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This work is aimed at investigating the influence of silica precursor on the
synthesis and metal sorption properties of Schiff’'s base doped mesoporous silica.
Different silica precursors including TEOS, calcined mesoporous silica, silica gel 60,
VTES, PTMS and ETES were used. Various Schiff's bases namely, salen, saltn and
haen were used as doping melecules. The Schiff’s base doped mesoporous silica
synthesized from TEOS, calcined mesoporous silica, VTES, PTMS, and ETES had
large surface area, narfow pere size distribution, crystalline structure, and spherical
shape. The extraction properties of the modified silica towards Cu(Il), Fe(III) and
Ni(I) were determineéd. The influence of the ratio of Schiff’s base/TEOS on the
synthesis and extraction properties were investigated. The maximum amounts of
incorporating Schiff’s base were found to be 1.00, 0.86, and 0.96 mmol g for salen,
saltn, and haen doped mesoporous silica, respectively. The extraction of Fe(Ill) was
increased with the increase of amount of incorporated Schiff's base. The profound
extraction studies were performed on the salen doped mesoporous silica synthesized
from TEOS or calcined mesoporous silica due to their excellent physical and chemical
properties. Adserptionckinetic -of ithese serbents was-consistent with the pseudo-
second order model. The adsorption isotherm was best fitted to the Langmuir model.
The-Cugllyand Fe(Ill) maximum extraction capacity of salen.doped mesoporous silica
synthesized from calcined mesoporous silica was found to-be 18:42 and 20.70 mg g’
respectively. The reusability of the modified silica was also assessed for three

successive adsorption-desorption cycles.
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CHAPTER |

INTRODUCTION

Silica gel or silica is the most abundant matanahe earth [1]. Silica is also
widely used as sorbent material in chromatograpidy solid-phase extraction due to
its several advantages which are superior to othaterials. These features are
including high chemical and thermal stability, gaméchanical strength and strain or
not swell in agueous solution [2-3]. However, ttadial silica has some common
limitation such as lack of selectivity especialor trace metal extraction. Therefore,
the modification of silica surface in order to bged as a sorbent for serving this
purpose is a subject of considerable interest.

There are various synthetic routes to modifiedcailsuch as chemical
immobilization (grafting), impregnation techniquesd chemical doping. Among
these methods, doping technique has gained muelesttin the recent years. This
method possesses several advantages such as egmrapon, low synthesis
temperature, many delicate organic compounds coelldntrapped and reduction of
leaching of organic molecules [4]. For doping males, Schiff's bases are the
attractive ligand due to their stable complex widrious metals and they are also
used as selective extraction reagents for sevamdklof metal ions [5-7]. However
the improvement of silica surface could be perfadrbg the type of silica source as
well. The many researchers reveal that the silicecyrsor can be influenced the
physico-chemical and sorption properties of sijg#®].

From the previous study on the synthesis of Schifise doped mesoporous
silica, it was found that the amount of Schiff'ssbaincorporated in the silica was
limited. Furthermore, the synthesis was performsthgi only one type of silica
source. Thus in this work, various parameters siscthe type of silica precursor and
the amount of Schiffs base used for the synthe$isuch Schiffs base doped
mesoporous silica were performed. Also, the physiod sorption properties of the
synthesized silica were investigated. The mostetife sorbent was then subjected to
profound studies including kinetic extraction, stikaty, and reusability.



CHAPTER Il
THEORY AND LITERATURE REVIEWS

2.1 Silica
211 Generality

Silica gel or silica is the most abundant matanahe earth crust. The general
formula of silica is Si@xH,O. Due to its properties such as chemical resistagh
thermal and mechanical stability, silica is thug timost widely used material in
chromatography and separation technique.

The structure of silica shown in Fig. 2.1 contaiisxane bond (Si-O-Si) and
silanol group (Si-OH). The latter can be dividetbithree types: vicinal, geminal and
isolated silanol. Silica is hydrophilic since itdasol groups can form hydrogen
bonding with water molecules. The adsorbed waterbearemoved by heating at 150

°C under vacuum for several hours [3].

Siloxane bond
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Figure 2.1Structure of silica [10]

The hydroxyl groups on the silica surface have als@cidic character which
the reaction is displayed in equation (2.1). Thepiélue of this reaction is about 6.8
+ 0.5 [3]. The hydronium ions of silanol groups caxchange with cations in the
solution which creates the ion-exchange propertgilida. This property is highly
dependent on pH of solution, surface area andditoncentration.
=Si-O-H = Si-O + H (2.1)




The point of zero charge (pzc) and the isoelegiaet (iep) of silica have
been variously reported to be from 0.5 to 3.7. Hewea pH around 2 + 0.5 appeared
to be an average for various types of silica ramgnom purified ground quartz to
colloidal silica depending on the structure ofcsi|i particle size and the presence of
impurities. [1]

The porous silica can be classified in three tygesending on their pore size
according to IUPAC [11].

1. Microporous silica with pore diameter smaller tizanm.

2. Mesoporous silica with pore diameter between 25hdm.

3. Macroporous silica with pore diameter larger th@m.

2.1.2 Synthesisof slica

Silica is usually made by acidification of sodiwiticate or polymerization of
silicic acid [1]. Also, this material could be shesized by the use of sol-gel process.
This technique is based on the exceptional praggedf organosilicon compounds to
form siloxane polymer. Hydrolysis and condensatdmonomeric silicon alkoxide

precursors upon addition of water can be describethe following three equations

[12]:
Hydrolysis:
=Si-OR + HO ——~ =Si-OH + ROH (2.2)
Water condensation:
=Si-OH + =Si-OH =——— =Si-O-Sk + H.O (2.3)
Alcohol condensation:
=Si-OR - +=Si-OH —— . =Si-O-Si& + ROH (2.4)

where R is an alkyl group.

Both  hydrolysis and condensation reactions are roeduby acid or base
catalyst.. The 'most' widely used alkoxides are alkdagpes, such as
tetramethoxysilane (TMOS) or tetraethoxysilane (BrCHowever, the organosilane
such as organotrialkoxysilane and organotrihalosilmonomers can also be used as
silica precursor. The hydrolysis and condensateaction of silica synthesized from
organosilane is displayed as follow [9]:

NR-Si(OR); + 1.5nHO %% [R-sig], + 3n ROH (2.5)



where R = methyl, ethyl; R = H, methyl, ethyh-propyl, n-butyl, isobutyl tert-butyl,
n-hexyl, n-octyl, n-dodecyl, n-hexadecyl, octadecyl, cyclohexyl, vinyl, phenyl,
benzyl, phenethyl, chloromethyl, p-chloromethyl)phenyl, tridecafluoro-1,1,2,2-
tetrahydrooctyl.

The modified silica synthesized from organosilaas several advantages [13-
15]. First, the materials combine the propertiesinoirganic framework (rigidity,
three-dimensional structure, mechanical stabibiyyl the specific chemical reactivity
of the organic component. Second, the accessilafitgrganic functional group can
be enhanced due to the homogeneous distributiothe@forganic groups in the
framework. Finally, the materials are easy to sgsite.

The characteristic and properties of a particutdigel inorganic network are
related to a number of factors that affect the w@tdrydrolysis and condensation
reactions. Examples of these factors are pH, testyes, reaction time, reagent
concentration, type of catalyst,®/Si molar ratio, and method of drying [12].

2.1.3 Mesoporoussilica

The periodic mesostructure materials have beernrtegphom early 1990s by the
team of Mobil scientist [16]. These materials pesdte large uniform pore structure,
high specific surface area, specific pore volumbgh thermal stability and
mechanical stability. Since then, these materialgehbeen paid much attention in
both scientific researcher and practical applicatioThese materials have found
applications in various fields such as catalysidsoaption, separation, sensing,
medical usage, ecology and nanotechnology [17]. Mlesoporous materials were
basically prepared through silica formation arotewchplate micelle assemblies. The
use of the different types of the surfactant temeslaresults in numerous silicate
mesophase. According to phase formation, therdihagemain categories of silicate
mesophase (Figure 2.2) including disorder rodsagemnal, cubic, lamellar phase and
octomer [18].



Disordered rods Hexagonal Cubic Lamellar phas Octomer

Figure 2.2Phase formation of mesoporous materials [18]

The formation mechanism of ordered mesoporousasdurfactant materials is
illustrated in Fig. 2.3. This mechanism was propldsg Huo and co-workers [19] and
Inagaki and co-workers [20]. They observed the ftrom of a layered silica-
surfactant phase upon mixing the reactants thaty time, produced an MCM-41
structure (pathway 3 in figure Figure2.3). Davisd aBurkett [21] proposed a
somewhat similar mechanism (pathway 2 in Figure2vBgre, depending on the

reaction temperature, the formation of MCM-41 oecuia a disordered or lamellar
structure.

. ey LY/ 3
/Surfactant miceN
{:

Lamellar phase

Figure 2.3 Proposed formation mechanistic pathways by (1rkatg of silicate

surfactant rods via the formation of an initial ({@nellar intermediate and (3) silicate
bilayer. [18]



The crystallinity and pore size of the mesoporadlisaswas depended on the
alkyl chain length of surfactant molecules, pH aeohperature of the synthesis gel.
Careful control of these factors, the well-defingdometry of materials will be
achieved.

2.1.4 Fuctionalization of silica

Various techniques can be used for the modificatibsilica surface. These
techniques are impregnation, grafting and dopinlg Tée impregnation technique
deals with physical interaction between a modiéad a solid support. However, the
adhesion of the modifier to the solid support iheaweak. Consequently, leaching of
modifier molecule is frequency found and the lifei of the support is short. The
second modification method is grafting. In thisheique, the functional group is
chemically bonding onto the silica surface. Thishtaque has found in many
applications due to the high stability of materidbwever, this technique is a time-
consuming process and requires a specific reacbodition and precursor for each
case. Furthermore, a limit loading level of the diional groups can be grafted
because of the limited density of the reactive axgfsilanols. The last modification
technique is doping technique. In this system, dnganic, inorganic or biological
moieties are mixed with the silica precursor. Afged formation, the dopants remain
entrapped in the porous gel. Since sol-gel polymagion can be conducted under
mild condition and using a process that does natlve free radical formation, so the
sol-gel doping technique provides a convenient Wwayncorporate many delicate
organic compounds and even active proteins or thendiiological entities into or
onto inorganic matrices [22]. The doping technigsieised in various applications
such as catalysis, sensor and separation [23-25].

2.2  Characterization of materials
2.2.1 Characterization of porous structure
2.2.1.1Generality

Quantitative evaluation of the pore structure inous solid is crucial aspect of
processes involved in the design and applicationrmaterials for adsorption or
catalysis. Gas adsorption measurements are widsg tor determining the surface
area and pore size distribution of a variety ofedldnt porous materials. There are
many uniforms of pore structure. Pore can be clogext accessible form the
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external), blind, or through. Each pore can beaisal or, more frequency, connected
to other pore to form a porous network (Figure 2.4)

uniform funne ink bottle blind
size shaped shaped pore througt
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Figure 2.4Types of pores [26]

2.2.1.2Classification of adsorption isotherm

Isotherm shape depends on the solid porous texAgeording to IUPAC
classification, six types can be distinguished (Fég2.5) [11]. The type | isotherm is
given by the microporous solids having relativelmadl external surface (e.g.
activated carbons, zeolites). Type Il isothermhe hormal form of the isotherm
obtained with a non-porous or macroporous adsorbgme Il isotherm represents
unrestricted monolayer-multilayer adsorption. Typleisotherm is convex to P#
axis over its entire range. Isotherms of this tgse not common, but there are a
number of systems (e.g. nitrogen on polyethylenativgive isotherms with gradual
curvature and an indistinct. Type IV isotherm dsehystereses loop and the limiting
uptake at high P# Type IV isotherm is attributed to monolayer-malyer
adsorption. For mesoporous industrial sorbents,igbtherm typical measurements
follow this type. Type V isotherm is related to thge Il isotherm in that the
adsorbent-adsorbate interaction is weak. Type \th&rm represents stepwise

multilayer adsorption on a uniform non-porous stefa
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Figure 2.5Types of adsorption isotherm [11]

2.2.1.3Adsorption hysteresis

Hysteresis appearing in the multilayer range ofgmworption isotherms is
usually associated with capillary condensation Esapore structures. According to
IUPAC classification there are four types of hysses (Figure 2.6) [11].

type H1 type H2 type H3 type H4

ﬁ‘__—_—J

P/IP, P/P, Po P/P

Adsorbed volume

Figure 2.6The four hysteresis shapes of adsorption isotHi26éin

Types H1 and H2 hysteresis are characteristic lid sonsisting of particles
crossed by nearly cylindrical channels or made Qgregates (consolidated) or
agglomerates (unconsolidated) of spheroidal padicln both cases, pores can have
uniform size and shape (type H1) or nonuniform sizehape (type H2).

Types H3 and H4 hysteresis are usually found omdsotonsisting of
aggregates or agglomerates of particles formingssiaped pores (plates or edged



particles like cubes), with uniform (type H4) ormumiform (type H3) size and/or
shape. Hysteresis are usually due to a differelmader in adsorption and desorption.
For example in pore formed by parallel plates tleiscus is flat (radiuss) during
adsorption (condensation does not take place atedative pressure) and cylindrical
(radius=half the distance between plates) durirgpgsion. Typical examples of this
class are active carbons and zeolites.

No hysteresis is observed in the case of blindndyical, cone-shaped and
wedge-shaped pores.

2.2.1.4Application of Brunauer-Emmett-Teller method (BET)

The Brunauer-Emmett-Teller (BET) gas adsorptionhmdthas become the

most widely used standard procedure for the detertioin of the surface area of

finely-divided and porous materials. The BET equatis usually expressed in the
linear form [11].

PR OMGNES) P

n(P.—P) nC nC P (2.:6)
where P/Ris the equilibrium relative pressure angi’the saturation pressure of the
pure adsorptive at the temperature of the measumtemeas the amount adsorbed at
the relative pressure R/Rnd i, is the monolayer capacity. According to the BET
theory, C is a constant which is related exponbytia the heat of adsorption for the
first layer. The surface area is determined frommetign

As = nDnl-an (2.7)
where A is surface area of adsorbent, L is the Avogadnatmber and @ is the area
covered by one nitrogen molecule. Thevalue generally accepted is 0.162°nm

2.2.1.5Pore volume and pore size distribution

The established method for the determination oepsize is based on the
Barrett-Joyner-Halenda (BJH) method [26]. The BJethad is widely used also by
commercial instruments to perform calculation orsap®res. This model is simple.
In the capillary condensation region ([#°0.4), each pressure increase causes an
increase of the thickness of layer adsorbed on paiks and capillary condensation
in pores having a core size (i.e. the empty space of pores) defined by Kelvin

equation:
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[ = — 2pWnCOPH (2.8)
RTIn(R/P)

where ¢ represents the radius for cylindrical pores ordistance between walls for
slit shape poreg, is the surface tension,,yws molar volume of the liquid condensate,

0 is the contract angle and/P is the relative pressure at which condensaticors.

2.2.2 X-ray diffraction

X-ray diffraction is a very important method to cheterize the structure of
crystalline material. The technique can typically lsed for the lattice parameters
analysis of single crystals or interplanar spaciiipen X-ray beam hit the atom, the
electrons around the atom start to oscillate with $ame frequency as the incoming
beam. The interference of the secondary waves leadsattering of X-rays by the
atoms. Since the interatomic distances in the atyate comparable with the
wavelength of the primary X-rays, interference agscbetween the X-ray waves
scattered by the individual atoms, reflected intipalar directions, leading to the
formation of the diffraction pattern for the cryista

Ne /
\o

o -
= ///Q/I \\
N

o

Figure 2.7Diffraction of X-ray by a crystal [27]

Bragg's equation which expressed the relation betwwavelength A{,
atomic spaceing (d) and the diffraction an@lg (s displayed as following:
n. = 2dsif (2.7)

where quantity n is corresponded to the diffractoder.

2.2.3 Scanning electron microscope (SEM)
The scanning electron microscope (SEM) provides ithages of surface
features, morphology and the crystallographic imfation. Unlike the conventional
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light microscopy, SEM is capable of magnificatioh 1®0,000 times and extreme
resolution. SEM operates by scanning an electromamb@ver the sample and
measuring the electrical interactions with the acef When the electrons hit the
surface, weakly bound electrons will be ejectegrduce secondary electrons. These
secondary electrons can then be measured by atatetand used to calculate the
color for each pixel of an SEM image. Since theseosdary electrons are of low
energy, their trajectories can be easily influenbgdelectromagnetic fields. In order
to avoid a charge build-up on the surface of thmpda which would alter the path of
the secondary electrons, the surface must be ctingudHowever, shadowing
methods have been developed for coating non-cowdusamples with a thin layer of
metal so that SEM measurements become possiblegdifexric SEM is displayed in

Figure 2.8.

Electron gun D

Condenszer lenses

Scan coils

——
(g D

Specimen stub Horay % Secondary
detector electron
detector

Ohbjective lens

Figure 2.8The schematic for a generic SEM [28]

From the figure above, the electron gun is proaycia stream of
monochromatic electrons. The beam of electron relensed by the first condenser
lens. Then the scan coils scan or sweep the beangtia fashion, dwelling on points
for a period of time determined by the scan spé@ée. final lens, the objective lens
focus the scanning beam onto the part of the smatidesired. When the beam

irradiates the specimen, the signal in the fornx-oéy fluorescence, secondary or
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backscattered electrons are produced. These prddleetrons are detected, then the

image is determined [29].

2.3Determination of metal sorption properties of materals

The calculation of the amount of metal ions sorpedthe sorbent and the

distribution ratio of the metal are shown followi[8p]:
q = (G-C)x LIW (2.10)
D = q/G (2.11)
where g s the amount of metal on the sorb@gnes kg™ or mg g')
D s the distribution ratio of the metal (L Kg
C is the initial metal concentration in agueous Sotu
(mol Lt or mg LY
G is the metal concentration in aqueous solutioggatlibrium
(mol L™ or mg LY
L s the volume of aqueous solution (L)
W s the weight of sorbents (g)

Adsorption isotherm studies provide information the capacity of sorbent
which is a most important parameter for an adsonpsiystem. When the adsorption
reaches the equilibrium at a constant temperathee,adsorption isotherm can be
obtained by the relationship between the conceotratf adsorbate remaining in
solution and adsorbed extent. There are the seig@talerm equations describing the
equilibrium and the most common of them are Langramd Freundlich isotherm
[31].

The most important model of monolayer adsorptiorLangmuir isotherm
[32]. The assumptions of the Langmuir isotherm &l adsorption energy is constant
over all sites; (2) adsorbed atoms or moleculesaalsorbed at definite, localized
sites; (3) each site can accommodate only one mielear atom; (4) there is no
interaction between adsorbates. This isothermvisrgas

K.Ce
%= e (242

The linear form of equation 2.12 is:
Ce Ce 1
—_— =
e Ogm Kugm

(2.13)
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where @ is amounts of adsorbed at equilibrium (mY,gm is the maximum capacity
of the adsorbent (mg™y and K is the equilibrium constant for the adsorption
reaction. The value of,gand K are obtained from the slope and intercept of tbe p
of CJQe versus G

The empirical Freundlich isotherm is used to dbscmultilayer adsorption
isotherm for heterogeneous surface and expressgtgllowing equation [33]:

g = KC&" (2.4)

where K and n are the Freundlich constant related to @tlear capacity and
intensity, respectively. Equation 2.14 is generabgd in the linear form, represented

by:

log ¢ = log Ks + %Iog Ce (2.15)

2.4 Schiff's base molecules

Schiff's base is an important class of ligand teatell known as coordinating
agent [34]. Schiff's base is an imine product whigllerived from an amine and an
aldehyde or ketone. Since Schiff's base contai@ingl, S or P donor atoms, it is then
able to form a complex with several metal ions sashAl(ll), Ca(ll), Cd(ll), Co(ll),
Cu(ll), Fe(ll), Fe(lll), Ga(llly, Mg(it), Mn(l1), Mn(I11), Ni(Il), Pb(ll) and Zn(l1). [35-
38]. Schiff's base has been found extensive useatnlyst, sensor, separation and
preconcentration [39-41}.

In this research, three Schiff's base ligands ngm&,2'-{ethane-1,2-
diylbis[nitrilo(E)methylylidene]}diphenol (salen), 2,2'-{propane-d¥lbis[nitrilo( E)
methylylidene]}diphenol (saltn) and 2,2'-{ethan&-iylbis[nitrilo(1E)eth-1-yl-1-
ylidene]}diphenaol (haen) are used as doping mokxullhese ligands are chosen
because they are easily synthesized and they &rd¢aaform the stable complex with
various metals. In addition, these ligands are @sedelective extraction reagent for
several kinds of metal [42]. Their chemical struetuare shown as below:
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Figure 2.9Structures of Schiff’'s bases used in this research

2.5Literature reviews

Since the ordered mesostructure silica materiasevwntroduced by Mobil
researchers in 1992 [16], the functionalization/iication of mesoporous silica has
played an important role in various applicationrsas catalyst, sensor and separation
technology. There are several researches relatibe t®ynthesis of such materials and
some works were described below.

Mokaya [43] studied the restructure of mesopomilisa by performing the
secondary synthesis (recrystallisation) in whiah ¢blcined MCM-41 silica is used as
a silica source. The factors investigated are Ijg) ttme allowed for hydrothermal
recrystallisation at 15C, (2) the amount of amorphous silica availableirduthe
recrystallisation and (3) the use of large pore M&Mas a silica source. The results
had shown that the extended recrystallisation tcae be used to prepare purely
MCM-41 materials with good long-range structuradening and. thicker pore walls.
The pore wall thickness can be increased by mae #0% without any significant
structural degradation. Restructuring to largemgéded and sheet particles is most
effective when there is only a limited amount ofcaphous silica available in the
recrystallisation gel. The recrystallisation canused, not only to tailor the particle
morphology but also to prepare highly thermallyos&#adMCM-41 materials.

For research related to the surface modificatibsileca with organosilane,

Chong and coworker [44] prepared mesoporous s#BA-15 functionalized with
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organosilane by co-condensation method in the poeseof nonionic triblock
copolymer P123 as a template under acidic condifld® mesoporous silica were
synthesized using tetraethoxysilane (TEOS) and airthe following organosilane
namely, 3-aminopropyltriethoxysilane (APTES), 3-oagtopropyltrimethoxysilane
(MPTMS), phenyltrimethoxysilane (PTMS), vinyltrietkysilane (VTES) and 4-
(triethoxysilyl)butyronitile (TSBN) as silica co-peursor. The functionalized SBA-15
materials exhibited long-range ordering of two-disienal hexagonal pore arrays of
size ranging from 66 to 90 A. The obtained matenaére used as the supports for
immobilization of enzyme penicillin acylase (PA)hd& functionalized materials
displayed improved properties for immabilization BA in comparison with pure-
silica SBA-15. This improvement is due to the emsahsurface hydrophobicity and
electrostatic interactions of the functional groupgh the PA. Also, Wu and
coworkers [45] prepared the hybrid mesoporous ssilgel from the TEOS,
methyltriethoxysilane (MTES), vinyltriethoxysilan@/TES), propyltriethoxysilane
(PTES) or phenyliriethoxysilane (PhTES). The adsonmof organic dyes alizarin red
S and phenol red on hybrid mesoporous silica wevestigated. The experimental
results demonstrate that the adsorption capacityybfid gels is much higher than
that of the pure silica gel and increases as theugéace becomes more hydrophobic.
This suggests that the organic dye adsorption vemed mainly by the hydrophobic
interaction between the organic dyes and the gzl

For the research concerning the functionalizadibsilica by chemical doping,
Boos and coworker [48] proposed the preparatioHBMSP doped mesoporous
silica to be used as a sorbent. The Cu(ll) sorptapacity of HPMSP modified silica
was approximately 5 times greater than that of eporous silica. The influence of
parameter on the synthesis of HPMSP doped mesopaiiiea was also investigated.

For_the research related to the functionalizatibrsilica with Schiff's base
ligand, Khorrami and coworkers. [46] reported theparation of the octadecyl-
bonded silica (OBDS) membrane disk functionalizedithw N,N-bis (3-
methylsalisylidene) ortho phenylene diamine (MSOPD¥ing impregnation
technique. This modified silica membrane disk wagduas a sorbent for the
separation and preconcentration of Ni(ll). The gtudsult found that the bare
membrane disk did not show any tendency for thermdsn of Ni(ll), while the

modified disk with MSOPD are capable to retain Nifon in the sample solution.
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The maximum adsorption of Ni(ll) onto membrane disdified by 3 mg of MSOPD
was found to be 146 +4g.

Khamloet [47] reported the synthesis of Schiffes® doped mesoporus silica.
These modified silicas were synthesized using Bshifase namely, salen, saltn,
salophen and haen as doping molecules, tetraetifeneysas a silica precursor and
CTAB as a template. The maximum amounts of Schifase that could be
incorporated in 1 mole of the synthesized mesomsiiica were found to be 90.6,
43.5, 58.6 and 67.0 mmole for salen, saltn, salopded haen, respectively. All
synthesized silica had good ordered arrangementesbpore with narrow pore size
distribution. These materials had large surfaca aed pore volume. These silica
could extract Co(ll), Cu(ll), Fe(ll), Fe(lll) and mfll). In addition, all Schiff's base
doped mesoporous silica had high selectivity toetkteaction of Cu(ll) and Fe(lll).

According to these reviews, only few papers reggbdn the modification of
silica with Schiffs base using doping techniqueurtRermore, the study on
parameters affected the physical and chemical piepeof such Schiff's base doped
silica was still limited. Thus, in this work, theucial synthesis factors including the
type of silica precursor and the amount of Schifése used are investigated in order
to attain the optimum parameter for the preparadiotinis effective sorbent. Also, the
physical and metal sorption properties of the sgsitted silica are determined.

2.6 Objective
1. To synthesize Schiff's base doped mesoporous silgiag various silica
precursors.
2. To investigate the influence of precursors on thgsggal and metal sorption
properties of the Schiff's base doped mesopordiea si



CHAPTER I11

EXPERIMENTS

3.1 Reagents

Tetraethoxysilane (TEOS, 98%) ethyltriethoxysild@H;CH,Si(OCH,CH3)s
ETES, 98%), vinyltriethoxysilane (CHCHSI(OCHCHs)s, VTES, 98%),
propyltrimethoxysilane (CEHCH,):Si(OCH);, PTMS, 98%) and cetyltrimethyl-
ammonium bromide (CTAB, 98%) were received from kilu The calcined
mesoporous silica was synthesized as describinfgppendix Ill. The silica gel 60
(0.063-0.200 mm, 70-230 mesh) was purchased fromckveThe reagents for
synthesizing Schiffs base ligands: salicylaldehydeethylenediamine, 2-
hydroxyacetophenone and 2-propylenediamine, weoen fFluka and were used
without further purification. Cu(Ng).-3HO (99%), Fe(NG@)s3-9H.O (98%) and
Ni(NO3)2:-6HO (99%) from Fluka were used to prepare metal mnt®n. Sodium
hydroxide (NaOH) was obtained from Calro Erba Retig&thanol (GHsOH) and
nitric acid (HNQ) were from Merck. Deionized water (>1&Mcri?) from Millipore
system (Milli Q, model Millipore ZMQS5V00Y) was us¢hroughout.

3.2 Apparatus

UV spectra were obtained on a HP8453 UV-Visiblecsppphotometer. The
FT-IR spectra were recorded on a Nicolet fourieransform infrared
spectrophotometer model Impact 410 using KBr pddethnique. X-ray diffraction
was determined using a Rigaku DMAX 2200/Ultimé-ray diffractometer (Cu-k
radiation,. ='1.5406 A). The nitrogen adsorption-desorptiasthisrms were carried
out using a Belsorp-mini Il nitrogen adsorptomeldre temperature in the extraction
was controlled by thermoregulated bath (JULABO nidelE)). Atomic absorption
measurement of metal ions was performed with aiR&kner AAnalyst 100 atomic
absorption spectrometer. The morphology of mateviat observed using a JEOL

JSM 5410LV scanning electron microscope.
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3.3 Experiments

3.3.1 Synthesis of silica

The synthesis of silica was divided into two pagpending on the number of
silica precursors. For the first part, each typestita precursor including TEOS,
calcined mesoporous silica and silica gel 60 wasl dsr the synthesis of materials.
And in the second part, the silica were preparedhfiTEOS and one of these co-
precursors: VTES, ETES or PTMS. The synthesis ntettas based on the procedure
reported by Boos and co-workers [48]. The molar position of silica precursor :
(co-precursor) : BD (0.2 M NaOH as catalyst) : CTAB 2Es0OH : Schiff's base was
1:(0.25):140:0.18:13:0.12. The synthese&thod was described below.

Schiff's base and ethanol were mixed and stirte@0a°C for 1 h. CTAB and
NaOH were then added to the solution and the nextwas stirred at 60 °C for 4 h.
The silica precursor was subsequently added. Théurai was continued on stirring
at 60 °C for 1 h and at room temperature for 23l product was recovered by
vacuum filtration and washed copiously with dei@tiavater and IM HNOs. All
filtrates were then collected to determine the giyanf doping molecules that might
be leached out during the synthesis and washingepses. The obtained silica was
dried at 110 °C overnight. Control non-doped silicas also prepared for comparison

according to the above procedure without addingfBcbase.

3.3.2 Characterization of silica
3.3.2.1 Determination of organic matters in silica

The organic_matter content in materials was datexdh using calcination
method as described below.

300 mg of as-synthesized silica were dehydratdd @t°C overnight. Then the
sample was placed in a muffle furnace and heated foom temperature to 100 °C at
a rate of 1 °C/minute and hold at this temperafarel h. Then the modified silica
was heated to 540 °C at a rate of 1 °C/minute auid &t this temperature for 10 h.
After calcination process, the sample was agaigkezl. The silica weight difference
indicated the organic matters in material. The ihgagprogram could be summarized

in Figure 3.1
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Figure 3.1The heating program for the calcination process

3.3.2.2 Determination of accessible Schiff's bases

The amount of active Schiff's base molecules ia 8chiffs base doped
mesoporous silica could be indicated by the amotfiaiccessible Schiff's base. The
experimental process was conducted as follow uiskaged otherwise.

10 mL of ethanol : BD (1:1, v/v) were added to 100 milligrams of the=dr
Schiff's base doped mesoporous silica. The mixtuas stirred for 3 hours at room
temperature. The liquid phase was then separatextiyifugation. The amounts of
accessible Schiff’'s bases in the solution wereyameal by UV-visible spectroscopy.

3.3.2.3 Determination of crystallinity
The structure of silica was investigated by X-dafjraction technique (XRD)
using Cuk. radiation § = 1.5406 A) at 40 kV, 30 mA. The spectra of powsiemple

were recorded from 1.0° to 10.00)2with a scan time of 2° (@ per minute.

3.3.2.4 Determination of morphology

The morphology of silica was investigated by anstag electron microscope
using conductive coating technique. The sample lvedd on cylindrical mount with
adhesive tape. The specimen surface was coatedgeithin order to make them

conductive.

3.3.2.5 Investigation of functional group of orgarand inorganic molecules in
mesoporous silica

The present of organic and inorganic functionalugs in modified silica were
determined by FTIR spectroscopy. The sample wal/zath in the range of 400 —
4000 cnt using the KBr pellet technique. The spectra wetlected with 32 scans.
3.3.2.6 Determination of surface area and pore size
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20 mg of calcined sample were outgassed at 200r'G h. The sorption of
nitrogen was recorded using equilibrium time apprately 10 min per point. The
specific surface area was then calculated usingBtimmauer-Emmett-Teller (BET)
model. The pore size distribution and pore volumerewevaluated from the
desorption branch of the nitrogen isotherm via Bwrer-Joyner-Halenda (BJH)
method.

3.4. Extraction propertiesof silica

The extraction properties of Schiff’'s base dopéidastowards Cu(ll), Fe(lll)
and Ni(ll) were investigated using batch equililbnitechnique. The method was
described as follow.

25 mL of 100 ppm of metal solution were added@6 fng of dried silica. The
mixture was stirred at 25 °C in thermoregulatechidfar 24 hours. Then the slurry
was centrifuged and the amount of unextracted niental in solution was determined

using flame atomic absorption spectroscopy.



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Synthesis and properties of silica synthesized frosingle silica precursor

All types of silica precursor including TEOS, dakd mesoporous silica and
silica gel 60 could be successfully used for theppration of non-doped and Schiff's
base doped mesoporous silica. The control non-dsiied was white solid while all
Schiff's base modified silica were yellowish. Howeey the yellow coloration of
Schiff's bases, confirmed by the presence of thair characteristic peaks, was still
observed in the supernatant and washing solutibesd results meant that only some
Schiff's base molecules could be achievedly incaaed in the silica. The percentage
of incorporated Schiff's base and the amount obliporated Schiff's base in mmol
g* of each Schiff's base doped silica on three repdid syntheses are shown in Fig.
4.1 and Table 4.1, respectively.

From Table 4.1 and Fig. 4.1, it was found that a@lmeount of incorporated
Schiff's base was highest when TEOS was usediaa pilecursarThese results were
probably due to the homogeneous solution obtaifted #he addition of TEOS to the
Schiffs base solution, hence rendered the incatpom facility of Schiff's base
molecules into the framework of silica. On the cant, when the precursor was
calcined mesoporous silica or silica gel 60, thgtane between these precursors and
the Schiff's base solution was heterogeneous. Cuestly, the Schiff's base ligand
preferred to be in solution. In case of the silgyathesis by using silica gel 60 as
precursor, the obtained silica had the lowest amotinncorporated Schiff's base.
This result may be explained by the structure ldesigel 60 which is amorphous as
evidence by XRD (see Appendix 1V).

Concerning the effect of Schiff's base ligand, gecentage of incorporated
Schiff's base was found to be in this order: saldmen > saltn. This result might be
explained in terms of structure of saltn, which padpyl group between two imine-N
atoms. The propyl group was increased the hydraph@bnsequently, the lowest
amount of incorporated Schiff's base was obtaingile the amount of incorporated
haen lower than salen since haen had methyl suéstigroups on the imime-C atoms.
These methyl groups cause steric hindrance and dffgtt on the amount of
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incorporated haen. This result was in accordantie the previous work reported by
Khamloet [47]

S
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i ] [ 1 calcined mesoporous silica
.g 80{ _ 2 Silica gel 60
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@] i =
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w 40
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Type of silica

Figure 4.1 The percentage of incorporated Schiff's base ihif8& base doped
mesoporous silica synthesized by different typsingle silica precursors.

Table 4.1The amount of incorporated Schiff's bases in e&chiff's base doped

mesoporous silica synthesized from various typesrgfle silica precursors

Amount of incorporated Schiff's base in silica
Type of precursor (mmol g)
Salen doped Saltn doped Haen doped
TEOS 0.670 £ 0.009 0.490+0.013 0.608 +0.022
Calcined mesoporous silica  0.560 + 0.014 0.13889.; 0.513 + 0.005
Silica gel 60 0.306.+0.012 = 0.121 +0.018 0.333G07

4.1.1 Characterization of materials

4.1.1.1 Organic matters contents in silica

The organic matter contents in all as-synthesimaderials were determined

by a calcination technigue. The values obtainethftioee experiment were collected to
compare with the theoretical values which werewdated from the mole composition
of starting materials used in the synthesis (sepefdix V for the calculation). The

results from three replicated experiments are ptesein Table 4.2.



Table 4.20rganic matter contents in materials prepared fdiffierence single silica

precursors.
Organic matters (%)
Type of _ el Experimental value
precursor silica Experimental Theoretica Theoretical value x1
value value
non-doped | 48.16 +0.12 46.05 104.57
salen doped 55.52 + 0.38 55.61 99.83
TEOS
saltn doped| 51.73 £ 0.54 53.67 96.39
haen doped| 54.09 £ 0.13 55.88 96.80
_ non-doped | 50.04 + 0.41 45.93 108.96
Calcined
salen doped| 50.92 + 0.90 54.01 94.27
MeSsopPOrous
| saltn doped | 39.84 + 0.55 49.77 80.04
silica
haen doped | 48.56 + 0.48 55.76 87.09
non-doped | 45.17 £ 0.76 45.97 98.25
- salen doped| 32.98 + 1.09 50.51 65.30
Silica gel 60

saltn doped | 24.54 + 0.85 47.85 51.29
haen doped | 29.00 + 0.81 50.41 57.52

As seen from Table 4.2, the experimental valualbhon-doped silica was
close to the theoretical value. For some experialer@sults which were slightly
higher than the theoretical values, these mightiloe to the physisorbed water and
chemisorbed water remained in the silica framewbdfore the beginning of
calcination process. In fact, the elimination ofyplkorbed water and chemisorbed
water is achieved at 1€ and 400°C, respectively [49].

In the case of Schiff's base doped silica, it itcasnd that the organic matters
obtained from experimental values of silica synited$ from TEOS or calcined
mesoporous silica were close to the theoreticalezaFor the silica obtained from
silica gel 60, the experimental values were lowemtthe theoretical values. These
results probably are losing of some surfactantndutine washing step. Actually these
leaching of surfactant were observed in the forrouddbles.
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4.1.1.2 Determination of accessible Schiff's base

The amount of active Schiff's base molecules ie tmodified silica is
significant for the silica’s extraction propertids. order to determine the amount of
active Schiffs base in the silica, the accessiBhiff's base was performed by
solvent extraction method and the amounts of ete¢ch8chiff's base were determined
by UV-visible spectroscopy. The,Bs0H/H,O mixtures were used as solvent. To
find out the suitable solvent ratio, the prelimyaxperiment was carried out with
Schiff's base dope mesoporous silica synthesizet ffEOS. The ratio of £1s0H :
H,O was varied. The results are shown in Table 4l@abe
Table 4.3The amount of accessible Schiff's base extractethfthe Schiff's base
doped mesoporous silica synthesized from TEOS

y CoHsOH : O | Amount of accessible % RSD
Type of silica _ \
Ratio (v/v) Schiff's base (%)
1l 55.81 +2.49 4.47
Salen doped
9:1 63.92+£1.16 1.81
1:1 43.17 £ 0.50 1.16
Saltn doped
9:1 57.51 +£2.02 3.52
74 12.87 +0.29 2.26
Haen doped 9:1 18.51 £0.83 4.47
1:9 5.66 + 0.29 5.07

The experimental results show that mole ratio #14OH : H,O equal 9:1 had
highest extractability of Schiff's base. Thus, thigtio was applied to further
experiments-on the Schiff's base doped silica sgithfrom other silica sources.

Their results are presented in Figure 4.2.
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Figure 4.2Percentage of accessible Schiff's base in modgikch synthesized from
various silica precursors whenkzOH : H,O equal 9:1 was used as extracted solvent.
The result shows that all of modified silica syglzed from calcined

mesoporous silica had the highest amount of addlesSchiff's base. Comparison on
the type of Schiff's base doped mesoporous sitita,amount of accessible Schiff's
base was found to be in this order: salen > saltraen doped mesoporous silica.
These results were in accordance with the prelingiseudy. However, the amount of
accessible Schiff's base could not achieve 100%eibee the some Schiff's base

molecules are located in the close pore of silica.

4.1.1.3 Investigation of organic molecules usingAESpectroscopy

The presence of organic molecules in the as-sgirbeé silica could be
demonstrated using FTIR technique. ‘The spectraoofdoped and Schiff's base
doped silica were shown in Figure 4.3-4.6, respebti As seen, the characteristic
band of silica framework was observed in all specffrsilica. The vibration of Si-OH
group was observed at 3424 tand 962 cm. The bands at 1061 ¢hand 794 crl
were related to asymmetric and symmetric stretcliagd of Si-O-Si, respectively.
The spectrum band at 450 ¢was associated with the O-Si-O vibration. In addit
the characteristic bands of CTAB were also preaeabout 2924 cth 2854 cni and
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1480 cni for C-H stretching. These evidences indicatedpifesence of surfactant on
the silica framework.

For the IR spectra of Schiff's base doped siliba, characteristic bands of the
corresponding Schiff's base were also observed 44%%=N) cm). These results

confirmed the existing of doping molecules in thedified silica.

2 b e
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Figure 4.3FT-IR spectra of CTAB and non-doped mesoporousasiynthesized
from various silica precursors: (a) TEOS, (b) ca&d mesoporous silica and (c) silica
gel 60. (Solid line: mesoporous silica, dot line:AB)
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Figure 4.4FT-IR spectra of salen and salen doped mesopaitices synthesized from
various precursors: (a) TEOS, (b) calcined mesapmomilica and (c) silica gel 60.
(Solid line: mesoporous silica and dash dot lirdes)
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Figure 4.5FT-IR spectra of salth and saltn doped mesopasdiea synthesized from
various precursors: (a) TEOS, (b) calcined mesapomilica and (c) silica gel 60.
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Figure 4.6FT-IR spectra of haen and haen doped mesoportices synthesized from

various precursors: (a) TEOS, (b) calcined mesapmlica and (c) silica gel 60.

(Solid line: mesoporous silica and dash dot lireert)
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4.1.1.4 Determination of crystallinity

The structure and crystallinity of as-synthesizawl calcined silica were
investigated by X-ray diffraction technique. Thaaibed XRD patterns are shown in
Figure 4.7. The d-spacing values of all modifidetcaiare also summarized in Table
4.4. The crystal structure of all synthesized aaftined silica were obtained when
using TEOS or calcined mesoporous as silica souvbereas the structure of silica
prepared from silica gel 60 was amorphous. Indekdjlica synthesized from TEOS
or calcined mesoporous silica was observed (10 adiion peak around@= 2°,
indicated the presence of order mesostructure. €T hesults wereconsistent with
previous study that had investigated the silicapared from calcined mesoporous
silica [43]. The comparison of the silica prepafi@in TEOS with the silica prepared
from calcined mesoporous show that the silica pegpdrom TEOS was more
structural ordered than those of silica preparechfcalcined mesoporous silica.

Considering the XRD patterns and d-spacing dataassfynthesized and
calcined silica, it was found that after calcinatiprocess the peak intensity was
increased with the decreasing of the d-space fomadified silica except the saltn
dope silica synthesized from TEOS. These resulteate better structural ordering
and the shrinkage of pore size. This phenomenon prabably due to removal
surfactant and organic molecule which were promtitedcondensation of the silanol
group. Therefore, the ordering of the silica framekg was improved [50]. In case of
saltn doped mesoporous silica synthesized from TE@Sintensity of XRD decrease
after calcination process. This might be due todistruction of the some structure of
silica framework during the calcination processisTsuggested that the template of

this material was unstable towards calcination.
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Figure 4.7XRD patterns of silica synthesized from variousg# silica precursors:
(A) TEOS, (B) calcined mesoporous silica and (Cicaigel 60. The text in the
parenthesis referred to the type of the Schiff sebaoped silica (Solid line: as-

synthesized silica, dot line: calcined silica).
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Table 4.4The XRD results of as-synthesized silica and thefresponding calcined

silica
As-synthesized silica Calcined silica
Silica Type of : :
. 20 d-spacing 20 d-spacing
precursor silica
(degree) (nm) (degree) (mn)
Non-doped 2.360 3.74 2.700 3.27
Salen doped 2.260 3.91 2.399 3.68
TEOS
Saltn doped 2.300 3.84 2.499 3.53
Haen doped 2.280 3.87 2.440 3.62
None-doped  2.460 3.59 2.719 3.25
Calcined
Salendoped 2.160 4.09 2.120 4.16
MesSoporous
i Salin doped 2.579 3.42 2.660 3.32
silica
Haen doped 2.479 3.56 2.700 3.27

4.1.1.5 Morphology of materials

The morphology of as-synthesized silica observednfrscanning electron
microscopy (SEM) technique are shown in Figure43. The SEM data indicated
that the silica prepared from TEOS or calcined rmesaus silica show agglomerates
of spherical particles. The particle sizes as edtoh from SEM images were found in
the range of 0.84 — 2.8@n. On the contrary, all silica synthesized fronicailgel 60
seemed to be a glass-like particle. These resuligested that the morphology of
silica was affected by the types of silica prectsso
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Figure 4.8SEM images of silica synthesized from TEOS:(a)-doped, (b) salen
doped, (c) saltn doped and (d) haen doped mesopailea
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Figure 4.9SEM images of silica synthesized from calcined apesous silica: (a)

non-doped, (b) salen doped, (c) salth doped antgei) doped mesoporous silica
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salen doped, (c) saltn doped and (d) haen dopedpoesus silica

4.1.1.6 Determination of surface area and pore size

The porous nature of materials was evaluated bpgen sorption analysis.
The specific surface area of as-synthesized samplids the pores filled with
surfactant and ligand is about 10 - 26 gi. In order to investigate the porous
structure, all samples were calcined to removesthiéactant template. The results of
calcined silica are shown in Figure 4.11.

All sample-exhibit type IV isotherm according toRBC classification, which
indicated the presence of mesopores. However, dpdlary condensation step of
silica prepared form silica gel 60 was found.in-thage of 0.7<P/z0.9 which was
due to capillary’ condensation inside the micropdreese results imply that the
porous structure of silica synthesized from siligal 60 were combined the
characteristic of mesopore and micropore.

The results in Figure 4.12 show BJH pore sizedidigiion of modified silica
synthesized from various precursors. The narrove gare distribution was observed
in all case. The BET surface area, pore volume raadoporosity of modified silica
are summarized in Table 4.5
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As seen from Table 4.5, the large surface aredliof svas obtained when
TEOS or calcined mesoporous silica was using @sasirecursor. Considering the
pore diameter, it was found that the average paaeneter of modified silica
synthesized from TEOS or calcined mesoporous sdmafirmed the mesopore of
these materials.

Table 4.5Characterizations results of the Schiff's base edopnesoporous silica

synthesized from various precursors

Precursor Type of ) Vp APD | dioo ao w
silica (m* g | (engh) | (nm) | (nm) | (nm) | (nm)
Non-doped 1087 0.79 290 3.27 1133 8.43
Salen doped 830 0.79 3.82 3.68 12{74 8|92
TEOS
Saltn doped 623 0.66 426 383 1224 7,98
Haen doped 791 1.44 3.98 3.62 12|53 8J60
Non-doped 659 0.58 350 326 11.p6 7.[/6
Calcined
Salen doped 1060 0.99 3.73 416 14{42 10.69
MeSopPOorous
i Saltn doped 932 0.74 3.20 332 1150 8.30
silica
Haen doped 999 0.91 3.6b 3.27 11|32 767
Non-doped 514 0.65 - - - -
Silica gel Salen dopeg 293 0.87 - - - -
60 Saltn doped 294 0.91 - - - -
Haen doped 338 1.05 - - - -

S BET surface area (") obtained from M sorption;V,, Total pore volume (cfig™) obtained from
single-point volume at P/P= 0.99;APD, average pore diameter calculated frodp/ digo, d-value
100 reflectionsp, = the lattice parameter, from the XRD data ushng formulaa, = 20h00\3; W, pore
wall thickness was equaled ag-APD.
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Figure 4.11INitrogen sorption isotherms of silica synthesif@n various precursors:

(@) TEOS (b) calcined mesoporous silica and (agasigel 60. The text in the

parenthesis referred to the type of the Schiff'sebdoped silica.
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Figure 4.12Pore size distribution of silica synthesized frgarious precursors: (a)

TEOS (b) calcined mesoporous silica and (c) sijeb60. The text in the parenthesis
referred to the type of the Schiff’'s base dopeidasil
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4.1.2 Extraction properties of materials

The extraction properties of Schiff's base dopedsoporous silica
synthesized from various silica precursors wereduaoted toward Cu(ll), Fe(lll) and
Ni(ll) in aqueous and 0.1 M NaNGsolution. The experiment was repeated three
times. The results of each metal extraction weeemleed as follows.

4.1.2.1 Extraction of Cu(ll)

Form previous reported [47], the suitable conditior the extraction of Cu(ll)
by the Schiff's base doped mesoporous silica was2g@ This condition was thus
applied in this work. The results were plotted legw the amount of Cu(ll) extracted
(mg g*) and type of precursor as presented in Figure.4.13
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Figure 4.13The amount of Cu(ll) extracted by Schiff’'s bas@ed mesoporous silica:
(a) salen doped, (b) saltn doped and (c) haen doesdporous silica

From the experimental results, it was found thlat-doped mesoporous silica
could not extract Cu(ll) ions. As seen from Figdr&3, the Cu(ll) extractrability of
Schiff's base doped mesoporous silica synthesieeioh talcined mesoporous silica
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higher than those of synthesized from TEOS oraitiel 60 This result could be

explained by the silica prepared from the calcimeesoporous silica had higher
surface area and amount of accessible Schiff's.basaddition, the Cu(ll) ions

extractability of all modified silica increased whéhe extraction was performed in
NaNO; medium. The highest Cu(ll) ion extracted value viashd to be 16.29 + 0.7
mg g* which was obtained from salen doped mesoporogs slynthesized from
calcined mesoporous silica. Interestingly, thisIQuxtracted value was higher than
9.21 mg ¢ which reported by Tarateerapap [54]. This phenamepould be

explained by the method used for the extractiorfatn, in this work, the extraction
was performed via a magnetic stirrer. Whereas, arafeerapap’s work, the

experiment was carried out using an orbital shaker.

4.1.2.2 Extraction of Fe(lll)

The influence of precursor on the Fe(lll) extradigy of Schiff's base doped
mesoporous silica are displayed in Figure 4.14 ofding to the experimental results,
non-doped mesoporous silica could not extract @il ions in both media. On the
contrary, all Schiff's bases doped mesoporoussasivere capable of extracting these
ions. This results indicated that Schiff's basatids improve the Fe(lll) extractability
of silica. From the Figure 4.14, it was obviousker that the amount of Fe(lll)
extracted was increased when NaNas present in metal solution. The comparison
of the types of precursor, it was found that, ia tiaNQ media, the salen doped
mesoporous silica synthesized from calcined mesmyosilica had highest Fe(lll)
extractability. The highest extracted value wasnfbuo be 19.25+ 0.36 mg d-
Considering the types of Schiff's base, it was fbuhat salen doped mesoporous
silica had the higher Fe(lll) extractability thamose of saltn doped or haen doped

mesoporous silica.
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Figure 4.14The amount of Fe(lll) extracted by Schiff's basgedd mesoporous silica:
(a) salen doped, (b) saltn doped and (c) haen deesdporous silica.

4.1.2.3 Extraction of Ni(ll)

The Ni(ll) extractability of all silica synthesidefrom various precursors are
shown in Figure-4.15. The: Ni(l) -extractability -@fll-silica increased when the
extraction performed inthe NaN@edium. In addition, the Ni(ll) extractabilitie$ o
the non-doped and salen doped mesoporous. silica higher than those of saltn
doped and haen doped mesoporous silica. Thesdsrasyllied that other Schiff's
base doped mesoporous silica were not selectitreetextraction of Ni(ll).
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Figure 4.15The amount of Ni(ll) extracted by Schiff's basepdd mesoporous silica:
(a) salen doped, (b) saltn doped and (¢) haen doesdporous silica

4.2 Synthesis and properties of silica synthesized froEOS and co- precursor
The effect of silica co-precursor on the synthesfisSchiff's base doped

mesoporous silica was also investigated in thiskwahree different co-precursors

are VTES, PTMS and ETES. The synthesis was perfbrime¢hree replicated. The

results are presented in Table 4.6 and Figure 4.16.

Table 4.6 The amount of incorporated Schiff's base in eachif8s base doped

mesoporous silica synthesized from TEOS and vaigougrecursors

Amount of incorporated Schiff's base
(mmol g*)

Type of co-precursor
Salen doped | Saltndoped  Haen doped

VTES 0.573 +0.011| 0.385+0.030 0.528 + 0.006
PTMS 0.524 +0.009| 0.351+0.033 0.528 +0.012
ETES 0.548 0.316 0.548

*Only one sample of each Schiff's base dope siliaa synthesized since ETES is expensive
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Figure 4.16The percentage of incorporated Schiff's base ihif8& base doped
mesoporous silica synthesized by TEOS and diffelrga® of co-precursors.

As seen from Table 4.6 and Fig 4.16, the typesmprecursors did not
significantly affect the amount of incorporated &th base in the synthesized silica.
To compared the amount of incorporated Schiff'sebas Schiffs base doped
mesoporous silica synthesized from TEOS and varamprecursors with those of
silica synthesized from TEOS (Table 4.1), it wasnio that the Schiff's base doped
silica synthesized from TEOS had higher amounhodiporated Schiff's base. These
results might be due to the pendant groups of asgjEme in the silica framework
interfere the inclusion of Schiffs base moleculego the silica framework.
Concerning the type of Schiff's base, the amounincbrporated Schiff's base in
mesoporous silica was found to be in this orddensa haen > saltn. This result was
in accordance with the section4.1.

4.2.1 - Characterization of materials
4.2.1.1 Determination of organic matters

The organic matter content in silica synthesizesnf TEOS and various co-
precursors are presented on Table 4.7. As seemrgfamic matter contents obtained
from the experiment were close to the theoretiedli®s. For some minor difference

might be explained by the amount of physisorbedc@misorbed water as described
previously.



41

Table 4.70rganic matter content in mesoporous silica preghdrom TEOS and

various co-precursors.

si f Organic matters (%) Experimental value
ilica Type o . . , x 100
CO-precursor silica Experimental Theoretical | Theoretical value
value value
(%)
non-doped | 44.91 +0.75 39.01 115.13
. salen doped| 51.17 + 0.58 48.49 106.61
VTES | saitn doped | 47.75 + 0.36|  45.98 103.19
haen doped | 48.70 + 0.53 48.51 100.39
non-doped | 42.55 +0.88 37.81 112.54
salen doped| 52.15 + 0.79 46.38 112.44
PTMS | saitn doped | 46.13 +0.63|  43.07 107.10
haen doped | 50.04 + 0.67 47.66 105.00
non-doped 43.46 38.74 112.10
salen doped 50.44 47.80 105.50
ETES
saltn doped 43.77 44.17 99.10
haen doped 48.43 48.70 99.50

*Experimental values are calculated from three cafdi data

**Only one sample of each Schiff's base dope siliaa valcined since ETES is expensive

4.2.1.2 Determination of accessible Schiff’s base

As described previously in section 4.1.1.2, thetorx of ethanol and D

with the volume ratio of 9:1 was used as an exmgcsolvent. The percentage of
accessible Schiff's basein each modified silicadépicted in Figure 4.17. It was
found that the percentage of accessible Schiffseldid not affected by types of co-
precursors. Concerning the types of Schiff's bdsejas found that the amount of
accessible was found to be in this order: salemalth $> haen. This result may be
explained by the inappropriate solvent for the higgands.
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Figure 4.17Percentage of accessible Schiff's base in moddikch synthesized from

TEOS and various co-precursors.

4.2.1.3 Investigation of organic molecules usingA=$pectroscopy

As described previously in section 4.1.1.3. Thespnce of surfactant and

Schiff's base molecules in the silica frameworks slnown in Figure 4.18-4.21. The

details are given as follows: The major peaks b€ssiframeworks are absorption
brand of at 3400 cthand 960 cil. The absorption brand around 28002900
cm® and 1480 ci) are assigned to the C-H stretching of CTAB. Therabteristic
bands of C=N stretching at about 1600cduie to immine group of Schiff's base.

4000 3200 2400 1600 804000 3200 2400 1600 80@000 3200 2400 1600 800

Wave numbers (c'rlr) Wave numbers (c'rlt) Wave numbers (c'rlr)

Figure4.18FT-IR spectra of CTAB and non-doped mesoporousasiynthesized
from TEOS and various co-precursors: (a) VTESHDBES and (c) PTMS. (Solid line:
mesoporous silica, dot line: CTAB)
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Figure 4.19FT-IR spectra of salen and salen doped mesopaitiaa synthesized
from TEOS and various co-precursors: (a) VTESHDES and (c) PTMS. (Solid line:

mesoporous silica and dash dot line: salen)
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Figure 4.20FT-IR spectra of saltn and saltn doped mesoposiica synthesized
from TEOS and various co-precursors: (a) VTESHDES and (c) PTMS. (Solid line:
mesoporous silica and dash dot line: saltn)
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Figure 4.21FT-IR spectra of haen and haen doped mesoportica synthesized

from TEOS and various co-precursors: (a) VTESHDBES and (c) PTMS. (Solid line:

mesoporous silica and dash dot line: haen)
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4.2.1.4 Determination of crystallinity of materials

The X-ray diffraction patterns obtained for thesgsthesized and calcined
silica are displayed in Figure 4.22. All of the sdes exhibited XRD reflection peak
at @ around 2 degree. These patterns corroborated thearrence of ordered
mesostructured materials. Furthermore, the samgites calcinations revealed the
increasing peak intensity. This indicated that ttcined samples were better
structural ordering compare with the as-synthesizasnples. These observed
phenomena could be explained by that the calcingpimcess promoted siloxane
cross-linking led to the improving of ordering dktsilica framework. The values of
the structural parameters are listed in Table 4.8

As seen from Table 4.8, it was found that the a@espy values of the calcined
silica were significantly decreased in all caseisTdould be due to the occurrence of
shrinkage in the lattice spacing after removalwfactant as described earlier.

Table 4.8XRD results of materials synthesized from TEOS weadbous co-precursors.

Type of as-synthesized silica calcined silica
Co-precursor /

silica Two theta d(nm) Two theta d(nm)
None-doed 2.540 3.48 2.920 3.02
Salen doped 2.359 3.74 2.600 3.40

VTES
Saltn doped 2.340 3.77 2.799 3.15
Haen doped 2.359 3.74 2.560 3.45
None-doped 2.500 3.53 2.602 3.39
Salen doped 2.360 3.74 2.739 3.22

PTMS
Saltn doped 2.320 3.81 2.520 3.50
Haen doped 2.360 3.74 2.620 3.37
None-doped 2.561 3.45 2.980 2.96
Salen doped 2.301 3.84 2.619 3.37

ETES
Saltn doped 2.300 3.84 2.719 3.25
Haen doped 2.320 3.85 2.619 3.37
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Figure 4.22XRD patterns of silica synthesized from TEOS aadous co-precursors:
(A) VTES, (B) PTMS and (C) ETES (The text in thegrathesis referred to the type
of the Schiff's base doped silica). Solid line:s3sthesized silica, dot line: calcined
silica.
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4.2.1.5 Morphology of materials

The well defined external morphologies of the skspsynthesized from
TEOS and various co-precursors are shown in FigL#8-4.25. The SEM micrograph
reveals similar morphology. All of the samples slitate agglomerates of spherical
particles with smooth surface. The particle sizésamples collected from SEM
images were found in the range of 0.8 — @r@. In fact, the morphology of silica
synthesized from TEOS and various co-precursorsiargar to those of synthesized
from TEOS without adding co-precursors (Figure 4®)ese results suggested that
the addition of 20% mol co-precursors were notcffee morphology of synthesized
silica. Moreover, the comparison of non-doped V@thiff's base doped mesoporous
silica. It is interesting that the morphology oflicei was not affected by the

functionalization of Schiff's base ligand.

- SER R - R
Figure 4.23SEM images of silica synthesized from TEOS and 8T&) non-doped,

(b) salen doped, (c) saltn doped and (d) haen do@stporous silica.
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Figure 4.24SEM images of silica synthesized from TEOS and BT4&) non-doped,
(b) salen doped, (c) saltn doped and (d) haen do@sbporous silica

Figure 4.255EM images of silica synthesized from TEOS and &T) non-doped,
(b) salen doped, (c) saltn doped and (d) haen do@stporous silica
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4.2.1.6 Determination of surface area and pore size

The BET surface area of all as-synthesized silieee found in the range of 12
— 25 nf g which was very low due to the existence of thdasuant template in the
silica framework. In order to conduct the porousudure of these materials, the
surfactant template was removed by the calcinatidWis adsorption-desorption
isotherms and pore size distribution of calcindataisynthesized from TEOS and
various co-precursors are shown in Figure 4.26 Rigdre 4.27, respectively. All
samples were typical type IV isotherm with H4 hyssis loop, which was
characteristic of mesoporerous material with siggsed pores. In addition, all sample
synthesized by difference co-precursors preseiiedarrow pore size distribution, as
shown in Fig 4.27.

The textural properties and mesoporosity were ¢atled using the isotherms
and reported in Table 4.9. All modified silica wenghibited large BET surface area.
The average pore diameters were in the range df 2.13.84 nm which were
mesoporous material§onsidering the pore volume of silica synthesizednf TEOS
and various co-precursors with those of synthesfeaeh TEOS without adding co-
precursors (Table 4.5). It was found that the pafime was decreased when co-
precursor was added. This decreasing could be iegpleby the pore of silica was
filled with the pendent group of organosilane there, the pore volume was reduced.
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Figure 4.26Nitrogen sorption isotherm of silica synthesizealhi TEOS and various
co-precursors: (a) VTES, (b) PTMS and (c) ETES. tEx¢ in the parenthesis referred

to the type of the Schiff's base doped silica.
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Table 4.9 Characterizations results of the materials symtbdsfrom TEOS and

various co-precursors

Co- Type of S Vp APD | dioo Qo w
precursor silica (mfg™) | (enPg™ | (nm) | (nm) | (nm) | (nm)
Non-doped 878 0.54 244 3.02 10463.03
Salen doped 707 0.54 3.07 340 11.78.69
VTES
Saltn doped 1003 0.64 255 3.15 10,98.37
Haen doped 930 0.53 229 345 11,99.65
Non-doped 814 0.53 260 339 11/7/9.15
Salen doped 756 - rx ) 3.94 322 11.16.22
PTMS
Saltn doped 1076 0.70 259 350 12/13.55
Haen doped 1160 0.82 282 3.37 11.68.85
Non-doped 1071 0.57 211 296 10J288.15
ETES Salen doped 935 0.69 296 3.37 11.68.72
Saltn doped 813 0.56 275 3.25 1128.49
Haen doped 1215 0.71 235 3.37 11.68B.32

S BET surface area (g”) obtained from N sorption;V,, Total pore volume (cfig™) obtained from
single-point volume at P{P= 0.99; APD, average pore diameter calculated froWp/4 dyoo d-value

100 reflectionsp, = the lattice parameter, from the XRD data ushng formulaa, = 20h00\3; W, pore
wall thickness was equaled ag-APD.

4.2.2 Extraction properties of materials

To study the influence of co-precursor on the imekéraction properties of
non-doped and Schiff's base doped mesoporous,diieametal extractability of non-
doped and Schiff's base doped mesoporous silicdknsgized from TEOS and various
co-precursors were compared with the silica symkedsfrom TEOS without adding
co-precursor (The results are come from the sedtitbr?). The experiment were also
performed using Cu(ll), Fe(lll) and Ni(ll) in aque® and 0.1 M NaN® The
extractions were done in three replicates. Thelieesidi each metal extraction were
described as follows.

4.2.2.1 Extraction of Cu(ll)

As described previously in section 4.1.2.1. TheliZiextraction was also
conducted at pH 2.5. The obtained results are predein Figure 4.28. The
experimental results found that non-doped mesoposrilica is not able to extract
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Cu(ll). It was seen from Figure 4.28 that the pneseof NaNQ in metal solution
cause the increasing of the Cu(ll) sorption capamitSchiff base doped mesoporous
silica. Consider the influence of co-precursor lom Cu(ll) extractability, it was found
that the amount of Cu(ll) extracted increase whbcassynthesized from TEOS and
various co-precursors were used as sorbent, ekeept doped mesoporous silica. For
the later ligand, the Cu(ll) extracted value ngnsicantly different.

For the comparison of the type of Schiff's baseyas found that the Cu(ll)
extractability of Schiff base doped mesoporousaihad shown the following trend:
salen doped> haen doped > saltn doped. This ordercansistent with the amount of

incorporated Schiff's base in the silica.
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Figure 4.28 The Cu(ll) extracted by Schiffs base doped mesops silica
synthesized from TEOS and various co-precursorségn doped, (b) saltn doped

and (c) haen doped
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4.2.2.2 Extraction of Fe(lll)

The influence of co-precursor on the Fe(ll) exiicat were also conduct in
aqueous and 0.1 M NaNOnedium. The obtained results were depicted in feigu
4.29. the Fe(lll) extraction capacity were increhsshen the extraction were
performed in the NaN©medium. For the salen doped and haen doped mesggpor
silica, it was found that the Fe(lll) extractaljiliof modified silica obtained from
TEOS and co-precursor were lower than those afassiynthesized from TEOS. This
decreasing of Fe(lll) sorption capacity was propatilie to the steric hindrance of

organic group from organosilane on the surfacelichs
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Figure 4.29 The Fe(lll) extracted by Schiff's base doped mesops silica
synthesized from TEOS and various co-precursodssdken doped, (b) saltn doped

and (c) haen doped
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4.2.2.3 Extraction of Ni(ll)

The amount of Ni(ll) extracted using non-doped &@ehiff's base doped
mesoporous silica as sorbent are shown in Figuse.4As seen, the presence of
NaNG; in metal solution enhanced the Ni(ll) extractapilof all silica. In addition,
the Ni(ll) extracted values of non-doped and saleped mesoporous silica were
higher than these of saltn doped or haen doperhsilihese results meant that the
other Schiff's base doped mesoporous silica weltesaeective to the extraction of
Ni(ll). For the comparison of Ni(ll) extractabilityf silica synthesized with or without
co-precursor, it was found that the presence opreacursor did not significantly
affect the Ni(Il) extractability of Schiff's baseoged mesoporous silica.

(2) Non-doped (b) Salen doped
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Figure 4.30The Ni(ll) extracted by Non-doped and Schiff's datoped mesoporous
silica synthesized from TEOS and various co-premur&) salen doped, (b) saltn

doped and (c) haen doped
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4.3Influence of Schiff's base content on the synthesend extraction properties
of Schiff’'s base doped silica

The amount of incorporated Schiff's base in modif&ica is a crucial factor
that could influence the synthesis and sorptionpertes of the modified silica.
Therefore, the synthesis and sorption propertiesilafa synthesized from various
mole ratios of Schiff's base/TEOS were investigated

4.3.1 Synthesisof material

In this part, the materials were prepared by kegpiole ratio of TEOS : O :
CTAB : C;HsOH equal to 1 : 140 : 0.18 : 13 and varying theemaltios of Schiff's
base/TEOS to 0.12, 0.15 and 0.18. The maximum madie of Schiffs base/TEOS
was limited at 0.18 due to the restriction of tlodubility of Schiff's baseFrom the
synthesis result, the similar phenomenon of leagl8ohiff's base was observed as
described previously in section 4.1. The amouninabrporated Schiff's base In
mmol g' of each Schiff's base doped mesoporous silica lasehree replicate
syntheses are presented in Table 4.10.
Table 4.10The amount of incorporated Schiff's bases in éachiff's base doped
mesoporous silica synthesized from various molesaif Schiff's base/TEOS.

Amount of incorporated Schiff's base
Mole ratio (mmol g%
Schiff's base/TEOS

Salen doped Saltn doped Haen doped

0.12 0.670 £0.009| 0.490 +£0.013 0.608 +0.022
0.15 0.874 £0.009| 0.678 £0.018 0.814 +0.004
0.18 1.009 +0.001} - 0.856 +0.029 0.964 + 0.007

From Table 4.10, the amount of incorporate Schiffse was increased with
the increasing of the Schiff's base/TEOS mole rafloncerning the type of Schiff's
base, all silica synthesized from various moleosatif Shiff's base/TEOS, the amount
of incorporated Schiff's base was found to be s trder: salen > haen > salth. In
addition, it is interestingly that the amounts n€arporated of Schiff's base were
found higher than the previously reported by Khashld7]. The higher incorporated
Schiff's base due to the mixing time of Schiff'sskaand ethanol was prolonged then

the solubility of Schiff's base ligands are imprdve&onsequence, the starting mole
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ratios of Schiffs base/TEOS could be extend to8p.thus the amounts of

incorporated of Schiff's base are increased.

4.3.2 Characterization of materials
4.3.2.1Determination of organic matters

The organic matter content in silica synthesizedmfr various Schiff's
base/TEOS mole ratios are shown in Table 4.11.a Wound in all cases that the
organic matter content obtained from experimentenwadose to the values calculated
from the starting materials. The minor differentiicbbe explained by the amounts of
the physisorbed and chemisorbed water as desqoiteeibusly.

Table 4.11The organic matter contents in silica synthesiftean different mole
ratios of Schiff's base/TEOS.

: Organic matters (% i
Scmgls?t::;g'?éos Tgiil)ig aOf Exazliental Thsgl(r:jaﬁcal e;(hpee;r;i(::i\l)/\;ﬁ?ex 106
salen doped 55.52 +0.38 55.61 99.83
0.12 saltn doped| 51.73 + 0.54 53.67 96.39
haen doped 54.09 £ 0.13 55.88 96.80
salen doped 61.68 +0.44 58.75 104.98
0.15 saltn doped| 56.93 + 0.49 56.42 100.90
haen doped 60.28 + 0.89 59.03 102.12
salen doped 62.31 +0.35 60.67 102.70
0.18 saltn doped| 60.62 +1.35 59.12 102.54
haen doped 62.45 + 1.60 61.46 101.62

" The experimental value base on three replicaterawrpatal data.

4.3.2 _Extraction properties of materials
4.3.2.1Extraction of Fe(ll)
To study the effect of the amount of Schiff's bdigand in the Schiff's base

doped mesoporous silica on the metal sorption dgpatthese silica. Thus, in this

section, the silica synthesized from various Sthifaise/TEOS mole ratios were used

as sorbent. The results from previous section #evélaat Schiff's base dope

mesoporous silica had show the excellent sorberiht extraction of Fe(lll) ions in
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0.1 M NaNQ, so this condition was applied in this study. Exraction results are

shown in Figure 4.32.

NN
. 9

}

il

[EEN
@

Fe(lll) extracted (mg 9

o

salen dopeoi saltn dopéd haen doped

Type of silica
[ ] TEOS:Schiff's base = 1:0.1[ 7 ] TEOS:Schiff's base = 1:0.1f TEOS:Schiff's base = 1:0.18

Figure 4.32The Fe(lll) extractability of Schiffs base dopedesoporous silica
synthesized from various Schiff’'s base/TEOS moti®sa

As seen from Figure 4.32, The amount of Fe(llljrasted was found to
increase with the increaseing of Schiff's base/TH@#e ratio. This result imply that
the amount of Schiff's base play the important rolethe extraction of Fe(lll). The
comparison between type of Schiff's base, it wasgnib that the Fe(lll) sorption
capacity of salen doped mesoporous silica highan taltn doped or haen doped
mesoporous silica when Schiff's base/TEOS moleratas 0.12 or 0.15. However,
the Fe(lll) extractability were slightly differerior silica synthesized from Schiff's
base/TEOS mole ratio equal 0.18.

4.4 Profound extraction study on appropriated Schiff'sbase modified sorbents
From previous sections (4.1-4.2), the salen dopeesoporous silica
synthesized from TEOS or calcined mesoporous sives shown the excellent
extraction properties due to its high surface awmgstallinity and the amount of
accessible salen. Thus, this silica was selected ssrbent for profound extraction

experiment.
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4.4.1 Reproducibility

The reproducibility of metal extraction of salenpgd mesoporous silica
synthesized from TEOS or calcined mesoporous siiaa studied towards Fe(lll) in
0.1 M NaNQ medium since both materials showed good extrditiabihe obtained
results are tabulated in Table 4.12. The reprodliygilvas good.
Table 4.12The reproducibility results of Fe(lll) extractey alen doped mesoporous
silica synthesized from TEOS or calcined mesoposiica

Extraction Amount of Fe(lll) extracted (mg'g by each silica
number TEOS Calcined mesoporous silica

1 15.32 19.01

2 16.06 19.66

3 16.15 19.08

4 15.00 19.02

5 14.72 19.22

6 14.61 19.33

7 15.48 19.42

8 15.13 19.17

9 15.44 19.68
10 15.59 -
11 15.80 -
12 15.66 -
13 15.32 -
14 16.06 -
15 16.15 -

Average 15.41 19.29

SD. 0.49 0.26

%RSD 3.15 1.33
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4.4.2 Kinetic extraction

Kinetic of adsorption is one of the most importaitaracteristic to be
responsible for the efficiency of adsorption. Thieekic sorption of salen doped
mesoporous silica synthesized from TEOS or calcmedoporous silica were studies
towards Cu(ll) and Fe(lll) in 0.1 M NaNOnedium. The amounts of extracted metal
as a function of time for metal extraction of maelif silica are displayed in Figure
4.33.
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Figure 4.33 The sorption rate of metal onto salen doped mesmso silica
synthesized from TEOS or calcined mesoporous si{@pCu(ll) extraction and (b)
Fe(lll) extraction.

From the Figure 4.33, the metals extraction of ifiedl silica was extremely
rapid in the first few minutes and remained sagdaintil the end of the experimental.
The equilibrium time of Cu(ll) and Fe(lll) extragti were found to be approximately
40 min and 420 min, respectively. These resultdiedphat the experiment time (24
hrs.) used for all previous extraction of Cu(lldafe(lIl) was sufficient to achieve the
extraction equilibrium. In addition the Cu(ll) aie (1) extraction capacity obtained
from kinetic extraction were in accordance withdbe¢xperiment.

In order to investigate the metal sorption meck@mniof salen doped
mesoporous silica synthesized from TEOS or calcimegoporous silica, the three
kinetic models were used, including the intra-mdetdiffusion, the pseudo-first-order
and the pseudo-second-order kinetic models [51-53].

Intra-particle diffusion model

G = kat N+ C (4.1)
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where @ is the amount of adsorbate adsorbed at time tdMgkgi is intra-particle
diffusion rate constant (mg'gmin*?)
The pseudo-first-order kinetic model is a simpfekimetic adsorption. This
kinetic model is represented by the following edprat
InM = - gt (4.2)
Qe
where @ is the adsorption capacity in equilibrium angd ik the rate constant of
pseudo-first-order adsorption. The plot of IR({qq)/ge) versus t give a straight line
for the pseudo-first-order kinetic. The value oépdo-first-order rate constant was
obtained from the slope of the straight line.
The pseudo-second-order model can be represemthd following form:
o/ RENGRS (4.3)
G Ko Ce

where k is the rate constant for the pseudo-second-ordsorption kinetics. The

slope of plot t/gversus t give the value of,cand interceptkcan be calculated.

The obtained experimental data were plotted inalised form of intra-
particle diffusion, pseudo-first-order and pseudoesd-order kinetic model. The
results are presented in Figure 4.34-4.36.
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Figure 4.34The intra-particle diffusion kinetic for adsorptiaof metals onto salen
doped mesoporous silica synthesized from TEOS loineal mesoporous silica: (a)

Cu(Il) extraction and (b) Fe(lll) extraction.
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Figure 4.35 The pseudo-first-order kinetic for metal sorpti@i salen doped
mesoporous silica synthesized from TEOS or calcimedoporous silica: (a) Cu(ll)

extraction and (b) Fe(lll) extraction.
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Figure 4.36 The pseudo-second-order kinetic for metal sorptidnsalen doped
mesoporous silica synthesized from TEOS or calcimedoporous silica: (a) Cu(ll)
extraction and (b) Fe(lll) extraction.

The values parameters for intra-particle diffusiqggseudo-first-order and
pseudo-second-order kinetic models are tabulatélthble 4.13-4.14. As seen, since
the calculated correlation coefficients of pseudoesd-order kinetic models are
closer to unity, and the theoretical vplues are accordance with the experimental q
values (Table 4.15)Therefore the kinetic adsorption could be approx@damore
favorable by the pseudo-second-order kinetic mdatedll metals extracted by salen
doped mesoporous silica synthesized from TEO&lMmined mesoporous silick.can
be concluded that the modified silica behaves asctielating exchanger because of
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the salen functionality presence on it. Sinces igéneral understanding that pseudo-
second-order kinetic model provide the best fitsthe experimental data for the
sorption systems where the chemisorptions arefggnt in the rate controlling step
[52].

Table 4.13The comparison of kinetic models for the adsorptid Cu(ll) onto the
salen doped mesoporous silica synthesized from T&Q@83lcined mesoporous silica.

Type of Intra-particle diffusion | Pseudo-first-order Pseudo-second-order
Yl
R? Kaif C R® Ky R’ Ko Qe
precursor J 1
(mg g’) (mg g’)
TEOS 0.4456 | 0.6503] 6.2413 05026  -0.0255 0.9996  0.0815.41B5
Calcined
| 03652 | 0.8570, 9.8330 0.2998  -0.03§7 0.9998  0.260(5.2866
mesoporous silica

Table 4.14The comparison of kinetic models for the adsorpid Fe(lll) onto the

salen doped mesoporous silica synthesized from T&Q@83lcined mesoporous silica.

Type of Intra-particle diffusion| Pseudo-first-order Pseudo-second-order
Yl
R | K 5 R ke R® k Ge
precursor ! 1
(mg g’) (mg g’)
TEOS 0.2964 | 0.2262| 10.8930 = 0.5345  -0.0057 0.9999  0.01265.6250
Calcined
| 0.6230| 0.4287| 9.4408  0.9974  -0.0082  0.9995 0.003®.53L3
mesoporous silica

Table 4.15The experimental value of amount of adsorbed natatjuilibrium (g) by
the salen doped mesoporous silica synthesized fB@S or calcined mesoporous

silica.
The experimental value of ¢mg g")
Type of precursar
Cu (Il) extracted Fe(lll) extracted
TEOS 11.3478 15.6175
Calcined mesoporous silica 16.3097 19.2650

4.4.3 Effect of salt present in metal solution

The applications of sorbent are the most concerrtbfe extraction of metal
from various aqueous samples such as natural waeswater or industrial
wastewater, which contain several salts. Thusjrifhieences of salts presence in the
metal solution on the metal extractability of maetif silica synthesized from TEOS
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or calcined mesoporous silica were investigatedir Balts including NaN¢ NacCl,
KNO3; and KCI with 0.1 M concentration of each are sddiThe results were

displayed in Figure 4.37.
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Figure 4.37Effect of salt presence in the metal solution lo@ tetal extraction: (a)
Cu(Il) extracted and (b) Fe(lll) extracted.

From Figure 4.37, the maximum value of Cu(ll) &wellll) extracted of both
modified silica were obtained when the extracticaswerformed in NaCl and NaNO
respectively. In addition, the metal extractability modified silica in the present of
Na' is better than K These results were probably due to the replacemén
cetyltrimethylammonium ion (CTA on the surface of silica by the Nar K* ions
present in solution. Since the size of N@n is smaller than that of 'Kion then the
replacement of CTAby Na’ is probably easier than the other one. Consequeht
steric hindrance on the surface was decreased fadxtraction efficiency was
promoted. Therefare, the following experiment weaeried out at 100 ppm of Cu(ll)
in 0.1 M NaCl pH 2.5 and 100 ppm of Fe(lll) in MLNaNQO:;.

For the comparison of metal extractability of bothterials, it was found that
the sorption capacity of salen doped mesoporoisasdynthesized from calcined
mesoporous silica were higher than those of syirbdédrom TEOS for all medium
studied. This result might be due to the surfacsa aand crystallinity of calcined

mesoporous silica as previously stated.
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4.4.4 Determination of sorbent capacity

Adsorption isotherm studies are of fundamental irrgg@e in determining the
metal sorption capacity of modified silica and talarstand the nature of adsorption.
In this work, the metal sorption capacity of moefisilica was evaluated using Cu(ll)
in 0.1 M NaCl at pH 2.5 and Fe(lll) in 0.1 M NaMOrhe metal concentration was
varied from 75 ppm to 200 ppm. The results plottedween the initial metal
concentration and the amounts of metal extractegha@sented in Figure 4.38.
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Figure 4.38The amounts of metal extracted by the modifiettasihs a function of
initial concentration of metal: (a) Cu(ll) extradtand (b) Fe (l1l) extracted

As seen from Figure 4.38, the metal adsorptioraciéy of modified silica
increased with the increasing initial concentratdmetal until saturation. This result
may be due to the active sites of modified siliemdime saturated and then adding
more metal concentration cannot increase adsorptpacity because no more active
sites are available. In addition, it was also fouhdt the metal extraction of both
modified silica were saturated when the concewmtnatf metal was greater than or
equal 100 ppm.

The adsorption isotherms are presented in Figw®9.4The obtained
adsorption data at equilibrium have been analyzigd two adsorption models, which
are Langmuir isotherm equation (eq. 2.13) and Fikeim isotherm equation (eq.
2.15). The linearized Langmuir and Freundlich apgBon isotherm are illustrated in
Figure 4.40 — 4.41, respectively. The Langmuir &neundlich parameter for metal

sorption of modified silica are listed in Table @.1
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Figure 4.30Equilibrium adsorption isotherm of metal adsorption salen doped
mesoporous silica synthesized from TEOS or calcimedoporous silica: (a) Cu (Il)
and (b) Fe(lll).
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Figure 4.40The linearization of Langmuir adsorption isothefion metal adsorption
by salen doped mesoporous silica synthesized fr&@®3 or calcined mesoporous
silica: (a) Cu(ll) adsorption and (b) Fe(lIl) adsbon.
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Figure 4.41The linearization of Freundlich adsorption isotheor metal adsorption
by salen doped mesoporous silica synthesized fr&@®3 or calcined mesoporous

silica: (a) Cu(ll) adsorption and (b) Fe(lll) adsbon.

Table 4.16Langmuir and Freundlich constants for the metgbtson of salen doped

mesoporous silica synthesized from TEOS or calcmedoporous silica

Langmuir constants Freundlich constants
Metal | Type of precursof Qg K. R’ Ke n R
(mg g") | (L mg?) (mg g%
TEOS 14.58 0.0961| 0.9999 6.84| 7.09PQ.9488

Cu(ll) | Calcined
mesoporous silica

18.42 0.1582| 0.9977 9.82| 8.064%.6269

TEOS 16.61 0.1730| 0.9934 8.66| 7.57p8.5166

Fe(lll) | Calcined
mesoporous silica

20.70 0.2166| 0.9970 11.17 7.7519.5771

It can be seen from Table 4.16 that all the cati@h coefficient values @R
obtained from Langmuir isotherm is more than thivsen Freundlich isotherm. This
indicated that the metal sorption of modified silis best fitted to the Langmuir
adsorption isotherm. This result suggested thatnie¢als adsorption of modified
silica are monolayer adsorption and homogeneouth@fadsorbent surface. The
maximum adsorption capacity of Cu(ll) are 14.58 giigand 18.42 mg 4 for salen
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doped mesoporous silica synthesized from TEOS ahcined mesoporous silica,
respectively. It was interesting that Cu(ll) adsmnp capacity of calcined-salen was
higher than the value reported for the XAD-4 reginfted with salen [42]. For the
Fe(lll) extraction, the maximum adsorption capagitgre found to be 16.61 mg'g
and 20.70 mg § for TEOS-salen and calcined-salen, respectivehe Tu(ll) and
Fe(lll) sorption capacity of salen doped mesopomilisa synthesized from calcined
mesoporous silica were higher than that synthedroed TEOS.

445 Selectivity

From previous sections, it was found that salenedomesoporous silica had
shown the selective extraction towards the Cu(lhd aFe(lll). Therefore, the
selectivity of the salen doped mesoporpous sijedahesized from TEOS or calcined
mesoporous silica were performed using 25 mL ofitem containing Cu(ll) and
Fe(lll) with 100 ppm concentration of each. Theuless of each extracted ion
expressed in mol Kbare presented in Table 4.17.
Table 4.17The amounts of each metal ion extracted from méxaolution using salen

doped mesoporous silica synthesized from TEOS lomeal mesoporous silica as a

sorbent
. Metal extracted (mol K
Type of precursor Medium
Cu(In Fe(lll)
aqueous 0.1291 + 0.0008 0.0000 + 0.0000
TEOS NaNO; 0.1331 £ 0.0007 0.0256 + 0.00172
NaCl 0.0498 + 0.0012 0.0426 + 0.0007
_ aqueous 0.1467 £ 0.0016 0.0729 + 0.0008
Calcined
O NaNO; 0.1729 + 0.0023 0.0894 + 0.0025
mesoporous silic
NaCl 0.0860 + 0.0005 0.0480 + 0.0008

As seen, both modified sorbent had selectivity tlee extraction of Cu(ll).

These results were inconsistent with those repdoyeldhamloet [47]. However, in all
case, the amount of Cu(ll) extracted in each medtudied was found to be in this
order: NaNQ@ > aqueous > NaCl. Furthermore, the metal extraditiabf salen doped
mesoporous silica synthesized from calcined mesyosilica was higher than that

of silica synthesized from TEOS for all medium s&ad
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4.4.6 Effect of amount of silica

The amount of sorbent is an important parametehenmetal ion extraction.
In order to elucidate the influence of this paranethe experiment were carried out
using 100 ppm of Cu(ll) solution in 0.1 M NaCl &t 2.5 and 100 ppm of Fe(lll) in
0.1 M NaNQ as metal solution. The amount of modified sorbeete varied from
0.05 to 0.25 g. From the experimental results,asviound that the precipitation of
Cu(OH), and Fe(OHywas formed at pH 5.5 and 7.0, respectively, wh&® @ of
salen doped mesoporous silica synthesized from Tw&Sused as sorbent. Hence,
the amount of salen doped mesoporous silica syadtefrom TEOS was varied from
0.05 to 0.15 g. The precipitation of Cu(QHyas also detected in the extraction of
Cu(ll) with 0.25 g of salen doped mesoporous silgyathesized from calcined
mesoporous silica. Thus, the extraction of Cu(the amount modified silica
synthesized from calcined mesoporous was variedn i@05 to 0.20 g. The
percentage of metal extracted with varying amounnodified silica is presented in
Figure 4.42
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Figure 4.42Effect of amount of salen doped mesoporous stigathesized from
different precursor on the metal extraction: (a)(IQuextracted and (b) Fe(lll)
extracted.

As seen from Figure 4.42, an increase in the peage of metal extracted
with increasing amount of modified silica was obser in all case. The increase in
the adsorption capacity with the increasing amaafnsorbent can be attributed to
increased sorbent surface area and the availabilityctive site of modified silica.
Furthermore, the Cu(ll) and Fe(lll) extracted weeached to 98% extracted value
when the amount of modified sorbent were 0.15 g @& g for the salen doed



69

mesoporous silica synthesized from TEOS and calcimeesoporous silica,
respectively.

4.4.7 Desorption and Reusability

To make the adsorption economical and reduce tlstendisposal, the study
of sorbent reusability is one of the interestedjexttb. In order to find out a proper
eluent for the metal desorption, after initial ecion of 100 ppm Fe(lll) in 0.1 M
NaNG; by the salen doped mesoporous silica synthesimad TEOS, the Fe(lll)
were desorped with 10 ml of varying concentratibiNO3 to 0.1, 0.075 and 0.05 M.
Then, the same sorbent was repeated adsorptiquef??d. The results are present in
Table 4.18. It was obviously seen that 0.075 M df(®4 was the appropriate eluent
since it provided high percentage of desorptionitifarmore, after the desorption
with this eluent, the desorped silica could reaggbe Fe(lll) ion. Thus 0.075 M of
HNOs; was selective for further desorption experiment.
Table 4.18Effect of concentration of HNfon the desorption of Fe(lll) from salen
doped mesoporous silica synthesized by TEOS andammparison of adsorption and

readsorption of such silica.

Concentration of Desorption Adsorption Readsorption
HNO3 (M) (%) (mg g% (mg g)
0.100 100.00 15.41 0.00
0.075 96.39 15.41 15.46
0.050 71.69 15.41 13.34

The reusability of salen doped mesoporous siligdahesized from TEOS or
calcined mesoporous silica were performed. The ratisn-desorption cycle was
repeated for three times. The adsorption was choig with 25 mL of 100 ppm of
Fe(lll) in 0.1 M :NaNQ medium. The desorption was performed using 10 L o
0.075 M HNQ as eluent. The results of each cycle are sumnthnz€&€able 4.19
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Table 4.19The amount of Fe(lll) extracted by salen dopeitaisynthesized from
TEOS or calcined mesoporous silica in each cycle.

Cycle Amount of Fe(lll) extracted (mgg by silica
TEOS Calcined mesoporous silica
1 15.26 + 0.22 18.99 + 0.22
2 13.87 £ 0.29 13.48 + 0.07
3 10.88 £+ 0.12 11.84 +0.19

As seen from Table 4.19, both modified silica dolk successfully reused at
least three times. However, the amount of Fe(lXraxzted by both modified silica
were slightly decreased when the sorbent was redsesse results may be due to the
progressive lost of salen during the acid treatnfiemieleasing the sorped metal ions.
In addition, the Fe(lll) extractability of salenmed silica synthesized from calcined

mesoporous silica was higher than that of siliaalsgsized from TEOS.



CHAPTER V

CONCLUSIONS

Different Schiffs base doped mesoporous silicauldobe successfully
synthesized from various silica precursors. All 8&hiff's base doped mesoporous
silica, except the silica synthesized from silied §0 had large surface, narrow pore
size distribution and crystalline structure.

The study of metal extraction properties of thesasthesized Schiff's base
doped mesoporous silica had shown the capabilithefe modified silica towards the
extraction of Cu(ll), Fe(lll) and Ni(lll). On theontrary, the non-doped mesoporous
silica could not extract any Cu(ll) and Fe(lll) @nlhe presence of NaN@ metal
solution improved significantly the metal sorpticapacity of Schiff's base doped
mesoporous silica. The comparison of metal extkadta of Schiff's base doped
mesoporous silica synthesized from difference ailprecursors revealed that the
Schiff's doped mesoporous silica synthesized froBO% or calcined mesoporous
silica had more metal extraction capacity thandifiea prepared from other sources
did due to their ordered structure.

The investigation of Schiff's base/TEQOS ratio oe gynthesis and sorption
properties of Schiff's base doped mesoporous shiad shown that the amount of
incorporated Schiff's base increased with the iaseeof Schiff's base/TEOS ratio
used in the synthesis. The maximum amounts of paated Schiff's base were
found to be 1.00, 0.86, and 0.96 mmdlfgr salen, saltn, and haen doped mesoporous
silica, respectively. The amount of incorporatedifs base affected the Fe(lll)
extraction of modified silica.

The profound extraction studies including kinetitraction, effect of amount
of sorbent, selectivity, and reusability were cagtrout using salen doped mesoporous
synthesized from TEOS or calcined mesoporous sitiua to their remarkable
physical and chemical properties. The sorption gse®f these materials followed the
pseudo-second order kinetic. The sorption isothmmelated well with the Langmuir
model. The maximum Cu(ll) and Fe(lll) extractionpeaaity of salen doped
mesoporous silica synthesized from calcined mesasosilica was found to be 18.42
and 20.70 mg §respectively. The modified silica had high seldttito the Cu(ll)
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extraction. The reusability of these sorbent waassfully performed at least three

times.
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APPENDIX |

SYNTHESIS OF SCHIFF'S BASE LIGAND

Three Schiff’'s base ligands illustrated in Figure Were prepared by slowly
adding interested primary diamines (1 mol-equiv.ah interested aldehyde or ketone
(2 mol-equiv.). The resulting mixture was stirredd@m temperature until precipitate
occurred. The solid was then filtered off, washed eecrystallized by ethanol. The
type of starting substrate used for the synthetisagh Schiff's base is shown in
Table I.1

salen X=H, Z=-(Cht-
saltn X=H, Z=-(Chs-
OH OH haen X =-CHgs, Z = -(CH),-

Figure 1.1 The structure of Schiff's base ligand.

Table I.1Starting substrate used for the synthesis of vari#chiff's bases.

_ Type of starting substrate
Type of Schiff's base _
aldehyde or ketone diamine
Salen salicylaldehyde ethylenediamine
Saltn salicylaldehyde 2-propylenediamine
Haen 2-hydroxyacetophenone ethylenediamine

The physical properties of all obtained Schiff' sés are displayed as follows.

2,2'-{ethane-1,2-diylbis[nitrilo(E)methylylidene]}diphenol (salen): Bright
yellow crystal 95% vyield; m. p. 125-12&; IR (KBr): 3500 (w), 3010-3050 (w),
2860-2950 (W), 1790-2040 (w), 1640 (s), 1460-164f (280 (s) and 1150 (s) &m
'"H-NMR (CDCk) & (ppm): 3.94 (s, 4H), 6.85 (dt, J = 7.99, 1.20 BH), 6.94 (d, J =
8.00 Hz, 2H), 7.22 (dd, J = 8.00, 1.604 Hz, 2H2577.31 (m, 2H) 8.36 (s, 2H) and
13.22 (s, 2H)
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2,2'-{propane-1,3-diylbis[nitrilo( E)methylylidene]}diphenol (saltn):
Yellow needle crystal 28% yield; m. p. 52-33; IR (KBr): 3500 (w), 3000-3060 (w),
2870-2590 (w), 1630 (s), 1627, 1580, 1500 (m), 1@BPand 750 (s) cih *H-NMR
(CDCL) & (ppm): 2.09-2.14 (quintet, 2H, J = 7.02), 3.72 @t 8.00, 0.80 Hz, 2H),
6.88 (dt, J = 8.00, 1.20 Hz, 2H), 6.96 (d, J = 821), 7.25 (dd, J = 6.00, 1.20 Hz,
2H) 7.29 — 7.33 (m, 2H) 8.38 (s, 2H) and 13.42)

2,2'-{ethane-1,2-diylbis[nitrilo(1E)eth-1-yl-1-ylidene]}diphenol (haen):
Yellow needle crystal 81% yield; m. p. 197-198; IR (KBr): 3500 (w), 3010-3050
(W), 3050 (w), 2840-2930 (w), 1800 (w), 1440-16@), (1240 (s) and 750 (s) &mn
'"H-NMR (CDCk) & (ppm): 2.38 (s, OH), 3.98 (s, 4H), 6.79 (dt, J.607 0.40, 2H),
6.91 (dd, J = 8.00, 0.80, 2H), 7.26 — 7.30 (m, ZH$2 (dd, J = 8.00, 1.56, 2H) and
12.31 (s, 2H)
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APPENDIX I
'H NMR SPECTRUM OF SCHIFF'S BASE LIGAND
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Figure 11.1'H NMR spectrum of Salen in CDC4t 400 MHz
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APPENDIX [lI

SYNTHESIS OF CALCINED MESOPOROUS SILICA

The preparation of calcined mesoporous silica isfadlews: CTAB was
dissolved in an aqueous solution of 0.1 M NaOH. iifiture was stirred at 61T for
1 hour. The ethanol and TEOS were then added. Tdle composition of the final
gelwas 1 TEOS : 140 : 0.18 CTAB : 13 HsOH. The mixture was kept stirring
at 60°C for 1 hour and at room temperature for 23 holig synthesized silica was
filtered, washed with water copiously and H)N®his silica was then dried at 110
overnight. The obtained silica was calcined at %2®r 10 hours.
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APPENDIX IV

THE XRD PATTERNS AND N, SORPTION ISOTHERMS OF CALCINED
MESOPOROUS SILICA AND SILICA GEL 60
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Figure 1V.1The XRD patterns of (a) calcined mesoporous sdiwa (b) silica gel 60
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Figure IV.2N, adsorption-desorption isotherms and pore-sizeiloligion plot (insert)
of (a) Calcined mesoporous silica and (b) Silice6§e
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Table IV.1The textural properties of calcined mesoporousasdnd silica gel 60

Samp|e S Vp APD leO dp W
(m’/g) | (cnv/g) | (nm) (hm) (hm) (hm)
Calcined mesoporous 454 0.62 5.46 3.27 11.32 5.86
Silica gel 60 442 0.84 12.22 - - -

S BET surface area (iig) obtained from M sorption;V,, Total pore volume (chfg) obtained from
single-point volume at P/P= 0.99;APD, average pore diameter calculated frovp/&; digo, d-value
100 reflectionsg, = the lattice parameter, from the XRD data ushgformulaa, = 20h00\3; W, pore
wall thickness was equaledag-APD.
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APPENDIX V
CALCULATION OF ORGANIC MATTER CONTENTS
IN MESOPOROUS SILICA

V.1 The silica synthesized from single silica precsor
V.1.1 Mesoporous silica synthesized from TEOS
Table V.1The amount of starting materials for the synthesisilica using TEOS as

silica precursor

Starting materials
Modified silica TEOS HO CTAB EtOH Incorporated
Schiff's base

(9) 5.2001 63.01 1.6414| 14.9574 -
(mole)| 0.0250 3.5006 0.0045| 0.3274 -

Non-doped

(9) 5.2165 63.20 1.6413] 14.9570 -
(mole)| 0.0250 3.5111 | 0.0045 | 0.3247 2.2410°

Salen dopec

(9) 5.1901 62.97 1.6395| 14.9615 -
(mole)| 0.0249 3.4983 | 0.0045 | 0.3248 1.6310°

Saltn doped

(9) 5.2029 63.00 1.6407| 14.9386 -
(mole)| 0.0250 | 3.5000| 0.0045 | 0.3243 | 2.1010°

Haen dope

The calculation of organic matter contents in eawdified silica is shown

below:
V.1.1.1 Non-doped silica
TEOS 0.0250 mole provided Si0.0250 mole 0.0250 x 60.0843 = 1.5021 g
CTAB 0.0045 mole provided CT20.0045 mole 0.0045 x 284.56 = 1.2805¢
The mass of non-doped silica = 1.5021 +1.28932.7826 g
Therefore, the percentage of organic matters induped silica

= (1.2805/2.7806) x 100 = 46.05 %

V.1.1.2 Salen doped silica

TEOS 0.0250 mole provided Si0.0250 mole 0.0250 x 60.0843 = 1.5021 g
CTAB 0.0045 mole provided CT20.0045 mole 0.0045 x 284.56 = 1.2805¢g
The amount of salen in silica = 2%0° x 268.32 = 0.6010 g
The organic matters in salen doped silica = (15280.6010 = 1.8815¢g
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The mass of salen doped silica = 1.5021 + 1.2806010 = 3.3836 ¢
Therefore, the percentage of organic matters ensadped silica
= (1.8815/3.3836) x 100 = 55.61 %

V.1.1.3 Saltn doped silica
TEOS 0.0249 mole provided Si0.0249 mole
CTAB 0.0045 mole provided CTA0.0045 mole

0.0249 x 60.0843 =1.5021 g
0.0045x 284.56 =1.2805¢

The amount of saltn in silica = 1)630° x 282.34 = 0.4602 g
The organic matters in saltn doped silica = 1.2805+0.4602 =1.7407¢9
The mass of saltn doped silica = 1.5021 + 1.2808602 =3.2428¢
Therefore, the percentage of organic matters tn silped silica

= (1.7407/3.2428) x 100 = 53.67 %

V.1.1.4 Haen doped silica
TEOS 0.0250 mole provided Si0.0250 mole
CTAB 0.0045 mole provided CTA0.0045 mole

0.0250 x 60.0843 = 1.5021 g
0.0045 x 284.56 = 1.2805¢

The amount of haen in silica = 2.100% x 296.36 = 0.6223 g
The organic matters in haen doped silica = 15280.6223 = 1.9028¢g
The mass of haen doped silica = 1.5021 + 1.28062P3 = 3.4049 g

Therefore, the percentage of organic matters in kdaped silica
= (1.9028/3.4049) x 100 = 55.88 %
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Table V.2The amount of starting materials for the synthes$isilica using calcined

mesoporous silica as silica precursor

Starting materials
Modified silica Calcined silica] HO CTAB EtOH Incorporated
Schiff's base
(9) 1.5075 63.01| 1.64483 14.9613 -
Non-doped
(mole) 0.0251 3.5006 0.0045 0.3248 -
(9) 1.5063 63.04| 1.6405 15.0001 -
Salen doped .
(mole) 0.0251 3.5022 0.0045| 0.3256 1.8310
(9) 1.4989 63.02| 1.6437 14.9745 -
Saltn doped
(mole) 0.0249 3.5011 0.0045| 0.3250 7.1%¥10-4
(9) 1.5069 63.04| 1.6418 14.9520 -
Haen doped
(mole) 0.0251 3.5022 0.0045| 0.3245 2.0910-3

The calculation of organic matter contents in eawdified silica is shown

below:

V.1.2.1 Non-doped silica
Calcined mesoporous silica 1.5075 g provided,SiO
CTAB 0.0045 mole provided CTA0.0045 mole

The mass of non-doped silica

V.1.2.2 Salen doped silica
Calcined mesoporous silica 1.5063 g provided,SiO
CTAB 0.0045 mole provided CTA0.0045 mole

The amount of salen in silica

The organic matters in salen doped silica

The mass of salen doped silica

V.1.2.3 Saltn doped silica
Calcined mesoporous silica 1.4989 g provided,SiO

= 1.507252805

Therefore, the percentage of organic matters indaped silica

0.0045 x 284.56

= 0.0045 x 284.56
= 1.8B0%X x 268.32 =0.4910 g

1.2805 + 0.4910

= 1.5063 + 1.2805910

Therefore, the percentage of organic matters ensadped silica

= (1.7706/3.2778) x 100

= 1.5075¢
=1.2805¢
=2.7880¢g

= (1.2805/2.7880) x 100 = 45.93 %

= 1.5063 g
= 1.2605

= 1.7706 g
= 3.2778 g

= 54.01 %

= 1.4989 g



CTAB 0.0045 mole provided CTA0.0045 mole

The amount of saltn in silica

The organic matters in saltn doped silica

The mass of saltn doped silica

V.1.2.4 Haen doped silica

= 0.0045 x 284.56
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= 1.2805¢g

= 7X70% x 282.34 = 0.2024 g
= 05280.2024
1.4989 + 1.28D02024 = 2.9818 ¢

Therefore, the percentage of organic matters tn slped silica

Calcined mesoporous silica 1.5069 g provided,SiO

CTAB 0.0045 mole provided CTA0.0045 mole

The amount of haen in silica

The organic matters in haen doped silica

The mass of haen doped silica

= 0.0045 x 284.56

(1.4829/2.9818) x 100

= 1.4829¢

= 49.73 %

= 1.5069 g
=1.2805¢g

= 2.0B0X x 296.36 = 0.6193 g

Therefore, the percentage of organic matters in kdaped silica

V.1.3 Mesoporous silica synthesized from silica gel 60

15280.6193
= 1.5069 + 1.2806183 = 3.4067 g

(1.8998/3.4067) x 100

= 1.8998 ¢g

= 55.76 %

Table V.3The amount of starting materials for the synthesisilica using silica gel

60 as silica precursor

Starting materials
Modified silica silica gel 60 HO CTAB EtOH Incorporated
Schiff's base
(9) 1.5073 63.01 1.6426 14.9936 -
Non-doped
(mole) 0.0251 3.5006| 0.0045 0.325p -
(9) 1.5071 63.01 1.6422  14.9969 -
Salen dope Z
(mole) 0.0250 3.5006| 0.0045 | 0.3255 9.6%10
(9) 1.5084 63.03 1.6434 14.9774 -
Saltn doped
(mole) 0.0251 3.5017| 0.0045 | 0.3251 2.9810-4
(9) 1.4859 62.91 1.6417 15.0100 -
Haen dope
(mole) 0.0247 3.4950| 0.0045 | 0.3258 7.7%10-4

The calculation of organic matter contents in eawdified silica is shown

below:
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V.1.3.1 Non-doped silica

Silica gel 60 1.5073 g provided SIO = 1.5073 ¢
CTAB 0.0045 mole provided CTA0.0045 mole = 0.0045 x 284.56 = 1.2805¢
The mass of non-doped silica = 1.56132805 = 2.7878 g

Therefore, the percentage of organic matters indaped silica
= (1.2805/2.7878) x 100 = 45.93 %
V.1.3.2 Salen doped silica

Silica gel 60 1.5071 g provided SIO = 1.5071¢g
CTAB 0.0045 mole provided CT20.0045 mole = 0.0045 x 284.56 = 1.2805 g
The amount of salen in silica = OX6I0* x 268.32 = 0.2596 g
The organic matters in salen doped silica = (15280.2596 =1.5401¢
The mass of salen doped silica = 11507.2805 +0.2596 =3.0482¢
Therefore, the percentage of organic matters ensabped silica

= (1.5401/3.0482) x 100 =50.52 %
V.1.3.3 Saltn doped silica
Silica gel 60 1.5084 g provided SIO = 1.5084 g
CTAB 0.0045 mole provided CT20.0045 mole = 0.0045 x 284.56 = 1.2805g
The amount of saltn in silica = 2)910% x 282.34 = 0.0821 g
The organic matters in saltn doped silica = 03280.0821 = 1.3626¢g
The mass of saltn doped silica = 1.5084 + 1.2806821 = 2.8710¢g

Therefore, the percentage of organic matters tn slped silica
= (1.3626/2.8710) x 100 = 47.46%
V.1.3.4 Haen doped silica

Silica gel 60 1.4859 g provided SIO =1.4859¢
CTAB 0.0045 mole provided CT20.0045 mole = 0.0045 x 284.56 = 1.2805 g
The amount of haen in silica = 7.770% x 296.36 = 0.2304 g
The organic matters in haen doped silica = 15280.2304 = 1.5109¢
The mass of haen doped silica = 1.4859 + 1.2808304 = 2.9968 g

Therefore, the percentage of organic matters in kdaped silica
= (1.5109/2.9968) x 100 = 50.41 %
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The calculation of organic matters contents in ¢hesterials are calculated

according to the equations 2.2-2.5.
V.2.1 Mesoporous silica synthesized from TEOS and VTES
Table V.4The amount of starting materials for the synthe$silica using TEOS and

VTES as silica precursors

Starting materials

)

Modified silica TEOS| VTES HO CTAB | EtOH | Incorporated
Schiff's base
(g) | 5.1994| 1.0219| 63.01| 1.6423 14.9663 -
Non-doped
(mole) | 0.0250| 0.0063| 3.5006| 0.004% 0.3249 -
(g) | 5.2151] 1.2212| 63.00| 1.6427 14.9632 -
Salen dope 3
(mole) | 0.0250| 0.0064 | 3.5000f 0.0045| 0.3248 2.2810
(g) | 5.2213] 1.1949| 62.98| 1.642% 14.9772 -
Saltn doped
(mole) | 0.0251| 0.0063| 3.4989 0.0045| 0.3251 1.5%10-3
(g) | 5.2105 1.2001| 63.05| 1.6373 14.9637 -
Haen doped
(mole) | 0.0250| 0.0063| 3.5028 0.0045| 0.3248 | 2.0410-3

The calculation of organic matter contents in eawdified silica is shown

below:

V.2.1.1 Non-doped silica
TEOS 0.0250 mole provided Si0.0250 mole
VTES 0.0063 mole provided GHCHSIO, 5 0.0063 mole

CTAB 0.0045 mole provided CTA0.0045 mole

The mass of non-doped silica

= 0.0250 x 60.0843 = 1.5021 g

Therefore, the percentage of organic matters indaped silica
= (1.2805/3.2823) x 100

V.2.1.2 Salen doped silica
TEOS 0.0250 mole provided Si0.0250 mole
VTES 0.0064 mole provided GHCHSIO, 5 0.0064 mole

CTAB 0.0045 mole provided CTA0.0045 mole

= 0.0250 x 60.0843

0.0064 x 79.1308
= 0.0045 x 284.56

0.0063 x 79.1308 = 0.4997 g
= 0.0045 x 284.56
1.5021 + 0.49972805 = 3.3823 g

= 1.2805¢g

= 39.01. %

= 11592

=0.5077g
= 1.2805
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The amount of salen in silica =2.28 x 16 x 268.32 = 0.6118 g

The organic matters in salen doped silica = (15280.6118 =1.8923¢
The mass of salen doped silica =1.5021 + 0.507.2805 +0.6118 =3.9021 g
Therefore, the percentage of organic matters ensadped silica

= (1.8923/3.9021) x 100 4849 %

V.2.1.3 Saltn doped silica
TEOS 0.0251 mole provided Si0.0251 mole = 0.0250 x 60.0843 =1.5081 g
VTES 0.0063 mole provided GHCH-SIO, 5 0.0063 mole

= 0.0063 x 79.1308 = 0.4968 g

CTAB 0.0045 mole provided CT20.0045 mole = 0.0045 x 284.56 = 1.2805 g
The amount of saltn in silica = 1)6510°%x 282.34 = 0.4263 g
The organic matters in saltn doped silica = 0280.4263 = 1.7068¢g
The mass of saltn doped silica =1.5081 + 0.4968805 +0.4263 = 3.7117 g
Therefore, the percentage of organic matters tn silped silica

= (1.7068/3.7117) x 100 = 45.98 %

V.2.1.4 Haen doped silica
TEOS 0.0250 mole provided Si0.0250 mole = 0.0250 x 60.0843 = 1.5021 g
VTES 0.0063 mole provided GHCH-SIO, 5 0.0063 mole

= 0.0063 x 79.1308 = 0.4989 g

CTAB 0.0045 mole provided CT20.0045 mole = 0.0045 x 284.56 = 1.2805g
The amount of haen in silica = 2.0H0X x 296.36 = 0.6045 g
The organic matters in haen doped silica = 15280.6045 = 1.8851g¢g
The mass of haen doped silica =1.5021 + 0.4982805 +0.6045 = 3.8861 g

Therefore, the percentage of organic matters in kdaped silica
= (1.8851/3.8861) x 100 = 48.51%
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Starting materials
Modified silica TEOS| PTMS HO CTAB | EtOH | Incorporated
Schiff's base
(g) |5.2183 1.0412| 62.97| 1.6418 14.9927 -
Non-doped
(mole) | 0.0250| 0.0063 | 3.4983 0.004%5 0.3254 -
(g) |5.2090, 1.0436| 62.99| 1.642% 14.9771 -
Salen dope 3
(mole) | 0.0250| 0.0064 | 3.4994| 0.0045| 0.3251 2.0210
(g) |5.2181 1.0494| 62.96| 1.6426 14.9760 -
Saltn doped
(mole) | 0.0250| 0.0064 | 3.4978 0.0045| 0.3251 1.110-3
(g) | 5.2150] 1.0420| 63.04| 1.6441 14.9939 -
Haen doped
(mole) | 0.0250| 0.0063| 3.5022| 0.0045| 0.3255| 2.1510-3

The calculation of organic matter contents in eawdified silica is shown

below:

V.2.2.1 Non-doped silica

TEOS 0.0250 mole provided Si0.0250 mole = 0.0250 x 60.0843 =1.5021¢
PTMS 0.0063 mole provided GHCH,),SiO; 5 0.0063 mole

= 0.0063 x95.1729 =0.6032¢g
CTAB 0.0045 mole provided CT20.0045 mole = 0.0045 x 284.56 = 1.2§05

1.5021 + 0.6032805 = 3.3858 g

Therefore, the percentage of organic matters indaped silica

The mass of non-doped silica =

= (1.2805/3.3858) x 100 =37.81%
V.2.2.2 Salen doped silica
TEOS 0.0250 mole provided Si0.0250 mole = 0.0250 x 60.0843 =1.5021¢
PTMS 0.0064 mole provided GHCH,),SiO; 5 0.0064 mole
= 0.0064 x 95.1729 =0.6046 g
CTAB 0.0045 mole provided CT20.0045 mole = 0.0045 x 284.56 = 1.2§05

= 2.0B0K x 268.32 =0.5420 g
The organic matters in salen doped silica = 1.2805+0.5420 =1.8225¢
=1.5021 + 0.6022805 +0.5420 = 3.9292 g

The amount of salen in silica

The mass of salen doped silica
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Therefore, the percentage of organic matters ensadped silica
= (1.8225/3.9292) x 100 46:38 %
V.2.2.3 Saltn doped silica
TEOS 0.0250 mole provided Si0.0250 mole = 0.0250 x 60.0843 = 1.5021 g
PTMS 0.0064 mole provided GHCH,-CH,-SiO; 5 0.0064 mole
= 0.0064 x 95.1729 = 0.6080 g

CTAB 0.0045 mole provided CTA0.0045 mole = 0.0045 x 284.56 = 1.2805¢g
The amount of saltn in silica = 1x120° x 282.34 = 0.3162 g
The organic matters in saltn doped silica = 0=280.3162 = 1.5967 g
The mass of saltn doped silica =1.5021 + 0.60&8@805 +0.3162 = 3.7068 g
Therefore, the percentage of organic matters tn silped silica

= (1.5967 /3.7068) x 100 = 43.07 %

V.2.2.4 Haen doped silica
TEOS 0.0250 mole provided Si0.0250 mole = 0.0250 x 60.0843 = 1.5021 g
PTMS 0.0063 mole provided GHCH,-CH,-SiO; 5 0.0063 mole

= 0.0063 x 95.1729 = 0.6037 g

CTAB 0.0045 mole provided CT20.0045 mole = 0.0045 x 284.56 = 1.2805 g
The amount of haen in silica = 2.1B0% x 296.36 = 0.6371 g
The organic matters in haen doped silica = 15280.6371 = 1.9177¢g
The mass of haen doped silica =1.5021 + 0.6032805 +0.6371 = 4.0235¢g

Therefore, the percentage of organic matters in kdaped silica
= (1.9177/4.0235) x 100 = 47.66 %
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V.2.3 Mesoporous silica synthesized from TEOS and ETES
Table V.6The amount of starting materials for the synthe$silica using TEOS and

ETES as silica precursors

Starting materials

Modified silica TEOS | ETES HO CTAB | EtOH | Incorporated
Schiff's base
(9) 5.2185| 1.2386 63.01] 1.6391 14.6478 -
Non-doped
(mole) | 0.0250 | 0.0064| 3.5006 0.0045 0.3179 -
(9 | 5.2166| 1.2270 63.01] 1.6411 14.9550 -
Salen dope .
(mole)| 0.0250| 0.0064| 3.5006 0.0045| 0.3246 2.1210
(9) 5.2306| 1.2338 63.01] 1.6360 14.9417
Saltn doped
(mole) | 0.0251| 0.0064| 3.5006 0.0045| 0.3243 1.1410-3
(9) 5.2249| 1.2343 63.03 1.6337 14.9509
Haen doped
(mole) | 0.0250| 0.0064| 3.5017 0.0045| 0.3245 2.1610-3

The calculation of organic matter contents in eawdified silica is shown
below:
V.2.3.1 Non-doped silica
TEOS 0.0250 mole provided Si0.0250 mole = 0.0250 x 60.0843 = 1.5021 g
ETES 0.0064 mole provided GEH,SiO; 5 0.0064 mole
= 0.0064 x 81.1461 = 0.5226 ¢
CTAB 0.0045 mole provided CT20.0045 mole = 0.0045x 284.56 = 1.2805 g
The mass of non-doped silica = 1.5021 + 0.52262805 = 3.3052 g
Therefore, the percentage of organic matters induped silica
= (1.2805/3.3052) x 100 = 38.74 %
V.2.3.2 Salen doped silica
TEOS 0.0250 mole provided Si0.0250 mole = 0.0250 x 60.0843 =1.5021¢
ETES 0.0064 mole provided GEH,SiO; 5 0.0064 mole
=0.0064 x81.1461 =0.5177¢g

CTAB 0.0045 mole provided CT20.0045 mole = 0.0045 x 284.56 = 1.2805 g
The amount of salen in silica = 2A70° x 268.32 = 0.5688 g
The organic matters in salen doped silica = (15280.5688 =1.8493¢g

The mass of salen doped silica =1.5021 + 0.517.2805 +0.5688 = 3.8691 g
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Therefore, the percentage of organic matters ensadped silica
= (1.8493/3.8691) x 100 4F80 %
V.2.3.3 Saltn doped silica
TEOS 0.0251 mole provided Si0.0251 mole = 0.0251 x 60.0843 = 1.5081 g
ETES 0.0064 mole provided GHH,-SiO; 5 0.0064 mole
= 0.0064 x 81.1461 =0.5206¢g
CTAB 0.0045 mole provided CT20.0045 mole = 0.0045 x 284.56 =1.2805¢

The amount of saltn in silica = 1X150° x 282.34 = 0.3246 g
The organic matters in saltn doped silica = 0=280.3246 = 1.6052¢g
The mass of saltn doped silica = 1.5081 + 0.52062805 +0.3246 = 3.6338 g
Therefore, the percentage of organic matters tn silped silica

= (1.6052/3.6338) x 100 =44.17 %

V.2.3.4 Haen doped silica
TEOS 0.0250 mole provided Si0.0250 mole = 0.0250 x 60.0843 = 1.5021 g
ETES 0.0064 mole provided GHH,-SiO; 5 0.0064 mole

= 0.0064 x 81.1461 = 0.5208 g
CTAB 0.0045 mole provided CT20.0045 mole = 0.0045x 284.56 = 1.2805 g

The amount of haen in silica = 2.1B0X x 296.36 = 0.6401 g
The organic matters in haen doped silica = 15280.6401 =1.9206¢g
The mass of haen doped silica =1.5021 + 0.5202805 +0.6401 = 3.9435¢g

Therefore, the percentage of organic matters in kdaped silica
= (1.9206 /3.9435) x 100 = 48.70 %
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