossible to distinguish between agstmn and absorption; it is then
convenient to use the wider tesarption The name of the phase with localized (non-
mobile) molecules is thadsorbent and the mobile molecules bound on the adsorbent
surface callecadsorbate The phase with mobile molecules before the adsorpi.e.,
the phase that is capable of being adsorbed isdhansorptive. So the whole process of
adsorption can be expressed with the following &mand symbolic relationship
(Adamczyk, 2002).

Adsorbent + Adsorptive ——  Adsorbate
(Toth, 2002).
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Figure 1 3&hematic representation of particle adsorption

at solidquid interfaces

The solid adsorbents are often characterized hy $pecific surface areadaand pore
size distribution. The value of as refers to urétssi(m) of adsorbent:

a =
S m

the pore size distribution provides informationtbe size and amount of pores present
in the solid adsorbent: Macropores are pores wiitiths exceeding about 50 nm.
Mesopores are pores widths between 2 nm and 5Mcropores are pores with widths
not exceeding about 2 nm (Toth, 2002).

A large specific surface area is preferablepfaviding large adsorption capacity, but
the creation of a large internal surface area limaed volume inevitably gives rise to
large numbers of small sized pores between adsorpurfaces. The size of the
micropores determines the accessibility of adserbailecules to the internal adsorption
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surface, so the pore size of the micropores is hamoimportant property for
characterizing adsorptivity of adsorbents. EspBcrahterials such as zeolite and carbon
molecular sieves can be specifically engineereti wiecise pore size distributions and

hence turned for a particular separation (Marczevi2§02).

Surface polarity corresponds to affinity witlolgr substances such as water or
alcohols. Polar adsorbents are thus called “hydliopland aluminosilicates such as
zeolites, porous alumina, silica gel or silica-aloanare examples of adsorbents of this
type. On the other hand, nonpolar adsorbents areeragly “hydrophobic”.
Carbonaceous adsorbents, polymer adsorbents arwhtesilare typical nonpolar
adsorbents. These adsorbents have more affinity aiitor hydrocarbons than water
(Marczewski, 2002). The average thickness of theodmhte is often expressed with
names mono- and multilayer adsorption. In monolaggsorption, all the adsorbed
molecules are in contact with the surface of theodaknt. In the multilayer adsorption,
the adsorption space accommodates more than oae daymolecules so that not all
adsorbed molecules are in direct contact with tledeaules of the adsorbent (Toth,
2002). Coverage is a measure of the extent sdration of a species onto a surface.
Usually denoted by the lower case Greek “theta”,BEQposure is a measure of the
amount of gas which as surface has seen; morefisp#gj it is the product of the

pressure and time of exposure (normal unit is @u@gimuir, where 1 L = 10-6 Torrs).

1.4.1 Adsorption Processes

There is two type of adsorption, the first tyipeknown as physisorption (physical
adsorption) and the second one is called as cheptimo (chemical adsorption).
Adsorption in which the forces involved are intetewular forces (van der Waals
forces) of the same kind as those responsiblehirhperfection of real gases and the
condensation vapors, and which do not involve aiagnt change in the electronic
orbital patterns of the species involved. The tevan der Waals adsorption is

synonymous with physical adsorption (IUPAC Compandiof Chemical Terminology
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2" Edition, 1997). The only bonding is by weak vam Wéaals — type forces. There is

no significant redistribution of electron densityaither the molecule or at the substrate

surface. A chemical bond, involving substantialrr@agement of electron density, is

formed between the adsorbate and substrate. Theenait this bond may lie anywhere

between the extremes of virtually complete ionic@nplete covalent character. This is
called as chemical adsorption (Blatt, 1980, HiJliEE995, & Velde, 1995).

Table 1.3 Typical characteristics of adsorptioncess

Properties

Chemisorption

Physisor ption

Binding force

Due to chemical forces or
bonding, thus this process is
also called as activated

adsorption.

Due to physical force of
attraction, thus this process
also called as Van der Waal

adsorption.

S

(")

Saturation uptake

Single layer phenomena

Multilgyemomena

Activation energy

May be involved.

No activatioreegy

involved.

Temperature range
(over which

adsorption occurs)

Adsorption can take place eve
at higher temperatures. When
temperature increases adsorp

increases.

nAdsorption is appreciable at
lower temperature below
boiling of adsorbate. When
temperature increases

adsorption decreases

Nature of adsorptior

Often dissociative may be

irreversible

Non- dissociative.

Reversible

Crystallographic

specificity

Marked variation between

crystal planes

Virtually independent of

surface atomic geometry

Heat of adsorption

50-100 kCal/mole

1 kCal/mole

Kinetics of

adsorption

Very variable-often an activatg

process.

rd-ast- since it is a non—

activated process




24

The problem of distinguishing between chempBon and physisorption is basically

the same as that of distinguishing between cheramélphysical interaction in general.

Changes in the electronic state may be detiechgbsuitable means (e.g. UV, infrared

or microwave spectroscopy, electrical conductiviiggnetic susceptibility).
1.4.2 Adsorption I sotherms

An adsorption isotherm for a single gaseousmuiive on a solid is the function
which relates at constant temperature the amousullestance adsorbed at equilibrium to
the pressure (concentration) of the adsorptivénéngas phase (IUPAC Compendium of
Chemical Terminology™ Edition, 1997).

The successful representation of the dynansompdive separation of the solute from
solution onto an adsorbent depends upon a goodripigsc of the equilibrium
separation between the two phases. Adsorption ibquih is established when the
amount of solute being adsorbed onto adsorbergualdo the amount being desorbed.
At this point, the equilibrium solution concentmts remain constant. By plotting solid
phase concentration against liquid phase concemtraraphically, it is possible to
depict the equilibrium adsorption isotherm. Theme anany theories relating to

adsorption equilibrium.
1.4.2.1Langmuir Isotherm

The Langmuir isotherm theory assumes monolagserage of adsorbate over a
homogenous adsorbent surface (Langmuir, 1918). rhairgisotherm was originally
derived from adsorption kinetics by equating thesaf adsorption and desorption onto

a flat surface.

The Langmuir equation is based on the follgrassumptions:
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1- Adsorption of adsorbate molecules takesepkonell-defined adsorption sites and

each site can contain only one molecule.

2- The surface is homogeneous; the energy sération is equal for all adsorption

sites.

Whenever a gas is in contact with a solid theile be an equilibrium established
between the molecules in the gas phase and thespomding adsorbed species
(molecules or atoms) which are bound to the surfdtke solid.

As with all chemical equilibrium, the positiasf equilibrium will depend upon a

number of factors:

1. The relative stability of the adsorbed aad ghase species involved
2. The temperature of the system (both theagdssurface)

3. The pressure of the gas above the surface

In general, factor (2) and (3) exert opposffeats on the concentration of adsorbed
species. We can say that the surface coverage mawcbeased by raising the gas
pressure but will be reduced if the surface tentpegas raised.

We may derive the Langmuir isotherm by treatimgadsorption process as we would
any other equilibrium process - except in this cdeeequilibrium is between the gas
phase molecules (M), together with vacant surfétes,sand the species adsorbed on the
surface. Thus, for a non-dissociative (moleculat3aaption process we consider the

adsorption to be represented by the following cleahequation:
S-*+M(2)+—= S-M

S - *, represents a vacant surface site



26

In writing this equation we are making an irdrgrassumption that there are a fixed

number of localized surface sites present on tHael

We may now define an equilibrium constant (K)terms of the concentrations of

"reactants" and "products”

We may also note that:

[S-M] is proportional to the surface coverage as@thed molecules, i.e. proportional to
0
[S -*] is proportional to the number of vacant sjtee. proportional to (8)

[M] is proportional to the pressure of gas, P

Hence, it is also possible to define another eéguim constant, b, as given below.

Rearrangement then gives the following expressoihe surface coverage.

b= )

This is the usual form of expressing the Langmsmtherm.

Graphically, a plateau characterizes the Langmsotherm. Therefore, at
equilibrium, a saturation point is reached where fadher adsorption can occur.
Sorption is assumed to take place at specific hemegus sites within the adsorbent.
Once a molecule occupies a site, no further adsorptn take place at that site. In Eq.
(3), KL and a are the Langmuir isotherm constantg, &d G are the liquid phase

concentration and solid phase concentration of r@ddse at equilibrium.
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C, = C, 3)

+—LC, (4)

Hence by plotting £/ C; against @it is possible to obtain the value of ikom the
intercept which is (1/K) and the value of afrom the slope, which is (&.). The
theoretical monolayer capacity iss@nd is numerically equal to (K ). So Eq. (4) is
rearranged as the below.

Lot L5 (5)
C, C,a C,

The Langmuir equation is applicable to home&gers sorption where the sorption of
each molecule has equal sorption activation endrlgg.equation is thermodynamically
consistent and follows Henry’'s Law at low concetitras. As G becomes lower, aCe
is much less than unity and~CK, C,, that is, analogous to Henry’s Law (Allen, Gan,
Matthews, & Johnson, 2003).

To determine if the adsorption process is favieralp unfavorable, for the Langmuir
type adsorption process, the isotherm shape carldssified by a term ‘R, a
dimensionless constant separation factor, whictefged as below (Arslagh, Kar, &
Arslan, 2005).

R.=1/[1+a Aq (6)
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where R is a dimensionless separation factog.id\initial absorbance and &angmuir

constant.

The shapes of the isotherms for O<R1, R > 1, R =1 and R = 0 are favorable,

unfavorable, linear and irreversible, respecti®leber, & Chakkravorti, 1974).
1.4.2.2Freundlich isotherm

The Empirical Freundlich expression (Eq. (78) an exponential equation and
therefore, assumes that as the adsorbate condcemtriacreases so too does the
concentration of adsorbate on the adsorbent surfd@®retically, using this expression,
an infinite amount of adsorption can occur (Freigidl1906).

Freundlich equation is based on a monolayeoratien by the adsorbent with a
heterogeneous energy distribution of active sitds|§ & Kabasakal, 2004)
Cs = Kf Ce nf (7)

In this equation Kand n are the Freundlich constants characteristic orsyseem. K

and n are indicators of adsorption capacity and heteveify factor, respectively.

The Freundlich equation aggress well with trendmuir expression, it does not
reduce to the linear isotherm (Henry's Law) at Isuwrface coverage and provides no

information on the monolayer adsorption capacitigiet. al, 2003).

Both these theories suffer from the disadvamtidogt equilibrium data over a wide
concentration range cannot be fitted with a sirggeé of constants (McKay, Bino, &
Altemeni, 1980).

To determine the constants &d n , the linear form of the equation shown below
may be used to produce a graph ofJda@ainst In@ (Allen et. al, 2003).
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INCs= InK; + v In Co 8
1.4.2.3Dubinin — Radushkevich (DR) Isotherm

Langmuir and Freundlich isotherms do not givey adea about adsorption
mechanism. In order to understand the adsorptipa, tgquilibrium data is applied to

following linear form of DR isotherm:

In Csorb = In Xy — BE 9)

where Gonpis the amount of ions sorbed onto the adsorbentgly X, represents DR
monolayer capacity of the sorbent (mblgp a constant related to sorption energy
(mof/kF) and & Polanyi sorption potential, the amount of energguired to pull a

sorbed molecule from its sorption site to infinihich is equal to:
€ =RT In (1+1/Q) (10)

where R is the gas constant in kJMof; T is the temperature in Kelvin and 8 the
equilibrium concentration in solution (mol &n The Polanyi adsorption theory
postulates fixed volume of sorption site close @wbent surface and existence of
sorption potential over these sites. The sorptiotemtial is related to an excess of
sorption energy over the condensation energy anddependent of temperature. The
plot of INGsorp Versuse? follows linearity. The value of X is determined from the
intercept and the value @ is derived from the slope. The sorption energyoiEions

onto adsorbent calculated using the expression:

_ k—1/2
E= e (11)
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is the range of 8-16 kJmbbesignated for ion exchange mechanism (Malik, Hgsa&
Subhani, 2005). If the value of E is smaller thadrBol’, this shows physical
adsorption due to weak van der Waals forces (Sénftant, 2004).

1.4.3 Adsorption Kinetics

In order to optimize the design of an adsorpsgstem, it is important to establish the
most appropriate correlations for the equilibriuatadfor each system. In this respect,
several kinetic models including the pseudo-finstes equation, pseudo-second-order

equation, and intraparticle diffusion model are leop to find out adsorption

mechanism.

1/q = (ki/q1)(1/t) + 1/q  Pseudo-first-order (12)
t/gy = 1lke.qp*+ (L/gp).t  Pseudo-second-order (23)
G=lkt?+C (14)

where

q is the amount of trimethoprim adsorbed (fggn montmorillonite KSF at various

timet,

. is the maximum adsorption capacity (riyéor the pseudo-first order adsorption ,
ki is the pseudo-first-order rate constant for tteogption process (m,

0 is the maximum adsorption capacity (iifgr the pseudo-second-order adsorption,

ks is the rate constant of pseudo-second-order #oatisorption (g mitmin™),

C is the intercept for the intraparticle diffusiodel (mgd),

kp is the intraparticle diffusion rate constant (migrgin®9).



31

The straight-line plots of 1/gersus 1/t for the pseudo-first-order reaction Hgdvs
(versus) t for the second-order reaction for th&gation have also been tested to obtain
the rate parameters. The ko, o, @ and correlation coefficients;Rand R? of were

calculated from these plots (Ozcan, & Ozcan, 2004).

Adsorption kinetics are usually controlled bffetent mechanisms, of which the most
limiting are the diffusion mechanisms, including timitial curved portion, attributed to
rapid external diffusion or boundary layer diffusi@and surface adsorption, and the
linear portion, a gradual adsorption stage duat@particle diffusion starts to decrease
due to the low concentration in solution as welleagr available adsorption sites.

The rate-limiting step may be due to intraigéetdiffusion. The rate constant for the

intraparticle diffusion was obtained using the (&4uation.

C gives an idea about the boundary layer tl@sknIf the intraparticle diffusion is
involved in the adsorption process, then a plahefsquare root of time'f) versus the
uptake (¢ would result in a linear relationship and thetjgbe diffusion would be the

controlling step if this line passed through thigjior

When the plots do not pass through the oritii, is indicative of some degree of
boundary layer control and the further show that ititraparticle diffusion is not the
only rate-controlling step, but also other processay control the rate of adsorption, all

of which may be operating simultaneously.

The slope of the linear portion can be usedetave values for the rate parameter, k
for the intraparticle diffusion. The larger the antept (C value), the greater is the

boundary layer effect. (Ozcan, et. al, 2004).
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1.4.4 Thermodynamic Parameters of Adsorption

The thermodynamic parameters of the adsorppoocess are obtained from
experiments at various temperatures. It is esderta clarify the change of
thermodynamic parameters. Gibbs free energy chax@estandard enthalpyH, and
standard entropyAS are estimated by applying thermodynamic equati®hs Gibbs
free energy change of adsorption is estimated ftefollowing equation (Ozcan, et. al,
2004).

AG® = -RT In Ky (15)

where
K4 = The equilibrium constant at temperature T,
R = gas constant ( 8.314 J md{™),

T = absolute temperature (K).

K4 was estimated using the following equation;

Ka=G/Ce (16)

where
Ce= equilibrium concentration

Cs= the amount of adsorbed
To determine the values aH° andAS°, the van’t Hoff equation is used;

In Kg = (AS°/R) — AH°/RT) (17)

AH° and AS° can be obtained from the slope and interceptwairet Hoff plot of In
Kq versus 1/T (Aksu, & Kabasakal, 2004).
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The negative value of the Gibbs free energynatestrates a spontaneous and
favorable adsorption process. The higher negatalaevreflects a more energetically

favorable adsorption (Aksu, et al, 2004).

The negative value d@fH° indicates that the adsorption process is exothermic
nature and the negative value &%° showed the decrease in degree of freedom or
decrease the disorder of adsorption process. Tlgatime value ofAS°® suggests
decreased randomness at solid/ solution interfadena significant changes occur in the

internal structure of the adsorbent through theaud®n (Ozcan, et. al, 2004).

The activation energy, Ea, was obtained fromahenius plot. Arrhenius equation is

shown below;

k=Ae"RT or (18)
Ink = InA - EJRT (19)
where

k, = rate constant,

A = The Arrhenius factor,

R = gas constant (8.314 Jmd(™Y),

T = absolute temperature (K).

The plot of Ink versus 1/T for the adsorptas applied to obtain the activation

energy, &from the slope.
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If the activation energy value is between Skdfol'values, it is understood that the
physical adsorption mechanism is occurred. Whenatiievation value is higher than

40kJmol', it can be easily said that Ea represents theaafichemical adsorption.

1.5 Trimethoprim

Trimethoprim (TMP) is among the most importamttibacterial agents (synthetic
antibiotics) used in human and veterinary mediouoeldwide acting as an inhibitor in
the chemotherapy treatment due to its antifolafeceby interaction with dihydroflate
coenzymes (Florey, 1978; Hitchings, Burchall, 1965)

NH,
OCH,
)x\‘“
H, M N OCH,

OCH,

Figure 1.12 Chemical structure of trimethoprim

Trimethoprim is a weak base with a pKa of 7t3is lipophilic. The chemical
designation of trimethoprim is 5-[(3, 4, 5-trimedyphenyl) methyl]-2, 4-pyrimidine
diamine. It is a white to yellowish compound witittdr taste.
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Table 1.3 Physical properties of Trimethoprim

Empirical Formula GigH18N4O3

Molecular Weight 290.32 gmot

Appearance White to yellowish powder

Melting Point 199 - 203 °C

Solubility Insoluble in water, freely soluble ioahol
State/Form Crystalline powder

Stability Stable under ordinary conditions
Particle size 80 - 100 (mesh)

Storage Sealed, in dark place

In respect of many articles, TMP was deteatedospital sewage water in Sweden
(Lindberg, Jarnheimer, Olsen, Johansson & Tyskl2@)4), in wastewater effluents
from East Aurora and Holland (Batt, & Aga, 2005), manure and soil in a German
farming area (Miao, Bishay, Chen, & Metcalfe, 20@4) in two municipal wastewater
treatment plants in USA (Renew & Huang, 2004) amdUiS. Streams (Kolpin, et.al,
2002).

Release of antibiotics to the environment reayl to high, long-term concentration
and promote unnoticed adverse effects on aquatictemestrial organisms. Prolonged
exposure to low doses of antibiotics leads to thkective proliferation of resistant
bacteria which could transfer the resistance geoesther bacterial species (Levy,
1997). Effect can accumulate so slowly that changsmain undetected until they
become irreversible (Diaz-Cruz, de Alda, & Barcél603). Because it is impossible to
stop antibiotic usage, it must be taken precautaganst continual input of antibiotics
to environment by using adsorbents such as natmcisynthetic zeolite, clay minerals

and pillared clays for the goal of removing antilwe from wastewater treatment plants.
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This study is carried out for the purpose @hoving trimethoprim in wastewater
treatment plants and in any where that drug eftiieme present via the adsorption
behavior of the pillared clay catalysts. For treason batch adsorption experiments are

made to clarify the adsorption process of trimethnpnto PILCs.

1.6 Characterization Techniques of Pillared Clays

The surface area and pore volume of the peelpsystems are clarified. As a result of

pillaring, surface area and pore volume increasastidally.

1.6.1 The BET Analysis

Derivation of the Langmuir isotherm expressiaas based on the idea of coverage of
the surface with single layers of adsorbent. Isotheurves for adsorption rather than
flatten out after initial stage of adsorption sugjga secondary adsorption stage. S.
Brunauer, P. H. Emmett, and E. Teller have workatdacdescription of this process, and
expression for the corresponding adsorption isathé&nown as the BET isotherm. The
adsorption process can be described as adsorbestuted on the surface sites and
attachment of molecules to sites where occupiecddsorbed molecules. In order to

represent x for Pfthe expression for the BET isotherm is

WV CxX

Vi (1-x) (1-x + cx)

If we take the reciprocal of each side of the elgmaand multiply both sites byand
by x/ (1-x), it will be

x 1 _ 1 [c-1)x
l= V eV c Vi
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If we plot left side of the equation against xwitl give a straight line. The values of the
intercept on the x =0 axis and that of the slopelma calculated to obtain the,\and c

values. By using ¥ values, one can calculate the specific surface afréhe adsorbents.

1.6.2 X-Ray Powder Diffraction

With the exception of surface area and poftame measurements, the easiest way to
determine whether pillar intercalation is succdssfuto record the X-ray diffraction
pattern of and oriented film of the product. Foma®wle, Figure 1.13 depicts XRD
patterns of montmorillonite and FeAl PM. The broddnds obtained in the XRD

spectrum, instead of sharp peaks can be attrihateemi crystalline nature of clays.

The only data that can be obtained is theagdigg of (001) plane, which indicates the
extent of propping apart of clay layers. The chiamstic do; Spacing of
montmorillonite increased from 9.8 A to 17.8 A feeAl PM. Shifting of ® values
clearly suggests expansion of clay layer durindapilg process. The increase in d
spacing of (001) plane to 17.8 A is indicativeltd presence of Ad like polymers.

The XRD patterns were exactly identical tot tbhmontmorillonite. Thus, it can be
concluded that insertion of the second metal dfteiformation of stable pillars does not
destabilise the porous network. Additional peaksesponding to the exchanged metal
oxides were not noticed. This may be due to tharditive amounts of the exchanged

metal in these samples (Kurian, & Sugunan, 2006).
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4 B B 10
2 theta

Figure 1.13 XRD profil@) M; (b) FeAl PM.(Kurian, & Sugunan, 2006).

1.6.3 Thermal Analysis (TGA/DTG)

Thermal analysis is a group of techniques imctv the physical property of a
substance is measured as a function of temperavhike, the substance is subjected to a
controlled temperature program. These include obangweight [Thermogravimetry
(TG)], temperature difference [(Differential Thedm@analysis (DTA)] and heat flux
difference [(Differential Scanning Calorimetry (DBC

Lack of thermal stability is the common drawkattributed to pillared clays. In
order to find out thermal stability of prepared tsyss, it was subjected to
thermogravimetric analysis in the temperature raofg80-800°C. The weight losses
were occurred in three steps for pillared clayse Titst step (100 -120°C) is related to
lose of surface water and also the DTA profileha tlay shows an endotherm at 120°C.
The second step (200-500°C) demonstrate the wigigbes regarding the dehydration of
pillar agents. The third step is between 500 ar@if@0In this step, the decomposition of
the pillar agents and dehydroxylation are occugdHat reason, the pillared structure
might be loosened due to the pillar agent deforonati
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1.7 Preparation, characterization and swelling behaviors of poly (acrylic

acid)/Pillared clays, superabsorbent composites

Superabsorbent hydrogels are a type of loagelyslinked hydrophilic polymer that
can swell, absorb and retain a large volume of wate other biological fluid.
Superabsorbents may have found many applicatidasf@wing to the water absorbing
characteristics. Some of their applications inclandeel moisture sensors, fire protection
materials, hygienic products, horticulture, geluators, drug-delivery systems, as well
as water blocking tapes and coal dewatering (Langh) & Wang, 2005; Yao, & Zhou,
1994; Zhou,, Yao, & Kurth, 1996; Tsubakimoto, Shimoa, & Kobabyashi, 1987,
Miura, et.al, 1991; Tanaka, 1992; Walker, 1987;d@dbo, 1993; Dong, & Hoffman,
1991).

Recently, research on the use of superabstzrlag water managing materials for the
renewal of arid and desert environment has atulagteat attention, and encouraging
results have been observed as they can reducationgwater consumption, improve
fertilizer retention in soil, lower the death rateplants, and increase plant growth rate
(Zhang, Li, & Wang, 2005).

Additionally superabsorbents have negativetufes in some application fields
because of high production cost and low gel sttengjo overcome these negative
points, inorganic fillers can be used as low costemal and developer the strength

properties in polymer matrixes.

In the superabsorbent field, much attentias been paid to layered silicate recently
for the preparation of superabsorbent compositeause of developing mechanical and
materials properties of superabsorbents. Clayd) ssckaolin (Wu, Wei, Lin, & Lin,
2003), montmorillonite (Lee, & Yang, 2004; Kabir& Zohuriaan-Mehr, 2004),
attapulgite (Li, Wang, & Chen, 2004), mica (Lin, WXang, & Pu, 2001), bentonite and
sercite (Wu, Lin, Zhou, & Wei, 2000), have all beased for the preparation of
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superabsorbent composites. Pillared clays are mdddlays that protect the layered

silicate structure.

In this thesis study pillared clays were uasdnorganic materials for developing the
properties of superabsorbent hydrogels. It wasrtegdhat the intercalation of certain
metal oxides on 2:1 clay minerals significantly tecan increase in the sorption capacity
(Lothenbach, Furrer, & Schulin, 1997). High tempera calcination of intercalated
clays results in ‘pillared’ materials, where thelybydroxo cationic species are
irreversibly fixed to the layers. Al- pillared maondrillonite KSF (AlI-KSF) and Al-
pillared montmorillonite K10 (AI-K10) and Zr- piltad montmorillonite KSF (Zr-KSF)
were pillared clays that used as inorganic fill&ree introduction of pillars (Keggien
ion), besides increasing the material's resistaano@ stability, provides porosity, a
greater surface area, access to acid areas existingtural clay, and the presence of
potentially active species for a specific react{@ing, Zhu, Greenfield, & Lu, 2001;
Ding, Kloprogge,& Frost, 2001).

1.8 Objectives and Scope of the Thesis Study

Pillared clays have reached considerable asteas catalysts and catalysts supports
over the past years. Their porosity, reactivity dndrmal stability are being widely
applied in adsorption and catalysis (Mrada, etl897; Kikuchi, & Matsuda, 1988).

Pillared clays with different inorganic compais have drawn much attention.
Numerous cations (hydroxyl aluminum (Kikuchi, & Matla, 1988), zirconium (Burch,
& Warburton, 1987), and iron (Tzou, 1983)) have rbesed for the preparation of

pillared clays.

In this thesis study, synthesis of aluminumganium and iron pillared clays were
prepared in various experimental conditions. In gheparation, drying processes were

achieved by freeze dry and oven dry. The synthdsizdlared clays have been
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characterized using gas adsorption analysis (BErgy diffraction (XRD), scanning

electron microscopy (SEM) and FTIR techniques.

Additionally, the present work investigatece tiefficiency of aluminum-pillared-
layered K10 and KSF montmorillonites (Al-PILCs) fthre removal of Trimethoprim
(TMP) which is one of common used antibiotics fragueous solutions under kinetic
and equilibrium conditions. In order to identifyettmechanisms of TMP sorption on
pillared montmorillonites, aluminium pillared lager montmorillonite KSF and
montmorillonite K10 were prepared and then the gitgm conditions were varied and

tested in sorption experiments.

In this thesis study, the prepared pillaredysl were used inorganic fillers for
synthesis of superabsorbent hydrogels. The perfucenaf the inorganic fillers on the
properties of the superabsorbents was comparedaheh in detail. Additionally, the
synthesis of pillared clays containing acrylic-lsthseperabsorbent hydrogel composites
and the characterization performed by XRD, FTIRI S8&EM were represented.



CHAPTER TWO
MATERIAL AND METHOD
2.1 Propertiesof clay samples

In this study, Montmorillonite KSF and Montmorilld@ K10 will be used as clay

samples.

KSF montmorillonite (KSF) and K10 montmorilite (K10) supplied from Fluka
Company were utilized as precursor material oapatl clays. Chemical composition of
KSF Montmorillonite is %55.0 Si§) %18.0 AbOs, %4.0 FeO3, %3.0 MgO, %3.0 CaO,
%<0.5 NaO, %1.5 KO, %5.0 Sulphate and %10.0 loss on ignition. KS§& daurface
area of 20-40 Afg. Chemical composition of K10 is %69.0 $i©614.0 AbOs, %4.5
Fe0s3, %2.0 MgO, %1.5 CaO, %<1.5 M2, %1.5 KO and % 7.0 ignition loss. K10 has

a surface area of 1971y.

2.2 Preparation of Aluminum pillared clays (Al- PILCs)

The AICk-6H0 and NaOH procured from Merck were used to prepiaeillaring

solution.

The first step in the pillaring process is togane a pillaring agent. Pillaring was
achieved using aluminium hydroxide solution asapifig agent. The pillaring solution
was prepared by titrating aqueous 0.1 M NaOH wgbemus 0.1 M AIG6H,0 until
the OH/AI ratio was equal to 2.0. At this hydrob/satio, Als is a major species in
solution. The pillaring solution was aged for 2tl6@ °C and then kept overnight at 30
°C. After aging, the resulting solution was reacteith a proper amount of aqueous
suspension of KSF and K10 clay, keeping an Aly ctio of 10 mmol @ The slurries

were maintained at 60 °C for 2 h followed by annggperiod of 7 days at room

42
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temperature, then washed by centrifugation and/slsltill the absence of chloride and
oven-dried at 80 °C for 18h and calcined at 253dtC2 h. On the other hand drying

process was achieved by using freeze dryer.

2.3 Preparation of Zirconium pillared clays (Zr- PILCs)

Zr-pillared clays were prepared from zirconyl cider solutions. In a first set of
preparations, 0.2 M ZrOgl8 HO solution was previously refluxed at 96 for 5 and
24 h. The solution re- fluxed for 5 h remained lichout it turned turbid after refluxing
for 24 h. The solutions were added dropwise to 2 wW#050 acetone %50 ,0)
suspensions of KSF and K10 montmorillonite at & @ft10 mequiv. Zr § clay. The
final suspensions were stirred for 24 h at roompterature. Samples were further aged
for 10 days. The pillared clays were washed byrdagation and oven-driedfter this

period, the samples were calcined at 250 °C far 2 h

2.4 Preparation of Iron pillared clays (Fe- PILCs)

A typical Fe-PILC synthesis procedure was bdmapreparing pillaring solution. For
this purpose, Feg.bH,O was added to NaOH solution to obtain OH/Fe mi@to of 2.
In order to avoid precipitation of Fe species, pliewas kept constant at 2.5. A proper
amount of deionized water was added to solutiore fsulting solution was aged for
24h with stirring at room temperature. The pillarsolution was then slowly added to a
suspension of KSF and K10 in deionized watére Fe / clay ratio was keeping 10 mmol
g’ The mixture was stirred and allowed to react. Fjnahe solid was obtained by
centrifugation and dialysis with deionized watetiluih was chloride free (conductivity
<6 mS/cm). The aim of this stage was to remove sxahloride ions which could
prevent the diffusion of polyoxocations within tierlayer space (Palinko, Lazar,
Hannus, & Kirisci, 1996). The resulting productsre oven-dried at 60 °C for 24h and
calcined at 250 °C for 2 h.
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2.5 Synthesis of poly (acrylic acid)/Pillared clays, superabsorbent composites

Acrylic acid (AA) and the crosslinker N, 'dhethylene—bisacrylamide (MBA)
purchased from Fluka were used without further flation. Ammonium persulfate
(APS), sodium metabisulfite (SMBS) and potassiumrbyide (KOH) (all from Merck)

were used as received.

Acrylic acid (20 g) was neutralized with patasn hydroxide solution (12.1 g KOH
+ 10.0 g HO). Then crosslinker (MBA) solution (0.013 g MBA3+0 g HO) was added
to the monomer solution. The mixture was poured mmt600-mL beaker, which was
equipped with a magnetic stirrer and thermometd5d@ of Al-KSF and Al-K10 and
0.05, 0.10 and 0.20 g of Zr-KSF were added toisgrisolutions and stirring was
continued for five minutes until homogeny mixturegere obtained. To start
polymerization reaction, the APS solution (0.05 BSA+1.5 g KHO) and the SMBS
solution (0.063 g SMBS + 2g.8®) were added to the mixture. The temperature of
mixture was increase rapidly to almost 100°C withifew minutes. Prior to hardening
the products, the mixtures were pour into the Righ to obtain thin films. Samples
were dried in a vacuum oven at 70°C for 24 h arehth few amount of water was
dropped to film and after 1 h, the film was removenim Petri dish and cut into an

appropriate size (~1cm x 1cm) . After all, samplese dried again.

2.6 Swelling measurements of poly (acrylic acid)/Pillared clays, super absor bent

composites

Water absorbency measurement was performedjhwg the initial mass of
composite 1) and mass determined at timent)(of gel that was immersed in the
distilled water at room temperature. Swollen sasplvere then separated from

unabsorbed water by using tissue paper until regcttie swelling equilibrium. The
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percent swelling values were calculated by theofwlhg equation. Data points are
means of three measurements.

%Swelling :10{%}

2.7 Characterization Techniques
2.7.1 XRD analysis

X-ray powder diffraction patterns were obtair®y Rigaku Dmax 2200/ PC model
instrument with Cu K radiation (40 kV, 40 mA). Clays, pillared clays dan
superabsorbent samples for X-ray diffraction measent were processed to powder
form and film form for pillared clays and superatimmts, respectively. The space of the
layer is calculated by this formula 2d&mmA (Xie, Zhao, & Zhang,1980)X-ray
diffraction (XRD) reveals the basal spacing of giéared clays before and after in-situ
incorporation indicating the morphology of the sgsorbent (exfoliated, intercalated

or only dispersed).

2.7.2FTIR analysis

The FTIR spectra of the samples were recorded oReekin Elmer FTIR
spectrophotometer (Spectrum BX-Il). 100 mg of fi{®r powder was dried at 110 °C
and mixed with 1 mg of samples. The samples wepé ikethe desiccators. For analysis
of pillared clays, KBr pellets were prepared. Inéich spectra were carried out in the
region 4000-400 ch The background spectrum of each KBr pellet wasinbd by
subtracting it from the sample spectra. The FTIRcHa of the superabsorbent
composite were recorded on a FTIR Perkin EImer ®pecBX-11) using ATR probe at

ambient conditions for film of composite.
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2.7.3 Thermal analysis

Thermal behavior of pillared clays was detaedi by using Perkin-Elmer Diamond
TG/DTA Analyzer. TGA measurements wearied out in porcelain pans at 10 °C/min
heating rate in the range of 30—1000°C under r#mcatmosphere with a flow rate of 50

ml/min.

2.7.4 BET Specific Surface Area Analysis

As a result of pillaring, surface area and porain increases drastically. For this
reason, firstly surface area and pore volume of phecursor clay minerals are

determined by BET specific surface area analysisitterstand the increase.

The BET isotherms are plotted by volume verglative pressure.

BET surface area £&), total pore volumes (Ma.) and average pore diameter (Ip)
were obtained from N adsorption—desorption isotherms at 77 K, measwed
SORPTOMATIC 1990 after a degassing under vacuum3fdr at 150 °C by using
MILES-200 Advanced Dat®rocessing Sorption Software Version 3.00. For sibyo
analysis, the BJH method (Barrett, Joyner, & Hadertb51) and the Dollimore—Heal

method were used (Dollimore, Heal, 1964).

The Horvath- Kawazoe (H-K) method was useddtenine the micropore surface
area and volume (Horvath & Kawazoe, 1983). The é&@grdoyner and Halenda (BJH)
method was used to determine the mesopore- sizebdion (Barrett, Joyner, &

Halenda, 1951). Surface area measurements haveoammiet 3%.
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2.7.5 SEM Measurements

SEM micrographs and elemental analysis weréopeed by a scanning electron
microscope (SEM; Jeol JSM 60) operating at the lacaing voltage of 20 kV. The
clays, pillared clays and the film of composite péen were dried before gold sputter-
coated for SEM analysisor SEM, photographs were taken at different magatibns
(between 1000X and 10000X).

2.8 Adsor ption experiments

Adsorption study was carried out using Trinogithm antibiotic as adsorbate and Al-
K10 and AI-KSF as adsorbents, respectively. Trimptim (TMP) was purchased from
Sigma (Cat. No. T 788) and used without furtherifmation. TMP solution was
prepared by using certain proportion of ethanol distiled water to enhance the
solubility of TMP.

The batch experiments were carried out in anb8toppered flasks where 0.01 g of
Al- K10 and 0.1 g of AI-KSF and 25 mL of TMP soloni at desired initial concentration
were added. The solution pH adjusted to the desafde by adding HCIl and NaOH as
required. The flasks were subsequently capped hakies in a temperature controlled
shaking water bath at 150 rpm for desired tempezaRreliminary kinetic experiments
demonstrate that adsorption equilibrium was reactiéiin 2 h for Al-K10 and 3 h for
Al-KSF. After this period, a portion of the supetanat layers of suspensions were taken
and centrifuged at 5000 rpm for 15 min and therlyaed for the concentration of TMP
remaining in the solution by Spectrophotometric hmdt Spectrophotometric
measurements were carried out using a Shimadzu bR 1601 model
spectrophotometer at,ax = 271 nm at ambient temperature. The adsorptioacitgs
were calculated from the difference between initahcentration and equilibrium
concentration of TMP.
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The same procedures were carried out at saltéimperatures of 303, 311, and 318
K to find adsorption isotherms and thermodynamicapeeters. The effect of contact
time, pH, initial concentration, temperature, addabent dose was studied. In addition,
some experiments were performed at various timervats to determine the kinetic
parameters. The pH was varied from 2.6 to 11.0jrthi@l concentration from 4.0x10

to 20.0x1®mol L™}, and the amount of adsorbent was varied fromd¥tg L.



CHAPTER THREE

RESULTS

3.1 Characterization of pillared clays

3.1.1 XRD analyses of pillared clays

In this study, Montmorillonite KSF, Montmorillonit&k10 clays were used as
precursor materials for synthesis of pillared cldgorder to clarify differences between

clays and pillared clays, XRD analyses performedtih clays and pillared clays.

The XRD traces of the clays and pillared sasplere shown as the follows. The
XRD pattern of the parent clay exhibits a peakéaivRith a d value of ~5-6A, which is
commonly assigned to the basal 001 reflectiogpd The do: values of untreated
montmorillonite KSF and K10 were 12.55 A at 6.99)(2nd 14.83 A at 5.94 ¢,
which correspond to the main montmorillonite comgun In pillared clays, theogh
peak was found to shift towards the lowér r2gion, which is a clear indication of the
enlargement of the basal spacing of the clay. Treepest and the most intense peak,
suggests that the intercalation process is homagsngGanchez, & Montes, 1998). The
less intense and broader peaks suggest that aofragt clay remained unpillared
(Gonzalez, Pesquera, Blanco, Benito, & Mendiord292) and/or delamination has
occurred (Katdare, Ramaswamy, & Ramaswamy, 20@arl do, basal spacing of
clays and pillared clays were summarized in TableaBd 3.2 as shown follows. OH/M
molar ratio of all pillared clay is 2.0 and symladlM indicates metal of pillaring agent
such as Al, Fe and Zr. Calcinations were performmédhe temperature of 2%0D.
Pillaring achieved an increase in the distancegéis of montmorillonite. The increase
in d-spacing was as expected since the pillaringge&s an expansion in the interlayer
spacing. Subtraction of the thickness of the 2ykrdaf 9.60 A (Manohar, Noeline, &

Anirudhan, 2006) yields interlayer separationsibpiélared clays and these results were

49
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indicated in the Tables 3.1 and Table 3.2. Interlaseparations were between 4.42 and
10.0 A. Zirconium pillared KSF series have higheeilayer separations than the other
pillared KSF series. This was indicated as Zr-KSRIsKSF > Fe-KSF for interlayer
separation. As seen pillared K10 series, Al-K10-QOX had the highest enlargement
between interlayer. The interlayer separationildined K10 was increased in order of
Zr—K10, Fe—K10, and Al-K10. Additionally, XRD dateas reflected the main structure
of precursors of pillared clays (KSF, K10).

KSF Fe-KSF-FD* Fe-KSF-FD

d=15.44

d=12.55

Intensity (Counts)

m
[
[n)]
o
1]
=]

d=5.923

8.950

i =
d:
Tr= d=8.516

3 d=15.33

1 Two-Theta (deg) 10

Figure 3.1 Comparison of XRD traces betwthe angles910° of KSF,
Fe-KSF-FD* and FefikBD".
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Zr-KSE-FD

Zr-KSF-OD

Zr-KSE-OD*

KSF

S5 TL=p

(swmoD)) Aysuagu]

10

Two-Theta (deg)
Figure 3.2 Comparison of XRD traces betwibenangles 810° of KSF, Zr-KSF-OD*, Zr-KSF-

OD and Zr-KSF-FD.
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Figure 3.4 Comparison of XRBcs between the angles1®® of K10, Fe-K10-FD*
and Fe-K10-FD
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Figure 3.5 Comparison of XRD traces betweeratigles 0-10° of K10, Zr-K10-OD* and
Zr-K10-0O0'.
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3.1.2 FTIR analyses of pillared clays

The FTIR spectra results were summarized in Tal#eaid 3.4. It can be observed
that the two bands were observed around 3500, émthe —OH stretching region. A
broader band due to ADH group of the octahedral layer was at about 3625.
Stretching vibrations of water molecules may alsotibute to —OH bands (3450 &n
On pillaring, the band broadens due to the intrdacof more —OH groups of the
pillar, which is interpreted as an effect of piliey. The broad absorption bands observed
in clays and pillared clays at about 3625 cmepresent the fundamental stretching
vibrations of different —OH groups present in Mg—9%i Al-OH- Al and Fe—OH-Al
units in the octahedral layer (Farmer, 1974). Therelase in intensity arises from the
dehydration and dehydroxylation steps during pilgrBand at around 1600 ¢his due
to bending vibrations of water. Pillaring procesplaces a large amount of interlayer
cations that generally exist as hydrated and iredses the intensity of —OH bands.
PILCs have low amount of adsorbed/coordinated wderto the non-swellable nature.
Thus, as a result of pillaring, intensity of thexdaround 1600 cthdecreases. The band
around 1045 cfh is due to asymmetric stretching vibrations of Si@-Si—O)
tetrahedra. A band around 800 tris due to stretching vibration of #ltetrahedra,
when substitution of Al for Si is low; Al-OH-AI lifation lies in the 915+950 ¢
range. The weak band at about 690 ctrwere assigned to O-Si-O asymmetric
stretching and absorption at 526 tim due to bending vibration of Al-Si—O (&t the
asymmetric bending mode of Si—-O-Si band at 469 @® reported in silicate system
(Olphen, Fripiat, 1979).

Concerning to pillared samples, an increasthé 3450 cm /3625 cni intensities
ratio is visible with respect to the raw clay. Thigensities increase in the 3450 tm
peak could be related to the presence of Al-polgnatin the samples, forming pillars or
not.
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The retention of all bands as in parent mamiifonite in the framework region
clearly shows that the basic clay layer structemains unaffected on pillaring. These
bands are slightly broader but their wavenumbegsaimost the same as those of clays
(the differences in their wavenumbers are not higfnen 10 crif). These results suggest

that the complex is physically entrapped within BieC structure.
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3.1.3 SEM analyses of pillared clays

The SEM micrographs of pillared clays give inforrmatabout only morphology;
this information was supported the characterizabgrihe other methods. SEM images

of clays and pillared clays were illustrated inug3.13 - 3.18.

Figure 3.13 showed representative micrographs df K®000x magnification), Fe-
KSF-FD* (5000x magnification), Fe-KSF-F§10000x magnification). The KSF has a
structure of abundant layerBhe structure of the clay was retained in the patlaclays
before and after calcinations at 260but the morphology of clay was influenced by
pillaring. This suggestion was supported by theeotbharacterization method for
example by FTIR, XRD. The samples showed broad ortatructure.

The montmorillonites appears as corn flake Icrystals with fluffy appearance
revealing its extremely fine platy structure. Aftaitlaring, clay has become fluffier.
Similar changes were observed on morphology ofptleeursor clay by pillaring when
examined the micrographs of the pillared clay. Tavity the effect of freeze drying on
the Zr pillared clay, SEM micrographs cleared tfraeze drying might caused the
compact structure than oven dried. As seen in Ei§ut5, while the amount of pillaring
agent was increased, the layered structure ofllagme more tightly. When examined
Figure 3.18(e), porous structure of freeze driedmihium pillared K10 calcinated at
250°C was determined more clearly. Consequently, for ahservation, more tightly
structure was obtained by dried by freeze dryintdpe@vise, fluffy appearance was seen
at pillaring clays by oven drying. Pillared clgy®pared by using K10 were made up of
more pieces than of KSF.

When the EDS analyses of pillared clays wet@mined, the pillaring agent ratio
was increased by pillaring.



67

(uoneayiubew xp000T) d4-4SM-83)((Uoneayiubew x000S) xa4-4SM-24 (q) (uonddaw x0000T) 4SH (B) Jo sydeibosoiw WIS €T°¢ ainbiy




68

A0-4SM

(uonreaiubew Xx0000TNA-4SM-1Z (P) (Uonesyubew X0000T)
-17 (Q)diyeoyiubew x0000T) xA0-4SM-1Z (q) (uoneduiuBeo0T) 4SH (B) Jo sydelboioiw WIS +T°€ 8inbi4




69

(uoneoyiubew x0000T)JO-4SM-IV() (uoneaubew x000Sad-4SH-Iv (8) (uoneoyiubew x0000T) «Ad4-4SH-IV(P)
Iv(q) (uomegw x0000T) 4SM(e) Jo sydesBosoiw WIS GT°E a4nbi-

(uoneoyiubew xp000T) X0Z,dO-4SH-IW(guoneoyiubew x0000T) X0Z-dO

4SH



70

(uonresyiubew xp000T) a4

0T

83)((uoneoyiubew xp00s)

+*dd

0T

84 (q) (uonedgw x0000T) OTH () Jo sydesBoioiw NIS 9T ainbi




71

(uoneoyiubew xp00S)Xa4-0TM-1Z (p) (uonesyiubew x000S)
dO-0TY-1) (uoireaiiufew x000S) xAO-0TM-1Z (q) (uomeEdgw x000S) 0TH (e) Jo sydesboioiw WIS LT°E aunbiH




72

(uomeoyiubew  X0000T) QO-0TM-IV(})  (uoneoyubew  xQ000T) Q4-0TM-IV  (8)  (uomeoyuBew  XQ000T)  »A4-0TM-IV(P)
(uonreaiiubew x0000T) X0Z,A0-0T M-IV Juoneayiubew X0000T) X02-A0-0TH-Iv(a) (uomebgw X0000T) OTM(e) Jo sydeiBosoiw NIS 8T'E aInbiq




73

3.1.4 N adsorption—desorption isotherms of pillared clays

Figures of 3.19-3.30 showed the nitrogen adsorptiesorption isotherms of pillared
clays. The BET surface areas were measured. Thegeit adsorption—desorption
isotherms of all pillared clays exhibit type IV tife BDDT classification, with a well
defined H4 hysteresis loop (Sing et al., 1972)sH®hape corresponds to narrow slit-like
pores.The textural characteristics of the samples obthinem the analysis of these
isotherms are given in Table 3.5. The BET surfasas (get), Total pore volumes

(Viota) and average pore diametg)) (ere summarized in Table 3.5.

Table 3.5 The structure characteristics of alumimilfared clay

Sample $er (M7Q) Viotar (MI/Q) lp (nm) low (NM)
Fe-KSF-FD* 135 0.254 7.502 3.933
Zr-KSF-OD * 99 0.140 5.642 4.176
Zr-KSF 'FD* 117 0.173 5.886 3.934
Al-KSF-OD* 20x 46 0.063 5.501 4.165
AlI-KSF-FD™ 77 0.123 6.402 4,172
Al-KSF-OD* 28 0.090 12.78 4.164
Fe-K10-FD* 244 0.361 5.913 3.709
Zr-K10-OD ™ 223 0.314 5.638 3.710
Zr-K10-FD* 237 0.336 5.676 3.715
Al-K10-OD*20x 130 0.238 7.302 3.711
AlI-K10-FD* 234 0.364 6.208 3.715
Al-K10-OD* 216 0.348 6.438 3.709

Fe-KSF-FD had the highest BET surface area, total pore velamd average pore
diameter between the pillared KSF samples. Thishtiig affected the freeze drying
and pillaring agent. When textural characteristitall samples were examined, pillared

clays freeze dried had the high surface areas philamed clays oven dried. As can be
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seen from Table 3.5 that freeze drying was morectffe compared with the oven
drying. Fe-K10-FD had higher BET surface area than of Fe-KSF-FDe to the
precursor clays. Pillared clays which were synttebiby using K10 montmorillonite
had higher textural characteristics because KSFKd@ had a surface area of 20-40
m?/g and 197rf{g, respectively. Fe-K10-FDhad the highest BET surface area than all
pillared clays. Fe-K10-FDand AI-K10-FD had highest total pore volume. Otherwise
Al-KSF-OD" had the highest average pore diameter. Al-KSF-@0x had higher BET
surface area than Al-KSF-Oecause of carrying keggin ion two times than AK
OD". But this approach was not ruled for Al-K10-OP0x and Al-KSF-OD. Pore size
distribution analysis data which was obtained fra¥}y adsorption—desorption
experiments on the samples and evaluated accotdirige Dollimore—Heal method
(Dollimore, Heal, 1964) showed that all the samgiad a pore width of4 nm. Al-
K10-OD" 20x had smaller surface area than precursor clag16f It might be result of
coke formation which might be filled the pores dosed the pore openings during
calcinations or not properly decomposing of preatgsit can be seen that the average
pore diameters were about 5-13 nm, which was anoobvmesoporous layered
structure. As a result of ;Nadsorption—desorption isotherms, it was conclutihed
pillared clays had much greater surface areas ki#nand KSF. It was beneficial for

catalysis and adsorption studies.
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3.1.5 TGA analyses of pillared clays

The thermogravimetric analysis curves ofgpét clays and parent clays were shown
in Figures 3.31-3.40. Weight loses and inflecti@nps were summarized in Table 3.6
in detail for all samples. The thermogravimetrialgsis of clays and pillared clays
revealed a weight loss on heating in the rangeDdbZZ00C which can be attributed to
elimination of physical adsorbed water. The fitgfpsmass losses might be assigned to
desorption of water, the second step can be retatdte dehydroxylation of OH groups
on the internal and/or external surface of the dasnOn the other hand, the weight
losses in the second stage have been assignee tertioval of chemisorbed water,
water molecules coordinated to the pillars and dedwylation of the pillars. The weight
loss corresponding to the latter process is fooraetoccurring in the temperature range
of 425 °C-650 °@Binitha, Sugunan, 2006). Likewise, inflection pgimtere found after
800°C for both raw clays and pillared clays dudhte collapse of the clay structure.
Most of the lost water was water adsorbed at théase, being lost at temperatures
lower than 200°CThe water associated with the micropore structurehe PILC
(dehydroxylation of hydroxide groups associatechwvititterlayer pillars) was occurred
after this temperature. Between 500 and 900°C daitianal amount of water was lost
with a low weight change above 800°C. As showrhermogravimetric curves of clays
and pillared clays, the decomposition of clay oolycurred up to 800C. It was
understood from the Table 3.6, pillared clays basedontmorillonite K10, the weight
losses were higher than the unpillared form of .cléigher weight losses were due to the
—OH of pillaring agent. It was supported the pitlgr of K10. When examined the
pillaring clay based KSF montmorillonite, weightsées upon the physical adsorbed
water were increased by pillaring. Furthermore wesght losses related to chemical
adsorbed water or hydroxyl groups of interlayelapsl were decreased for Fe-KSF-FD*
and Zr-KSF-OD*. The value of dehydroxylation temgeres of pillared clays were
nearly in the same range. The stability of theapdtl clays was related to the

dehydroxylation of hydroxide groups associated wititerlayer pillars. This was
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affected the calcination temperatures of pilladay< For that reason thermogravimetric

analysis were beneficial for thermal stability dfgved clays.

Table 3.6 The thermal analysis parameters of dagspillared clays

%Weight Loss  %Weight Loss  %Total Dehydroxylation  Collapse
Samples (0-300°C) (300-1000°C) Weight Loss Temperature (°C) temperature (°C)
KSF 10.7 13.0 23.7 597 899
Fe-KSF-FD 12.6 4.0 16.6 670 932
Zr-KSF-OD 8.6 5.6 14.2 658 -
Al-KSF-OD 20x  15.0 14.5 29.5 500 930
Al-KSF-OD’ 10.0 7.5 17.5 623 917
K10 6.1 4.1 10.2 662 947
Fe-K10-FD 11.9 3.1 15.1 660 941
Zr-K10-0D' 7.3 4.6 11.9 641 -
Al-K10-OD 20x  12.7 5.0 17.8 617 -

Al-K10-0OD 8.0 4.6 12.6 649 -
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3.2 Characterization and swelling behaviors of poly(acrylic acid)/Aluminium
pillared Montmorillonite K10 and KSF

3.2.1 XRD analysis oAlI-KSF and Al-K10 based superabsorbents

The change of the interlayer distance caddtected by XRD. The X-ray diffraction
patterns of Al-K10, AI-KSF, Al-K10-SA and Al-KSF-SAre shown in Figure 3.41 and
Figure 3.42. There is intense diffraction for K$#0, Al-KSF and Al-K10 at 8=6.50°
approximately while no diffraction peak appears #IFK10-SA and AI-KSF-SA,
suggesting that clay sheets are exfoliated andumiy dispersed in organic network.
These peaks are assigned to the 001 lattice spatimgontmorillonite. The lattice
spacing of K10, KSF, Al-K10 and AI-KSF are 14.83 & 2=5.94°, 12.55A at
20=6.99°, and 17.67-18.46A aB25.00-4.80° and 15.88A atB25.56°, respectively.
The distance between the layers for Al-K10 is higtiean the distance between the
layers for Al-KSF. This shows that the orientatw@nAl,Oy (pillaring agent) is different
in interlayer of K10 and KSF. 001 lattice spacirfgclays were increasing by pillaring.
These data supported that clays were pillared lgglm ion. After polymerization with
pillared clays the diffraction peak correspondiagite montmorillonite is not observed.
Pillared clay based composites presented a lowliagelalue. It is known that if the
increase in the basal space is very high, the $otttat keep the layers together are not
enough to keep an intercalated structure generatngxfoliated structure. Layers of
montmorillonite are completely dispersed in a ammus polymer matrix as single
layers. The XRD patterns of Al-K10 and Al-KSF basmimposites showed three and
two crystal peaks attRof ~ 20° and 30°, regptively. These data support the presence of

layers of clays.
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3.2.2 FT-IR analysis ofAl-KSF and Al-K10 based superabsorbents

The structure of AI-KSF-SA and Al-K10-SA coogites was confirmed by FTIR
analysis. Table 3.7 lists the functional groupailable in K10, AlI-K10, Al-K10-SA,
KSF, AI-KSF and Al-KSF-SA samples. OH stretchingration of Al-K10 was in the
range 3622-3647 cf After grafting of SA, this band shifted to 364Wt It is
interesting to note that, OH stretching vibration Al-KSF was obtained at 3624 &m
However, after fabricating Al-KSF-SA composite,stiiand slightly shifted to 3629 tm
! It can be said that a little interaction generdtessveen OH groups of Al-KSF and SA.
Thus formation of additional network occurs slighfThis means higher swelling ratio
for AI-KSF-SA composite. The new absorption bantks @ppeared at 2988-2881 tm
for Al-K10-SA and 2956-2871 cinfor Al-KSF-SA due to -CH stretching vibrations.
Bending vibration of —Cklgroups of Al-K10-SA and Al-KSF-SA were located163
and 1445 cii respectively. Stretching vibration of C=0 groupswabserved at 1750
cm™ and 1722 cif for Al-K10-SA and Al-KSF-SA respectively. This ndvand may be
on account of ester formation. The carboxylate gsoof the grafted poly(acrylic acid)
may react with OH groups on the surface of Al-KHl AL-KSF-SA leading to ester
formation. Asymmetric and symmetric vibrations 6f0R®OK groups appear 1539 ¢m
and 1402 cm for Al-K10-SA and 1554 and 1402 €nfor Al-KSF-SA, respectively.
The band around 1045 Emis due to asymmetric stretching vibrations of SiO
tetrahedral. After polymerization, stretching viliwas of SiQ tetrahedral was shifted to
1076 cm' and 1075 ci for Al-K10 and Al-KSF based composites, respedyivét
indicates the esterification of carboxylic acid twisilanol. This mechanism was
supported by shifting of the OH stretching vibratiof clays and pillared clays. These
results may confirm the grafting reaction betwedlaned clays and the acrylic network
through ester formation. A band around 800'dsidue to stretching vibration of A\l
tetrahedral, when substitution of Al for Si is loAt,OH vibration lies in the 915+950
cm’ range, and absorption at 526—469'cis due to bending of Si—O vibration. These
IR characteristic bands of clay were observed amy little shifts were noticeable in

pillared clays and the network of pillared clay édsomposites from Table 3.7. The
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little shifts of these all bands showed that theibaclay layer structure remains

unaffected on pillaring and polymerization. Thessults suggested that the pillaring

agents physically entrapped within the PILC strrestu

Table 3.7 The characteristic FT-IR data of the damp

IR bands Samples
Al-K10 Al-KSF
K10 Al-K10 ) KSF Al-KSF )
composite composite
Al,OH(octahedral layer)
N 3623 3622-16 3647 3620 3624 3629
(cm™)
Stretching vibrations of 3411-
N 3428 3436 3395-3345 3429 3439-3363
H,O(cm™) 3389
Stretching vibration of —
L 2988-2881 2956-2871
CH, (cm™)
Stretching vibration of
N 1750 1722
C=0 (cn1)
Bending vibrations of
L 1633 1636 1682 1636 1633 1621
H,O(cm")
Asymmetric vibration of R-
N 1539 1554
COOK (cniY)
Bending vibration of —
1 1463 1445
CH,(cm™)
Symmetric vibration of R-
L 1402 1402
COOK (cniY)
Asymmetric stretching
vibrations of SiQ 1046 1041 1076 1046 1041 1075
tetrahedra(cm)
Bending vibrations of
L 920 921 915 917 921 914
Al,OH(cm™)
Stretching vibration of AY
798 796 800 794 794 806
tetrahedra(cm)
Bending vibration of 524 528 524 523 526 520
Si-O(cnm?) 468 471 469 467 471 482




93

3.2.3 SEM images of Al-KSF and Al-K10 based supesaitbents

SEM micrographs of Al-K10, AlI-K10-SA and AlSE, Al-KSF-SA were shown in
Figure 3.43 (a-b) and Figure 3.44 (a-b), respeltiv@/ater absorbency capacity of
superabsorbents might be related to the porositfayfs as used as fillers and level of
crosslinking. As seen in the micrograph of Al-KiDwas clear that the pores were
observed on the surface of the clay structure.rAgtaft polymerization with Al-K10,
Al-K10 was dispersed homogenous on hydrogel. Prablynit may be claimed that
homogenous dispersion of pillared clay particlesymze contributed to more
crosslinking structure of Al-K10-SA. From SEM imagef Al-KSF and Al-KSF-SA, it
was deduced from the micrograph of Al-KSF based pusite that the homogenous
dispersion of pillared clay was lower than Al-K18sed composite and the pores were
not observed clearly from the morphology of Al-KSFmay indicate less crosslinking
structure for AI-KSF-SA. In other words, it was exped that the water absorbency of
Al-KSF based composite was higher than Al-K10-SAat® molecules might easily

diffuse because of low cross-linking ratio.

Figure 3.43 SEM micrographs of (a) Al-K10 (10008agnification) (b) Al-K10 containing acrylic-based

superabsorbent hydrogel composites.
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Zaku

Figure 3.44 SEM micrographs of (a) Al-KSF (10000agnification), (b) Al -KSF containing acrylic-
based superabsorbent hydrogel composites (1000rificagion).

3.2.4 Swelling capacity of AI-KSF and Al-K10 baseduperabsorbents

Figure 3.45 shows swelling values of the Al-KSF &#K10 based superabsorbents
in distilled water. Al-KSF and Al-K10 based supesatbents (Al-KSF-SA and Al-K10-
SA) reached equilibrium within 100 min. The peresg@s of equilibrium swelling
values were at about %7900 for Al-KSF-SA and atuatl865700 for Al-K10-SA. As
shown from Figure 3.45, Al-KSF based composites tahter equilibrium swelling
values than AI-K10 based superabsorbent. This migat due to network of
superabsorbent. In addition, crosslink density alagdticity of polymer network might
be affected the water absorption of hydrogels. ,S€&rgursil, & Yurdakog, 2007,
determined that water absorbency values for irch smectite superabsorbent were
about 230 times the weight of the superabsorbedtdgel under normal atmospheric
conditions. The value which is obtained in thisdgtean be considered as low values. It
is probable that pillared clays may function asr@sslinking agent. If it is possible,
carboxylate groups of the polyacrylate chains megct with OH groups of pillared
clays. From Figure 3.45, it can be inferred thatercrosslink points occur may Al-K10
pillared clay and SA. Because of the formation dflifonal network, the remaining

space for water to enter reduces.
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Figure 3.45welling kinetics of superabsorbents compositestilied water

3.2.5 pH-sensitivity of Al-KSF and Al-K10 based suprabsorbents

pH sensitivity of superabsorbent were alsaleated by immersing films in different
buffer solutions. Figure 3.46 was plotted so asdé&termine the effect of pH on
equilibrium swelling. As observed from Figure 3.484 affected swelling values of
superabsorbent and deswelling occurred. Equilibriigswelling values were decreased
with increasing of pH values until pH of 5.5. Beyothe pH value of 5.5, deswelling
values were almost similar to each other. At Idw \&lues, it was seen that Al-KSF
based superabsorbent had slightly greater desgelMalues than AI-K10 based
superabsorbent. As a result, it had been readtsgdite swelling behavior of Al-KSF
and Al-K10 based superabsorbent films seem to bdggendent.
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Figure 3.46 Effect of pH on the equilibri swelling of superabsorbents

Higher hydration and distension could increase ititeraction between polymeric
network and clay, which increases crosslink densfy obtained superabsorbent
composite, and then decreases the equilibrium watisorbency. For example, Na
montmorillonite has the highest hydration and disien among the clays selected, and
then the lowest equilibrium water absorbency of responding superabsorbent
composites (Zhang, & Wang, 2007).

3.2.6 Swelling reversibility of AI-KSF and Al-K10 ased superabsorbents

The swelling reversibility of superabsorbenigs alternately conducted at pH 1.2
and 7.8 After superabsorbents were equilibrasggpH=7.8 and then alternated between
solutions at pH=1.2 and pH=7.8, respectively. Salpsorbents were equilibrated at
pH=7.8 thenthe samples were immersed in pH=1.2 for about 180 Ashrinking was
measured at about 80-90%hen the films put into pH=7.8 for 180 min. and
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approximately 55-60% swelling was determined. Wiilea pH values were varied
repeatedly, Al-KSF and Al-K10 based superabsorberksbited a reversible swelling
behavior with relatively fast response. It can loelea that reversible swell-shrink
properties of AI-KSF and AI-K10 based superabsarbewould be beneficial

characteristics for pH sensitive systems with aalable swelling ability.
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Figure 3.47 pH-dependent revéessivelling behaviour of superabsorbents
(Superabsorbents equilibratepl-at7.8, then alternated between
solutions at pH=1.2 and pH=7.8)

3.3 Sorption experiments of Aluminium pillared Montmorillonite K10 and

Montmorillonite KSF
3.3.1 Characterization of Al pillared clays for adgption study

X-ray diffraction (XRD) reveals the basal spacinftbe clays and aluminium

pillared clays. B and do; basal spacing of clays and pillared clays werensarized in
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Table 3.8. The @, values of untreated montmorillonite KSF and K1Qev&2.55 A at
6.99 (D) and 14.83 A at 5.94 ¢2 which correspond to the main montmorillonite
component. In pillared clays, theod peak was found to shift towards the lowér 2
region, which is a clear indication of the enlargemof the basal spacing of the clay.
OH/AI molar ratio of all pillared clay is 2.0. Riling achieved an increase in the
distance of layers of montmorillonite. The increasel-spacing was as expected since
the pillaring causes an expansion in the interlaypacing. Subtraction of the thickness
of the 2:1 layer of 9.60 A (Manohar, Noeline, & Amihan, 2006) yields interlayer
separations of all pillared clays and these resutt® indicated in the Table 3.8. Al-K10
had the highest enlargement between interlayeritidddlly, XRD data was reflected

the main structure of precursors of pillared cl@g/SF, K10).

Table 3.8 XRD results of K10, KSF, Al-K10 and Al-81

Samples
KSF Al-KSF K10 Al-K10
20 (°) 6.99 5.54 5.94 4.80
dooz (A) 12.55 15.82 14.83 18.78
door 9.6(AF - 6.22 - 9.18

The BET surface areasgs), Total pore volumes (Ma) and average pore diameter
(Ip) were measured and summarized in Table 3.9. Thead$orption—desorption
isotherms at 77 K for AI-PILCs exhibit Type IV behars according to the IUPAC
classification or BDDT classificatiofsing & et al., 1985), characteristic of mesoporous
adsorbents. It can be seen that the average pameetr is about 5-7 nm for pillared
clays, which is an obvious mesoporous layered strecSpecific surface area value of
Al-KSF was greater than the surface area of KSFth@rother hand, the specific surface
area of Al-K10 was lower than K10. This may be doehe filling the pores by coke

which formed during calcination or precursors dliaps.



Table 3.9 The structure characteristics of alumimilfared clay
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Sample $er (M7Q) Viotal (MI/g) lp (nm)
Al-K10 130.50 0.238 7.302
Al-KSF 46.16 0.063 5.501
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Figure 3.48 Theadsorption—desorption isotherms at 77 K for

Al-K10 and Al-KSF

The FTIR spectra results were shown in Table 3tk&n be seen that the two bands
were observed around 3500 ¢nin the —OH stretching region. A broader band tiue

Al,OH group of the octahedral layer was at about 3883. Stretching vibrations of

water molecules may also contribute to —OH band§q&m"). On pillaring, the band

broadens due to the introduction of more —OH groofpghe pillar (Al-polycations),

which is interpreted as an effect of pillaring. Tin®ad absorption bands observed in,
K10, Al-K10, KSF and AI-KSF at 3624, 3624, 3623 aB627 cn, respectively
represent the fundamental stretching vibrationdifbérent —OH groups present in Mg—
OH-AIl, AI-OH- Al and Fe—OH-AI units in the octahatltayer (Farmer, 1974). The

decrease in intensity arises from the dehydratiod dehydroxylation steps during

pillaring. Band at around 1600 &nis due to bending vibrations of water. Pillaring
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process replaces a large amount of interlayer matioat generally exist as hydrated and
it decreases the intensity of —-OH bands. PILCs hdeer amount of
adsorbed/coordinated water due to the non-swellalleire. Thus, as a result of
pillaring, intensity of the band around 1600 tuecreases. The band around 1045 cm
is due to asymmetric stretching vibrations of S{6i—O-Si) tetrahedra. A band around
800 cm' is due to stretching vibration of #ltetrahedra, when substitution of Al for Si
is low; Al-OH-AI libration lies in the 915+950 chrange. The weak band at 684¢m
were assigned to O-Si-O asymmetric stretching drstrption at 526crh is due to
bending vibration of Al-Si—O (cf); the asymmetric bending mode of Si—-O-Si band at
469 cm™ as reported in silicate system (Olphen, Fripia#9).

The retention of all bands as in parent mamiifonite in the framework region
clearly shows that the basic clay layer structemains unaffected on pillaring. These
bands are slightly broader but their wavenumbezsamost the same as those of clays
(the differences in their wavenumbers are not higien 10 crif). These results suggest

that the complex is physically entrapped within BieC structure.

Table 3.10 The characteristic FT-IR data of thegam

Samples
IR bands

K10 Al-K10 KSF Al-KSF
Al,OH(octahedral layer) (cH) 3624 3624 3623 3627
Streching vibrations of }0 (cni™) 3434 3435 3412 3463
Bending vibrations of kO (cm™) 1634 1630 1636 1640
Asymmetric streching vibrations of Si@trahedra (ci) 1048 1048 1043 1047
Bending vibrations of ADH (cn?) 917 917 912 915
Streching vibration of AY tetrahedra (cit) 798 798 795 792
Si—O-Si asymmetric stretching vibrations {&m 694 674 674 692
Bending vibration of Al-Si—O (ci) 525 527 524 527
Bending vibration of Si-O-Si (ct) 469 470 468 470
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Figure 3.50 FTIR spectrum of K10 and Al-K10

Thermogravimetric analysis curves for KSFOKAI-KSF and Al-K10 were shown
in Figure 3.55-3.58. For clays and PILCs, the welghs occurs in two steps. The first
step over the temperature range 25-300°C exhilatsraulative of about 10.755, 6.133,
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15.091, and 12.480 wt% for, KSF, K10, Al-KSF andkdlO, respectively. This weight
loss is corresponding to the physically adsorbedemwalhe losts between 300 and
1000°C were due to dehydroxylation of the clay ttme. The decomposition takes
place between 300 and 1000 °C with a weight los4301%, 4.07%, 14.36% and
5.06% respectively for KSF, K10, Al-KSF and Al-KIDhe inflection points were seen
clearly in Figure 3.55-3.58. The collapse of theidures of KSF, K10, Al-KSF and Al-
K10 are nearly at 597, 654, 782 and 679 °C. Thedaes were obtained from DTG
curves of them. The TGA curves showed that PILGse Inore weight than their
unpillared counterpart during calcinations. Abot%% of the lost water was water
adsorbed at the surface, being lost temperatuvesr lthan 150 °C. It is well known that
the stability of pillars is related to their dehggylation. The water associated with the
micropore structure of the PILC (dehydroxylationhyfdroxide groups associated with

interlayer pillars) began to be removed at thisgerature.
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Figure 3.51 Thermogravimetric azel{TGA) and differential thermogravimetric
analyze (DTG) of K10.
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Figure 3.54 Thermogravimetialyses (TGA) and differential thermogravimetric
analyses (DTG) of AI-KSF.

The SEM micrographs of clays and aluminunaped clays were shown in Figure
3.55 to clarify the change in morphological feasurdhe surface morphology of
montmorillonites is different from that of Al-PILC§he montmorillonites appears as
corn flake like crystals with fluffy appearance ealing its extremely fine platy
structure. After pillaring, clay has become moregos and fluffy.
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Figure 3.55 SEM micrographs of K&, @AI-K10 (b), KSF (c) and Al-KSF (d)

3.3.2 Adsorbent dose effect

The amount of adsorbent is an important patambecause this determines the
capacity of an adsorbent for a given initial corication of the adsorbate. The
preliminary investigation on the effect of adsorbeose on adsorption of Trimethoprim
shows that AI-K10 exhibits higher removal capactyTMP at lower adsorbent dosages
in comparison with Al-KSF. The effect of adsorbenhcentration on TMP adsorption
was shown in Figure 3.56, it was noticed that uptp&r unit mass of the Al-K10 was
higher when its concentration was lower. Such parémce on the adsorbent may be
attributed to the fact that some of the adsorpsdes remain unsaturated during the
adsorption process. On the contrary, the adsorpegocentage of Al-KSF increased with
increasing adsorbent dosages because of the iecireabe number of reaction sites
available to TMP. Almost 73% and 33% removal of TKi&n 25 mL solution was
possible with 250 mg of AI-KSF and 10 mg of Al-KI@spectively. This indicates that
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10 mg of Al-K10 and 250 mg of Al- K10 is more effee than the other dosages of
adsorbents for the removal of TMP from aqueous tewls. As such subsequent

adsorption experiments with TMP were performed amy10 mg and 100 mg of Al-
K10 and AI-KSF, respectively.
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Figure 3.56 Theeeffof adsorbent dose on the adsorption of TMP
onto Al-K10 and KBF (G=0.8x10’molL™)

3.3.3 pH effect on adsorption
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The pH of the aqueous solution is an impantaniable that controls adsorption onto
surfaces of AI-PILCs. The effect of pH on removiidP by AI-PILCs for the
equilibrium pH nearly between 2.5 and 11.0 is repneed in Figure 3.57. It is easily
understood from the Figure 3.57 that the adsorberiace and TMP were affected with
an increase of pH. For that reason, the removakepéage of TMP was changed because

of increasing pH.

TMP adsorption onto Al-K10 increase nearlyween 5 and 9 attains a maximum
value around 8.7 and does not change considerabhigher pH values. With an
increase of pH of the solution from 5.0 to 9.0, tbmoval capacity increased from 8.6%
to 25.6%. It can be seen that in the pH range 3%-BVIP removal percentage by
adsorption onto Al-KSF is from 35.2 to 63.7 andsitnuch greater than the removal by
Al-K10.

TMP is a weak base with a pKa value of 7.8lov pH conditions, all of the TMP

(T:) is in the protonated form:

TH" o T:+ H

Protonated form of the drug doesn’t prefer the du=at surface which has positive
charge. TMP and the adsorbent surface, both carryositive charges at acidic pH
values may explain the poor adsorption of TMP @ndhrfaces of Al-PILCs. In contrast,
the percentage of adsorption is increased witmarease in pH. The observed increase
of sorption with increasing pH can be attributedh® decrease of the competition of the
hydronium ions for PILCs’ sites at higher pH valuBssitively charged surface site on
the adsorbent favors the adsorption of deprotonfated than protonated form of drug.
The adsorption studies were carried out at pH f#05%I-K10 and at pH 5.08 for Al-
KSF.
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3.3.4 Effect of contact time

The effect of contact time in the adsorptmin TMP by AI-PILCs for different
temperatures (303, 311 and 318 K) can be seergiBB8 and 3.59. The adsorption of
trimethoprim increased with increasing contact teme become almost constant nearly
after 120 min and 240 min for Al-K10 and Al-KSFspectively. These results represent
the time at which an equilibrium TMP concentratisrpresumed to have been attained.
According to the results, the equilibrium time wixed at 120 min and 240 min for the
rest of the AI-K10 and AI-KSF batch experimentsnhake sure that equilibrium is
reached.
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Figure 3.58 Effef contact time of TMP adsorption onto Al-K10
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Figure 3BBect of contact time of TMP adsorption onto AI-KKS
The decreasing removal rate towards the egdests formation of a monolayer of
TMP on the outer surface of Al-PILCs and intrapaetidiffusion onto the inner surface
of the adsorbent particles through the fiidanohar, Noeline, & Anirudhan, 2006). The

equilibrium times were found to be approximatelg ttame for all the temperatures

studied. The percentage adsorption increases matkeasing temperature.
3.3.5 Adsorption kinetics

In order to quantify the changes in adsorptgth time and also to evaluate kinetic
parameters, three models were applied. These madelgpseudo-first-order kinetic
model, pseudo-second-order kinetic model and iattagbe diffusion model.

A pseudo-first-order kinetic model of LagengtLagergren, 1898) is given by:

(el

where
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q is the amount of trimethoprim adsorbed (MY gn Al-PILCs at various time,qu is

the maximum adsorption capacity (mg) gk, is rate constant for the adsorption process

(min™) for the pseudo-first order adsorption. Kineticrameters ¢; and k;) were

obtained from the intercept and slope of the psdirdb order straight line. These

parameters and correlation coefficien®? were summarized in Table &> are
between 0.756- 0.954 for Al-K10 and between 0.7388 for Al-KSF at 303, 311 and

318K, respectively.

Table 3.11 Kinetic parameters for TMP adsorptiotood-PLCs at 303, 311 and 318K

Al-K10 Al-KSF
Temperature / K 303 311 318 303 311 318
Pseudo-first-order kinetic model
R/’ 0.75 0.89 0.95 0.75 0.88 0.86
ky (Min™) 3.77 5.50 4.16 24.99 14.94 17.17
o (mg gh) 18.22  18.47  19.26 3.52 3.60 3.86
Pseudo-second-order kinetic model
R, 1.0 1.0 1.0 0.98 1.0 0.99
ko (g mg'min™®) 0.004  0.005 0.012 0.008 0.011  0.013
o (mg g4 1959  19.49  19.31 3.80 3.86 4.03
Intraparticle diffusion model
sz 1.0 0.92 0.98 0.98 0.98 0.99
k (mg s'’g?) 0.18 0.32 0.18 0.12 0.09 0.10
C 15.35 14.20 16.62 1.36 2.04 2.06

The pseudo second — order adsorption kinatecequation is expressed as

dﬂ:k

dt 2(q2 -G )2

(2)
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wherek; is the rate constant (g Main™), o is the maximum adsorption capacity (mg
gh) for the pseudo second order adsorption kinetideholntegrating and applying

boundary conditiongg{ = 0 att = 0 andg; = g; att =t), we have a linear form as

t 1 t
— | = + — 3
(qj k" )

To calculate the values & andq, at various temperatures, the intercept and thgeslo
of the linear plots oft(q;) versust were obtained. In general, the correlation cokdfits

of the first-order kinetic model were was lower rthinat of the second-order kinetic
model. Therefore, the sorption of TMP on Al-PILCssnconsidered to be explained
better by the second-order kinetic model. The erpertal data fitted better to the
second-order kinetic model as seen from Table 3THe maximum adsorption
capacities found from drug adsorption onto Al-KS&swncreased with an increase in
temperature. It implies that a high temperatur@favi MP adsorption onto Al-KSF. In
addition, the adsorption process is chemical ardntbvements of TMP from the bulk
phase to solid phase (Al-KSF) with a rise in terap@e of the solution. On the
contrary, the decrease ip values with increasing temperature was observed fo
adsorption of TMP onto Al-K10. It exhibits that aw temperature favors TMP
adsorption onto AlI-K10 and the type of adsorptiaan doe considered as physical
process. This result is supported by the paraméiarsl from applying isotherm models

in the next section.

An intraparticle diffusion model of Weber alsldris (Weber, Morris, & Sanit, 1963)

is shown as:
o =k t'*+C (4)

whereq; is the amount of drug adsorbed (mol/g) at tinf@ is the intercept. The values

of intercept give an idea about the boundary ldlyekness, i.e. the larger intercept; the
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greater is the boundary layer effdgtis the intra-particle diffusion rate constant (Mg s

g™). k was obtained from the slope qfversust*?

. The plot may present multilinearity,
indicating that a fewsteps take place. The firsiarger portion is attributed to the
diffusion of adsorbate through the solution to &xternal surface of adsorbent or the
boundary layer diffusion of solute molecules. Tkeand portion describes the gradual
layer adsorption stage, where intraparticle diffasis rate limiting. The third portion is
attributed to the final equilibrium stage. Secontbe plots of g versust¥? for
intraparticle diffusion model given in Eq. (4) isawn in Fig. 3.60 and 3.61. The
external surface sorption (stage 1) is absent lsecaticompletion before 5 min. The

plots of g; versust'/?

are found to be straight line (stage 2). The dttaime refers to
intraparticle diffusion effects (Ayyappan, CarmalBwaminathan, & Sandhya, 2005).

Thek; values for Al-K10 and Al-KSF are determined ahdwn in Table 3.11.

4 A g 10 12 14 16 18 20 22 24
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Figure 3.60 Intraparticle Diffusion Plot for TMPtonAl-K10 at 303K, 311K and 318K
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Figure 3.61 Intraparticle Diffusion Plot foMP onto AI-KSF at 303K, 311K and 318K

The values of intercep give an idea about the boundary layer thickness, the
larger the intercept, the greater is the boundaygrl effectC values are increasing with
increase of temperature for Al-KSE. values of Al-K10 are greater than the values
obtained from Al-KSF adsorption studies. This aades that boundary layer effect is
not so much efficient for the adsorption of TMP @Ali-KSF than Al-K10. The curves
reveal a linear characteristic that the intrapketidiffusion controls the adsorption
process. The linear portions of the intrapartigfeudion curves do not pass through the
origin, so it was proposed that in addition to aprticle diffusion, other process may

control the rate of adsorption.

In order to quantify the changes in adsorptath time and also to evaluate kinetic
parameters, three models were applied. These madelgpseudo-first-order kinetic

model, pseudo-second-order kinetic model and iattagte diffusion model.
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3.3.6 Adsorption isotherm

The change in the adsorbed amount of TMP egthlibrium concentrations is given
in Figure 3.62 and 3.6&; is the solid phase concentration (mmd) gndCe is the final
concentration (mmol %) in the supernatant at equilibrium for each ihit@ncentration.
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Figure 3.62 Adsawptisotherm for TMP on Al-K10 at 303K, 311K and8kL
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In terms of the slope of initial portion of the KO and Al-KSF isotherm curves, the
shapes of these isotherms correspond to S—type Gatype according to Giles

classification, respectively (Giles, McEwan, NakhwaSmith, 1960). Such isotherms
are relatively rare and indicative of weak adsotbatsorbate interactions (Rouquerol,
Rouquerol, & Sing, 1999).

Analysis of the isotherm data is importantdevelop equations that accurately
represent the results and could be used for dgmigposes to remove trimethoprim
(TMP) from wastewater treatment plant. In this eang¢ various isotherm equations
have been used to describe the equilibrium nattigdsorption processes. In order to
investigate the sorption isotherm, three modelseveeralyzed. These models were the
Langmuir, the Freundlich, and the Dubinin-Radusefdte (DR) models. The Langmuir
isotherm theory assumes monolayer coverage of laalsorover a homogenous
adsorbent surface (Langmuir, 1918). The adsormtaia were first adjusted to the linear

form of Langmuir adsorption model (Eq.5).

C._ 1 C.
cTcate (5)
C, C,a C,
The specific sorption@/Cs) was plotted against the equilibrium concentra(@y). Cs
is the solid phase concentration (mmd) @ndC, is the final concentration (mmol )
in the supernatant at equilibrium for each inii@ehcentrationC,, is the amount of drug
necessary for the formation of the monolaygris a Langmuir constant related to the
intensity of the adsorption and adsorption energsom the slope and intercept
coefficients of Eq. (5), for each temperature stddhe values of the constai@s and

a_ were found.

The adsorption capaciB, and energy of adsorptian are presented in Table 3.12.
The essential characteristics of the Langmuir mothcan be expressed in terms of a

dimensionless constant separation faBothat is given by equation
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R =1/(1 +a. Co) (6)

Cois the initial TMP concentration (mmol). anda, is Langmuir constani_ values at
different temperatures for both Al-K10 and Al-KSfe aeported in Table 3.1R, values
between 0 and 1 indicate favorable adsorption oPTdvto Al-KSF at the concentration
studied.R_ values of AI-K10 are higher than 1. It indicateattunfavorable adsorption

was occurred and also &}, values are negative for Al-K10.

The correlation coefficients obtained by emyplg Langmuir equation are smaller
than obtained by Freudlich equation. The Empiriralundlich expression (Eq. (7)) is an
exponential equation and therefore, assumes thath@asadsorbate concentration
increases so too does the concentration of adsorbat the adsorbent surface.
Theoretically, using this expression, an infinitenaunt of adsorption can occur
(Freundlich, 1906).

Freundlich equation is based on a monolagsomtion by the adsorbent with a

heterogeneous energy distribution of active gidésu, & Kabasakal, 2004).
Cs=K;Ce" (7)
Linearized form of the equation can be used to firedparametens; andny.

InCs= InK¢ +n¢ In Ce (8)

The slope and intercept coefficients of B).dive n; andK;s, respectively, for each
temperature studied. See Table 3.12 for the Langrand Freundlich adsorption
parametersn; is a characteristic constant related to sorptidanisity, Cs, C. and K;
represent sorbed amount (mmof)g residual concentration of sorbate in solution at
equilibrium (mmol L) and sorption capacity of sorbent (mméb)grespectively. For

Al-K10, K values decrease by increasing temperature. Hovigwetlues obtained from
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the studies in which AlI-KSF was used increase bbygasing temperature. All isotherm
and kinetic models used in this study supportedehesults. All isotherm values are
summarized in Table 3.12.

Table 3.12 Isotherm parameters for TMP adsorptitto &l-K10 and Al-KSF at various temperatures

Al-K10 Al-KSF
Temperature (K) 303 311 318 303 311 318
Langmuir model
R? 0.71 0.85 0.69 0.88 0.95 0.91
Cn (mmol g% -0.03 -0.04 -0.10 0.06 0.10 0.20
L (gL -7.68 -5.58 -5.08 6.17 2.31 0.55
R 4.31 2.26 2.03 0.62 0.81 0.95
Freundlich model
R? 0.95 0.99 0.97 0.99 1.0 1.0
K; (mmolgh) 14.57 6.58 5.50 0.14 0.15 0.26
N 2.21 2.04 1.69 0.76 0.87 0.92
DR model
Ro? 0.98 0.99 0.97 0.99 0.99 1.0
Xm (Molgh) 0.80 0.61 0.22 0.66 0.80 1.52
E (kJmol?) 5.43 5.55 6.26 9.06 8.72 8.77

It can be seen that the Freundlich modeldgia@ much better fit than the Langmuir
model when th&? values are compared. This suggests that the boutajer thickness
is increased (Ozcan, & Ozcan, 2004). Furthermdre, vialue ofry at equilibrium is
bigger than 1 for Al-K10. It is noted that the veduofn; are bigger than 1, reflecting the
unfavorable adsorption. These results indicate #WBK10 hasn’'t a very strong
adsorption capacity for TMP in the solution.values obtained from the study in which
Al-KSF was used are smaller than 1 thus this adsorjs favorable for removing TMP
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from wastewater treatment plants. This result isluded also from dimensionless

separation factors.

The Dubinin—Radushkevich (D-R) isotherm modkel more general than the
Langmuir isotherm since it does not assume a honeages surface or constant sorption
potential. It was applied to distinguish betweea piysical and chemical adsorption of
metal ions (Lin, & Juang, 2002; Dubinin, & Radustikb, 1947). The isotherm
parameters were obtained from the linear form obiBin—Radushkevich isotherm

equation.

In Csorp = IN Xin— B 9)

whereCson, is the amount of ions sorbed onto the adsorbeatgthy X, represents DR
monolayer capacity of the sorbent (mblgS a constant related to sorption energy
(mofP/k¥) and & Polanyi sorption potential, the amount of energguired to pull a

sorbed molecule from its sorption site to infinighich is equal to:
E=RTIn (1+1Cy) (10)

whereR is the gas constant in kJritel™; T is the temperature in Kelvin ai@ is the
equilibrium concentration in solution (mol &n The Polanyi adsorption theory
postulates fixed volume of sorption site close twbent surface and existence of
sorption potential over these sites. The sorptiotemtial is related to an excess of
sorption energy over the condensation energy anddependent of temperature. The
plot of INCeorp Versusé® follows linearity. The value oK, is determined from the
intercept and the value @ is derived from the slope. The sorption enefgyor ions

onto adsorbent calculated using the expression:

-1/2
e-_k (11)

72
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is the range of 8-16 kJmbHdesignated for ion exchange mechan(salik, Hasany, &
Subhani, 2005). If the value of E is smaller tharkBnol*, this shows physical
adsorption due to weak van der Waals forces (Siggivant, 2004). The Dubinin—
Radushkevich isotherm parameters are shown in Tal2. The maximum sorption
capacities X) of the applied adsorbents for TMP were decredsgdincreasing
temperature for Al-K10 and increased by increasamgperature for AI-KSF. The values
of porosity factorsf) for both Al-K10 and Al-KSF are less than unitydaso imply the
adsorbents to have fine micropores and indicaterface heterogeneity may be arisen
from the pore structure as well as adsorbate—adsbrinteractions (Singh, & Pant,
2004). The adsorption of TMP from aqueous solutato Al-K10 is physical thug
values for Al-K10 were smaller than 8 kJmoWeak physical forces, such as van der
Waals and hydrogen bonding may affect the sorptioechanism onto AI-K10.
FurthermoreE values for Al-KSF are higher than 8 kJmdiut not so much. It can be

said that the adsorption mechanism of TMP onto AFKs ion exchange.

3.3.7 Adsorption thermodynamic

The thermodynamic parameters of equilibriuonstants K.), the enthalpy £H°),
the Gibbs free energyAG°), and the entropyAG®) of the adsorption of TMP onto Al-
PILCs were determined using the following equatiMeshya, & Gupta, 2002).

AG°= -RTInK; (12)
K =S
Ce (13)
0 0
InK. =- AH + AS

¢ RT R (14)
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where Cs is the concentration of drug adsorbed (MYILC. is the equilibrium
concentration of TMP in solution (mol'}) at a given temperaturd: is the solution
temperature (Kelvin); anB is the gas constant (8.314 3knol™). The enthalpies of the
TMP-AI-PILC adsorption 4H°) are obtained from van’t Hoff plots asKlnversus 1/T.
The thermodynamic parameters are shown in Tabi 8.1 observed that the values of
AHe are positive and 1.574-10.91 kJmdbr Al-K10 and Al-KSF, respectively. The
van’t Hoff plots of the interactions of the drugtivthe surface of the adsorbents require
energy and this interaction is endothermic in ratiihe low adsorption enthalpy values
have been attributed to a number of physical icteras involving electrostatic
attractions, nonpolar interactions, water bridgitydrogen-type bonding, and ion-
exchange reactions between the drug moleculeshenddsorbent structure (Messina, &
Schulz, 2006). In addition, there is the possipitit H-bond and water-bridge formation
between the N or O groups in the TMP organic stmécin chapter 1 (Fig. 1.12) and the
-OH group that is present at the structure of AlG4. The standard entropg%9 was
estimated from the intercept of the van’t Hoof plbihe standard entropy values for the
adsorption onto Al-KSF and Al-K10 were 34.71 and0®. Jmof'K™, respectively. The
standard entropy change for TMP sorption procegmsitive. It indicates that degrees
of freedom of adsorbed species are increasing. MdsAG® values at various
temperatures are positive. Only for AI-KSF at 318 tke AG° value is negative.
Furthermore thé&G° of the process for AI-KSF decreased with inceaastemperature,
which indicated that the process may be spontanabhgh temperatures. The positive

value ofAG®° at various temperatures show the nature of ptisaris not spontaneous.
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Table 3.13 Thermodynamic parameters for TMP adsoruin Al-K10 and Al-KSF

T (K) K AG® (kJmol'K™)  ASImol'K™)  AHO( kJmol™)
Al-K10
303 0.344 2.69
311 0.348 2.73 3.69 1.57
318 0.354 2.74
Al-KSF
303 0.860 0.38
311 0.940 0.16 34.71 10.91
318 1.055 -0.14

3.4 Characterization and swelling properties of pagl (acrylic acid)/Zr-pillared
Montmorillonite KSF superabsorbent composites

3.4.1 Swelling rate measuremerasZr-KSF based superabsorbents

Figure 3.64 displays the swelling rate ofK3F based superabsorbents. It was
found that the swelling ratio of superabsorbentrbgdl containing 0.05g of Zr-KSF
was higher than superbsorbents containing 0.10 G@BAg of Zr-KSF at swelling
equilibrium, respectively. Additionally, the swel§j rate of Zr-KSF (0.05g)-SA was the
highest than the others and the time needing tchreavell equilibrium increases with
increase of pillared clay amount. Zr-KSF based malpsorbents reached equilibrium
within 80 min. The percentages of equilibrium swejlvalues were at about 10285 for
Zr-KSF (0.059)-SA, at about 9850 for Zr-KSF (0.1{8f and at about 9440 for Zr-KSF
(0.209)-SA. This may be attributed to crosslink gign and elasticity of polymer

network. Pillared clay act as crosslinking poingsduse of carrying —OH groups in their
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structure. The carboxylate groups of the polyateytdnains may react with -OH groups
of pillared clays. Increasing the amount of pdth clays in the polymeric network
resulted in the generation of more crosslink poihtt increase the crosslink density of
the composite, and then the elasticity of the pelychains decrease. It was deduced
that more crosslink points may occur between Zr-K8R0g) pillared clay and SA.
Shortly, the superabsorbent with lower pillared/atantent had a higher initial swelling

rate and higher water absorbency and requiredilassto reach swelling equilibrium.
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Figure 3.64 Simgl kinetics of superabsorbents composite in
distilled water

3.4.2 pH-sensitivity of Zr-KSF based superabsorbents

To clarify pH sensitivity of pillared clay bad superabsorbents, firstly the films
were immersed in distilled water and then in défar buffer solutions until swelling
equilibrium. Figure 3.65 showed the effect of thél mn water absorbency of

superabsorbents. The buffer solutions at pH 304,817 and 8.5 were prepared by using
citric acid and NgHPO,.2H,0 solutions.
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Figure 3.68det of pH on the equilibrium swelling of superabisents

The absorbency of the superabsorbent compasideeased sharply as the pH
increased from 3.4 to 8.5. The superabsorbent ceigsowere sensitive to the pH
change. Shrinkage was occurred at acidic pH foZKSF based superabsorbents. The
change in the swelling ratio by changing pH mayédxplained by Lee and Wum
suggestion (Lee, & Wum, 1996); in an acidic envinemt, the —COOgroups on the
polymeric chains turn into —COOH groups, while +&00OH groups on the polymeric
chain turn into —COOgroups in basic solutions, and this behavior wésrpreted as a
buffer action of -COOH and —COQn the acidic environment, the repulsion between
polymeric chains decreases, which leads to theedser of water absorbency. The —
COOH groups present within the network remain atmmamionized, thus imparting
almost non-polyelectrolyte type behavior to the rogaél (El-Hamshary, 2007).
Furthermore, there exist H-bonding interactionsMeen carboxylic groups of acrylic
acid and amide groups of acrylamide. These H-bandmeractions result in the
formation of a compact or tight structure which sloet permit much movement of
polymeric chains within the hydrogel network, whitdkad to minimum swelling of
hydrogel (El-Hamshary, 2007). The ionization of te¥boxylic acid groups of the gel

occurred. More hydrophilic polymer was occurred hagher pH value because of
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ionization of the carboxylic acid group and conitdd to thehigher water absorption.
As seen in Fig. 3.65, the swelling behavior of Z3fKbased superabsorbent films seem
to be pH dependent. The content of pillared clayhim network of the superabsorbent
affected the swelling ratio. More shrinkage and dowswelling was obtained by
increasing the content of Zr-KSF in the polymeretwork. Additionally, croslinking
might be increased in order of increasing the arhotipillared clay. The water content
decreased due to increased level of crosslinfig Li, & Chen, 2004).

3.4.3 Swelling reversibility of superabsorbents

To reveal swelling reversibility, the Zr-K®ased superabsorbents were equilibrated
at pH=1.2, and then alternated between solutioqHat7.4 and pH=1.2 for about 120
minutes, respectively. A swelling was measuredoau900% for Zr-KSF (0.05g)-SA,
537% for Zr-KSF (0.10g)-SA and 540% for Zr-KSF @g2-SA at pH= 7.4,
respectively. Then the films put into pH=1.2 forO1&hin. and approximately 3.50%,
0.60% and 23.0% deswellings for Zr-KSF(0.059)-S&;KSF(0.10g)-SA and Zr-
KSF(0.209)-SA, respectively were determined. Besigeéhen the superabsorbent films
altered from acidic to basic buffer and then todacibuffer, pillared clay based
superabsorbents showed a reversible swelling behewih relatively fast response. Zr-
KSF (0.059)-SA had the fastest response to pH @hahgan be added that reversible
swell-shrink properties of pillared clay based sapsorbents would be beneficial
characteristics for pH sensitive systems with adfable swelling ability. Also, this
result indicates that the PAMA composite can belwese a recyclable water-managing

material for the renewal of arid and desert envirent (Zhang, Liu, Li, & Wang, 2006).
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Figure 3.66 pH-degent reversible swelling behavior of superabsobent
(Superabsorbentdlémated at pH=1.2, then alternated between sohsti
at pH=7.4 and pH1.

3.4.4 SEM images

The SEM micrographs of Zr-KSF, Zr-KSF (0.0584, Zr-KSF (0.10g)-SA and Zr-
KSF (0.20 g)-SA were exhibited in Fig.3.67. A calesiable difference was observed
between pillared clay and superabsorbents. Polgmegiwork was predominant in
superabsorbent hydrogel morphology. When the comtepillared clay was increased,
the surface of polymeric network was affected,digms of pillared clay were increased
and surface of hydrogels were less smooth. Also $Edtographs were supported the
homogeneity of composed superabsorbents after gvafymerization had been
occurred. Homogenous dispersion of pillared clayigdas may be contributed to more
crosslinking structure. Furthermore more crosshigkmight be obtained by increasing
pillared clay amount in the superabsorbents. SEMragraphs of superabsorbents

clearly represented lower swelling capacities bseanf their highly rigid type structure.
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Figure 3.67 SEM micrographs of (a)Zr-KSF (b)Zr-K8B6g)-SA (c)Zr-KSF(0.10g)-SA
(d)Zr-KSF(0.20g)-SA (10000x magnification).
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3.4.5 FTIR Analysis

FTIR spectra of Superabsorbent (SA) and ZICPSA were presented in Figure
3.68. As can be seen in the spectrum of Zr-KSFatisorption bands at 3626 ¢rand
3429 cm was due to lattice OH and bound water stretchiiibgation, respectively.
After grafting of SA, only one band at 3360 trappears. The disappearance of the OH
lattice band (due to existence of the Si—-O-H grodeionstrates esterification of
carboxylic acid with silanol groups existing on E&F. This may be an evidence for the

grafting reaction between Zr-KSF and the acrylitwoek of SA.

The band at 2950¢his attributed to CH stretching of the acrylatetdioi SA. After
adding Zr-pillared clay this band decreased to 268i?. The stretching vibration of
C=0 of the acrylate unit for SA was observed at21g6i’. This band of Zr-KSF-SA
which was demonstrated at 1699 tmas almost similar with that of SA. The bands at
1568 and 1407 cthmay be attributed to asymmetric and symmetricatibns of R-
COOK groups respectively. The band at 1568'afacreased to 1552 ¢nwith a sharp
band after grafting of SA. The absorption bandegponding —COO- bending vibration
of acrylate unit of SA can be assigned at 1037.dinis intersting to note that this band
was increased to 1120 &mas a result of adding of Zr-KSF to the SA. Alserthis a
shoulder at 1048 ciwhich may be due to stretching vibration of Si-@iéup.
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Figure 3.68 FTIR spectra of SA and Zr-KSF-SA

3.4.6 XRD analysis

The X-ray diffraction patterns of Zr-KSF (6d)-SA, Zr-KSF (0.10g)-SA and Zr-
KSF (0.209)-SA were shown in Fig. 3.69. The latgpacings of montmorillonite KSF
and Zr pillared KSF were 12.55A &626.99° and 19.13A at@24.60°, respectively. 001
lattice spacing of KSF was increasing by pillarimgth Zr polyoxications. After
polymerization with pillared clays the diffractiopeak corresponding to the
montmorillonite (do; basal spacing of montmorillonite layers) was nmeyved at about
20=5.0-6.0°. The absence of this peak indicates thatmontmorillonite layers are
exfoliated or highly expanded. The expansion meisihaiprobably originates from the
growing polymer chains by adsorbed monomers onctag layers pushing apart the
layers even in high clay loadind&asg6z, Durmy, & Kasgdz, 2008). Layers of
montmorillonite were completely dispersed in a camus polymer matrix as single

layers. The XRD patterns Zr-KSF based composites/etl two crystal peaks af &f ~
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20° and 30°, respectively. These data support thgepce of layers of clays. The graphs
of superabsorbents indicated that sharp crystdsgpeare observed when the content of
Zr-KSF was increased. Composites reflected moreraimoais character.
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Figure 3.69XRD patterns of Zr-KSF(0.059)-SA; Zr-KSF(0.109)-8Ad Zr-KSF(0.20g)-SA.



CHAPTER FOUR

CONCLUSION

4.1 Conclusion

This thesis study was composed of four mairtsp First part involved synthesis and
characterization of Aluminum, Zirconium, and Irofllgzed Montmorillonite KSF /
Monmorillonite K10. Characterization and swellingehaviors of poly (acrylic
acid)/Aluminium pillared Montmorillonite K10 and KSwere performed in the second
part of the study. The third part of the study wekated to sorption experiments of
Aluminium pillared Montmorillonite K10 and Montmdionite KSF. The final study
involved thecharacterization and swelling properties of polgryac acid)/Zr-pillared

Montmorillonite KSF superabsorbent composites.

In the first part, synthesis of pillared dayas performed in suitable experimental
conditions. XRD, FTIR, TGA, SEM and BET analysis revecarried out to clarify
whether pillaring was occurred or not. XRD resutdicated that pillaring achieved an
increase in the distance of layers of montmoritenilnterlayer separations were
between 4.42 and 10.0 A. Zirconium pillared KSFieserhave higher interlayer
separations than the other pillared KSF seriess Wais indicated as Zr-KSF > Al-KSF
> Fe-KSF for interlayer separation. As seen pitdakeO series, Al-K10-OD*20x had
the highest enlargement between interlayer. Therlayer separation of pillared K10
was increased in order of Zr-K10, Fe—K10, and AlBKAdditionally, XRD data was
reflected the main structure of precursors of pltbclays (KSF, K10).

When FTIR spectrums were examined, the maomtmorillonite IR bands were
observed. This was supported the pillaring was weduby physical attractions. Only
band shifted a little. The retention of all bands ia parent montmorillonite in the

framework region clearly shows that the basic Gggr structure remains unaffected on

130
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pillaring. These bands are slightly broader buirtwavenumbers are almost the same as
those of clays.

SEM micrographs of the pillared clays andyslagave information about the
morphology of them. The montmorillonites appeacas flake like crystals with fluffy
appearance revealing its extremely fine platy stmec After pillaring, clay has become
fluffier. Similar changes were observed on morphglof the precursor clay by pillaring

when examined the micrographs of the pillared clay.

N, adsorption—desorption isotherms of pillared clagse beneficial for determined
the surface areas of the pillared clays. The n&nogdsorption—desorption isotherms of
all pillared clays exhibit type IV of the BDDT chkification, with a well defined H4
hysteresis loop. Fe-KSF-Fhad the highest BET surface area, total pore velan
average pore diameter between the pillared KSF smphis might be affected the
freeze drying and pillaring agent. Pillared clageete dried had the high surface areas
than pillared clays oven dried. As a result gfadsorption—desorption isotherms, it was
concluded that pillared clays had much greateraserfireas than K10 and KSF. It was

beneficial for catalysis and adsorption studies.

TGA analyses of pillared clays were usefufdond mass losses, dehydroxylation
andcollapse temperatures. This was beneficial infolonatio determine the temperature
of calcinations. Further more thermal stability mpllared clays was quite high. The
thermogravimetric analysis of clays and pillarealysl revealed a weight loss on heating
in the range of 20 to 300 which can be attributed to elimination of physiadsorbed
water. On the other hand, the weight losses irs¢ltend stage have been assigned to the
removal of chemisorbed water, water molecules doatdd to the pillars and
dehydroxylation of the pillars.

All characterization methods were supporteat pillaring was occurred, this event

was performed physically. Surface areas and thexlayer separation of pillared clays
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were increased. The pillared clays synthesized weesl for catalysis and adsorption
studies. Additionally, using pillared clays in paeation of superabsorbent as additives

was the new approach. This was effective to ineréfas hardness of the composites.

This second study involved the preparatiorpitihred clay based superabsorbent
composites. Al-K10 and Al-KSF used as pillared slaifter grafting occurred between
pillared clays and the acrylic network, swellingacdcter of composites were revealed
out. pH affected swelling character of compasitehe swelling behavior of Al-KSF
and AI-K10 based superabsorbent films seemed tgHbedependent. It was very
essential for new application fields for examplagidelivery at human system. For both
pillared clay based composite, shrinkage was oeduat low pH values. At basic pH
condition, the composites showed swelling behaviaiditionally, reversible swell-
shrink properties of Al-KSF and Al-K10 based sups@bents revealed by using buffer
solutions at different pH values. It was beneficilaracteristics for pH sensitive

systems with controllable swelling ability.

The percentages of equilibrium swelling valuedistilled water were at about 7900
for AI-KSF SA and at about 5700 for Al-K10 SA. Theoducts were characterized by
SEM, FTIR and XRD. Characterization methods sumubthe swelling behavior of
composites. SEM images indicated that the homogdespersion of pillared clay on Al-
KSF based composite was lower than Al-K10 basedposite and the pores were
observed clearly from the morphology of AI-K10. oRr FTIR analysis, IR
characteristic bands of clay were observed inngidlaclays and the network of pillared
clay based composites. It was understood thatl#yel@yer structure remain unaffected
by polymerization. The shifts seen of stretchingraiions of SiQ@ tetrahedra and OH

bands supported ester formation between acryliworétand pillared clay.

The XRD results indicated that the peaksgaesl to the 001 lattice spacing of
montmorillonite were not observed and layers of tmanillonite are completely

dispersed in a continuous polymer matrix as sirglers thus pillared clay based
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composites presented a low swelling value. It sdepahat the crosslinking was higher
and swelling ratio of Al-K10 based composite is &than Al-KSF based composite. It
can be concluded that these properties of supeatzdrss would be valuable for many
application field in which hydrogels were used.ld?éd clays could not protect the
layered silicate structure upon fabricating comgassiwith graft copolymerization of

acrylic acid.

The third part represented the results of the dbariatics of Al-PILCs and the
performance of the pillared clay in the adsorpidririmethoprim. It was obtained that
6.22 and 9.18 A increases in basal spacing of AK&d Al-K10 are the maximum
increase before the delamination occurs. The iserea surface area is effective on
adsorption. The specific surface area of Al-K10@ower than the surface area of K10.
This result may be effected the adsorption efficyerPillaring KSF with aluminum
hydroxides increased the surface area of KSF. Theisdsorption performance of Al-
KSF is higher than Al-K10 for the higher adsorbdosage.

The analysis of experimental results by elgim sorption isotherms and kinetic
models is important in developing accurate data ¢bald be used for sorption design
purposes. From the results, it could be concludett the adsorption was highly
dependent on initial concentration, adsorbent dastge solution pH and temperature.
We have prepared aluminium pillared montmorillori®0 and KSF for utilizing in
batch adsorption of trimethoprim (TMP) from wastelusions. The synthesized
adsorbent compared with the natural one, the atisnrpapacities of Al-PILCs are low
than the K10 and KSF. Besides Al-PILCs exhibit sfatitory characteristics to be
included in treatment of hazardous wastes for TBtRaval. From TGA analysis, it was

clear that Al- PILCs have good thermal stability.

The removal percentage of TMP was highly depd on pH of solutions. TMP and
the adsorbent surface, both carrying positive adsed acidic pH values may explain the

poor adsorption of TMP on the surfaces of Al-PIL@s.contrast, the percentage of
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adsorption is increased with an increase in pHWoth Al-K10 and AI-KSF. The
adsorption of trimethoprim increased with incregsaontact time and become almost
constant nearly after 120 min and 240 min for Alokdnd AI-KSF, respectively. 120
min and 240 min of contact times are shorter tiha&nprecursor materials of Al-K10 and
Al-KSF (K10 and KSF). The preliminary investigatiom the effect of adsorbent dose
on adsorption of Trimethoprim shows that Al-K10 #its higher removal capacity of

TMP at lower adsorbent dosages in comparison Wit 3¥.

Kinetic studies indicated that the adsorptiolowed the pseudo second-order
kinetic model with R > 0.978 for all temperatures and for aluminiuntapéd clays. The
fit of intraparticle diffusion was also studied. &liinear portions of the intraparticle
diffusion curves for AI-PILCs do not pass throudte torigin, it implies that the
intraparticle diffusion is not the only rate corlirg step and the complex adsorption

mechanism was occurred.

The equilibrium adsorption data are satisfalst fitted to three isotherm models are
Langmuir, Freundlich, and Dubinin—Radushkevicheurdlich isotherm best correlate
the experimental data for Al-KSF.?Rvalues obtained from Dubinin—-Radushkevich
isotherm is higher than the other isotherms for T&dBorption onto Al-K10. Adsorption
of TMP which release to environment and will affélse biotic process because of
transferring resistance genes from harmless bacterpathogenic bacteria and on to
humans interacting with aquatic environment is eased by increasing temperature
onto AI-KSF and increased by decreasing temperaiaote Al-K10. These results are
supported by the isotherm and kinetic inputs. Sonpénergy values obtained from DR
equation were between 8 and16 kJfrfoF TMP sorption onto Al-KSF. This adsorption
can be explained by ion-exchange mechanism at3Band 318 K and energy values
are close to physical adsorption type. For adsampfiMP onto Al-K10 can be explained

by physical adsorption type.
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The thermodynamic parameters of standardagmthand entropy were found by
applying van't Hoff equation and the Gibbs free rggevalues were estimated via the
equilibrium constants4/~° indicates that adsorption is endothermic. The tpesyS®
values suggest that randomness increases duriogpéida. For sorption TMP onto Al-
KSF, 4G° values are decreased by increasing temperaturataB@3 and 311 KAG®
values are positive but at 318K Gibbs energy isatieg and adsorption is spontaneous.
For sorption TMP onto AI-K104G° values at 303, 311 and 318 K are positive and

adsorption is not spontaneous.

The results showed that Al-PILCs are poténts&ful adsorbents for the removal of
TMP from wastewater treatment plants. The usage disgdosal of antibiotics to
environment are impossible to stop so this studywsha way to overcome destructive
impacts of antibiotics released into the environtvaard develop an appropriate system

to remove pharmaceuticals present in wastewataintent plants.

In the last study, swelling characters of ypo{acrylic acid)/Zr-pillared
Montmorillonite KSF superabsorbent composites weseealed out after grafting
occurred between pillared clays and the acryliavogt. It was found that swelling
degree and fast response to pH change of the qulllatay based superabsorbent
hydrogels was decreasing by increasing the coofethie pillared clay in the network of
the hydrogel. The swelling rate of Zr-KSF (0.05¢)-Bas higher than Zr-KSF (0.10 g)-
SA and Zr-KSF (0.20 g)-SA. Additionally, the timeeeded to reach swelling
equilibrium decreased with decrease of pillared/ dantent. The swelling values of

superabsorbents were significantly increased vaighraise of pH in the range 3.4 -8.5.

FTIR analysis and SEM micrographs impresded the zirconium pillared clay
based superabsorbents were successfully obtainedgidds, XRD analysis of the
samples showed that layers of montmorillonite wet®liated in the hydrogel structure

and were completely dispersed in a continuous petymatrix as single layers.
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Clays and pillared clays might be added tpesabsorbent hydrogel to compose
economic products. Modifying of poly (acrylic acidomposites with inorganic
materials affected the swelling character and prbdast. Decreasing of swelling ratio
was observed by increasing the content of pillatagl. All Zr- KSF based poly (acrylic
acid) composites were pH sensitive. The behavi@hohkage at acidic and swelling at
basic environment was useful for pH sensitive sgstaith controllable swelling ability
such as controllable drug delivery. Also, the chtamaof water absorbing and swelling

reversibility was indicator of suitable applicatsim agriculture and horticulture.
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