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The objective of this research work is to study the mechanism and efficiency of
mesoporous silica materials in removal of trace pharmaceutical residues by adsorption. HMS,
SBA-15, and MCM-41 and PMO were synthesized via surfactant template method. A-HMS
and M-HMS were synthesized by surface modification of virgin HMS with amino- and
mercapto-organosilanes via co-condensation method. Functionalized PMOs were synthesized
by surface modification of PMO with three different types of amino-organosilane. The
physicochemical properties of the synthesized materials were investigated by XRD, SEM,
TEM, N, adsorption-desorption isotherm, TGA, DTA, elemental analysis, FTIR, acid/base
titration, water contact angle and zeta potential analysis. XRD patterns showed that the
synthesized materials had well ordered hexagonal structure. N, adsorption-desorption
isotherm showed that the pore sizes of synthesized materials were in the mesoscale. The
removal of 5 selected pharmaceuticals (DCF, CBZ, NAP, CFA and ACT) were examined by
batch adsorption experiment onto the synthesized materials. The adsorption capacity of HMS
for CBZ, DCF and NAP increased after modification with mercapto functional group,
whereas its adsorption for CFA and ACT increased after modification with amino functional
group. The adsorption capacity of PMO for CFA increased after surface modification with
mono-, di- and tri-organosilane. The adsorption capacity of PMO derivatives varied with the
type and density of amine functional groups on their surface. In competitive (selective)
adsorption study the adsorption capacity of HMS and M-HMS for DCF, CBZ and NAP varied
with the molecular sizes of the adsorbates. But the adsorption of A-HMS for acidic
pharmaceuticals (DCF, NAP and CFA) varied with the pKa of the adsorbates.
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CHAPTER

INTRODUCTION

1.1 State of problem

Pharmaceuticals such as non-steroidal anti-inflammatory drugs (NSAID),
antibiotics, lipid regaulators, sex hormones, antiepileptics, beta-blockers etc., are used
worldwide for treatment of diseases in humans and animals. Some of them are used in
farming industry too. These pharmaceutical compounds are very often, incompletely
metabolized in the bodies of human and animals and their tranform producted might
cause a variety of adverse effects, including acute and chronic toxicity to animal and
microorganisms in environments [Brigante et al., 2012]. Pharmaceutical residues were
reported to be present in wastewater treatment plant, ground water, river and
reservoirs at the concentration ranging up to pg/L [Ternes, 1998; Kummerer 2001;
Thacker et al., 2005; Tixier et al., 2003; Skadsen et al., 2004; Hua et al., 2006; Clara
et al., 2004; Paxeus 2004; Buser et al., 1998; Thomas and Hilton, 2004; Rabiet et al.,
2006]. That can be indicated that conventional wastewater treatment plant could not

complete remove of pharmaceutical residues.

Chemical treatment (such as ozonation, oxidation), and physicochemical
treatment (such as adsorption, membrane filtration, and coagulation) have been used
for removal of pharmaceuticals from aqueous solution [Radjenovic et al., 2009;
Suarez et al., 2009; Gebhardt and Schroder, 2007; Matamoros et al., 2008; Rosal et
al., 2010; Weiss and Reemtsma, 2008; Coelho et al., 2009; Kimura and Watanabe,
2005]. However, adsorption is a preferable method for the removal of pharmaceutical
residues [Bui and Choi, 2012], because it has the advantages of producing high-
quality treated effluents, is easy and cheap to run, and does not have the problem of
undesirable by-products [Al-Ghouti et al., 2009; Brown et al., 2001, Allen et al,
2001]. Powdered activated carbon (PAC) is one of the most popular adsorbents [El



Qada et al., 2006; El Qada et al., 2008]. It contains numerous pores of varying sizes
and has different functional groups on its surface. However, PAC has the drawback of
the difficulty in regeneration process and has a low selective adsorption of organic

adsorbates, especially at low concentrations.

Inorganic materials with mesoporous structures, such as hexagonal
mesoporous silicate (HMS), Santa Barbara amorphous-15 (SBA-15) and Mobile
crystalline material no-41 (MCM-41), are alternative adsorbents for water treatment
[Bui and Choi, 2012]. They possess a high porosity, uniform pore size, orderly
arrangement of pore structures, large pore volume, narrow pore size and a high
surface area, all of which enhance their adsorption capacity. The presence of a high
density of surface silanol groups allows them to be modified easily with various
organosilanes to improve the adsorption selectivity to target molecules, and to
increase their adsorption capacity [Walcarius et al., 2003; Mercier and Pinnavia, 1999
]. Although there have been many research studies on the removal of heavy metals,
dyes, phosphate and nitrate anions, haloacetic acids and haloacetonitriles [Lee et al.,
2001; Prarat et al., 2011; Punyapalakul et al., 2009; Punyapalakul and Takizawa,
2006], there have been relatively few studies on the adsorptive removal of
pharmaceutical residues by functionalized silica-based porous materials

[Punyapalakul and Sitthisorn, 2010; Wang et al., 2009].

Periodic mesorpous organosilica (PMO) is a new class of organic-inorganic
hybrid materials with organic moieties incorporated into the pore wall network. The
distribution of the organic moieties of PMOs should be more homogeneous than the
organic-inorganic hybrid materials which are synthesized by grafting and co-
condensation method [Xhang et al., 2005; Wahab et al., 200]. Compared with other
mesporous silicas, there have been much fewer reports on the research studies related
to the synthesis of PMO, its modification with organic funtional groups and its
application for the adsorptive removal of undesirable substances. Before our study,
there have been no report on the usage of PMO for adsorption of pharmaceutical

residues.



In this study, the adsorption capacities and related mechanism about the
removal of trace pharmaceutical residues by adsorption on modified inorganic porous

materials were reported and can be divided into 4 phases.

In the 1* phase, we report on the synthesis and characterization of silica based
mesoporous materials and inorganic-organic hybrid materials. HMS, SBA-15 and
MCM-41 were synthesized via surfactant template method. Two inorganic organic
hybrid materials namely A-HMS and M-HMS, were synthesized by modifying the
surface of wvirgin HMS with two different types of organosilane, i.e.
mercaptoprpyltrimethoxysilnae and aminopropyltrimethosysilane via direct co-
condensation method. The physicochemical properties of adsorbents were
investigated by low-angle powder x-ray diffraction (XRD), scanning electron
microscope (SEM), nitrogen gas adsorption and desorption isotherms,
thermogravimetric analysis (TGA), elemental analysis, Fourier transform infrared
spectroscopy (FTIR), zeta potential analysis by acid/base tritration and water contact

angle analysis by tensiometer.

In the 2" phase, we report on a study into the removal of a low concentration
of five pharmaceutical residues, i.e. Acetaminophen (ACT), Clofibric acid (CFA),
Carbamazepine (CBZ), Diclofenac (DCF) and Naproxen (NAP), from aqueous
solution by adsorption onto A-HMS and M-HMS in comparison with that obtained
with pristine HMS, SBA-15, MCM-41 and PAC. The adsorption mechanism was
investigated by analyzing the adsorption kinetics, isotherms and thermodynamics
under various conditions, and used in comparison between different adsorbates to
simultaneously elucidate the potential effects of the surface functional group, pH and

temperature on the adsorption capacity.

In the 3™ phase, PMOs was synthesized via surfactant template method. In this
study we modified the surface of PMO via direct-cocondensation method with three
different types of organosilane, i.e. mono-, di- and triamino-organoalkoxsysilanes.
The physicochemical properties of adsorbents were investigated by XRD, SEM,

transmission electron microscope (TEM), nitrogen gas adsorption and desorption



isotherms, TGA, differential thermo analysis (DTA), elemental analysis, FTIR and

zetapotential analyzer.

In the final phase, we report on a study into the removal of a low concentration
of pharmaceutical residue (CFA) from aqueous solution by adsorption onto virgin
PMO and PMO which were functionalized with three type of amino-functional groups
(mono-, di- and tri-amino propyl functional groups) (INPMOs, 2NPMOs and
3NPMOs, respectively). The adsorption mechanism was investigated by analyzing the
adsorption kinetics and isotherms under various conditions, and used in comparison
between different adsorbates to simultaneously elucidate the potential effects of the
surface functional group, adsorbent surface area, surface functional groups density,

nitrogen contents and pH on the adsorption capacity.

1.2 Objectives

The primary objective of this research was to investigate the removal of 5
pharmaceutical residues (i.e. DCF, CBZ, ACT, CFA and NAP) onto silica-based

porous materials and other adsorbents. The sub-objectives were as follows:

Phase 1: Synthesis and characterization of mesoporous silicas.

1. To synthesize and characterize the physicochemical properties of HMS,
SBA-15 and MCM-41 which are synthesized via surfactant template method.

2. To synthesize and characterize the physicochemical properties of mercapto-
functionalized HMS and amino-functionalized HMS which are functionalized via

direct co-condensation method.

Phase 2: Removal of trace pharmaceutical residues by adsorption on
mesoporous silicas.

1. To investigate the effects of surface functional groups, surface area, pore
size, pH and temperature on adsorption capacities and mechanism of adsorption of

pharmaceutical residues onto mesoporous silicas.



2. To investigate the selective adsorption of mixed pharmaceutical residues

onto mesoporous silicas.

Phase 3: Synthesis and characterization of periodic mesoporous
organosilicas.

1. To synthesize and characterize the physicochemical properties of PMO
which synthesized via surfactant template method.

2. To synthesize and characterized the physicochemical properties of amino-
functionalized PMOs which functionalized via direct co-condensation methods using

organoalkoxysilanes containing one, two and three amino groups.

Phase 4: Removal of Clofibic acid by adsorption on periodic mesoporous
organosilicas.

1. To investigate the effects of surface functional groups, surface area,
functional group density, nitrogen content and pH on adsorption capacities and

mechanism of adsorption of Clofibric acid onto PMOs.

1.3 Hypotheses

The hypotheses of this study were as follows:

Phase 1: Synthesis and characterization of mesoporous silicas.

1. The physicochemical properties of HMS, MCM-41 and SBA-15 which are
synthesized from surfactant template are different depending on the characteristics of
the reactants and the synthesis protocol.

2. Functionalization HMS with mercaptopropyl-organosilane or aminopropyl-
organosilane via direct co-condensation methods has an effect on the physicochemical

properties of HMS.

Phase 2: Removal of trace pharmaceutical residues by adsorption on

mesoporous silicas.



1. Surface modification of mesoporous silicate materials with hydrophobic
functional groups increases the adsorption capacity of adsorbents for pharmaceutical
residues.

2. The adsorption capacities of adsorbents can be increased by decreasing the
pH of the solution to lower than point of zero charge (pHpyc).

3. The adsorption capacities of silica-based porous materials can be enhanced
by increasing temperature.

4. The mechanism of adsorption of each individual pharmaceutical compound
in the mixed solution by each adsorbent is different depending on the physico-
chemical properties of the adsorbate (surface functional group, molecular structure,
molecular weight, molecular size) and of the adsorbent (surface functional group and

porous structure).

Phase 3: Synthesis and characterization of periodic mesoporous
organosilicas.

1. Functionalized PMO with organoalkoxysilanes containing one, two and
three amino groups via direct co-condensation methods have an effect on the

physicochemical properties of HMS.

Phase 4: Removal of Clofibic acid by adsorption on periodic mesoporous
organosilicas.

1. Surface modification of PMO with organoalkoxysilanes containing one, two
and three amino functional groups increases the adsorption capacity of adsorbents for
Clofibric acid.

2. The adsorption capacities of PMO and PMO derivatives can be increased by

decreasing the pH of the solution to lower than pHpzc.

1.4 Scope of study

The scopes of this study are as follows:

1. Five pharmaceutical compounds were used as the adsorbates in this study.



2. Mesoporous silicas and periodic mesoporous organosilicas were
synthesized. These synthesized adsorbents as well as commercial PAC were used as
the adsorbents in this study.

3. The physicochemical properties of the adsorbents (i.e. XRD pattern, surface
area, average pore size, pore size distribution, surface functional group, nitrogen
content, sulfur content, hydrophobic/hydrophilic surface characteristic, surface charge
density) were characterized

4. The adsorption study of the single and mixed pharmaceutical compound
was done at low concentration (40-200 ppb) to investigate the adsorption mechanism

of the adsorbents.



CHAPTER 11

BACKGROUND AND LITERATURE REVIEWS

2.1 Pharmaceutical residues

In this decade, pharmaceutical residue has become an interesting topic to
environmental scientists and researchers. Large amounts of pharmaceutical
compounds have been used for treatments of diseases in both human and animals, and
their residues may damage or have effects on ecology. These pharmaceutical
compounds are very often, incompletely metabolized in the bodies of human and
animals. These metabolites are excreted, distributed and remain in the environment.

The fate of pharmaceuticals in the environment is shown in Figure 2.1.

Pharmaceutical residues were reported to be present in wastewater treatment
plant, ground water, river and reservoirs at the concentration ranging up to pg/L
[Ternes, 1998; Kiimmerer 2001; Thacker et al., 2005; Tixier et al., 2003; Skadsen et
al., 2004; Hua et al., 2006; Clara et al., 2004b; Paxéus 2004; Buser et al., 1998;
Thomas and Hilton, 2004; Rabiet et al., 2006]. According to the data presented in
literatures as shown in Figure 2.2, non-steroidal anti-inflammatory drugs , antibiotics,
blood lipid lowering agents (or antilipidemics), sex hormones and antiepileptics were
the groups of pharmaceutical compounds most frequently detected in the
environment. In this study, we did the study on adsorption of only some
pharmaceutical compounds in NSAID, antiepileptic and antilipidemic groups. In the
NSAID group, the drugs used in this study were DCF, NAP and ACT. In the
antiepileptic and antilipidemic groups, the drugs used in this study were CBZ and
CFA respectively. The properties and molecular structure of these pharmaceutical

compounds are shown in Table 2.1 and Figure 2.3 respectively.
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Table 2.1 Properties of pharmaceutical compounds

No Pharmaceutical Formula MW Log pKa Functional
Kow group
1 ACT CsHyNO, 151.2° 0.46° 9.38 ¢ OH
2 CFA CyoH,,05Cl 2145° | 257°¢ 2.84° COOH
3 CBZ CisHN,O [ 23627°¢ | 245° 13.9 NH,
4 DCF Ci4H; CpNO, | 296.15° | 45°¢ 42° COOH
5 NAP C14H,405 23027 | 3.18° 4.15° COOH

a: Kim and Tanaka, 2009. b: Sim et al., 2010. ¢: Munoz et al., 2009. d: Radjenovic et al., 2008. e: Pavlovic et al., 2007. f:
Carballa et al., 2005
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Figure 2.3 Molecular structures of pharmaceutical compounds

So far there has been no report on the direct effects of pharmaceutical residues

in the environment on human. Many researchers, who studied the ecotoxicology of
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pharmaceutical residues, observed that these substances had a relatively limited acute
ecotoxicity on the tested organisms. They recommended that attention should be paid
to chronic effects of these pharmaceutical residues on bacteria, algae and fish. In a
bioaccumulation study, DCF was detectable in the livers, kidneys and gills of fishes.
Cytological alterations were observed in these organs even at DCF concentration of 1
ug/L [Triebskorn et al., 2004]. Therefore, DCF have the potential to damage or to
have effect on ecology. Based on environmental risk assessment study, NAP and CBZ
were classified as compounds toxic or harmful to aquatic environment [Quinn et al.,
2008]. From a study on the impact of lipid lowering agents on ecology, it was found
that chronic exposure to Bezafibrate, Fenofibrate and Gemfibrozil caused inhibition
of population growth of rotifers and crustaceans [Isidori et al., 2005]. Eventhough
acute ecotoxicity is unlikely to occur, these pharmaceutical compounds are always
found in the environment in complex mixtures where added, and synergistic toxic
effects might occur [Farre et al., 2008]. Because the synergistic toxic effect of
pharmaceuticals with personal care products on tested organisms was observed in
some studies, the toxicity of these pharmaceuticals in complex mixture may occur at

concentrations lower than expected [Schnell et al., 2009].

Because the efficiency of biological and physical treatment for removal of
pharmaceutical residues is not so good, other more effective treatments have been
sought for. Chemical treatment (such as ozonation, oxidation), and physicochemical
treatment (such as adsorption, membrane filtration, and coagulation) have been used
for removal of pharmaceuticals from aqueous solution [Radjenovic et al., 2009;
Suarez et al., 2009; Gebhardt and Schroder, 2007; Matamoros et al., 2008; Rosal et
al., 2010; Weiss and Reemtsma, 2008; Coelho et al., 2009; Kimura and Watanabe,
2005]

2.2 Ordered mesoporous silica materials

In the past, a large number of researchers tried to discover or develop,

synthesize and characterize porous solid materials with large specific surface areas for
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application in adsorption, chromatography, catalysis, gas separation, sensor
technology etc. The time period of development and investigation of ordered porous
materials could be divided into two periods. The first period or the golden age of
microporous crystalline zeolite is the period of development and study of microporous
materials with pore diameters smaller than 1.5 nm. The second period starting from
1992 is the period of development or synthesis of mesoporous silica materials. In the
past, a number of scientists tried to synthesize zeolites having larger surface areas and
larger pore sizes but no one was able to synthesize the zeolites with pore size larger
than 2 nm (mesopore). Not until 1992 when Mobil oil group was able to synthesize
solid materials with pores sized larger than 2 nm in diameter and reported their work
for the first time in that year. Since then, a number of researchers in other groups were
interested in developing new ordered mesoporous materials. The materials
synthesized by the Mobil group were named M41S including MCM 41, MCM-48 and
MCM-50. The ordered mesoporous pure silica materials which were synthesized have
been widely applied in the fields of science and engineering. It is not wrong to say
that the period from 1992 till present is the golden age of mesoporous materials. The
synthesis of M41S family inspired several groups of researchers to develop new types

of mesoporous materials such as HMS, SBA-15, PMO etc.

2.2.1 Silica-based materials

Since the early 1990s, a large number of microporous and mesoporous silica-
based materials have been synthesized and they have a wide range of applications in
separation and catalysis processes. These silica materials have many advantages such
as having high porosity, very uniform and orderly arranged pore structure, large pore
volume, narrow pore size, high surface area and homogeneous surface functional
group. In addition these silica materials have the advantage of possibilty of having a
particular tailor-made pore size and shape. Another advantage of inorganic adsorbents
is that their surfaces can be modified with various organosilanes to improve their
adsorption capacity and selective adsorption [Walcarius et al., 2003; Mercier and

Pinnavaia, 2000; Chong et al., 2004]. Raman et al have classified organic template for
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amorphous silicas into two groups according to the nature of template-matrix
interactions [Raman et al., 1996]. The first group is surfactant-template in which
nature of the template-matrix interaction is via non-covalent bonding. The second
group is covalently bonded organic templates. In this study we only focused on

porous silica-based adsorbents which were prepared by surfactant-template method.

2.2.2 Surfactant template

Template was defined by Beck et al., as “a central structure about which a
network forms in such a way that removal of the template creates a cavity with
morphological and/or stereochemical features related to those of the template” [Beck
et al., 1992]. Surfactants are bifunctional molecules that contain a hydrophilic head
group and a hydrophobic tail [Raman et al., 1996]. As a result of their amphiphilic
property, surfactants can associate into supramolecular arrays or micelles. At higher
concentration, the micelles aggregate to become a liquid crystal. The liquid crystal
can have different shapes, e.g. cylindrical, hexagonal, cubic and lamellar, depending
on the concentration of the surfactant. The theory of surfactant template has been
developed based on the geometry of micellar shapes. A schematic phase diagram for
cationic surfactant in water is shown in Figure 2.4. CMC1 is the critical micelle
concentration of the surfactant. At this concentration the individual surfactant
molecules will start to form spherical micelles. At higher concentration (CMC2) the
spherical micelles can coalesce to form elongated cylindrical micelles. As the
concentration of surfactant keeps increasing the micelles will aggregate to form
hexagonal liquid crystal, cubic liquid crystal and lamellar liquid crystal respectively.
The interaction between the surfactant template and silica source is dictated by the
reagents and the synthesis condition. This interaction can affect the physical and
chemical properties of the porous materials. The porous materials which are
synthesized from surfactant template have a periodic arrangement of pores (or layer),

but the inorganic walls (or sheets) are amorphous.
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2.2.4 HMS

Hexagonal mesoporous silicate is one of the mesoporous materials which have
hexagonal array uniform channel of controlled pore size. HMS was first reported by
Tanev and Pinnavia in 1996 [Tanev and Pinnavaia, 1996]. HMS is synthesized by
surfactant templating S°I° pathway (Figure 2.6). It is prepared from neutral primary
amine surfactant (S°) which are used as a structure-directing agent such as
octylamine, dodecylamine, tetradeclyamine, hexadecylamine and octadeclyamine and
molecular silica source (I°), such as TEOS, TMOS, in neutral pH condition [Mercier
and Pinnavia, 2000; Mori and Pinnavia, 2001] The surfactant head group interacts or

binds to the inorganic precursor of HMS via hydrogen bonding.

ST SXT

Pk ‘\7 Pk
f[@-o

Figure 2.5 Scheme of ST and S'XT electrostatic interactions in MCM-41

synthesized process.

Figure 2.6 Scheme of SI’ hydrogen bonding interactions in HMS synthesized

process
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2.2.5 SBA-15

Santa barbara amorphous-15 is one of the mesoporous materials which have
hexagonal array uniform channel of controlled pore size. SBA-15 was first reported
by Zhao et al., in 1998 [Zhao et al., 1998]. SBA-15 is synthesized by surfactant
templating (S’"H")(XT") pathway (Figure 2.7). SBA-15 is prepared from nonionic-
triblock-copolymer pluronic P123 (S") as a structure-directing agent and molecular
silica source in acidic condition. Because the synthesis condition is done below the
aqueous isoelectric point of silica, cationic silica species is presented as inorganic
precursor (I"). The surfactant head group interacts or binds to the inorganic precursor

of SBA-15 via hydrogen bonding and electrostatic attraction.

[
(S’H" (XTI

it 6
£
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+
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Figure 2.7 Scheme of (S’H")(XT) hydrogen bonding interactions in SBA-15

synthesized process.

2.2.6 Organic-inorganic hybrid materials

Organic-inorganic hybrid materials are the materials which combine organic
unit with inorganic unit in the same materials. Improving the adsorptive properties of
inorganic materials by functionalizing them with organic materials is one of the most
interesting topic for researchers. Nowadays there are several ways of improving the
adsorptive property of materials, and the addition of organic functional groups to the
inorganic materials is one of the methods to improve the adsorptive property of the

materials.
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synthesized by grafting and co-condensation method. This is because the organic
functions in the organosilica precursors are directly incorporated into the pore wall
network of the materials by two covalent bonds. Because of this advantage, PMOs
have increasing popularity among researchers. A large number of researchers are

interested to synthesize and study this material.

The synthesis process of PMOs can be categorized into two types according to
the type of surfactant directing agent. The First type is the synthesis of PMOs with
ionic surfactant (such as CTAC, CTAB, ODTMA : Octadecyltrimethyl ammonium
chloride, ODTMABE : Octadecyltrimethylammonium bromide). The second type is
the synthesis with non-ionic surfactant (such as P123). The recipes for synthesis of

PMOs as reported in other studies are shown in Table 2.2.

Table 2.2 Recipes for synthesis of PMOs

Silica sources | Surfactant Cosolvents Reference
BTME ODTMA NaOH, H,O Inagaki et al., 1999
BTSE CTAB NH4OH, H,O Asefa et al., 1999
BTME ODTMABTr NaOH, H,O Park et al., 2001
BTSE CTAC NaOH, H,O Burleigh et al., 2001
BTESE CTAB NH4OH, H,O Wabhab et al., 2004

TESPTS P123 CH;3;COOH, CH3COONa, Liu et al., 2007
H,O
BTSEB P123 KCl, HCI, H,O Lietal., 2007
2.3 Adsorption

Adsorption is defined as the process of accumulating substances, which are
contained in solution, on a suitable interface [Tchobanoglous et al., 2004]. The
substance that is removed from the liquid phase at the interface is called adsorbate.

And the solid which the adsorbate accumulated is called adsorbent. Adsorption is a
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preferable method for removal of pharmaceutical residues [Quesada-Penate et al.,
2009; Bui and Choi, 2009]. It has the advantage of being easy and cheap to run and
not having problem about undesirable byproduct. Tchobanoglous et al classified the
adsorbents into three kinds, i.e. activated carbon, synthetic polymeric and silica-based
adsorbents [Tchobanoglous et al., 2004]. Powdered Activated Carbon is one of the
most popular adsorbents [Dural et al., 2010; Ip et al., 2010; Ahmad and Alrozi, 2010;
Ahmad and Rahman, 2010]. It contains numerous pores of varying sizes and has
different functional groups on its surface. The only drawback properties of PAC are

difficulty in regeneration and low selective adsorption.

2.3.1 Transport phenomena

The actual adsorption process occurs at the surface of the adsorbent. Before
the actual adsorption occurs, the adsorbate moves or is transported to the adsorption
site. The following are sequential events or phenomenas that occurs during
transportation. The first phenomenon is bulk fluid transport. The second phenomenon
is film transport or film diffusion. The third phenomenon is intraparticle or pore
diffusion. The final event is adsorption (physical or chemical) to the surface of the
adsorbent. Figure 2.10 is the diagram showing the process of transport of the

adsorbate to the surface of the adsorbent.

2.3.2 Physical and chemical adsorption

The actual adsorption process at the surface of the adsorbent can be classified
as physical or chemical, according to the type of the force that attracts the adsorbate's
molecules to the surface of the adsorbent. In physical adsorption, the attraction or
interaction force can be electrostatic interaction, hydrogen bonding, hydrophobic
interaction, Van der Waals force etc. The attraction force in physical adsorption is
relatively weak and the adsorption process is reversible. The adsorbates can be
released from the surface of the adsorbents by desorption process. On the contrary,

the attraction or interaction force in chemical adsorption is chemical bond in which



21

sharing of electrons or transfer of electrons is involved. The chemical attraction force

is strong and the adsorption process is irreversible.

Figure 2.10 Transport processes of the adsorbate to surface site of the adsorbent

adapted from Lagrega et al., 2001.
2.3.3 Adsorption capacity

The adsorption capacity of the adsorbent is determined from the mass balance

equation. It can be expressed as Eq. (2.1)

q=%xV 2.1)

Where q is the adsorption capacity (ug/g), C, is the initial concentration of the
adsorbate (ug/L), C, is the equilibrium concentration of the adsorbate, V is the volume

of the solution (L) and M is the mass of the adsorbent (g)
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2.4 Literature reivews

2.4.1 Pharmaceutical residues

Among the drugs in the class of antiepileptics and antidepressants, CBZ is the
most frequently detected drug in the environment at high concentration [Fent et al.,
2006]. From monitoring study, many researchers reported the detection of CBZ in
surface water, ground water, sediment and river around the world [Zhang et al., 2008].
In a survey conducted by Ternes, CBZ was detected in all 30 sewage treatment plant
(STP) effluents with a 90 percentile of 3.7 pg/L [Ternes, 1998]. This pharmaceutical
was also detected in 24 of 26 samples from 20 rivers with a 90 percentile of 0.82
pg/L. The efficiency of STP in removal of CBZ was found to be very low (4-8 %)
[Fent et al., 2006]. CBZ was found to be one of the most persistent pharmaceutical

residues, it was hardly eliminated by STP [Gebhardt and Schroder, 2007].

Among the drugs in the class of lipid regulator, CFA is the most frequently
detected pharmaceutical in the monitoring study [Fent et al., 2006]. CFA was found in
tap water (concentration of 0.27 pg/L) [Ternes, 1998], in Swiss lake surface water
(0.55pg/L) [Buser et al., 1998], in German STP effluent (1.6 ug/L) [Ternes, 1998] and
in Detroit river water (0.1 ug/L) [Boyd et al., 2003]. From an ecotoxicology study, the
no observed effect concentration (NOEC) on Rotifers was found to be 250 pg/L
[Santos et al., 2010]. The proportion of male offspring produced by D. magna will be
increased after exposure to CFA at concentration 10 to 100 pg/L. And at this
concentration range the reduction in sperm motility and plasma androgen
concentration occurred to Fathead minnow fish (Pimephalespromelas). The
cytological changes in gills were detected in rainbow trout at the exposure dose of 5
pg/L. The removal efficiency of STP for CFA was around 51+ 10 % [Ternes, 1998].
The removal efficiency of Ozonation for CFA was very low (8 %, operating condition
10 min, O3 1 mg/L in drinking water) [Esplugas et al., 2007]. Membrane bioreactor
and conventional activated sludge had no efficiency to remove CFA [Kimura et al.,

2005].
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NAP was detected in STP effluents and surface water at concentration of 7.96
and 0.25 pg/L respectively [Santos et al., 2010]. It was also detected in drinking water
[Santos et al., 2010]. The efficiency of STP in removal of NAP was around 66 + 7 %
[Ternes, 1998]. From an ecotoxicology study, the photoproducts of NAP were found
to be more toxic than the parent compounds, regarding both acute and chronic toxicity
[Isidori et al., 2005]. NAP could not be dramatically removed by conventional
activated sludge [Kimura et al., 2005].

ACT is one of the most commonly consumed pharmaceutical in the world.
The annual consumption of ACT in German was around 650 ton/year in year 1999-
2001 [Fent et al., 2006]. From monitoring study by several investigators, ACT was
found in surface water, eventhough the efficiency of STP in removal of ACT was
high (99%). ACT was found in STP effluents and surface water at concentration of
4.3 and 78.17 pg/L respectively [Santos et al., 2010]. The predicted no-effect
concentration (PNEC) of ACT was 9.2 pg/L.

In Switzerland and Belgium, DCF was detected in STP effluent at
concentration up to 2.4 and 1.42 pg/L respectively. Groundwater contamination with
DCF up to 3.5 pg/L was found in samples from the indirect reuse of treated sewage
[Daughton and Jones, 2001]. It was also detected in groundwater sample close to a
domestic landfill site at the maximum concentration 3.5 pg/L. The removal efficiency
of STP for DCF was about 17-69 % [Bendz et al., 2005]. Membrane bioreactor and
activated sludge had no efficiency in removal of DCF [Kimura et al., 2005]. DCF
could be removed by ozonation but only 24 % of the substrate was mineralized after 1
hr of ozonation [Coelho et al., 2009]. So the undesirable byproduct compounds

require further investigation.
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2.4.2 Adsorption by Silica based porous materials

Inorganic adsorbents which have mesopore such as HMS, SBA-15 and
MCM-41 are alternative adsorbents for water treatment. There have been many
research studies on the removal of soluble compounds from water and waste water by

functionalized silica-based porous materials.

Punyapalakul and Takisawa (2006) did a study on the adsorption of nonionic
surfactant (Triton X-100) and ionic dyes on HMS. They functionalized HMS with
three functional groups (ie. amino-, mercapto- and octyl-). They found that the
adsorption capacity of TX-100 onto HMS was affected by specific surface area, pore
size and grafted organic functional groups. HMS functionalized with mercapto and
octyl functional group had higher adsorption capacity than PAC. HMS which grafted
amino functional group (A-HMS) had the lowest adsorption capacity because the
hydrogen bonding between TX-100 and A-HMS was less significant than
hydrophobic adsorption of TX-100 on PAC. In case of dye adsorption, they found that

surface charge was the most important attractive force between HMSs and dyes.

Punyapalakul et.al (2009) also did a study on the adsorption of haloacetic
acids by inorganic materials. They found that the adsorption capacity of inorganic
materials was significantly affected by the crystalline structure of the adsorbents.
Hydrogen bonding was the most important attractive force in the adsorption
processes. The adsorption capacity of the adsorbents was increased when the pH of
the solution decreased due to the electrostatic interaction and hydrogen bonding.
Molecular structure of haloacetic acid did not affect the adsorption capacity of the
adsorbents. Common electrolytes in tap water had effect on the adsorption capacity
and selectivity of PAC but had no effect on the adsorption capacity and selectivity of
HMS and functionalized HMS.

Prarat et al. (2011) did a study on the adsorption of haloacetoniotriles

(HANSs) by functionalized silica-based porous materials. They found that the surface
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functional groups of the adsorbents largely affected the adsorption capacity of
dicloroacetonitrile (DCAN). Among functionalized HMS, 3-mercaptopropyl grafted
HMS had the highest adsorption capacity. The adsorption mechanism occurred via an
ion-dipole electrostatic interaction. The adsorption capacity of DCAN strongly
depended on the pH of the solution. The molecular structure of HANs had effect on
the adsorption capacity and selectivity of the 3-mercaptopropyl grafted HMS

adsorbents.

2.4.3 Adsorption of pharmaceutical residue by silica based porous materials

Until now very few studies have been done on the removal of pharmaceutical

residues by inorganic adsorbents especially functionalized silica-based porous

materials.

Bui and Choi (2010) studied the removal of CBZ, CFA, DCF, Ibuprofen and
Ketoprofen by SBA-15. They found that the adsorption kinetics and adsorption
isotherms were best fit with the pseudo-second order kinetic model and Freundlich
isotherm model respectively. The efficiency of SBA-15 in removal of pharmaceutical
compounds was found to be highest at pH 3. In the opinion of these investigators
mesoporous silica based materials are promising absorbents for removing

pharmaceutical from water.

Punyapalakul and Sitthisorn (2010) studied the removal of CBZ and
Ciprofloxacin by HMS and functionalized HMS. They did the adsorption study in the
concentration range 6 — 9 mg/L. They found that the adsorption kinetic of both
pharmaceuticals were compatible with pseudo-second order kinetic model. The
adsorption capacity of inorganic adsorbents was lower than PAC. The hydrophobicity
and hydrogen bonding were two of the most important attractive force in the
adsorption processes. The adsorption capacity was affected by varying the pH of the

solution.
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Wang et al. (2009) studied the adsorption of drug molecules (Rhodamine 6G
and Ibuprofen) onto functionalized MCM-41 in the concentration range around 450
mg/L. They found that surface modification of MCM-41 with hydrophobic functional
groups (mercaptopropyl and vinyl) could improve the adsorption capacity of
Rhodamine 6G on to MCM-41 due to the favorable interaction with the hydrophobic
parts of adsobate. Surface modification of MCM-41 with amine functional group
could improve the adsorption capacity of ibuprofen due to hydrogen bonding between

carboxylic acid group of ibuprofen and hydrogen molecule in the amine functional

group.

So far, there has been almost no study on the removal of pharmaceutical
residues by adsorption onto HMS and functionalized HMS except for the above
mentioned study by Punyapalakul and Sitthisorn. To get more knowledge about the
the adsorption of HMS and functionalized HMS for pharmaceutical residues, we did
the adsorption study with more different types and at lower concentration of

pharmaceutical compounds (i.e. ACT, CFA, CBZ, DCF and NAP).

Until now PMO has never been used for adsorption of pharmaceutical
residues, and has never been functionalized. We therefore synthesized PMO and
functionalized it with organosilane, and used these synthesized materials to study the

removal of one representative pharmaceutical (CFA).



CHAPTER III

METHODOLOGY

3.1 Materials

3.1.1 Pharmaceutical residues

Acetaminophen was purchased from Sigma-Aldrich. Clofibric acid was
purchased from Aldrich. Carbamazepine was purchased from Fluka. Diclofenac was

purchased from Sigma. Naproxen was purchased from Sigma-Aldrich.

3.1.2 Silica source precursors

Tetraethylorthosilicate was purchased from Aldrich. Bis(triethoxysilyl)ethane
was purchased from Aldrich. Ludox HS-40 (40 wt. % SiO,) was purchased from
Dupont.

3.1.3 Surfactants

Dodecylamine was purchased from Aldrich. Cetyltrimethylammonium

chrloride was purchased from Aldrich. Pluronic123 was purchased from BASF.

3.1.4 Organic functional groups

(3-Aminopropyl)triethoxysilane ~ was  purchased from  Aldrich. (3-
Mercaptopropyl)trimethoxysilane was purchased from Sigma. (3-Aminopropyl)
trimethoxysilane was purchased from Aldrich. 3-[2-(2-Aminoethylamino)
ethylamino]propyltrimethoxysilane ~ was  purchased from  Aldrich. [2-(2-

Aminoethylamino)propyl]trimethoxysilane was purchased from Aldrich.
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3.1.5 Powdered activated carbon

Powdered activated carbon (Shirasagi S-10) was purchased from Japan Enviro

Chemicals Ltd.

3.1.6 Other chemical reagents

Other chemical reagents used in this study are of the high quality grade
(laboratory grade or higher).

3.2 Methodology

The experimental frame work of this study is shown in Figure 3.1. The study
was divided into 4 phases. The methodology of each phase is described in this
chapter. The overall experimental methods are described in this section. The details of

each experiment are described in next chapters (Chapter IV, V, VI and VII).

3.2.1 Phase 1: Synthesis and characterization of mesoporous silicas

The aims of this phase of the study were to synthesize and to characterize
silica based mesoporous materials and organic-inorganic hybrid materials. In this
study, three kinds of pure silicate inorganic porous materials, namely HMS, MCM-41
and SBA-15, were synthesized. All of them are mesoporous materials which have
hexagonal array uniform channel of controlled pore size. Their synthesis pathways
were different. HMS was synthesized by surfactant templating S’I° pathway. Primary
amine surfactant dodecylamine (S°) was used at neutral pH as a structure-directing
agent for the synthesis of HMS. SBA-15 was synthesized by surfactant templating
(S’H")(XT") pathway. Nonionic-triblock-copolymer pluronic P123 (S) was used
under acidic conditions as a structure-directing agent for the synthesis of SBA-15.
MCM-41 was synthesized by surfactant templating (S'T) pathway. Cationic

surfactant CTAC (S") was used under basic conditions as a structure-directing agent
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for the synthesis of MCM-41. TEOS was used as a molecular silica source for the

synthesis of all of these materials.

HMS
Phase I M-HMS

Synthesis and characterization of porous silicate | = A-HM
SBA-15
MCM-41

Adsorption kinetic

Phase 11 Adsorption isotherm evaluation
Removal of ACT, CFA, CBZ, DCF and NAP |—< Effect of pH

by porous silicates Effect of temperature

Competitive adsorption

—

PMO

Phase 111 IN10PMO, 1IN25PMO, 1N40PMO
Synthesis and characterization of PMOs ™ 2N10PMO, 2N25PMO, 2N40PMO
3N10PMO, 3N25PMO, 3N40PMO

—

Phase IV Adsorption kinetic
Removal of CFA by PMOs Adsorption isotherm evaluation
Effect of pH

Figure 3.1 Experimental framework of this study

In this phase of the study mesoporous organosilica functionalized with

organic functional groups were also synthesized. Two types of organic functional
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group, namely aminopropyl and mercaptopropyl, were incorporated into the surface

of HMS by direct co-condensation method.

All of the synthesized adsorbents were then characterized by their physical
and elemental properties. These properties were determined by low-angle powder x-
ray diffraction, scanning electron microscope, Nitrogen gas adsorption and desorption
isotherms, thermogravimetric analysis, differential thermo analysis, elemental
analysis, Fourier transform infrared spectroscopy, zetapotential and water contact

angle analysis.

3.2.2 Phase 2: Removal of trace pharmaceutical residues by adsorption on

mesoporous silicas

The aims of phase II of the study were to find out the most effective adsorbent
and, after elucidating the adsorption mechanism, to evaluate the effect of surface
functional groups and the effect of pH and temperature on their adsorption capacity,
so as to improve its adsorption capacity by surface modification with the appropriate
functional groups. In addition, the competitive adsorption of mixed pharmaceutical

residues over the synthesized adsorbents and PAC was studied.

Batch experiments were performed to measure the adsorption capacity of each
adsorbent for each pharmaceutical residue. The samples were shaken, filtrated,
extracted, concentrated and finally the concentration of pharmaceutical residue
remaining was measured by High-performance liquid chromatography (HPLC). The
adsorption kinetic and the adsorption isotherm studies were done. The adsorption
mechanism was investigated by analyzing the adsorption kinetics, isotherms and
thermodynamics under various conditions, and used in comparison between different
adsorbents to simultaneously elucidate the potential effects of pH and temperature on
the adsorption capacity. The procedure for the study in selective or competitive
adsorption was the same as for the study in single solute except that in selective

adsorption study all of the pharmaceutical compounds were mixed together.
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3.2.3 Phase 3: Synthesis and characterization of periodic mesoporous

organosilicas

The aim of phase III of the study was to synthesize periodic mesoporous
organosilicas as well as amino-functionalized PMOs via direct co-condensation using
mono-, di- and triamino-organoalkosysilanes. After synthesis, all of the synthesized
PMOs were characterized by XRD, SEM, TEM, Nitrogen gas adsorption and
desorption isotherms, TGA, DTA, Elemental Analysis, FTIR, zetapotential and water

contact angle analysis.

3.2.4 Phase 4: Removal of Clofibic acid by adsorption on periodic mesoporous

organosilicas

The aim of phase IV of the study was to elucidate the adsorption mechanism
of PMOs for CFA. The experiment and the procedure for the study were the same as
in phase II study. The study was done on only one pharmaceutical compound i.e.

CFA.

3.3 Analytical method

3.3.1 Pretreatment of samples

A solid-phase extraction (SPE) was used for extraction and pre-concentration
of liquid samples which were taken from the adsorption experiments before
quantification process by HPLC. A reversed phase C18 catridges (60 mg, Agela,
Japan) were used in this study. Before samples feeding, the catridges were washed as
a conditioning or pre-activation step by loading with 20 mL of methanol (loading
flow rate = 3 mL/min), followed by 20 mL of DI water at the same loading flow rate.
After preconditioning step, the samples were fed into the catridges at loading rate 3
mL/min. After that the cartridges were washed with 10 mL of DI water at flow rate 3
mL/min before evaporation process. The catridges were then left to dry under flow of

nitrogen for 30 min. The drugs were eluted from the catridges by 10 mL of methanol
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(1 mL/min) and the liquid samples were then dehydrated again by nitrogen gas. The
volume of the samples was then adjusted to 0.5 mL by methanol before moving to the

step of quantification analysis.

3.3.2 Quantification of pharmaceutical residues

The quantities of pharmaceutical residue in the solutions were measured by
reverse phase Agilent 1100 HPLC with a UV detector. The column type used in this
study was Agilent CI8 column (4x250 mm, 5 pm). A mixture of
dihydrogenphosphate potassium salt (KH,PO4, 25 mM) and acetonitile were used as
mobile phase in chromatography process. The ratio of KH,POy to acetonitrile in the
eluent was 30:40. The flow rate of an isocratic eluent was 0.8 mL/min. Column
temperature was controlled at 25 °C. In this study Ibuprofen was utilized as the
surrogate standard. The percentage of recovery of every pharmaceutical residue was
higher than 90%. The chromatogram of pharmaceutical residues is shown in appendix

A.



CHAPTER 1V

SYNTHESIS AND CHARACTERIZATION OF
MESOPOROUS SILICAS

4.1 Introduction

In this chapter we report on the synthesis of HMS, SBA-15 and MCM-41 via
surfactant template method. We also report on the synthesis of two inorganic organic
hybrid materials namely A-HMS and M-HMS which were synthesized by modifying
the surface of virgin HMS with two different types of organosilane, i.e.
mercaptoprpyltrimethoxysilnae and aminopropyltrimethosysilane via direct co-
condensation method. The physicochemical properties of adsorbents were
investigated by low-angle powder x-ray diffraction, scanning electron microscope,
nitrogen gas adsorption and desorption isotherms, thermogravimetric analysis,
Elemental analysis, Fourier transform infrared spectroscopy, zeta potential analysis by
acid/base tritration and water contact angle analysis by tensiometer. The synthesized
and characterized materials were used as the adsorbents in removal of pharmaceutical

residues by adsorption in phase II (chapter 5).

4.2 Method

4.2.1 Synthesis of the HMS

Synthesis of pure silica HMS materials was carried out as described by Tanev
et al. (1996). 0.27 mol of dodecylamine was dissolved into a mixture of 9.09 mol of
ethanol and 29.6 mol of deionized water under stirring. After that, 1.0 mol of
tetracthoxysilane was added. The reaction mixture was stirred for 18 h at room
temperature. The solid product was recovered by filtration and washed thoroughly
with deionized water. The product was dried at room temperature overnight and then

the material was calcined at 650 °C for 4 h.
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4.2.2 Synthesis of SBA-15

SBA-15 was prepared under acidic conditions according to the synthesis
procedure described by Zhao et al. (1998). 0.017 mol of Pluronic P123 was dissolved
into a mixture of 6.1 mol of HCI and 165 mol of deionized water under stirring. After
that, the homogeneous solution was heated to 40 °C. Then 1 mol of tetracthoxysilane
was added dropwise under stirring. The mixture was stirred for 24 h at ambient
temperature. After that, it was kept at 100 °C for 24 h under static condition. The solid
product was recovered by filtration and washed thoroughly with deionized water. The
product was dried at room temperature overnight and then the material was calcined

at 540 °C for 5 h.

4.2.3 Synthesis of MCM-41

MCM-41 was synthesized under basic conditions following the procedure
described by Kim et al. (1997). Solution A was prepared by dissolving 12.5 g of
hexadecyltrimethylammonium chloride into a mixture of 0.725 g of NH4OH and 37.5
g of deionized water under stirring. Simultaneously solution B was prepared by
adding 35 g of Ludox HS-40 to the mixture of 4.68 g of NaOH and 112.32 g of
deionized water under stirring in a separate vial at 80 °C for 2 h. Solution B was then
added to solution A and mixed vigorously at room temperature for 1 h. The reaction
gel was then kept at 100 °C for 24 h. After that, the gel was cooled in a water bath and
its pH was adjusted to 11 with acetic acid. After pH adjustment, the gel was kept in
the oven at 100 °C for another 24 h. The pH of the gel was adjusted again, for the
second time, and was kept again, for the last time, in the oven at 100 °C for 24 h. The
target solid product was recovered by filtration and washed thoroughly with deionized
water. The product was dried at room temperature overnight and then the material was

calcined at 650 °C for 8 h.

4.2.4 Synthesis of amino or mercapto functionalized HMS via direct co-

condensation method
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Modification of HMS with either 3-aminopropyltriethoxy or 3-
mercaptopropyltrimethoxy (for amine- or mercapto- modification,respectively) was
performed by a co-condensation method following the procedure described by Lee et
al. (2001). 0.25 mol of dodecylamine was dissolved into a mixture of 10.25 mol of
ethanol and 50 mol of deionized water under stirring. After that, 1.0 mol of
tetracthoxysilane was added. The stirring was continued for 30 min. Then 0.25 mol of
either 3-mercaptopropyltrimethoxysilane or 3-aminopropyltriethoxysilane was added.
The mixture was vigorously stirred for 18 h at room temperature. The solid product
was recovered by filtration and washed thoroughly with deionized water. The product
was dried at room temperature overnight and then the residual organosilanes and

surfactant were removed by soxhlet extraction with ethanol for 72 h.

4.2.5 Characterization

4.2.5.1 X-ray Diffraction

Low-angle powder XRD patterns of synthesized adsorbents were obtained

from a Bruker AXS Model D8 Discover with CuKa radiation (40 kv, 40 mA) at 20
angle of 0.5 — 10 °. The scan speed was 0.04 °/min.

4.2.5.2 Scanning electron microscopy micrographs
The SEM Micrographs of the materials were observed at 1000, 5000, 10000

and 20000 magnifications through scanning electron microscope model JEOL-

JSMS5410LV.
4.2.5.3 Nitrogen gas adsorption-desorption
Nitrogen gas adsorption and desorption isotherms were obtained using

Micromeritics ASAP 2020 version 1.04H. Before analysis the samples were

dehydrated at 150 °C for 4 h under nitrogen condition and then the measurements
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were performed at 77 K. The pore size distribution was obtained using BJH (Barrett-
Joyner-Halenda) model. The specific surface area of the materials was computed with
the BET (Branauer Teller Emmett) model within a range of relative pressure, p/pg =
0.05 — 0.3. The total pore volume was taken from the volume of Nitrogen adsorbed at

a relative pressure P/Py = 0.995 single point.

4.2.5.4 Thermogravimetric analysis

Thermogravimetry analysis was performed with a Mettler-851e from ambient
temperature to 1,000 °C at a heating rate 20 °C/min under flow of nitrogen (20

mL/min).

4.2.5.5 Elemental analysis

The amount of sulfur was directly measured by a LECOS132 sulfur analyzer.
A Shimadzu UV 1601S UV-Visible spectrophotometer was used to determine the
amount of nitrogen, via absorbance at a wavelength of 220 nm after digesting
adsorbents, in autoclave, by potassium persulfate under base conditions as reported

[Smart et al., 1983].

4.2.5.6 Fourier transform infrared spectroscopy

The presence of organofunctional groups on the HMS surface was confirmed

by FTIR on a Nicolet Impact 410 FTIR spectrophotometer.

4.2.5.7 Point of zero charge and hydrophobic/hydrophilic surface characteristics

of the adsorbents

Point of zero charge of the adsorbents were determined by acid-base titration.
Tensiometer (Dataphysics DCAT-11) was used, in a powder contact angle mode, to

determine the hydrophobic/hydrophilic characteristics of the adsorbent surface.
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4.3 Results and discussion

4.3.1 X-ray Diffraction

Figure 4.1 shows the XRD patterns of the as-synthesized and calcined HMS.
To evaluate the structural property of the porous materials, the XRD (100) interplanar
diffraction spacing (d;p9) [Qiao et al., 2003], was calculated from the following

equation

1.5406
2sin 6

d]()() == (41)

where O was the scanning diffraction angle (radian) corresponding to diffraction peak

(100).

The XRD pattern of the HMS showed a single broad diffraction peak (d;gy)
reflection at 20 = 2.0563 °, corresponding to a lattice spacing of 42.93 A. The higher
order Bragg reflections was not found in the diffraction pattern. This pattern and the
lattice spacing proved that the synthesized material was the porous silicate which has
orderly hexagonal frame work [Tanev et al., 1996]. The calcined sample exhibited a
much higher intensity than the as-synthesized sample. This indicated that the material

had a more orderly structure after the surfactant template removal [Zhao et a., 1997].

In case of HMS derivatives, namely M-HMS and A-HMS, their XRD patterns
were similar to the pattern of virgin HMS (Figure 4.2 and 4.3). But the position and
the magnitude of the reflection peak of the HMS derivatives were different from those
of the virgin HMS. In case of M-HMS the extracted material showed a single broad
diffraction peak (d;g) reflection at 20 = 2.6564 °, corresponding to a lattice spacing
of 33.23 A. And in case of A-HMS, the XRD pattern of the extracted material showed
a small diffraction peak at 20 = 2.4922 °. Functionalization of HMS caused the
diffraction peak (d;g9) to shift to a higher diffraction angle. In case of M-HMS, the
peak shifted from 20 = 2.0563 ° to 2.6564 °. In case of A-HMS, the peak shifted from
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material was affected by the modification with aminopropyl functional groups.
Functionalization of HMS with different functional groups gave different results on
the morphology of the HMS material. The adding of different types of organosilane
into the starting reaction mixture could lead to the difference in condensation rate of
the synthesized materials. The difference in condensation rate could explain the

difference in morphology of the synthesized materials.

Figure 4.6 SEM m1cr0graphs of calcined HMS

The SEM images of calcined SBA-15 are shown in Figure 4.9. The
morphology of SBA-15 was found to be very different from those of HMS and HMS
derivatives. It consisted of larger particles which looked like bundles of threads. The
particles consisted of many ropelike domains of relatively uniform size which

aggregated into wheat-like macrostructures.
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Figure 4.10 illustrates SEM micrographs of MCM-41. The morphology of
MCM-41 was found to be different from the other materials. It consisted mostly of

irregularly shaped particles.
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Figure 4.10 SEM micrographs of calcined MCM-41
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4.3.3 Nitrogen gas adsorption-desorption

Nitrogen gas adsorption-desorption isotherms of the calcined or the extracted
porous silicate materials are shown in Figure 4.11. All of the silicate materials
exhibited type IV isotherms demonstrating the preservation of the orderly
mesostructures of the former samples. The isotherms demonstrated the presence of
framework-confined pores at P/Py around 0.1 to 0.5 for HMS, M-HMS, A-HMS and
MCM-41. But in case of SBA-15 the shift of the filling of framework-confined was
found at the P/P, range 0.5 to 0.9. The shift of relative pressure of the materials can
be used to explain the framework pore size [Pauly and Pinnavaia, 2001, Lee et al.,
2001]. It could be concluded from this study that among the silicate materials, SBA-
15 had the biggest frame work pore size.

The BET specific surface area and the BJH pore diameter of all adsorbents are
shown in Table 4.1. It could be derived from the BET analysis that the pore sizes of
all adsorbents except SBA-15, were in the mesoporous scale ranging from 19.0 A
(PAC) up to 33.5 A (MCM-41). SBA-15 had a much larger pore size (80.6 A). The
pore diameter size was broadly ordered (largest to smallest) as: SBA-15 >> MCM-41
~ HMS > M-HMS > A-HMS > PAC. The BET surface area ranged from 712 m2/g
(HMS) up to 980 m*/g (PAC). A-HMS had a much smaller surface area (262 m?/g).
The surface area was not congruent with the pore size but ordered (largest to smallest)

as: PAC > M-HMS > SBA-15 > MCM-41 > HMS >> A-HMS.
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Table 4.1 Physicochemical characteristics of HMS, M-HMS, A-HMS, SBA-15, MCM-41 and PAC

Mean BET

; Contact
Surface functional Surface pore surface b
Adsorbents a . L. . pHprzc angle
groups characteristics diameter area (Degree)
A (g’ .
HMS Silanol Hydrophilic 32.8 712 4.5-5.5 45.06
M-HMS Mercapto and Silanol Hydrophobic 26.6 912 6.2 89.65
A-HMS Amino and Silanol Hydrophilic 234 262 9.5 40.18
SBA-15 Silanol Hydrophilic 80.6 890 4.8 -
MCM-41 Silanol Hydrophilic 335 755 5.6 -
Carboxyl, phenyl and
PAC oxygen-containing Hydrophobic 19.0 980 9.5 58.34
groups

"Determined by BET analysis of N, adsorption-desorption
®pH of net zero charge

9%
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4.3.4 Thermogravimetric analysis

TGA of the silicate materials was performed from room temperature to 1,000
°C. TGA of virgin HMS was carried out on the as-synthesized and calcined materials.
The TG curves are shown in Figure 4.12. The as-synthesized material exhibited the
total weight loss of 34.8 % during heating from room temperature to 1,000 °C. The
calcined samples exhibited the total weight loss of 6.9 %. The as-synthesized material
exhibited a greater weight loss probably because it contained a larger amount of
surfactant template. Tanev et al. (1996) divided the TG curve of HMS in to 3 portions.
The 1% portion represented the TG curve from 20to 150 °C. The weight loss
occurring in this temperature range could be attributed to desorption of water. The 2™
portion represented the curve from 150 to 300 °C. The weight loss occurring in this
temperature range was probably due to decomposition and combustion of the
surfactant template. The last portion represented the TG curve from 300 °C to 520 °C.
The weight loss occurring in this portion was attributed to dehydroxylation of the
surface. From our study, the total weight loss occurring between of 20 °C and 150 °C
was less in the as-synthesized than in the calcined samples. We thought the weight
loss in this temperature range correlated with the hydrophobic/hydrophilic properties
of the surface of the materials. In case of the as-synthesized sample, its hydrophobic
property could be explained by the presence of a large amount of surfactant templates
inside it. Because the as-synthesized sample did not pass through the template
removal process it contained a large amount of hydrophobic tails of the surfactant
micelles and had a smaller surface area. Because of this, the as-synthesized material
was more hydrophobic. Between 150 °C and 300 °C, the total weight loss of around
30 % was observed in the as-synthesized samples. But in the calcined samples, the
weight loss was very little (less than 1 9%). This could be explained by the complete
removal of the surfactant template from the calcined samples. From 520 °C to 1,000
°C, all of the samples exhibited very little weight loss (less than 1.5 %) caused by the

condensation of the silicate walls of the materials.
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The band at 2850-2965 c¢m™ which is ascribed to the C-H stretching was seen
in A-HMS and M-HMS, but not in virgin HMS. The presence of the band at this
wavelength can be used as an evidence to confirm that the HMS has been

functionalized.

In this study, however, the band at 2560 cm™! which is ascribed to the S-H
stretching in M-HMS and the band at 3300-3400 cm™ which is ascribed to the N-H
stretching in A-HMS were not seen. The absence of the band at 2560 cm™ in case of
M-HMS might be due to the low sensitivity of FTIR in detecting S-H stretching. The
absence of the band at 3300-3400 cm' in case of A-HMS, might be due to the hiding
of this band by the physisorption of water molecules.

1200 1150 1100 1050 1000
Wave number (1/cm)

....... A-HMS OH \\
HMS .
~
3800 3750 3700 3650 3000 2950 2900 2850 2800
Wave number (1/cm) Wave number (1/cm)

Figure 4.16 FTIR spectra of template removed HMS, M-HMS and A-HMS.

4.3.7 Point of zero charge and hydrophobic/hydrophilic surface characteristics of

the adsorbents

In this study, the point of zero charge was determined by acid/base titration
technique and the hydrophobic/hydrophilic characteristics of the adsorbents were
revealed by water contact angle as determined by tensiometer. The pHzpc and the

water contact angle of the adsorbents are summarized in Table 4.1. The pHzpc of the
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adsorbents were found to range from 4.5 to 9.5. And from the water contact angle data
obtained in this study, it can be concluded that M-HMS was the most hydrophobic,
and A-HMS the most hydrophilic adsorbents.

4.4 Conclusions

The powder X-ray diffraction (XRD) pattern of the synthesized materials showed
the pattern of porous materials with well ordered hexagonal frame work. The template
removed materials had the structure more well ordered than the as-synthesized
materials indicating that the materials had a more well ordered structure after removal
of surfactant templates. The SEM micrograph showed that HMS and M-HMS had
similar morphology. Both had uniform aggregates of small distinct particles (diameter
0.1 to 0.2 micron). But A-HMS had different morphology. It had particles which
looked like sponge balls. These sponge balls consisted of aggregates of small
particles. The small particles of A-HMS were a little bit smaller than those of HMS
and M-HMS. The morphology of SBA-15 and MCM-41 was found to be very
different from those of HMS and HMS derivatives. SBA-15 had larger particles
which looked like bundles of threads. These particles consisted of many ropelike
domains of relatively uniform size which aggregated into wheat-like macostructures.
MCM-41 had mostly irregularly shaped particles. The BET analysis showed that the
synthesized materials had different pore sizes. The pore diameter size was broadly
ordered (largest to smallest) as: SBA-15 >> MCM-41 = HMS > M-HMS > A-HMS >
PAC. The BET surface area ranged from 712 m*/g (HMS) up to 980 m?*/g (PAC)
except for the much smaller surface area for A-HMS (262 m?/g). The surface area
was not congruent with the pore size but ordered (largest to smallest) as: PAC > M-
HMS > SBA-15 > MCM-41 > HMS >> A-HMS. Elemental analyses of extracted
HMS derivatives showed that the total nitrogen content in A-HMS was 1.48 % and
the sulfur content in M-HMS was 9.84 %. The content of amino group in A-HMS was
1.06 mmol/g and the content of mercapto group in M-HMS was 3.08 mmol/g. The
results of elemental and thermogravimetric analysis and FTIR spectra confirmed the
presence of organic functional groups in the functionalized that we synthesized. The

water contact angle analysis by tensiometer showed that M-HMS was the most
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hydrophobic and A-HMS the most hydrophilc. Surface characteristics of the

adsorbents were changed after functionalization with organic functional groups.



CHAPTER V

REMOVAL OF TRACE PHARMACEUTICAL RESIDUES
BY ADSORPTION ON MESOPOROUS SILICAS

5.1 Introduction

In this chapter, we report on a study into the removal of a low concentration of
five pharmaceutical residues (DCF, CBZ, NAP, CFA and ACT) from aqueous
solution by adsorption onto amino- or mercapto- functionalized HMS (A-HMS and
M-HMS, respectively) in comparison with that obtained with pristine HMS, SBA-15,
MCM-41 and PAC. The adsorption mechanism was investigated by analyzing the
adsorption kinetics, isotherms and thermodynamics under various conditions, and
used in comparison between different adsorbates to simultaneously elucidate the
potential effects of the surface functional group, pH and temperature on the

adsorption capacity.

5.2 Methods

5.2.1 Adsorption kinetics

Adsorption assays were performed as batch experiments with the test
pharmaceutical compound diluted to a concentration of 100 pg/L. The pH of the
solution was controlled at 7 using 0.01 M phosphate buffer and the ratio of adsorbent
to pharmaceutical solution was fixed at 2 g/L. The mixture was agitated in a rotary
shaker at 25°C at 150 rpm. The adsorption kinetics were evaluated by measuring the
concentration of each pharmaceutical compound at different time intervals. The liquid
taken from the adsorption mixture was filtered through a polytetrafluoroethylene
syringe filter (Chrom Tech, US). The filtrate was concentrated by SPE using a 60 mg

C18 cartridge (Agela, Japan) and the concentration of pharmaceutical residue
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remaining was measured on an Agilent 1100 HPLC with a UV detector. Taking of the
liquid samples and their measurements continued until the concentrations of

pharmaceutical residues reached equilibrium point.

5.2.2 Adsorption isotherm evaluation

Adsorption isotherm assays were performed as for the adsorption kinetic
study above; except that the concentrations of pharmaceutical compounds were varied
from 40 to 200 pg/L and samples were only taken at the equilibrium time (determined

in the adsorption kinetic study above).

5.2.3 Effects of pH and temperature on the adsorption capacity of adsorbent

The effect of varying the pH or temperature on the adsorption capacity of each
adsorbent was evaluated in the same manner as per the adsorption isotherm study
above, except for the former the pH of the solution was adjusted to 5 or 9 using 0.01
M phosphate buffer, and for the latter a temperature of 15, 25 or 40 °C was used at pH
7.0.

5.2.4 Competitive adsorption

The competitive adsorption of each individual pharmaceutical compound over
HMS, M-HMS, A-HMS and PAC was investigated in a mixed-solute solution. The
range of initial concentrations and the adsorption conditions used in this study were
the same as those applied to the single solute experiment above.
5.3 Results and discussion

5.3.1 Adsorption Kinetics

The kinetics of Pharmaceuticals adsorption are shown in Figure 5.1 , 5.2, 5.3,

5.4 and 5.5 as the amount of adsorbate adsorbed (¢g;) over time (ng/g.min). For all six
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adsorbents, the concentration of all pharmaceuticals in the solution decreased rapidly

in the first 30 min and then gradually decreased thereafter until they reached

equilibrium within 10 h.
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Figure 5.1 Adsorption kinetics of DCF adsorbed onto the different mesoporous
silicates and PAC (pH 7, 25°C and IS 0.01M).
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Figure 5.2 Adsorption kinetics of CBZ adsorbed onto the different mesoporous
silicates and PAC (pH 7, 25°C and IS 0.01M).
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Figure 5.3 Adsorption kinetics of NAP adsorbed onto the different mesoporous
silicates and PAC (pH 7, 25°C and IS 0.01M).
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Figure 5.4 Adsorption kinetics of CFA adsorbed onto the different mesoporous

silicates and PAC (pH 7, 25°C and IS 0.01M).
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Figure 5.5 Adsorption kinetics of ACT adsorbed onto the different mesoporous
silicates and PAC (pH 7, 25°C and IS 0.01M).

5.3.2 Adsorption kinetic models

To evaluate the efficiency of adsorption process pseudo-second-order and

Ritchie-second-order kinetic models were used for interpretation of the experimental
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data. The pseudo-second order equation [Ho and Mckay, 1999] can be defined as in
Eq. (5.1):

t 1 t
- = + — 5.1
qt k2q3 de 1)

where k, is the pseudo-second order rate constant (g/pg.min), which is determined
from the plots of #/g, versus ¢. The plot of pseudo-second order kinetic model for the
adsorption of pharmaceuticals on the adsorbate are shown in appendix B.
Furthermore, the initial adsorption rate (4) and half equilibrium time (zy5) that are
obtained from this model can be expressed as in Eq. (5.2) and (5.3), respectively [Pan
etal., 2011]:

h = kyq? (5.2)

1

tos =—
05 = 1 d

(5.3)
The Ritchie-second-order equation [Ritchie, 1997] can be expressed as in Eq.

(5.4)

1 1 1
— = + = (5.4)
at krqet de

where £, is the Ritchie-second-order rate constant (1/min), and is derived from the
plots of 1/g, versus 1/t. The plot of Ritchhie-second order kinetic model for the

adsorption of pharmaceuticals on the adsorbate are shown in appendix B.

The calculated parameters for each adsorbent and kinetic model, and the
respective correlation coefficients (R?) for the data and model, are summarized for the
adsorption of DCF, CBZ, NAP, CFA and ACT in Table 5.1, 5.2, 5.3, 5.4 and 5.5
respectively. From the correlation coefficients, the adsorption of all of these

pharmaceuticals onto the silicate materials and onto PAC is most likely represented
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by pseudo-second-order kinetics. Therefore, it is assumed that chemisorption is

involved in the adsorption process [Pan et al., 2011].

In case of the adsorption of DCF, CBZ and NAP the calculated parameters
showed that among the porous silicates, the initial adsorption rate was highest in M-
HMS, whilst it was by the far the slowest in A-HMS. Overall, PAC showed the fastest
initial adsorption rate, which were ranked (in descending order) as PAC > M-HMS >
SBA-15 > MCM-41 > HMS > A-HMS. In case of the adsorption of CFA, A-HMS
showed the fastest initial adsorption rate. The initial adsorption rates of the adsorbents
for CFA were ranked as A-HMS > PAC > SBA-15 > HMS > MCM-41 > M-HMS. In
case of the adsorption of ACT, the initial adsorption rates of the adsorbents were

ranked as PAC > A-HMS > SBA-15 > MCM-41 > HMS > M-HMS.



Table 5.1 Kinetic parameters for the adsorption of DCF onto HMS, modified HMS derivatives, SBA-15, MCM-41 and PAC.

Adsorbents Gerp — Pseu:o-secmtld order Ritchie
e @hgmin) __ Gge)  Ggemin i K FOmn GO K
HMS 31.93 16.4 32.16 32.15 1.90 0.999 1.874 29.33 0.701
M-HMS 35.59 19.6 35.59 35.59 1.43 0.998 1.676 33.33 0.799
A-HMS 5.89 28.2 5.82 5.82 6.09 0.996 0.569 4.64 0.798
SBA-15 34.18 19.7 34.26 34.25 1.49 0.998 1.255 32.79 0.945
MCM-41 32.64 21.1 32.80 32.79 1.45 1.000 1.612 30.86 0.867
PAC 40.55 15.9 40.16 40.16 1.57 0.997 1.667 38.46 0.911

€9



Table 5.2 Kinetic parameters for the adsorption of CBZ onto HMS, modified HMS derivatives, SBA-15, MCM-41 and PAC.

Adsorbents Gewsp — Pseuzo-second order Ritchie
ee) @hgmin) e Ggemn m K kGmw G5 ®

HMS 27.59 27.6 27.59 27.55 0.53 1.000 1.739 27.78 0.982
M-HMS 34.79 20.7 34.98 34.97 1.38 0.999 1.338 33.67 0.947
A-HMS 5.36 66.7 541 5.41 2.77 0.998 0.933 4.778 0.763
SBA-15 30.94 30.3 30.97 30.96 1.07 0.999 1.567 30.40 0.985
MCM-41 29.93 25.8 30.03 30.03 1.29 0.999 1.209 29.33 0.984
PAC 41.87 9.10 42.20 42.19 2.60 0.998 1.236 38.17 0.848

¥9



Table 5.3 Kinetic parameters for the adsorption of NAP onto HMS, modified HMS derivatives, SBA-15, MCM-41 and PAC.

Adsorbents Gearp — Pseuzo-second order Ritchie
ee) @hgmin) e Ggemn m K kGmw G5 ®
HMS 14.61 2.92 14.56 0.62 23.52 0.996 0.169 13.37 0.873
M-HMS 37.44 1.73 3EE3 2.46 15.35 0.999 0.126 36.10 0.887
A-HMS 12.82 0.85 14.08 0.17 82.99 0.988 0.038 10.55 0.835
SBA-15 20.99 2.59 20.96 1.14 18.43 0.998 0.167 19.61 0.878
MCM-41 18.29 1.72 18.59 0.69 31.25 0.994 0.166 16.45 0.785
PAC 41.88 1.41 42.74 2.57 16.61 0.999 0.108 41.15 0.938

$9



Table 5.4 Kinetic parameters for the adsorption of CFA onto HMS, modified HMS derivatives, SBA-15, MCM-41 and PAC.

Adsorbents Gewsp — Pseuzo-second order Ritchie
ee) @hgmin) e Ggemn m K kGmw G5 ®
HMS 12.80 3.99 13.11 0.69 19.13 0.999 0.082 12.56 0.989
M-HMS 10.69 1.14 11.68 0.16 74.94 0.989 0.028 9.92 0.982
A-HMS 34.82 1.09 36.10 1.42 25.50 0.999 0.089 32.79 0.839
SBA-15 18.92 1.95 19.38 0.73 26.43 0.999 0.074 17.95 0.934
MCM-41 16.77 1.41 17.54 0.43 40.40 0.996 0.079 15.06 0.843
PAC 23.32 2.13 23.64 1.19 19.90 0.998 0.140 21.93 0.849

99



Table 5.5 Kinetic parameters for the adsorption of ACT onto HMS, modified HMS derivatives, SBA-15, MCM-41 and PAC.

Adsorbents Gewsp — Pseuzo-second order Ritchie
W) (hgmin)  qen  Ggemn mn K EOmD G ®

HMS 10.78 1.67 11.47 0.22 52.26 0.993 0.034 10.44 0.980
M-HMS 9.93 0.78 11.43 0.10 112.6 0.977 0.025 8.26 0.915
A-HMS 21.08 2.44 21.46 1.13 19.06 0.999 0.053 21.65 0.991
SBA-15 13.19 1.30 14.20 0.26 54.00 0.995 0.042 12.06 0.930
MCM-41 12.67 1.22 13.59 0.23 60.33 0.992 0.040 11.44 0.929
PAC 21.92 3.27 22.08 1.59 13.86 0.999 0.089 21.93 0.986

L9
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5.3.3 Diffusion mechanism

The kinetic data were then analyzed by the Weber and Morris intraparticle
diffusion models to determine the diffusion mechanism and to find the rate-limiting
step in the adsorption process. In a solid-liquid adsorption, the dynamic process can
be described in three steps. The first step is film diffusion, which represents the
transport of adsorbate’s molecules to the external surface of the adsorbent. The
second step is pore diffusion or intraparticle diffusion, which represents the diffusion
of the adsorbate’s molecules to an adsorption site through the liquid filled pores. The
third step is adsorption of the adsorbate’s molecules at a site on the surface (internal
or external) of the adsorbent. The activation energy for this step depends on the type
of binding process (physical or chemical). Among these 3 steps the slowest step is the
rate limiting step in the adsorption process. The adsorption process at the active site
(step3) is relatively fast when compared with the other two [Al-Mhutaseb et al., 2011;
Tong et al., 2011; Cheung et al., 2007] and is not considered to be the rate limiting
step. Only diffusion (either film diffusion or pore diffusion) is the rate limiting step in
the adsorption process. The overall rate of adsorption is controlled by either film or
intraparticle diffusion or a mixture of both [Al-Mhutaseb et al., 2011; Tong et al.,
2011; Cheung et al., 2007].

The Weber and Morris intraparticle diffusion model [Weber and Morris, 1963]

can be expressed as in Eq. (5.5):

qi =kt + C (5.5)

where k), is the intraparticle diffusion rate constant (ng/g.min'”?

) and C is a constant
relating to the thickness of the boundary layer (ng/g), which is determined from the

plot of g, versus "2,

As shown in Figure 5.6, 5.7, 5.8, 5.9 and 5.10, the intraparticle plots reveal an

asymptote pattern that can be subdivided into a multi-linearity pattern of three stages
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in the adsorption process of the mesoporous adsorbents and PAC. The first, sharper
stage is attributed to the diffusion of pharmaceuticals from the solution through the
boundary layer to the external surface of the adsorbents. The second stage represents
the intraparticle or pore diffusion stage during which the pharmaceuticals move into
the interior of the sorbent particles and adsorb onto the interior sites of the adsorbents.
Lastly, the third stage is the final equilibrium [Pan et al., 2011; Zou et al., 2011; Han
et al.,, 2011; Wan Ngah and Hanafiah, 2008; Guan et al., 2011; Ahmad and Alrozi et
al., 2011; Ip et al., 2010].

For all adsorbents, the adsorption plots of DCF, CBZ, NAP and CFA did not
pass through the origin and so the intraparticle diffusion was not the only rate-limiting
step. Rather, the external mass transfer played an important role in the adsorption
process [Al-Ghouti et al., 2009; Kumar and Guar, 2011]. But in case of the adsorption
of ACT, the adsorption plots for all adsorbents seemed to pass through the origin.
This suggested that pore diffusion was the rate-limiting step in ACT adsorption.
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5.3.4 Adsorption isotherm modeling

The adsorption isotherm data were analyzed by five mathematical isotherm
models (Langmuir, Freundlich, Dubinin-Radushkevich (D-R), Temkin and Linear
isotherm), to model the adsorption of each pharmaceutical compound onto the

mesoporous adsorbents.

The linear form of the Langmuir isotherm [Langmuir, 1916] can be described

as Eq. (5.6):

1 1 1
=10 5.6
de dm krqmCe ( )

where g, is the maximum adsorption capacity (ug/g) and k; is the Langmuir constant
(L/ng). The dimensionless separation factor R;, which is used to predict the

favorability of an adsorption system, can be described as Eq. (5.7):

1

B 1+K;.Co (5.7

where Cj is the initial concentration of pharmaceuticals (ug/L). The plot of Langmuir
isotherm model for the adsorption of pharmaceuticals on the adsorbate are shown in

Figure 5.11, 5.12, 5.13, 5.14 and 5.15.

The linear form of the Freundlich isotherm [Freundlich, 1906] can be
described as Eq. (5.8):

Ing, = Ink +~InC, (5.8)
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where kp is the Freundlich constant and n is the adsorption intensity (dimensionless).
The plot of Freundlich isotherm model for the adsorption of pharmaceuticals on the

adsorbate are shown in Figure 5.16, 5.17, 5.18, 5.19 and 5.20.

The linear form of the D-R isotherm [Dubinin and Radushkevich, 1947; Fu
et al., 2008] can be described as Eqgs. (5.9) and (5.10):

Ing, = Ingq,, — Be? (5.9)

e= RTIn(1+—) (5.10)

e

where q,, is the maximum adsorption capacity (png/g), B is a constant related to the
mean free energy of sorption per mol of adsorbent (mol*/J?), ¢ is the Polanyi potential,
R is the gas constant (8.314 J/mol.K) and 7 is the Kelvin (absolute) temperature (K).
The plot of D-R isotherm model for the adsorption of pharmaceuticals on the
adsorbate are shown in Figure 5.21, 5.22, 5.23, 5.24 and 5.25.The mean free energy,
E, of sorption per mol of adsorbent when it is transferred to the surface of the

adsorbate can be computed using the following relationship [Hobson, 1969]:

1

i (5.11)

The linear form of the Temkin isotherm [Temkin and Pyzhev, 1940] can be
described as Eq. (5.12):

o =%1nAT+};—:lnCe (5.12)

where Ar (L/g) and by (J/mol) are the Temkin constants. The plot of Temkin
isotherm model for the adsorption of pharmaceuticals on the adsorbate are shown in

Figure 5.26, 5.27, 5.28, 5.29 and 5.30.
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The Linear isotherm [Samuel and Osman, 1987] can be described as Eq.

(5.13):

de = K,Co (5.13)

where Kyis the linear constant (L/g). The plot of Linear isotherm model for the

adsorption of pharmaceuticals on the adsorbate are shown in Figure 5.31, 5.32, 5.33,

5.34 and 5.35.

The calculated parameters and the correlation coefficients (R”) for adsorption
of pharmaceuticals (i.e. DCF, CBZ, NAP, CFA and ACT) onto the different
adsorbents are shown in Table 5.6, 5.7, 5.8, 5.9 and 5.10 respectively. For the
adsorption of DCF, CBZ, NAP and CFA, the Linear isotherm model gave the highest,
and the Freundlich model the second highest R*values for all adsorbents except for A-
HMS with DCF, NAP and CFA, where the Langmuir model was slightly better
correlated than the Linear and the Freundlich models. Nevertheless, the Linear and the
Feundlich models still fitted the data on the adsorption of A-HMS well. For the
adsorption of ACT the Langmuir model gave the highest, and the Freundlich model
the second highest R* values for all adsorbents except for PAC, where the Linear
isotherm model was slightly better correlated than the Langmuir and the Freundlich
models. Nevertheless, the Langmuir and Freundlich models still fitted the data on the
adsorption of PAC well. In conclusion, the Linear and the Freundlich models fitted
the adsorption data of DCF, CBZ, NAP and CFA very well. For the adsorption of
ACT, the Langmuir model was better correlated. The Freundlich model also fitted the
ACT adsorption data well.
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Table 5.6 Isotherm parameters for sorption of DCF (pH 7, 25 °C and IS 0.01M).

Langmuir Freundlich D-R Temkin Linear
Adsorbents K I m B Ar br Kp
A0.Lug)  (ug/e) 2 " hr 2 (ugly)  (mmol)’ 2 (10°.Tug)  (J/mol) 2 (L/ng) 2

HMS 4.22 74.6  0.850 1.173 5.747 0.893 23.1 1.00  0.555 4426 129.6 0.879 0.340 0.920
M-HMS .24 5263 0.928 1.025 0.682 0.952 418 500 0803 7287 919 0.879 0.651 0.970
A-HMS 246 214 0986 1.141 0.074 0983 550 3.00 0.768 38.03 707.8 0.894 0.039 0.980
SBA-15 2.68 131.6 0.886 0.924 0.229 0.920 26.8 0.10 0.600 47.00 113.0 0.799 0.412 0.930
MCM-41 2.83 1124 0.888 0.918 0.198 0914 250 1.00 0.588 44.35 1189 0.779 0.381 0.921
PAC 6.40 109.9 0.940 0.736 0.599 0950 117.6 0.80 0.807 72.11 27.8 0918 2.879 0.955

€01



Table 5.7 Isotherm parameters for sorption of CBZ (pH 7, 25 °C and IS 0.01M).

Langmuir Freundlich D-R Temkin Linear
Adsorbents K I m B Ar br Kp
(10.Lug)  (ug/e) 2 " hr 2 (ngly)  (mmotp’ * (10°.Ipug)  (J/mol) 2 (L/ng) 2

HMS 0.65 384.6 0.856 0.835 0.113 0909 242 200 0593 3994 117.1 0.839 0357 0.958
M-HMS  2.68 217.4 0903 1.106 0.747 0939 374 090 0.798 71.80 109.0 0.897 0.481 0.974
A-HMS  2.28 16.3 0.941 1.106 0.047 0.975 4.05 3.00 0736 37.14 958.8 0.946 0.028 0.983
SBA-15 1.83 200.0 0.902 0.885 0.206 0.924 28.7 1.00 0.609 4698 1029 0.823 0.468 0.956
MCM-41 1.06 263.2 0.869 0.860 0.143 0913 254 2.00 0.600 42.18 1145 0.841 0.376 0.958
PAC 4.04 4167 0965 1.072 1.852 0976 91.0 0.70 0.792 78.60 44.0 0925 1.389 0.977

14!



Table 5.8 Isotherm parameters for sorption of NAP (pH 7, 25 °C and IS 0.01M).

Langmuir Freundlich D-R Temkin Linear
Adsorbents K n m B Ar br Kp
(10.Lug)  (ng/e) * " hr * (ugly)  mmotp’ * (10°.Tug)  (Vmol) * (L/ng) 2

HMS 7.17 36.63 0.763 1.04 022 0.841 17.34 100 0.474 42 175.73 0.763 0.221 0.985
M-HMS 1.22  666.67 0974 1.06 095 0984 4586 6.00 0.851 86 87.60 0.927 0.739 0.990
A-HMS 1.96 4255 0985 1.18 0.14 0971 867 300 0.836 45 505.83 0.968 0.054 0.948
SBA-15 13.12  39.85 0802 125 067 0.868 2291 8.00 0.500 62 158.59 0.780 0.286 0.922
MCM-41 9.59 3413 0710 1.09 030 0.824 1844 100 0.440 46 169.29 0.751 0.241 0.900
PAC 15.71 21739 0876 1.14 3.73 0909 76.72 2.00 0.725 160 52.05 0.859 2.561 0.944

S0l



Table 5.9 Isotherm parameters for sorption of CFA (pH 7, 25°C and IS 0.01M).

Langmuir Freundlich D-R Temkin Linear
Adsorbents K n m B Ar br Kp
(0.Lug)  (ng/e) * " hr * (ugly)  mmotp’ 2 (10°.Tug)  (Vmol) * (L/ng) 2

HMS 9.08 28.09 0.674 1.06 021 0.813 1557 100 0425 4122 192.03 0.746 0.202 0.921
M-HMS 3.31 4587 0.785 0.88 0.07 0.861 1434 200 0.498 33.38 186.70 0.775 0.192 0.929
A-HMS 396  263.16 0992 083 0.62 0983 5439 4.00 0.775 91.83 59.16 0.876 1.616 0.977
SBA-15 2.22 3559 0.770 122 054 0.872 20.74 9.00 0476 56.09 167.86 0.781 0.262 0.949
MCM-41 9.81 33.11 0.778 1.14 0.34 0.863 18.00 100 0.482 47.49 18273 0.768 0.222 0.937
PAC 11.14 17242 0977 1.03 030 0972 3795 100 0.832 5494 94.03 0908 0.519 0.965

901



Table 5.10 Isotherm parameters for sorption of ACT (pH 7, 25°C and IS 0.01M).

Langmuir Freundlich D-R Temkin Linear
Adsorbents K I | ., . , I B , Ar br , Kp 5
(10.Lng  (ug/e) " (ug/g)  (mmoif)’ (A0°.J/ug)  (J/mol) (L/ng)

HMS 3.04 31.75 0947 1.04 009 0940 940 200 0.643 3527 3509 0.792 0.089 0.922
M-HMS 1.33 46.08 0.958 095 0.05 0922 738 300 0.651 31.08 0.743 0.072 0.869
A-HMS 266 15385 0999 1.16 0.60 0997 2922 100 0.835 63.84 144-16 0.966 0.286 0.992
SBA-15 9.58 22.12 0916 139 041 0901 1222 100 0.610 82.54 336.0 0.764 0.099 0.888
MCM-41 5.67 24.04 0931 1.19 0.19 0924 1044 200 0.626 41.49 348.1 0.778 0.092 0.905

PAC 1.23 500.0 0964 095 054 0961 4362 8.00 0.805 69.58 83.43 0.897 0.718 0.967

LOT
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5.3.5 Adsorption mechanisms

5.3.5.1 Effect of surface functional group

The adsorption capacity of PAC, HMS and the functionalized HMS
adsorbents at pH 7 are shown in Figure 5.36. Analysis of that for HMS and the
functionalized derivatives allows the effect of different surface functional groups,
hydroxyl (silanol), mercapto and amino, on the adsorption capacity of the adsorbents
to be inferred. At this pH (7), the molecules of DCF (pK, = 4.15), NAP (pK, = 3.18)
and CFA (pK, =2.84) are negatively charged whilst those of CBZ (pK, = 13.9) and

ACT (pK, = 9.38) are neutral.
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Figure 5.36 Adsorption capacity of HMS, M-HMS, A-HMS and PAC for DCF, CBZ,

NAP, CFA and ACT (pH 7, 25 °C and IS 0.01M).
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For adsorption of all pharmaceuticals, there are three possible mechanisms for
their adsorption onto HMS and the functionalized HMS derivatives. The first
mechanism is electrostatic interaction (by Coulomb’s law) between the deprotonated
(negatively charged) DCF, NAP or CFA molecules and the surface charges of the
adsorbents and also could be dipole-ion interactions between the neutral CBZ or ACT
molecules and the surface charges of the adsorbents. The second mechanism is
hydrogen bonding, a form of dipole-dipole interaction, and the third mechanism is
hydrophobic interactions such as Van der Waals interaction, n-m electron acceptor-

donor, etc.

At pH 7, A-HMS has a net positive surface charge, but HMS and M-HMS
have a net negative surface charge, so it is expected that electrostatic interactions
should enhance the adsorption of DCF and NAP onto A-HMS, giving a higher
adsorption capacity, but decrease that onto HMS and M-HMS. In contrast, M-HMS
had a higher adsorption capacity than either HMS or A-HMS, and so other
mechanisms (hydrogen bonding and hydrophobic interaction) play a more significant
role than electrostatic interaction forces in the adsorption of DCF and NAP. One
possible explanation for this finding lies in the water affinity. Because the
concentrations of DCF and NAP used in this study were low, there could be
competition between water and DCF (or NAP) molecules for adsorption onto the
adsorbents. Compared with HMS and A-HMS, the higher adsorption capacity of M-
HMS would then be due to its higher hydrophobic property that can reduce the
competitive interference or competition of water in the adsorption of DCF (or NAP).
The adsorption capacities of pristine HMS and A-HMS for DCF (or NAP) were
suggested to be due to hydrogen bonding between carboxylic part of DCF (or NAP)
and free silanol group and/or amino functional group on HMS and A-HMS

respectively.

From this study, the adsorption capacities of the adsorbents for CBZ, showed a
similar trend as for DCF and NAP, being (highest to lowest adsorption capacity) M-
HMS > HMS > A-HMS, and so the modification of HMS with mercapto- functional
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groups increased the adsorption capacity for CBZ, presumably through enhanced
hydrogen bonding and hydrophobic interactions.

The adsorption capacities of the silica based adsorbents for CFA and ACT
showed a trend different from those for CBZ, DCF and NAP. The adsorption
capacities of the adsorbents for CFA and ACT were ranked in descending order as A-
HMS > HMS > M-HMS. The adsorption capacity of a silica based adsorbent for CFA
and ACT was increased after modification with amino functional group, but not
increased after modification with mercapto functional group. The increase in
adsorption capacity of the adsorbent after modification with amino functional group
could be explained by the enhancement of the electrostatic interaction between the
pharmaceutical residues and the adsorbents, and also possibly by enhanced hydrogen

bonding.

Compared with PAC, A-HMS had a better adsorption for CFA, but for other
pharmaceuticals PAC had a better adsorption than HMS and functionalized HMS,
perhaps due to the complexity of the surface functional groups of PAC inducing

various interactions, such as electrostatic, Van der Waals forces and covalent bonding.

5.3.5.2 Effect of the adsorbent’s surface area

Comparative analysis of the adsorbent capacity of HMS, SBA-15 and MCM-
41 allows the effect of the adsorbent surface area on the adsorption of
pharmaceuticals to be inferred. All adsorbents have hexagonal structure and the same
functional group (i.e. silanol group) but they have different average pore sizes and
different BET surface areas. The average pore sizes of HMS, SBA-15 and MCM-41
are 32.8, 80.6 and 33.5 A respectively. The molecular sizes of CBZ and DCF were
calculated by ACD/ChemSketch12 Freeware. The calculations showed that DCF has
the molecular size of 9.7x9.6 A. CBZ has the molecular size of 8.6x9.8 A. NAP has
the molecular size of 11.87x4.48 A. CFA has the molecular size of 9.04x3.35 A. And
ACT has the molecular size of 8.27x2.97 A. The accessibility of the adsorbates is

therefore not affected by the pore size of the adsorbents because the average pore
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sizes of all adsorbents are bigger than the molecular size of both pharmaceuticals. The
BET surface areas of SBA-15, MCM-41 and HMS are 890, 755 and 712 mz/g
respectively (Table 4.1). SBA-15 had the highest and HMS had the lowest adsorption
capacity for all pharmaceuticals, respectively (Figure 5.37). The difference in
adsorption capacity of adsorbents might be caused by the difference of their specific
surface areas. SBA-15 has more surface area than MCM-41 and HMS. When the
adsorption capacities of all mesoporous silicate adsorbents were considered as per
BET surface area (Fig. 5.38), it was found that their adsorption capacities were not
different. From this finding it can be concluded that the adsorption capacities of the

adsorbents vary directly with their surface areas.
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Figure 5.37 Adsorption capacity of HMS, SBA-15 and MCM 41 for DCF, CBZ,
NAP, ACT and CFA (pH 7, 25°C and IS 0.01M).
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Figure 5.38 Adsorption capacity per surface area of HMS, SBA-15 and MCM 41 for
DCF, CBZ, NAP, ACT and CFA (pH 7, 25°C and IS 0.01M).

5.3.5.3 Effect of pH

The adsorption of pharmaceuticals onto PAC, HMS and the functionalized

HMS derivatives were performed at pH 5, 7 and 9 to study the effect of pH on their

adsorption capacity. The adsorption capacity of the mesoporous silicates, but not

PAC, was dependent on the pH, being highest at pH 5 (Figure 5.39, 5.40, 5.41, 5.42
and 5.43). At pH 5 the surface of HMS and M-HMS had a net positive charge, while

DCF, NAP and CFA had a net negative charge, resulting in better adsorption capacity

due to the enhanced electrostatic interactions and hydrogen bonds. When the pH was
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higher than the pH at the point of zero charge, the surface of the adsorbents are
negatively charged causing an electrostatic repulsion between the adsorbents and
adsorbates. In the case of A-HMS, at pH 5 the surface charge is already negative, but
it still has a net higher negative charge density than at higher pH values because the

pHpzc 1s equal to 9.5, which may explain why at pH 9 the adsorption capacity was the

lowest.
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Figure 5.39 Adsorption capacity of HMS, M-HMS, A-HMS and PAC for DCF at pH

5,7 and 9 (25°C and IS 0.01M).
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Figure 5.40 Adsorption capacity of HMS, M-HMS, A-HMS and PAC for CBZ at pH
5,7 and 9 (25°C and IS 0.01M).
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Figure 5.41 Adsorption capacity of HMS, M-HMS, A-HMS and PAC for NAP at pH
5,7 and 9 (25°C and IS 0.01M).
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Figure 5.42 Adsorption capacity of HMS, M-HMS, A-HMS and PAC for CFA at pH
5,7 and 9 (25°C and IS 0.01M).
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Figure 5.43 Adsorption capacity of HMS, M-HMS, A-HMS and PAC for ACT at pH
5,7 and 9 (25°C and IS 0.01M).



116

For CBZ and ACT, which have a net neutral charge over the tested pH range,
the adsorption capacities of M-HMS, A-HMS and HMS were found to be highest at
pH 5 and lowest at pH 9. This is consistent with the report that a pH lower than
pHpzc, when the silica surface has a net positive charge, is favorable for hydrogen
bonding, whereas at a pH higher than pHpzc, the silica surface is negatively charged
and less favorable for hydrogen bonding, and so a decreased adsorption capacity is
seen [Bui and Choi, 2009]. In conclusion, the adsorption of pharmaceuticals by HMS
and the functionalized HMS derivatives varies with the pH. Electrostatic interactions
and hydrogen bonding are the main mechanisms that account for the adsorption

changes at different pH values.

In the case of PAC, there is no consistent relationship between its adsorption
capacity for pharmaceuticals with respect to pH changes, presumably due to the
various types of surface functional groups and variable amounts of each functional
group on the PAC surface. This variation in the surface functional groups will
consequently cause variations in the electrostatic interactions and other forces

involved in the adsorption process.

5.3.5.4 Effect of temperature and thermodynamic parameters

To study the effect of temperature, we did the experiment only with the most
effective adsorbent. M-HMS was used to study the effect of temperature on the
adsorption of DCF, CBZ and NAP. A-HMS was used in the study of CFA and ACT
adsorption. The adsorption of phamaceuticals onto the adsorbents were assayed at 15,
25 and 40 °C to study the effect of temperature and to evaluate the Gibbs free energy
of the adsorption (AG”), heat of the adsorption (AH’), and standard entropy changes
(AS°®). The thermodynamic equations [Pan et al., 2011] used for the calculation are
presented in Egs. (5.14) and (5.15):
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R AS®  AH®
In (Z—) == -2 (5.14)
AG® = AH® — TAS® (5.15)

where R is the gas constant (8.314 J/mol.K) and 7 is the absolute temperature (K).
AH’ and AS° were determined from the slope and intercept of the plots between
In(q./C.) versus 1/T. AG® was calculated from equation(14).The values of AG’, AH’
and AS° are summarized in Table 5.11. For the adsorption of all pharmaceuticals onto
the adsorbents, the magnitude of the Gibbs free energies of the adsorption (AG®)
increased when temperature was increased suggesting that the adsorption is more
favorable at high temperature. The negative value of the energies indicated that the
adsorption process was spontaneous in nature. The positive value of adsorption heats
(AH’) suggested that the adsorption process was endothermic. The positive value of
standard entropy changes (AS°) suggested that the randomness at the solid-solution

interface increased during the adsorption process.

Table 5.11 Thermodynamic parameters for sorption of DCF, CBZ, and NAP onto M-
HMS, and for sorption of CFA and ACT onto A-HMS at three different temperatures.

. Temperature AG® AH® AS®
Pharmaceutical Adsorbents K) (J/mole) (J/mole) (J/mole.K)

288 -99.43

DCF M-HMS 298 -307.49 5,893 20.81
313 -619.59
288 -125.51

CBZ M-HMS 298 -3519.5 6,396 22.64
313 -6916.2
288 -299.99

NAP M-HMS 298 -512.53 5,821 21.25
313 -831.35
288 -30.01

CFA A-HMS 298 -344.21 9,019 31.42
313 -815.52
288 -81.79

ACT A-HMS 298 -424.55 9,789 34.28
313 -938.69
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5.3.5.5 Competitive adsorption

The adsorption capacities of M-HMS, A-HMS, HMS and PAC for each
pharmaceutical compound in single solute and mixed solute solution are shown in

Figure 5.44, 5.45, 5.46 and 5.47 respectively.
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Figure 5.44 Adsorption capacity of M-HMS in single solute and mixed solute
solutions (pH 7, 25 °C and IS 0.01M).
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Figure 5.45 Adsorption capacity of A-HMS in single solute and mixed solute
solutions (pH 7, 25°C and IS 0.01M).
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Figure 5.46 Adsorption capacity of HMS in single solute and mixed solute solutions
(pH 7,25°C and IS 0.01M).
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Figure 5.47 Adsorption capacity of PAC in single solute and mixed solute solutions
(pH 7,25°C and IS 0.01M).

From this study, the adsorption capacities of M-HMS for each pharmaceutical
in single solute and in mixed solute solutions showed different trends, being (highest
to lowest adsorption capacity) NAP > DCF > CBZ > CFA > ACT in single solute
solution, and DCF > CBZ > NAP > CFA > ACT in mixed solute solution.
Considering the adsorption of M-HMS for DCF, CBZ and NAP in which the same
mechanism ( i. e. hydrogen bonding and hydrophobic interaction ) played role in the
adsorption process , the adsorption capacities in mixed solute solution were ranked
(highest to lowest) as DCF > CBZ > NAP. This could be explained by competition
between DCF, CBZ and NAP to adsorb to the adsorbent, where the adsorption

capacities might be related to the molecular size of the adsorbates. The molecular
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sizes of the adsorbates (biggest to smallest) are ranked as NAP > CBZ > DCF.
Because DCF has a smaller molecular size than CBZ and NAP, it has a faster
movement velocity to get access to the inner surface functional group of the adsorbent
and win over the other two pharmaceutical compounds in the adsorption competition.
Similarly, because CBZ has a smaller molecular size than NAP, it moves faster and
win over NAP in the adsorption competition. The adsorption competition is therefore
a good explanation for a higher adsorption capacity of M-HMS for DCF than for CBZ
and NAP, and a higher adsorption for CBZ than for NAP in the mixed solute solution.
From this study, M-HMS was found to have a slightly lower adsorption capacity for
NAP in the mixed solute solution than in the single solute solution, whereas the
adsorption capacity of M-HMS for DCF and for CBZ in mixed solute solution was
slightly higher than in the single solute solution.

From this study, the adsorption capacities of A-HMS for each pharmaceutical
in single solute and in mixed solute solution showed a similar trend, being (from
highest to lowest) CFA > ACT > NAP > DCF > CBZ. The adsorption capacity of A-
HMS for CFA and for ACT in the mixed solute solution was slightly lower than in the
single solute solution. But the adsorption capacity of A-HMS for NAP, for DCF and
for CBZ in the mixed solute solution was slightly higher than in the single solute
solution. For the adsorption of pharmaceuticals which have negatively charged
molecules, (CFA, NAP and DCF), it was found that the adsorption capacities might
correlate with the pK, value of the adsorbates. The pK, values of CFA, NAP and DCF
are 2.87, 4.15 and 4.20 respectively. It was found that the adsorbate which had lower
pK., value had a higher adsorption capacity than the adsorbate which had higher pK,
value. So it could be concluded that the selective adsorption of A-HMS for acidic
pharmaceuticals, which have negatively charged molecules, depends on their pK,

values.

From this study, the ranking of adsorption capacities of HMS (from highest to
lowest) was found to be DCF > CBZ > NAP> CFA > ACT in the single solute
solution, and to be DCF > CBZ> CFA > NAP > ACT in the mixed solute solution.
Considering the adsorption of M-HMS for DCF, CBZ and NAP in which the same
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mechanism ( 1. e. hydrogen bonding and hydrophobic interaction ) played role in the
adsorption process, the adsorption capacities in mixed solute solution were ranked
(highest to lowest) as DCF > CBZ > NAP. The adsorption capacity of HMS for DCF
and for CBZ in mixed solute solution was found to be slightly higher than in the
single solute solution, whereas the adsorption capacity for NAP in mixed solute
solution was slightly lower than in the single solute solution. These findings were
similar to those found in the adsorption of M-HMS. These results could be explained
by competition between DCF, CBZ and NAP to adsorb to the adsorbent, where the

adsorption capacities might be related to the molecular size of the adsorbates.

The adsorption capacities of PAC for each pharmaceutical in single solute
solution and in mixed solute solution showed a similar trend, being NAP > DCF >
CBZ > ACT > CFA. The adsorption capacities of PAC or all pharmaceuticals were
found to be lower in mixed solute solution than in single solute solution. We could not
correlate the adsorption capacities of PAC for each pharmaceutical with anything
such as the molecular sizes of the pharmaceuticals or the the pK, values of the acidic

pharmaceuticals that can explain the selective adsorption of PAC.

5.4 Conclusion

Fom the adsorption kinetics study, it was found that the adsorption of all
pharmaceuticals onto all adsorbents decreased rapidly in the first 30 min and reach
equilibrium within 10 h. The adsorption of all pharmaceuticals followed the pseudo-
second order kinetic model. The initial adsorption rate for DCF, CBZ and NAP was
highest in M-HMS. But for CFA and ACT, A-HMS had the highest initial adsorption
rate. Intraparticle diffusion was not the only rate-limiting step in the adsorption
process of DCF, CBZ, NAP and CFA. Rather, the external mass transfer played an
important role in the adsorption process of these compounds. But in the adsorption
process of ACT, pore diffusion was the rate-limiting step. From the adsorption
isotherm data analysis, it was found that the adsorption data of DCF, CBZ, NAP and
CFA best fitted the Linear isotherm model. But for the adsorption data of ACT, the

Langmuir model was better correlated. Freundlich model also fitted well and was the
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second best fitted model for the adsorption data of all pharmaceutials. From the
adsorption mechanism study, the adsorption capacities, at pH 7, of the adsorbents for
CBZ, DCF and NAP was found to be ranked (highest to lowest adsorption capacity)
as M-HMS > HMS > A-HMS. The modification of HMS with mercapto functional
groups increased its adsorption capacity presumably through enhanced hydrogen
bonding and hydrophobic interactions. The adsorption capacities of the adsorbents for
CFA and ACT were ranked in descending order as A-HMS > HMS > M-HMS. The
adsorption capacity of HMS was increased after modification with amino functional
group. This could be explained by the enhancement of electrostatic interaction
between pharmaceutical residues and the adsorbents, and also possibly by enhanced
hydrogen bonding and hydrophobic interaction. Comparative analysis of the
adsorption capacity of HMS, SBA-15 and MCM-41 showed that the adsorption
capacities of the pure silicate adsorbents varied directly with their surface areas. The
adsorption study of pharmaceuticals onto the adsorbents at various pH (5, 7 and 9)
showed that the adsorption of pharmaceuticals onto HMS and functionalized HMS
derivatives varied with pH. The main mechanisms for the adsorption changes at
different pH values were electrostatic interactions and hydrogen bonding. There was
no consistent relationship between the adsorption capacity of PAC for
pharmaceuticals with respect to pH changes. This was presumably due to the presence
of various types of surface functional groups and variable amounts of each functional
group on the PAC surface. The results of the study on adsorption of the adsorbent for
pharmaceuticals in mixed solute solution suggested that in the process of adsorption
of HMS and M-HMS for DCF, CBZ and NAP in which hydrogen bonding and
hydrophobic interactions were the main mechanism of adsorption, there was a
competition between each pharmaceutical to adsorb to M-HMS and HMS. The
adsorption capacities might be related to the molecular size of the adsorbates. The
selective adsorption of A-HMS for acidic pharmaceuticals such as DCF, NAP and

CFA which have negatively charged molecules, varied with their pk, values.



CHAPTER VI

SYNTHESIS AND CHARACTERIZATION OF PERIODIC
MESOPOROUS ORGANOSILICAS

6.1 Introduction

In this chapter, we report on the synthesis of periodic mesoprous organosilica via
surfactant template method as well as the modification of the surface of PMO with
three different types of organosilane, i.e. mono-, di- and triamino-organoalkosysilanes
via direct-cocondensation method. The physicochemical properties of adsorbents
were investigated by low-angle powder x-ray diffraction, scanning electron
microscope, transmission electron microscope, nitrogen gas adsorption and desorption
isotherms, thermogravimetric analysis, differential thermal analysis, elemental
analysis, Fourier transform infrared spectroscopy and zeta potential analysis. The
synthesized and characterized materials were used as the adsorbents in removal of

pharmaceutical residues by adsorption in phase IV (chapter 7).

6.2 Method

6.2.1 Synthesis of PMO

Synthesis of virgin PMO materials was carried out as described by Burleigh et
al. (2001). First hexadecyltrimethylammonium chloride was dissolved in deionized
water under stirring in a polypropylene vessel. Then NaOH solution was added
dropwise into the beaker and stirred for 10 min. Then bis(triethoxysilyl)ethane was
added to the beaker and the mixture of structure directing agent and molecular silica
source was stirred at room temperature for 12 h. The white precipitates were
recovered by filtration, washed thoroughly with deionized water and dried at 100 °C
for 12 h. The mother gel composition was 1.0 BTSE : 0.12 CTAC : 1.0 NaOH : 230

H,0. The surfactant in the as-synthesized sample was removed by a solvent extraction
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method. 1.0 g of the as-synthesized sample was placed in 350 mL of acidified ethanol
(1 M HCI) and refluxed for 10 hr.

6.2.2 Synthesis of functionalized PMO via direct co-condensation method

Synthesis of functionalized PMO via direct co-condensation method was
carried out as described by Burleigh et al (2001). The procedure of synthesis of the
functionalized PMO was quite the same as of the virgin PMO except that the amounts
of molecular silica source in the composition were different. The mother gel
composition in this case was (1.0-x) BTSE : x R’Si(OR)4 : 0.12 CTAC : 1.0 NaOH :
230 H,0, where x is the proportion of the organosilane in the silica source which was
equal to 0.1, 0.25, and 0.40. The organosilane that was used to functionalize the
materials in this study was (3-aminopropyl)trimethoxysilane or 1N-silane, 3-[2-(2-
aminoethylamino)ethylamino]propyltrimethoxysilane) or 2N-silane and [2-(2-
aminoethylamino)propyl]trimethoxysilane or 3N-silane. The structural formulas of
organosilane which were used in this study are shown in Figure 6.1. After adjustment
of the pH of the solution with NaOH, the mixture of molecular silica source, BTSE
and functionalized organosilane, were simultaneously mixed together for 10 min in a
separate vial before adding to the mixed solution. The procedure after that was the

same as in the synthesis of virgin PMO.
6.2.3 Characterization
6.2.3.1 X-ray Diffraction
XRD patterns of synthesized adsorbents were obtained from a Bruker AXS
Model D8 Discover with CuKo radiation (40 kv, 40 mA) at 20 angle of 0.5 — 10 °.

The scan speed was 0.04 °/min.

6.2.3.2 Nitrogen gas sorption
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Nitrogen gas adsorption and desorption isotherms were obtained using
Micromeritics ASAP 2020 version 1.04H. Before analysis the samples were
dehydrated at 150 °C for 4 h under nitrogen condition and then the measurements
were performed at 77 K. The pore size distribution was obtained using Barrett Joyner
Halenda (BJH) model. The specific surface area of the materials was computed with
the BET model within a range of relative pressure, P/Py = 0.05 — 0.3. The total pore

volume was derived from the volume of nitrogen adsorbed at a relative pressure P/Py

= 0.995 single point.

MO (3-Ami Dtrimethoxysil
‘ -Aminopropyl)trimethoxysilane
MeO — si— \NmH, '
or 1N-silane
MeO
MeO 3-[2-(2-Aminoethylamino)ethylamino]-
N N .
MeO — Si NH NH, propyltrimethoxysilane) or 2N-silane
MeO

MeO
AN (% o A : ]
MeO — si—/ \_\Nu NH NH, [2-(2-Aminoethylamino)propyl]

MeO trimethoxysilane or 3N-silane
Figure 6.1 Structural formulas of amine organosilane (1N-, 2N- and 3N-silane).

6.2.3.3 Scanning electron microscope

The SEM micrographs of the materials were observed at 3,500 magnifications

through scanning electron microscope model JEOL-JSM5410LV.

6.2.3.4 Transmission electron microscope

The TEM microphotographs were carried out at 120,000 magnifications on

JEOL-JEM2100 electron operating at 200 kV.
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6.2.3.5 Thermogravimetric analysis and differential thermal analysis

TGA and DTA were performed with a Mettler-851e from ambient temperature
to 1,100 °C at a heating rate 8 °C/min under flow of nitrogen (50 mL/min).

6.2.3.6 Elemental analysis

The amount of nitrogen was measured by a LECO-CHN-2000 CHN analyzer.

6.2.3.7 Fourier transform infrared spectroscopy

The presence of organic moieties in the materials and the efficiency of
surfactant template removal method were confirmed by FTIR on a Nicolet Impact 410

FTIR spectrophotometer.

6.2.3.8 Zeta potential

Zeta potential of the adsorbents were measured by a Malvern Zetasizer
NanoZS with He-Ne laser source, A =633 nm. The ratio of adsorbent to solution was
fixed at 2 g/L. The sample was sonicated for 10 min before analysis. The pH of the
solution was controlled at 5, 7 and 9 using 0.01 M phosphate buffer.

6.3 Results and discussion

6.3.1 X-ray Diffraction

Figure 6.2 shows the XRD patterns of as-synthesized and extracted PMOs
materials. To evaluate the structural property of the adsorbent, the XRD (100)

interplanar diffraction spacing (d;¢9), was calculated from the following equation

1.5406
2sin6

dioo = (6.1)
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where O is the scanning diffraction angle (radian) corresponding to diffraction peak

(100). The d;99 spacing of all materials is shown in Table 6.1.

Table 6.1 d;y spacings of PMOs samples.

Sample As-synthesized (A) Extracted (A)

PMO 43.02 43.00
IN10PMO 43.97 42.95
IN25PMO 41.86 41.28
1N40PMO 39.77 39.97
2N10PMO 42.10 42.35
2N25PMO 41.32 42.68
2N40PMO 41.34 40.28
3N10PMO 39.83 38.57
3N25PMO 39.04 39.45
3N40PMO 39.41 38.83

In case of virgin PMO, the as-synthesized and extracted material displayed a
typical hexagonal structure, with the XRD patterns featuring one main correlation
reflection (100) at 20 = 2.055 °. Unlike the virgin PMO from the other study which
used 1, 2-bis(trimethoxysilyl)ethane as the silica source and used octadecyl
trimethylammonium chloride as the surfactant directing agent, we did not see the
other clear diffraction peaks corresponding to other reflection lines such as (002),
(101), (110), (103), (112) which could be used as an index or an evidence or a proof
of a 3D-hexagonal lattice [Inagaki et al.,1999]. The prominent peak in our virgin
PMO samples was found at the same angle as in the HMS material but its intensity
was higher. From the diffraction pattern seen in our study, we could index our virgin
PMO material as a hexagonal lattice. The intensity of the extracted PMO sample was
much higher than the as-synthesized sample. This indicated that the extracted PMO
had a more well-ordered structure after surfactant template removal. We also found
that the d,gy spacing values of the as-synthesized and those of the extracted materials
were not different. This suggested that there was no matrix contraction upon the

surfactant extraction of the virgin PMO.
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Table 6.2 Structural properties of functionalized periodic mesoporous organosilicas.

Sample BET surface area Total pore volume Pore diameter® (A)
(m*/g) (cm’/g)

PMO 1252 0.851 26.5
IN10PMO 1176 0.723 26.0
IN25SPMO 1095 0.611 23.5
1N40PMO 1086 0.601 21.5
2N10PMO 1122 0.735 25.5
2N25PMO 1086 0.682 253
2N40PMO 963 0.581 20.5
3N10PMO 1230 0.652 23.5
3N25PMO 1188 0.601 20.5
3N40PMO 1037 0.524 20.0

* Determined from BJH pore size distribution

In regard to the structural properties of PMO functionalized with amine
organosilane, it was found that the BET surface area and the pore volume of the
functionalized PMO decreased as the concentration of added amine organosilane
increased. This could be explained by the occupying of the pore framework by the
terminal organic functional groups protruding into the terminal surface of the pores
[Saad et al., 2008]. However these functionalized materials still have larger surface
area than other mesoporous materials which were functionalized with amine-
functional group such as HMS, MCM-41 or SBA-15 [Prarat et al., 2011, Saad et al.,
2008, Hamoudi et al., 2010]. The corresponding pore sizes of PMO, 1N10PMO,
IN25PMO and IN40PMO materials were 26.5 A, 26.0 A, 23.5 A and 21.5 A
respectively. It was found that further increasing of the concentration of organosilane
in the reaction mixture resulted in reduction of the pore diameter of 1NPMOs
materials. Dimos et al [Dimos et al., 2008] said that the systematic reduction of the
specific surface area and pore diameter of the materials provided evidence that the
pores were filled with organic molecules which were dispersed uniformly throughout

the pores.
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To study the change of the structural properties, the pore center distance in
hexagonal geometry or the unit cell parameter (ay) and the pore wall thickness (w)

[Burliegh et al., 2001] of the materials were calculated from the following equation

g = 1/ (dioo” +12) (6.2)

wW=ay—2%*T1 (6.3)

where 6 is the scanning diffraction angle (radian) corresponding to diffraction peak
(100) and r is pore radius (A). The calculated parameters for each material are

summarized in Table 6.3.

Table 6.3 Pore center distance (ap) and pore wall thickness (w) of functionalized

periodic mesoporous organosilicas.

Sample Pore center distance Pore wall thickness

(A) A)

PMO 44.99 18.49
IN10PMO 44.88 18.88
IN25PMO 42.92 19.42
1N40PMO 41.38 19.89
2N10PMO 44.23 18.73
2N25PMO 44.51 19.21
2N40PMO 41.56 21.06
3N10PMO 40.32 16.82
3N25PMO 40.76 20.26
3N40PMO 39.91 21.41

It was found that the pore center to pore center distance of virgin PMO and
PMOs functionalized with 1N-silane were within the range of 41.39 A to 44.99 A.
Virgin PMO have the highest a, value. The pore center to pore center distance values
and the average pore diameters of the materials seemed to decrease as the amount of

added 1N-silane was increased. The pore thickness of these materials also increased
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when the concentration of added 1N-silane was increased. The functionalized PMOs
(IN10PMO, 1N25PMO and 1N40PMO) had greater values of pore thickness than the
virgin PMO. In other words, the wall of the pores of all functionalized PMOs was
thicker than those of the virgin PMO.

The same relationship between the surface area, as well as between the pore
volume and the concentration of added silane as found in the PMOs functionalized
with 1N-silane was also found in PMOs functionalized with 2N-silane. The pore
diameters of 2N10PMO, 2N25PMO and 2N40PMO were 25.5 A, 25.3 A and 20.5 A
respectively (Table 6.2). The pore diameters of virgin 2N10PMO and 2N25PMO
were not different significantly. But the pore diameter of 2N40PMO was around 5 A
smaller than the other materials. The pore center to pore center distance of 2NPMOs
was shorter than that of the virgin PMO. The pore center to pore center distance value
of INPMOs seemed to be not different from that of 2NPMOs with the same
concentration of added amine organosilane. The 2NPMOs had greater values of pore
thickness than the virgin PMO, and also the values of their pore thickness seemed to
be greater than those of INPMOs with the same concentration of added silane. The
functional groups, when added to the materials, made the wall of the pore to become
thicker. The pore wall thickness of the INPMOs and 2NPMOs varied with the
concentration of added amine organosilane. This was consistent with the result of
XRD pattern study that showed the decrease in the peak intensity as the concentration
of added organosilane was increased. (The peak intensity of INPMO compared with
that of virgin PMO were: PMO > IN10PMO > IN25PMO > IN40PMO). The same
trend of peak intensity was also found in the XRD patterns of 2NPMO and 3NPMO).
There was no relationship between the thickness of the wall of the pores and the types

of the added functional groups.

The same relationship between the surface area, as well as between the pore
volume and the concentration of added silane as found in PMOs funcionalized with
IN-silane or 2N-silane was also found in PMO functionalized with 3N-silane. Among
all PMOs functionalized with organosilane, 3NPMO had the smallest pore diameter.

At any concentration of added organisilane, 3NPMO had smaller pore diameter than
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other ethanesilicas. The pore diameter of 3N10PMO, 3N25PMO and 3N40PMO were
23.5 A, 20.5 A and 20.0 A respectively. The pore center to pore center distances of all
3NPMOs, namely 3N10PMO, 3N25PMO and 3N40PMO, were almost equal (40.3 +
0.4 A). The pore center to pore center distance of 3NPMOs was shortest when
compared with INPMOs and 2NPMOs. The pore wall thickness of 3NPMOs was not
significantly different from the pore wall thickness of INPMOs and 2NPMOs. The
relationship between the pore wall thickness and the concentration of loaded
organosilane was found to be similar in all cases of PMO functionalization. The

increase of wall thickness varied directly with the increase of silane concentration.

6.3.3 Scanning electron microscope

The SEM images of PMO and PMO derivatives are shown in Figure 6.14 -
6.17. The morphologies of PMO and functionalized PMOs consisted mostly of
irregularly shaped particles with smooth surface. The particle size of PMO was
around 1 to 10 pm. Both virgin PMO and functionalized PMOs consisted of particles
with many different sizes and many different shapes. They both consisted of small
and large particles mixed together. The striking difference between virgin PMO and
functionalized PMOs was that the proportion of large to small particles in
functionalized PMO was greater than the proportion in virgin PMO. The particles of
functionalized PMOs seemed to be larger than those of virgin PMO. Another
difference between virgin PMO and functionalized PMOs was the presence of
spherical particles of various sizes, among the irregularly shaped particles, only in
functionalized PMOs. The spherical particles were not seen in virgin PMO. The
proportion of spherical to non-spherical particles increased with an increase in the
concentration of added organosilane. Functionalized PMOs with different functional
groups seemed to have no difference in the proportion of spherical to non-spherical
particles. There was an explanation for the formation of spheres in functionalized
PMO in Zhu’s paper [Zhu et al., 2007]. With hydrophilic pendant groups, the
organotrialkoxysilane can interact with each other through the hydrogen bond. The
condensation of hydrolyzed ethane silica species around the surfactant micelles may
be slowed down because of the steric hindrance of the existence of hydrogen bonds

between the organosilanes. The slow condensation rate of silane species is helpful for
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the formation of sphere, therefore, the spheres with smooth surfaces can be formed in

the presence of organotrialkoxysilane.
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Figure 6.15 SEM micrographs of extracted INPMOs
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Figure 6.17 SEM micrographs of extracted 3NPMOs
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6.3.4 Transmission electron microscope

TEM microphotographs of PMO, 1N25PMO, 2N25PMO and 3N25PMO are
shown in Figure 6.18. The well ordered meso-structure of PMO and PMO derivatives
was confirmed by TEM images. This was consistent with the results of nitrogen gas

adsorption-desorption isotherms and x-ray diffraction patterns studies.
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Figure 6.18 TEM microphotographs of PMO, IN25PMO, 2N25PMO and 3N25PMO.
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6.4.5 Thermogravimetric analysis and Differential thermal analysis

TGA of PMO and PMO functionalized with organosilane was performed from
room temperature to 1,100 °C. TGA of these organosilica was carried out on the as-

synthesized and extracted materials.

The TG curves of as-synthesized and extracted PMOs are shown in Figure
6.19. The as-synthesized and extracted samples exhibited the total weight loss of
37.11% and 19.78 % respectively. The as-synthesized samples exhibited a greater
weight loss than the extracted samples probably because they contained larger amount
of surfactant templates. The DTA curve of the extracted PMO exhibited the first
major endothermic peak at temperature around 52 °C. This peak was conformed to the
weight loss of 1.07 % at temperature below 80 °C which was attributed to desorption
of ethanol and water. At the temperature range from 100 to 500 °C, there were some
small peaks but no major loss was shown in this range of temperature. This suggested
that the surfactant template was completely removed from the porous material. The
second major endothermic peak of the sample was found at the temperature around
590 °C. This inflection point corresponded to the decomposition of the ethylene group
of the mesoporous organo-silica material [Zhang et al., 2005]. Burleigh et al (2001)
said that it was hard to identify the peak which represented the decomposition of
amine groups because the functional groups decomposed at the same temperature as
the surfactant. Surprisingly the functionalized sample exhibited a significant weight
gain at temperatures around 700 °C. At that high temperature, the DTA curve
exhibited an exothermic peak. This interesting finding of weight gain could be
attributed to nitridation phenomenon which was related to the forming of silicon

oxynitride at the frame work of the organo porous material [Zhang et al., 2005]

The TG and DTA curves of the as-synthesized and extracted samples of
IN25PMO, 2N25PMO and 3N25PMO are shown in Figure 6.20, 6.21 and 6.22
respectively. The TG and DTA curves of extracted 2N25PMO and 3N25PMO
samples had the shapes similar to those of the extracted IN25PMO. The total weight

losses of these materials were about the same ranging from 21.30 to 25.52 %. The
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nitridation phenomenon was also found in these functionalized PMOs at the same

temperature (around 700 °C) as found in the extracted PMO. The magnitudes and

numbers of DTA peaks in these functionalized PMOs at the temperature range under

700 °C were only slightly different.
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Figure 6.20 TG/DTA curves of as-synthesized and extracted 1IN25PMO.
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Figure 6.22 TG/DTA curves of as-synthesized and extracted 3N25PMO.

6.3.6 Elemental analysis

In this study, elemental analyses of extracted PMOs functionalized with IN-,
2N- and 3N- silane, were used for quantitative determinations of organic functional
groups in these materials. The total nitrogen content in extracted PMOs is shown in
Table 6.4. The total nitrogen contents of PMOs functionalized with 1N-silane were
found to range from 0.36 % to 1.09 %. 1N40PMO had the highest total nitrogen
content. In regard to the structural properties of PMO functionalized with n-silane, it
was found that the total nitrogen content of the functionalized PMO increased as the

concentration of added N-silane was increased.

The same relationship between the total nitrogen content and the concentration
of added silane as found in PMOs funcionalized with 1N-silane was also found in
PMO functionalized with 2N- and 3N-silane. The total nitrogen content of
2N10PMO, 2N25PMO and 2N40PMO were 0.57 %, 1.08 % and 1.42 % respectively.
The total nitrogen content of 3N10PMO, 3N25PMO and 3N40PMO were 0.60 %,
1.31 % and 1.78 % respectively. Among all of the functionalized PMOs, 3NPMO had
the highest total nitrogen content. At any same concentration of added organisilane,

3NPMO had higher total nitrogen content than 2NPMO and INPMO.
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Table 6.4 Total nitrogen content of PMOs functionalized with 1N-, 2N- and 3N

silane.
Nitrogen content
Adsorbents
% mmol/g

IN10PMO 0.36 0.257
IN25PMO 0.76 0.545
1N40PMO 1.09 0.779
2N10PMO 0.57 0414
2N25PMO 1.08 0.770
2N40PMO 1.42 1.013
3N10PMO 0.58 0.410
3N25PMO 1.31 0.934
3N40PMO 1.78 1.274

6.3.7 Fourier Transform Infrared Spectroscopy

FTIR spectrum of the as-synthesized and extracted PMO is displayed in
Figure 6.23. For as-synthesized material, the intensities of the bands assigned to the
CTAC surfactant was found at 2857 cm™ and 2937 cm™ [Zhu et al., 2006]. This
spectrum also showed three weak bands at ca. 1465, 1480, and 1490 cm™. The
adsorption band at 1465 cm™ was attributed to the methylene symmetric bending
mode of the hexadecyltrimethylammonium ion. The bands at 1480 cm™ and 1490 cm’
! belonged to the bending of the asymmetric head group of methyl (CH3-N") [Diaz et
al., 2000]. The presence of these 5 peaks in the IR spectrum could be used to identify
the surfactant template which was present in the organo-sample before solvent
extraction. These bands in the FTIR-spectrum of the extracted PMO samples greatly
decreased in their intensities or almost disappeared. This suggested that most of the
surfactant templates were removed by the solvent extraction method. Similar findings
were found in the FTIR spectrum of the as-synthesized and extracted samples of
INPMOs, 2NPMOs and 3NPMOs (Figure 6.24 to 6.32). The 5 peaks in the FTIR
spectrum that could be used for identification of surfactant templates were present in

the as-synthesized samples but not present in the extracted samples, indicating that the
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surfactant templates were completely or almost completely removed by solvent

extraction.
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Figure 6.23 FTIR spectra of as-synthesized and extracted PMO
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Figure 6.24 FTIR spectra of as-synthesized and extracted IN10OPMO
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Figure 6.25 FTIR spectra of as-synthesized and extracted IN25PMO
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Figure 6.32 FTIR spectra of as-synthesized and extracted 3N40PMO

The band at 1415 cm™ could be assigned to vibration of C-H of the bridging
ethylene group [Zhang et al., 2005]. The band at 789 cm™ was ascribed to the C-H
stretching. The adsorption band at 697 cm™ and 1278 cm™ were assigned to the
vibration of Si-C bonding [Wahab et al., 2004]. The bands from 1100 cm™ - 1000 cm’
! were ascribed to the vibration of Si-O-Si stretching [Parambadath et al., 2011]. The
presence of Si-O-Si stretching indicated the hydrolysis and condensation of BTSE.
The vibration of Si-O-Si stretching was also found in the spectrum of HMS but the
band was present at higher wave number (1088 cm™). This might be caused by the
difference in silica source precursors in the synthesis processes of virgin PMO and

HMS.

Figure 6.33, 6.34 and 6.35 show the comparative spectra of extracted INPMO,
2NPMO and 3MPMO at different concentrations of added organosilane. The
stretching of the N-H at 3300 - 3400 cm™ was not identified in any functionalized
PMOs. This might be caused by the physisorption of water molecules which were
present at the band around 3440 cm™. Figure 6.33 show the desorption bands at 789
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cm’l, 1415 cm™ and 2930 cm™ which were attributed to the vibration of C-H bond
were found in the spectra of the extracted virgin and functionalized PMOs at all 3
concentrations of added organosilane. The adsorption band at 697 cm™ and 1278 cm™
which were assigned to the vibration of Si-C bonding and the adsorption bands from
1000 cm™ - 1100 cm™ which were ascribed to the vibration of Si-O-Si stretching were
shown in figure 7.33, 7.34, and 7.35 respectively. Margolese et al (2000) reported that
the vibration at 2900 cm™ corresponding to C-H stretch vibrations increased as the
concentration of functional groups in the initial mixture was increased. But in our
study, we did not see this type of relationship between the pattern of IR spectrum and
the concentration of the added organic functional groups. These different findings
could be explained by the difference in the types of silica precursors used in the
synthesis processes. In Margolese’s study, pure silica was used as the source of silica.
The carbon which was detected by IR spectrum came from organic functional groups
only. But in our study, BTSE was used as the silica source. The carbon detectable by
IR spectrum could come from two sources: from the remaining organic bridging
group in the silica source and from the organic functional groups. The relationship
between the pattern of IR spectrum and the concentration of the added organic
functional groups was therefore obvious in Margolese’s study, but not so obvious in
our study. The FTIR data could be used to confirm the presence of organic moieties in
the materials and also to confirm the efficiency of surfactant template removal by

solvent extraction.
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Figure 6.33 Comparative spectra of extracted INI0OPMO, 1N25PMO and 1N40PMO.
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Figure 6.34 Comparative spectra of extracted 2N10PMO, 2N25PMO and 2N40PMO.
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Figure 6.35 Comparative spectra of extracted 3N10PMO, 3N25PMO and 3N40PMO.

6.3.8 Zeta potential

In this study, the zeta potential of PMO and PMO derivatives were measured
at pH 5, 7 and 9. The zeta potentials of all adsorbents are shown in table 6.5. The zeta
potentials of these adsorbents at pH 5 ranged from -4.36 mV (PMO) up to +14.97 mV
(2N40PMO) , at pH 7 from -8.46 mV (PMO) to 5.32 mV (2N40PMO) and at pH 9
from -19.30 (3N10PMO) to -7.99 mV (IN40PMO) .



156

Table 6.5 Zeta potentials of PMO and PMO derivatives at pH 5, 7 and 9.

Zeta potential (mv) at pH
Adsorbents
5 7 9

PMO -4.36 -8.46 -10.29
IN10PMO -1.59 -6.76 -18.43
IN25PMO 8.71 -4.89 -16.50
IN40PMO 10.01 3.12 -7.99
2N10PMO 7.77 -3.43 -10.29
2N25PMO 9.61 0.59 -8.41
2N40PMO 14.97 4.58 -5.86
3N10PMO 9.95 -1.11 -19.30
3N25PMO 11.28 1.96 -15.75
3N40PMO 14.70 532 -8.03

6.4 Conclusions

The laboratory studies to determine the physico-chemical properties of the
PMO materials that we synthesized showed the following results. The XRD
diffraction pattern showed evidence of a hexagonal lattice in the virgin PMO material
that we synthesized. The addition of aminosilane had very little effect on the d;g
spacing values of PMOs materials indicating stable mesophase formation in basic
aqueous media. The N, adsorption-desorption isotherm showed that these materials
had very large specific surface areas and pore volume. Their specific surface areas
ranged from 963.5 m*/g to 1252 m?/g and their pore volumes ranged from 0.524
cm’/g to 0.85 cm’/g. The BET surface area and the pore volume of the functionalized
PMO slightly decreased as the concentration of added n-silane increased. However
these functionalized materials still have larger surface area than other materials which
were functionalized with mono-amine such as HMS, MCM-41 or SBA-15. The pore
sizes of these materials were in the mesoscale. Increasing of the concentration of
organosilane in the reaction mixture resulted in reduction of the pore diameter of the
materials. The SEM showed that the morphologies of PMO and functionalized PMO

consisted mostly of irregularly shaped particles with smooth surface. The particle size



157

of PMOs was around 1 to 10 micron. The TEM images confirmed that the synthesized
PMO and PMO derivatives had well ordered meso-structure. Thermogravimetric
analysis and FTIR spectrum indicated that most of the surfactant templates were
removed by the solvent extraction method. Elemental analysis showed that the total
nitrogen contents of PMOs functionalized with N-silane ranged from 0.36 % to 1.78

% respectively.



CHAPTER VII

REMOVAL OF CLOFIBRIC ACID BY ADSORPTION ON
PERIODIC MESOPOROUS ORGANOSILICAS

7.1 Introduction

In this chapter, we report on a study into the removal of a low concentration of
pharmaceutical residue (Clofibric acid) from aqueous solution by adsorption onto
virgin PMO and PMO which were functionalized with three type of amino-functional
groups (1N-amine , 2N-amine and 3N-amine functional groups) (INPMOs, 2NPMO
and 3NPMOS, respectively). The adsorption mechanism was investigated by
analyzing the adsorption kinetics and isotherms under various conditions, and used in
comparison between different adsorbates to simultaneously elucidate the potential
effects of the surface functional group, adsorbent surface area, surface functional

groups density, nitrogen contents and pH on the adsorption capacity.

7.2 Method

7.2.1 Adsorption Kinetics

Adsorption assays were performed as batch experiments with the test
pharmaceutical compound diluted to a concentration of 100 pg/L. The pH of the
solution was controlled at 7 using 0.01 M phosphate buffer and the ratio of adsorbent
to pharmaceutical solution was fixed at 2 g/L. The mixture was agitated in a rotary
shaker at 25°C at 150 rpm. The adsorption kinetics were evaluated by measuring the
CFA concentration at different time intervals. The liquid taken from the adsorption
mixture was filtered through a polytetrafluoroethylene syringe filter (Chrom Tech,
US). The filtrate was concentrated by SPE using a 60 mg C18 cartridge (Agela,

Japan) and the concentration of pharmaceutical residue remaining was measured on
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an Agilent 1100 HPLC with a UV detector. Taking of the liquid samples and their
measurements continued until the concentrations of pharmaceutical residues reached

equilibrium point.

7.2.2 Adsorption isotherm evaluation

Adsorption isotherm assays were performed as for the adsorption kinetic
study above; except that the concentrations of pharmaceutical compounds were varied
from 40 to 200 pg/L and samples were only taken at the equilibrium time (determined

in the adsorption kinetic study above).

7.2.3 Effects of pH on the adsorption capacity of adsorbent

The effect of varying the pH on the adsorption capacity of each adsorbent
was evaluated in the same manner as per the adsorption kinetic study above, except
for the former the pH of the solution was adjusted to 5 or 9 using 0.01 M phosphate
buffer, and for the latter the pH of the solution was controlled at 7.

7.3 Results and discussion
7.3.1 Adsorption kinetic

The kinetics of CFA adsorption are shown in Figure 7.1 as the amount of
adsorbate adsorbed (g,) over time (pug/g.min). For all adsorbents, the concentration of

CFA in the solution decreased rapidly in the first 30 min and then gradually decreased

thereafter until they reached equilibrium within 4 h.
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Figure 7.1 Adsorption kinetics of CFA adsorbed onto different kinds of mesoporous
silicates (pH 7, 25 °C and IS 0.01M).
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7.3.2 Adsorption Kinetic models

To evaluate the efficiency of adsorption process pseudo-second-order and
Ritchie-second-order kinetic models were used for interpretation of the experimental

data.

The calculated parameters for each adsorbent and kinetic model, and the
respective correlation coefficients (R?) for the data and model, are summarized in
Table 7.1. From the correlation coefficients, the adsorption of CFA onto the silicate
materials is most likely represented by pseudo-second-order kinetics. Therefore, it is

assumed that chemisorption is involved in the adsorption process [Pan et al., 2011].

The initial adsorption rates (k) of virgin PMO and PMOs functionalized with
IN-silane were found to range from 2.18 pg/g.min to 8.14 pg/g.min. Virgin PMO has
the lowest / value. The 4 values of the adsorbents seemed to increase as the amount
of added n-silane was increased. The half equilibrium time (7)5) of these adsorbents
seemed to decrease when the concentration of added n-silane was increased. The
functionalized PMOs (IN10PMO, IN25PMO and 1N40PMO) had lower ¢, 5 than the
virgin PMO. The same pattern of relationship between the initial adsorption rate and
the concentration of added silane was also found in PMOs functionalized with 2N-
silane and 3N-silane. The initial adsorption rates and half equilibrium time of the
adsorbents had no relationship with the types of the added functional groups. The
results of this study suggested that the surface functional groups of the adsorbent had
an effect on the adsorption process. The surface modification with 1N-amine, 2N-
amine and 3N-amine functional groups improved the adsorption ability of the silica

based porous materials.



Table 7.1 Kinetic parameters for the adsorption of CFA onto PMO and the functionalized PMO derivatives (pH 7, 25 °C and IS 0.01M).

dsorbents Geoxo — Pseuzo-second order Ritchie
(he/e) @hemin)  Gue  Geemin @ K GOmD S ®

PMO 23.17 3.94 23.53 2.18 10.79 0.999 0.552 22.72 0.954
IN10PMO 27.16 8.18 27.32 6.11 4.47 0.997 0.397 27.32 0.993
IN25PMO 31.30 6.72 31.45 6.64 4.74 0.998 0.158 31.95 0.947
IN40PMO 38.80 5.50 38.91 8.33 4.67 0.996 0.166 40.00 0.980
2N10PMO 28.14 4.29 28.49 3.49 8.17 0.999 0.141 29.07 0.988
2N25PMO 37.70 3.39 38.02 491 7.74 0.998 0.098 39.37 0.979
2N40PMO 42.69 3.21 42.92 5.91 7.27 0.996 0.135 43.10 0.986
3N10PMO 37.56 4.68 37.74 6.67 5.66 0.999 0.173 38.17 0.988
3N25PMO 41.73 3.49 42.19 6.23 6.78 0.998 0.150 41.66 0.976
3N40PMO 44.43 4.05 44.84 8.14 5.51 0.996 0.191 44.44 0.996

91
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7.3.3 Diffusion mechanism

The kinetic data were then analyzed by the Weber and Morris intraparticle
diffusion and the Boyd kinetic models to determine the diffusion mechanism and to
find the rate-limiting step in the adsorption process and also analyzed by the pore

diffusion model to determine the pore diffusion coefficients of the adsorbents.
7.3.3.1 Weber and Morris intraparticle diffusion model

The Weber and Morris intraparticle diffusion model [Weber, 1963] can be
expressed as in Eq. (7.1):

gi= k> + C (7.1)

where £, 1s the intraparticle diffusion rate constant (ug/g.min”z) and C is a constant
relating to the thickness of the boundary layer (ng/g), which is determined from the

plot of g, versus 2

The intraparticle diffusion plot of CFA adsorbed onto different kinds of PMO
is shown in Figure 7.2. The CFA adsorption plots for PMO, 1IN10PMO, 1N25PMO,
IN40PMO, 2N10PMO, 2N25PMO and 2N40PMO passed through the origin. This
suggested that pore diffusion is the rate-limiting step of the adsorption process for
these adsorbents (i.e. PMO, INPMOs and 2NPMOs). But for 3N40PMO, 3N25PMO
and 3N40PMO the adsorption plots did not pass through the origin. Thus, the
intraparticle diffusion was not the only rate-limiting step for 3NPMOs. Rather, the

external mass transfer played an important role in their adsorption process.
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Figure 7.2 Weber and Morris intraparticle diffusion plot of CFA adsorbed onto the
different kinds of PMOs (pH 7, 25 °C and IS 0.01M).
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7.3.3.2 Boyd kinetic model

The Boyd kinetic model [Boyd et al., 1947; Reichenberg, 1953] can be
expressed as in Egs. (7.2-7.5):

F=1- %Z?’f’:ln—lzexp(—nth) (7.2)
_a
F=d (7.3)
; 2
Bt = (x/— S - (?)) (for F < 0.85) (7.4)
Bt = —0.4977 — In(1 — F) (for F > 0.85) (7.5)

Where F is the fraction of pharmaceuticals adsorbed at any time point
compared with the equilibrium point. The Boyd kinetic equation was applied to
identify the rate-limiting step of the adsorption process. The slowest step is
represented by the plot between Bf versus ¢. If the plots are linear and passes through
the origin, then pore diffusion is the slowest step. For all adsorbents the Boyd plots of
CFA passed through the origin (Figure 7.3). Thus, pore diffusion was the rate-limiting

step of the adsorption process in all cases.
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Figure 7.3 Boyd kinetic diffusion plot of CFA adsorbed onto the different kinds of
PMOs (pH 7, 25°C and IS 0.01M).
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7.3.3.3 Pore diffusion (by Fick’s law)

The pore diffusion model [Vermeulen, 1953] can be expressed as in Eq.

(7.6):

2
qat __ 4mnDt
log (1 B (E) ) ~ 2.303d2 (7.6)

where D is the pore diffusion coefficient (cm?*/min) of the adsorption process, which

2
is determined from the slope of the plot of log (1 — (%) ) versus t.

e

The calculated pore diffusion coefficients of all adsorbents are shown in Table
7.2. Virgin PMO has the highest D value. The D values of the materials seemed to
decrease as the amount of added IN-silane was increased. The functionalized PMOs
(INTIOPMO, 1N25PMO and IN40PMO) had lower D values than the virgin PMO.
The same pattern of relationship between the pore diffusion coefficient and the
concentration of added silane was also found in PMOs functionalized with 2N-silane
and 3N-silanes. Pore diffusion coefficient had no relationship with the types of the
added functional groups. The results of this study suggested that the surface
functional groups of the adsorbent had an effect on the pore diffusion process. The
reduction of pore diffusion coefficient of the materials by the increasing concentration
of the added organosilane could be explained by the reduction of the pore size as they
were filled with organic molecules which were dispersed uniformly throughout the

pores.
7.3.4 Adsorption isotherms modeling
The adsorption isotherm data were analyzed by five mathematical isotherm

models (Langmuir, Freundlich, Dubinin-Radushkevich, Temkin and Linear isotherm),

to model the adsorption of CFA onto the PMO and PMO derivative materials.
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Table 7.2 Pore diffusion coefficient of the adsorption processes (pH 7, 25 °C and IS

0.01M).
Adsorbents Pore diffusion coefficient,
D (x10™ cm?/min)

PMO 7.88
IN10PMO 6.78
1N25PMO 6.59
2N40PMO 6.23
2N10PMO 6.96
2N25PMO 6.78
2N40PMO 6.05
3N10PMO 7.14
3N25PMO 5.86
3N40PMO 5.13

The calculated parameters and the correlation coefficients (R value) for
adsorption of CFA onto the different adsorbents are shown in Table 7.3. The
Freundlich isotherm gave the highest correlation coefficient for PMO, 1N25PMO and
IN40OPMO. The Langmuir isotherm gave the highest correlation coefficient for
IN10PMO, 2N10PMO, 2N25PMO, 3N10PMO and 3N40PMO. The Temkin isotherm
gave the highest correlation coefficient for 2N40PMO. The Linear isotherm gave the
highest correlation coefficient for 3N25PMO.

From this study the adsorption of each individual adsorbent for CFA was
found to be best fitted to different isotherm models. No single model can best describe
the adsorption of all adsorbents for CFA. The Langmuir isotherm model gave the
highest correlation coefficients (R* value) for 5 of the 10 PMO adsorbents which were
included in this study. The other models gave the highest correlation coefficients (R
value) for only 3 or less than 3 adsorbents. It could be concluded that the Langmuir
isotherm model is the best model to describe the adsorption of CFA onto PMO and
functionalized PMOs.



Table 7.3 Isotherm parameters for sorption of CFA (pH 7, 25 °C and IS 0.01M).

Langmuir Freundlich D-R Temkin Linear
Adsorbents kL qm e . o e G B ) Ar br r Kp r
(L/mg) (ng’g) (uglg)  (mmolp (W/mg)  (J/mol) (L/ng)

PMO 0.94 500 0.986 0.991 0.437 0.988 34.41 100 0.761 59.9 104.1 0.928 0.464 0.985
IN10PMO 2.00 384.61 0.933 0.887 0.470 0.912 41.73 60.0 0.639 70.9 73.39 0.928 1.038 0.892
1IN25PMO 2.49 384.61 0.934 0.917 0.665 0.944 44.84 40.0 0.661 83.1 70.90 0.817 1.162 0.939
1N40PMO 8.03 166.67  0.990 0.868 1.031 0.994 34.41 30.0 0.890 118.5 56.45 0.948 1.919 0.991
2N10PMO 5.55 17544 00916 0.963 0.736 0.897 42.18 40.0 0.619 83.0 76.40 0.739 1.083 0.878
2N25PMO 5.69 344.83 0.992 1.107 2.324 0.989 56.49 20.0 0.820 158.9 71.92 0.931 1.564 0.991
2N40PMO 3.94 625.00  0.957 1.012 2.727 0.972 87.94 30.0 0.986 160.6 50.62 0.998 2.440 0.982
3N10PMO 6.53 125.00  0.994 0.748 0.558 0.979 62.37 30.0 0.803 103.1 49.91 0.865 2.381 0.962
3N25PMO 4.03 555.56  0.994 0.981 2.269 0.994 65.87 20.0 0.871 178.9 59.22 0.961 2.384 0.995
3N40PMO 433 909.09  0.997 0.932 3.477 0.996 85.83 10.0 0.893 224.4 44.70 0.956 4.607 0.996

691
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7.3.5 Adsorption mechanism

7.3.5.1 Effect of functional groups

The adsorption capacity of PMO and the functionalized PMO adsorbents at
pH 7 are shown in Figure 7.4. Analysis of that for PMO and the functionalized
derivatives allows the effect of different surface functional groups, hydroxyl (silanol),

IN-amine, 2N-amine and 3N-amine, on the adsorption capacity of the adsorbents to

be inferred.
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Figure 7.4 Adsorption capacity of PMOs with different functional groups (pH 7, 25
°C and IS 0.01M).

For adsorption of CFA, there are three possible mechanisms for their
adsorption onto PMO and the functionalized PMO derivatives. The first mechanism is
electrostatic interaction (by Coulomb’s law) between the deprotonated CFA
molecules and the surface charges of the adsorbents. The second mechanism is
hydrogen bonding, a form of dipole-dipole interaction, and the third mechanism is

hydrophobic interactions such as Van der Waals interaction, -9 electron acceptor-
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donor, etc. In this study, the adsorption capacities of functionalized PMOs were found
to be higher than the virgin PMO. At pH 7 CFA’s molecules have negative charges.
The molecules of PMO, IN10PMO, 1IN25PMO, 2N10PMO and 3N10PMO also have
net negative surface charges, but the molecules of the rest of functionalized PMOs
have net positive surface charges (See Table 6.5). The enhancement of the adsorption
of CFA onto the adsorbents which have positive surface charges (i.e. 1IN40PMO,
2N25PMO, 2N40PMO, 3N25PMO and 3N40PMO) could be explained by the
electrostatic interaction between the CFA’s and the adsorbent’s molecules. From the
measurement in this study, PMO was found to have a zeta potential of -8.46 mv.
Compared with all other adsorbents, PMO has the highest negative surface charges.
The electrostatic repulsion between the adsorbent’s and CFA’s molecules is therefore
highest when the adsorbent is PMO. The enhancement of the adsorption of CFA after
surface modification of the adsorbents having negative surface charge (1IN10PMO,
IN25PMO, 2N10PMO and 3N10PMO) could therefore be explained by the reduction
in electrostatic repulsion. The increase in adsorption capacity of functionalized PMOs
after modification with 1N-amine, 2N-amine or 3N-amine functional groups could be
explained by either the enhancement of the electrostatic interaction or the reduction of

the electrostatic repulsion between the CFA’s and adsorbent’s molecules.

The adsorption capacities of the adsorbents for CFA were ranked (highest to
lowest adsorption capacity) as 3NPMOs > 2NPMOs > INPMOs > PMO. This could
be explained by the electrostatic interaction. The zeta potential of the adsorbents
functionalized with the different types (but same concentration) of organosilane was
different. The zeta potentials of the adsorbents functionalized with different types of
organosilane were ranked (highest to lowest) as 3NPMOs > 2NPMOs > 1NPMOs.
This might be related to the differences in length and amount of nitrogen contents of
the functional groups which were dispersed at the adsorbents surface. The zeta
potential of the extracted 3NPMOs samples was higher than the extracted INPMOs
and 2NPMOs samples because 3N-amine functional group is longer and contains
higher amount of nitrogen content than 1N-amine and 2N-amine functional groups.
The adsorption capacity of 3NPMOs was highest because their zeta potential was
highest, or in other words higher than 2NPMOs and 1NPMOs. So it could be
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concluded that the adsorption capacity of the functionalized PMOs was affected by

the type of added amine functional groups (i.e. 1N-amine, 2N-amine or 3N-amine).

7.3.5.2 Effect of the adsorbent’s surface area

Comparative analysis of the adsorbent capacity of PMO and PMO derivatives
(Figure 7.5) allows the effect of the adsorbent’s surface area on the adsorption of CFA
to be inferred. From this study, the adsorption capacities per surface area and per
weight of the adsorbents for CFA showed a similar trend, being (highest to lowest
adsorption capacity) 3NPMOs > 2NPMOs > INPMOs > PMO. So it could be
concluded that the adsorption capacities of functionalized PMOs were increased

because of the modification with organic amine functional groups, not because of the

difference in their surface areas.
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Figure 7.5 Adsorption capacity of PMOs with different functional groups per surface
area (pH 7, 25°C and IS 0.01M).

7.3.5.3 Effect of surface functional groups density
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Figure 7.6 showed the adsorption capacities per surface area of CFA onto
PMO and functionalized PMOs. As shown in this figure, the adsorption capacity of
PMO functionalized with 1N-silane increased as the concentration of added 1N-silane
increased (IN4OPMO > IN25PMO > IN10PMO). This could be correlated with the
increase in density of the 1N-amine functional groups on the adsorbent’s surface. The
increase in concentration of the 1N-silane in the reaction mixture leads to the increase
in density of the amine functional groups at the adsorbent’s surface. The increased
amount of organic functional groups also increased the zeta potential of the
adsorbents. The same pattern of relationship between the adsorption capacity and the
concentration of added silane was also found in PMOs functionalized with 2N-silane
(2N40PMO > 2N25PMO > 2N10PMO) and 3N-silane (3N40PMO > 3N25PMO >
3N10PMO). So it could be concluded that the adsorption capacity of the
functionalized PMOs was affected by the density of 1N-amine, 2N-amine and 3N-

amine functional groups on the adsorbent’s surface.

7.3.5.4 Effect of nitrogen contents in the adsorbents

The adsorption capacities of the adsorbents per nitrogen contents in the
adsorbents were determined to evaluate the effect of the nitrogen contents in the
adsorbents on their adsorption capacities. The adsorption capacities of the adsorbents
per nitrogen content are shown in Figure 7.7. The adsorption capacities per nitrogen
content of the adsorbents with different concentrations of added organosilane were
different. PMO functionalized with the 10% of organosilane had higher adsorption
capacity per nitrogen content than PMO functionalized with higher concentrations of
organosilanes (IN1OPMO > 1IN25PMO > 1N40PMO, 2N10PMO > 2N25PMO >
2N40PMO and 3NIOPMO > 3N25PMO >3N40PMO). IN10PMO had higher
adsorption capacities per nitrogen content than IN25PMO and 1N40PMOs. There
was no relationship between the adsorption capacities per nitrogen content and the
density of the organic functional groups. The adsorption capacities per weight or per
surface area of the adsorbents functionalized with higher concentration of added
organosilane were increased because of the increased amount of organic functional

groups on the surface of the adsorbent, not because of the increased amount of
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nitrogen contents in the adsorbent. This study results suggested that nitrogen contents,
from functionalization process with organic amine functional groups were not all
present on the surface of the adsorbents, some of them were present in the silica wall

of the adsorbents.
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Figure 7.6 Adsorption capacity of PMOs with different surface functional group
densities per surface area (pH 7, 25 °C and IS 0.01M).

7.3.5.5 Effect of pH

The adsorption of CFA onto PMO and functionalized PMO derivatives were
performed at pH 5, 7 and 9 to study the effect of pH on their adsorption capacity. The
adsorption capacity of the periodic mesoporous organosilicas was dependent on the
pH. Their adsorption capacity was highest at pH 5 and lowest at pH 9 (Figure 7.8).
The adsorption capacity of the adsorbents were decreased when the pH of the solution
were increased. This could be explained by electrostatic interaction between CFA and
the adsorbents. It could be due to either the reduction of electrostatic attraction or the
increase of electrostatic repulsion. At pH 5, some adsorbents had a net negative
surface charge but the others had a net positive surface charge (Table 6.5). At pH 9,
all had negative surface charge. For all adsorbents, the number of negative charges on

the surface of the adsorbents was increased when the pH of the solution was
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increased. At pH 5, the electrostatic attraction was highest (or electrostatic repulsion
was lowest). At pH 9, the electrostatic attraction was lowest (or electrostatic repulsion

was highest). This could explain why the adsorption capacity was lowest at pH 9 and
highest at pH 5.

Figure 7.7 Adsorption capacity of PMOs with different surface functional group
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Figure 7.8 Adsorption capacity of PMOs at different pH (25 °C and IS 0.01M).
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7.4 CONCLUSIONS

From the adsorption kinetics study, it was found that the adsorption of CFA
onto all adsorbents decreased rapidly in the first 30 min and then gradually decreased
thereafter until they reached equilibrium within 4 h. The adsorption of CFA onto the
silicate materials is most likely represented by pseudo-second-order kinetics. Virgin
PMO has the lowest initial adsorption rate. The initial adsorption rate of the
adsorbents seemed to increase as the amount of added n-silane was increased. From
the diffusion mechanism study, pore diffusion was found to be the rate-limiting step
of the adsorption process for these adsorbents. Pore diffusion coefficient seemed to
decrease as the concentration of added silane was increased. This reduction of pore
coefficient could be explained by the reduction of the size of the pores as they were
filled with organic molecules which were dispersed uniformly throughout the pores.
From the adsorption isotherm data analysis, Langmuir isotherm model was found to
be the best model to describe the adsorption of CFA onto PMO and functionalized
PMOs. From the adsorption mechanism study, the adsorption capacity of
functionalized PMO was found to be higher than the virgin PMO’s. Surface
modification with amine functional groups increased the adsorption capacity. This
increase in adsorption capacity of functionalized PMOs after modification could be
explained by either the enhancement of the electrostatic interaction or the reduction of
the electrostatic repulsion between the CFA’s and adsorbent’s molecules. The
adsorption capacity of the functionalized PMOs varied with the type and the density
of the amine functional groups on the adsorbent’s surface. The adsorption study of
pharmaceuticals onto the adsorbents at various pH (5, 7 and 9) showed that the
adsorption capacity of the periodic mesoporous organosilicas varied with pH. The
adsorption capacity was highest at pH 5 and lowest at pH 9. The adsorption capacity
of the adsorbent decreased when the pH of the solution was increased. This could be

explained by electrostatic interaction between CFA and the adsorbents.



CHAPTER XIII
CONCLUSIONS AND RECOMMENDATONS

8.1 Conclusions

HMS, A-HMS, M-HMS, SBA-15, MCM-41, PMO and amino-functionalized
PMOs were synthesized and characterized. All of the porous materials were
synthesized via surfactant template method. A-HMS and M-HMS, were synthesized
by modifying the surface of virgin HMS with two different types of organosilane, i.e.
mercaptoprpyltrimethoxysilnae and aminopropyltriethoxysilane via direct co-
condensation method. Functionalized PMOs were synthesized by surface
modification of PMO with mono-, di- or triamino-organoalkoxysilane. The
physicochemical properties of the synthesized materials were investigated by XRD,
SEM, TEM, N, adsorption-desorption isotherm, TGA, DTA, elemental analysis,

FTIR, acid/base titration, water contact angle and zeta potential analysis.

The physico-chemical properties of the synthesized materials were revealed.
XRD patterns of the synthesized materials showed that they were porous materials
with well ordered hexagonal framework. The SEM micrograph showed that HMS and
M-HMS had similar morphology. Both had uniform aggregates of small distinct
particles (diameter 0.1 to 0.2 micron). A-HMS had different morphology. It had
particles which looked like sponge balls. These sponge balls consisted of aggregates
of small particles. The small particles of A-HMS were a little bit smaller than those of
HMS and M-HMS. The morphology of SBA-15 and MCM-41 were very different
from those of HMS and HMS derivatives. SBA-15 had larger particles which looked
like bundles of threads. These particles consisted of many ropelike domains of
relatively uniform size which aggregated into wheat-like macrostructures. MCM-41
had mostly irregularly shaped particles. The morphology of PMO and functionalized
PMO consisted mostly of irregularly shaped particles with smooth surface. The

particle size of PMOs was around 1 to 10 micron. The TEM images confirmed that



178

the synthesized PMO and PMO derivatives had well ordered meso-structure. The
nitrogen gas adsorption-desorption isotherm showed that the pore sizes of the
synthesized materials were in the mesoscale. The results of elemental and
thermogravimetric analysis and FTIR spectra confirmed the presence of organic
functional groups in the functionalized HMS that we synthesized. TGA and FTIR
spectrum indicated that most of the surfactant templates in our synthesis of PMO were
removed by the solvent extraction method. Surface characteristics of HMS were

changed after functionalization with organic functional groups.

After the physico-chemical study, the synthesized materials were used in the
adsorption study. HMS, A-HMS, M-HMS, SBA-15 and MCM-41 were used in the
study on removal of low concentration of five pharmaceutical compounds (DCF,
CBZ, NAP, CFA and ACT) from aqueous solution by adsorption. PMO and
functionalized PMO were used for studying the removal of CFA from aqueous

solution.

From adsorption kinetics study, adsorption of all pharmaceuticals onto all
adsorbents was found to decrease rapidly in the first 30 min. and reached equilibrium
within 10 h. The adsorption of all pharmaceuticals followed pseudo-second order
kinetic model. Among HMS materials, M-HMS had the highest initial adsorption rate
for DCF, CBZ and NAP. But for CFA and ACT adsorption, A-HMS had the highest
initial adsorption rate. Among PMO materials, virgin PMO had the lowest initial
adsorption rate. The initial adsorption rate of PMOs seemed to increase as the amount
of added n-silane was increased. From diffusion mechanism study, intraparticle
diffusion was not the only rate-limiting step in the adsorption process of HMS
materials for DCF, CBZ, NAP and CFA. Rather, the external mass transfer played an
important role in the adsorption process of these compounds. But in the adsorption
process of ACT, pore diffsion was the rate-limiting step. For the adsorption process of
CFA onto PMO materials, pore diffusion was the rate-limiting step. Pore diffusion

coefficient seemed to decrease as the concentration of added silane was increased.
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From the adsorption isotherm data analysis, it was found that the adsorption
data of DCF, CBZ, NAP and CFA onto HMS materials best fitted the Linear isotherm
model. But for the adsorption data of ACT, the Langmuir model was better correlated.
Freundlich also fitted well and was the second best fitted model for the adsorption
data of all pharmaceuticals. For the adsorption data of CFA onto PMO and
functionalized PMOs, Langmuir isotherm was the best model to describe the

adsorption data.

From the adsorption mechanism study, the adsorption capacity, at pH 7, of
HMS materials for CBZ, DCF and NAP was found to be ranked (highest to lowest
adsorption capacity) as M-HMS > HMS > A-HMS. The modification of HMS with
mercapto functional group increased its adsorption capacity. For adsorption of CFA
and ACT, the adsorption capacity was ranked in descending order as A-HMS > HMS
> M-HMS. The adsorption capacity of HMS for these two pharmaceuticals was
increased after modification with amino functional group. The adsorption capacity of
functionalized PMOs for CFA was higher than the virgin PMO. Surface modification
of PMO with amine functional group increased its adsorption capacity for this
pharmaceutical. Comparative analysis of the adsorption capacity of HMS, SBA-15
and MCM-41 showed that the adsorption capacity of the pure silicate adsorbents
varied directly with their surface areas. The adsorption capacity of functionalized
PMOs varied with the type and density of the amine functional groups on the
adsorbent's surface. The adsorption study of pharmaceuticals onto the adsorbents at
variuos pH (5, 7 and 9) showed that the adsorption capacity of HMS, functionalized
HMSs, PMO and functionalized PMOs varied with pH. There was no consistent
relationship between the adsorption capacity of PAC with respect to pH changes. The
adsorption capcity of PMOs for CFA was highest at pH 5 and lowest at pH 9. The

adsorption capacity of PMOs decreased when the pH of the solution was increased.

The results of the study on the adsorption of HMS materials for
pharmaceuticals in mixed solute solution suggested that in the process of adsorption
of HMS and M-HMS for DCF, CBZ and NAP in which hydrogen bonding and

hydrophobic interactions were the main mechanism of adsorption, there was a
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competition between each pharmaceutical to adsorb to M-HMS and HMS. The

adsorption capacity in this case might be related to the molecular size of the

adsorbates. But in case of selective adsorption of A-HMS for acidic pharmaceuticals

such as DCF, NAP and CFA which have negatively charged molecules, the

adsorption capacity varied with the pK, values of the adsorbates.

8.2 Recommendations

1))

2)

3)

4)

S)

6)

To better understand the process of synthesis of organic-inorganic hybrid
porous materials from silica based porous material (HMS), either surface
modification with other organic functional groups (other than amino and
mercapto functional groups) via direct co-condensation method or surface
modification with amino and mercapto functional groups but via different

method such as grafting should be tried.

To better understand the synthesis process of periodic mesoporous
organosilica materials (PMO), we should try to synthesize other kinds of PMO

using other types of silica source precursors.

To better understand the functionalization of periodic mesoporous organosilica
materials (PMO), surface modifiction of PMO using other types of organic

functional group should be tried.

The adsorption study should be expanded to evaluate the adsorption capacity
of HMS and PMO materials for other substances such as heavy metals or dyes

or other pharmaceuticals.

Selective or competitive adsorption study should be expanded by adding other

substances commonly found in waste water into the mixed solute solution

Adsorption studies should be done using the materials to be synthesized in the

future plan.
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APENDIX A

HPLC Chromatograms of pharmaceutical residues
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APENDIX B
Experimental results for removal of trace pharmaceutical

residues by adsorption on mesoporous silicas
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Table B-1 Adsorption kinetics data of DCF adsorbed onto the different mesoporous
silicates and PAC.

Time Pharmaceutical concentration (ug/L)
(min) HMS | M-HMS | A-HMS | MCM-41 | SBA-15 | PAC
0 100.00 | 100.00 100 100 100.00 | 100.00
1 59.29 55.87 96.32 60.54 62.50 50.23
3 55.72 50.31 95.72 51.32 51.30 4136
5 54.92 48.72 93.42 50.96 46.74 36.70
10 48.35 39.29 94.03 47.32 44.51 28.16
20 45.16 33.63 91.16 40.36 35.56 24.47
30 38.88 32.91 90.78 36.97 33.36 2237
60 37.46 30.54 89.24 35.47 33.62 21.56
120 36.85 29.45 88.93 35.03 32.72 2333
180 36.42 29.03 89.41 34.96 32.12 20.98
240 36.15 29.36 88.23 34.75 31.65 18.92
Time Adsorption capacity (ng/g)
(min) HMS | M-HMS | A-HMS | MCM-41 | SBA-15 | PAC
0 0.00 0.00 0.00 0.00 0.00 0.00
1 20.36 22.07 .84 19.73 18.75 24.89
3 22.14 24.85 2.14 2434 2435 29.32
5 22.54 25.64 3.29 24.52 26.63 31.65
10 25.83 30.36 2.99 26.34 27.75 35.92
20 27.42 33.19 4.42 29.82 32.22 37.77
30 30.56 33.55 4.61 31.52 33.32 38.82
60 31.27 34.73 5.38 32.27 33.19 39.22
120 31.58 35.28 5.54 32.49 33.64 38.34
180 31.79 35.49 5.30 32.52 33.94 39.51
240 31.93 35.32 5.89 32.63 34.18 40.54




203

Table B-2 Adsorption kinetics data of CBZ adsorbed onto the different mesoporous
silicates and PAC.

Time Pharmaceutical concentration (ng/L)
(min) HMS | M-HMS | A-HMS | MCM-41 | SBA-15 | PAC
0 100.00 | 100.00 100 100 100.00 | 100.00
1 64.70 60.27 94.95 67.42 62.47 55.32
3 55.05 51.55 94.52 56.87 52.28 48.65
5 47.74 42.82 93.5 49.06 45.26 40.74
10 46.99 37.57 92.14 46.9 43.52 32.98
20 45.67 3527 90.36 43.38 4125 27.85
30 4537 33.28 89.94 42.69 40.75 24.82
60 45.62 32.78 89.81 41.87 39.81 20.41
120 45.32 31.14 89.46 41.02 38.68 18.32
180 45.16 30,57 89.36 40.47 38.47 17.09
240 44.82 30.43 89.28 40.15 38.14 16.27
Time Adsorption capacity (ng/g)
(min) HMS | M-HMS | A-HMS | MCM-41 | SBA-15 | PAC
0 0.00 0.00 0.00 0.00 0.00 0.00
1 17.65 19.87 2.53 16.29 18.77 22.34
3 22.48 24.23 2.74 21.57 23.86 25.68
5 26.13 28.59 3.25 25.47 27.37 29.63
10 26.51 31.22 3.93 26.55 28.24 33.51
20 27.17 32.37 4.82 2831 29.38 36.08
30 27.32 33.36 5.03 28.66 29.63 37.59
60 27.19 33.61 5.10 29.07 30.10 39.80
120 27.34 34.43 5.27 29.49 30.66 40.84
180 27.42 34.72 5.32 29.77 30.77 41.46
240 27.59 34.79 5.36 29.93 30.93 41.87
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Table B-3 Adsorption kinetics data of NAP adsorbed onto the different mesoporous

silicates and PAC.

Time Pharmaceutical concentration (ng/L)

(min) | gMS | M-HMS | A-HMS | MCM-41 | SBA-15 | PAC
0 100.00 100.00 100.00 100.00 100.00 100.00
10 82.47 56.32 93.25 78.45 74.23 55.74
20 80.41 54.86 92.14 75.36 71.65 49.68
30 78.26 47.64 91.75 74.14 68.23 32.65
60 77.29 36.72 88.65 73.35 67.69 28.45

120 76.65 32.65 85.67 71.42 65.65 29.72
180 75.47 31.41 84.36 70.83 63.25 25.04
240 74.89 30.74 80.54 70.17 61.74 22.62
300 73.36 28.63 78.25 69.36 60.36 20.36
360 73.71 27.63 77.46 67.65 60.85 18.45
420 73.86 29.69 75.63 66.86 61.63 18.14
480 73.24 28.41 75.45 64.82 60.02 17.39
540 72.54 25.32 75.82 64.67 59.87 16.84
600 71.66 25.66 75.25 63.97 59.63 16.36
660 71.02 25.98 74.71 63.85 58.42 16.32
720 70.78 25.13 74.36 63.42 58.02 16.25
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Table B-3 Adsorption kinetics data of NAP adsorbed onto the different mesoporous

silicates and PAC (continue).

Time Adsorption capacity (ng/g)

(min) | gMS | M-HMS | A-HMS | MCM-41 | SBA-15 | PAC
0 0.00 0.00 0.00 0.00 0.00 0.00
10 8.77 21.84 3.38 10.78 12.89 22.13
20 9.80 22.57 3.93 12.32 14.18 25.16
30 10.87 26.18 4.13 12.93 15.89 33.68
60 11.36 31.64 5.68 13.33 16.16 35.78

120 11.68 33.68 7.17 14.29 17.18 35.14
180 12.27 34.30 7.82 14.59 18.38 37.48
240 12.56 34.63 9.73 14.92 19.13 38.69
300 13.32 35.69 10.88 15.32 19.82 39.82
360 13.15 36.19 11.27 16.18 19.58 40.78
420 13.07 35.16 12.19 16.57 19.19 40.93
480 13.38 35.80 12.28 17.59 19.99 41.31
540 13.73 37.34 12.09 17.67 20.07 41.58
600 14.17 37.17 12.38 18.02 20.19 41.82
660 14.49 37.01 12.65 18.08 20.79 41.84
720 14.61 37.44 12.82 18.29 20.99 41.88
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Table B-4 Adsorption kinetics data of CFA adsorbed onto the different mesoporous

silicates and PAC.

Time Pharmaceutical concentration (ng/L)

(min) | gMS | M-HMS | A-HMS | MCM-41 | SBA-15 | PAC
0 100.00 100.00 100.00 100.00 100.00 100.00
10 88.25 95.63 65.87 85.41 83.63 72.45
20 85.36 93.14 62.45 83.33 80.42 70.82
30 82.61 91.05 58.26 81.47 78.67 67.36
60 79.66 88.61 56.32 79.62 72.31 62.36

120 78.74 87.54 42.78 76.78 69.69 63.24
180 77.62 85.69 39.17 74.37 67.24 61.02
240 76.21 84.25 35.87 72.55 66.63 57.36
300 75.14 83.32 33.14 69.63 64.57 55.36
360 74.98 80.44 32.68 68.14 64.10 55.47
420 74.85 79.65 32.41 67.85 63.76 54.96
480 74.74 79.44 31.48 67.62 63.53 54.58
540 74.68 79.32 30.68 67.41 63.24 54.72
600 74.62 78.96 30.74 66.95 62.96 54.23
660 74.58 78.74 30.42 66.54 62.42 54.17
720 74.41 78.63 30.36 66.47 62.17 53.36
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Table B-4 Adsorption kinetics data of CFA adsorbed onto the different mesoporous

silicates and PAC (continue).

Time Adsorption capacity (ng/g)

(min) | gMS | M-HMS | A-HMS | MCM-41 | SBA-15 | PAC
0 0.00 0.00 0.00 0.00 0.00 0.00
10 5.88 2.19 17.07 7.30 8.19 13.78
20 7.32 3.43 18.78 8.34 9.79 14.59
30 8.70 4.48 20.87 9.27 10.67 16.32
60 10.17 5.70 21.84 10.19 13.85 18.82
120 10.63 6.23 28.61 11.61 15.16 18.38
180 11.19 7.16 30.42 12.82 16.38 19.49

240 11.90 7.88 32.07 13.73 16.69 21.32
300 12.43 8.34 33.43 15.19 17.72 22.32
360 12.51 9.78 33.66 15.93 17.95 22.27
420 12.58 10.18 33.80 16.08 18.12 22.52
480 12.63 10.28 34.26 16.19 18.24 22.71
540 12.66 10.34 34.66 16.30 18.38 22.64
600 12.69 10.52 34.63 16.53 18.52 22.89
660 12.71 10.63 34.79 16.73 18.79 22.92
720 12.80 10.69 34.82 16.77 18.92 23.32
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Table B-5 Adsorption kinetics data of ACT adsorbed onto the different mesoporous

silicates and PAC.

Time Pharmaceutical concentration (ng/L)

(min) | gMS | M-HMS | A-HMS | MCM-41 | SBA-15 | PAC
0 100.00 100.00 100.00 100.00 100.00 100.00
10 94.65 96.36 85.36 92.85 92.24 79.58
20 92.14 95.25 76.74 91.56 90.14 72.25
30 88.23 93.85 71.14 87.89 87.62 65.25
60 86.17 92.21 66.47 85.41 85.41 61.63

120 84.52 91.69 63.68 83.63 83.66 60.17
180 84.74 87.87 61.04 81.55 81.20 59.66
240 83.58 84.36 60.62 81.21 78.28 59.41
300 81.36 83.95 60.36 79.37 75.66 58.25
360 80.32 82.74 59.25 76.65 74.56 58.17
420 78.98 82.69 58.96 76.21 74.32 57.63
480 79.62 80.74 58.84 75.44 74.21 57.89
540 78.74 80.56 58.68 75.12 74.08 56.85
600 78.47 80.63 58.39 74.94 73.85 56.41
660 78.56 80.21 58.25 74.87 73.74 56.85
720 78.45 80.14 57.85 74.66 73.62 56.17
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Table B-5 Adsorption kinetics data of ACT adsorbed onto the different mesoporous

silicates and PAC (continue).

Time Adsorption capacity (ng/g)

(min) | gMS | M-HMS | A-HMS | MCM-41 | SBA-15 | PAC
0 0.00 0.00 0.00 0.00 0.00 0.00
10 2.68 1.82 7.32 3.58 3.88 10.21
20 3.93 2.38 11.63 422 4.93 13.88
30 5.89 3.08 14.43 6.06 6.19 17.38
60 6.92 3.90 16.77 7.30 7.30 19.19
120 7.74 4.16 18.16 8.19 8.17 19.92
180 7.63 6.07 19.48 9.23 9.40 20.17

240 8.21 7.82 19.69 9.40 10.86 20.30
300 9.32 8.03 19.82 10.32 12.17 20.88
360 9.84 8.63 20.38 11.68 12.72 20.92
420 10.51 8.66 20.52 11.90 12.84 21.19
480 10.19 9.63 20.58 12.28 12.90 21.06
540 10.63 9.72 20.66 12.44 12.96 21.58
600 10.77 9.69 20.81 12.53 13.08 21.80
660 10.72 9.90 20.88 12.57 13.13 21.58
720 10.78 9.93 21.08 12.67 13.19 21.92
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Table B-6 Adsorption capacity of HMS, M-HMS, A-HMS, MCM-41, SBA-15 and

PAC for DCF.
Adsorption Adsorption Adsorption
Initial Equilibrium capacity qullllbrlllm capacity Equilibrlum capacity
concentration | concentration (ng/g) concentration (ng/g) concentration (ng/g)
(ng/L) (ng/L) (ng/L) (ng/L)
He He HMS ne M-HMS He A-HMS
200 119.22 40.39 85.43 57.285 184.23 7.885
150 98.64 25.68 67.85 41.075 139.52 5.24
100 65.42 17.29 45.74 27.13 92.36 3.82
80 57.92 11.04 38.86 20.57 73.96 3.02
60 41.35 9.325 23.47 18.265 54.69 2.655
40 24.56 7.72 18.28 10.86 36.47 1.765
Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrium capacity
concentration | concentration (ng/g) concentration (ng/g) concentration (ng/g)
(ng/L) (ng/L) (ng/L) (ng/L)
He He MCM-41 == SBA-15 He PAC
200 113.95 43.025 101.87 49.065 36.28 81.86
150 95.86 27.07 85.52 32.24 30.44 59.78
100 63.74 18.13 57.73 21.135 24.45 37.775
80 55.48 12.26 50.68 14.66 17.1 31.45
60 40.62 9.69 39.65 10.175 - -
40 24.22 7.89 23.16 8.42 - -
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Table B-7 Adsorption capacity of HMS, M-HMS, A-HMS, MCM-41, SBA-15 and

PAC for CBZ.
Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrlum capacity
concentration | concentration (ng/g) concentration (ng/g) concentration (ng/g)
(ng/L) (ng/L) (ng/L) (ng/L)
He He HMS ne M-HMS He A-HMS
200 122.36 38.82 99.85 50.075 189.42 5.29
150 93.14 28.43 74.23 37.885 141.13 4.435
100 63.92 18.04 50.31 24.845 94.02 2.99
80 58.12 10.94 42.67 18.665 75.36 232
60 43.54 8.23 25.12 17.44 56.85 1.575
40 25.96 7.02 19.85 10.075 37.26 1.37
Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrium capacity
concentration | concentration (ng/g) concentration (ng/g) concentration (ng/g)
(ng/L) (ng/L) (ng/L) (ng/L)
He He MCM-41 He SBA-15 He PAC
200 119.47 40.265 104.24 47.88 52.36 73.82
150 90.22 29.89 79.76 35.12 41.36 54.32
100 62.15 18.925 54.94 22.53 26.62 36.69
80 54.8 12.6 47.38 16.31 18.54 30.73
60 41.89 9.055 37.85 11.075 - -
40 25.03 7.485 22.72 8.64 - -
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Table B-8 Adsorption capacity of HMS, M-HMS, A-HMS, MCM-41, SBA-15 and

PAC for NAP.
Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrlum capacity
concentration | concentration (ng/g) concentration (ng/g) concentration (ng/g)
(ng/L) (ng/L) (ng/L) (ng/L)
He He HMS ne M-HMS He A-HMS
200 141.44 29.28 78.36 60.82 179.36 10.32
150 102.36 23.82 61.34 4433 132.13 8.935
100 78.25 10.875 40.47 29.765 85.87 7.065
80 61.36 9.32 31.73 24.135 70.42 4.79
60 45.69 7.155 21.36 19.32 52.32 3.84
40 26.63 6.685 15.87 12.065 34.56 2.72
Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrium capacity
concentration | concentration (ng/g) concentration (ng/g) concentration (ng/g)
(ng/L) (ng/L) (ng/L) (ng/L)
He He MCM-41 He SBA-15 He PAC
200 137.24 31.38 126.36 36.82 31.38 84.31
150 98.36 25.82 89.36 30.32 24.69 62.655
100 75.74 12.13 68.22 15.89 18.42 40.79
80 59.33 10.335 53.32 13.34 11.25 34375
60 44.62 7.69 37.66 11.17 - -
40 24.87 7.565 21.02 9.49 - -
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Table B-9 Adsorption capacity of HMS, M-HMS, A-HMS, MCM-41, SBA-15 and

PAC for CFA.
Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrlum capacity
concentration | concentration (ng/g) concentration (ng/g) concentration (ng/g)
(ng/L) (ng/L) (ng/L) (ng/L)
He He HMS ne M-HMS He A-HMS
200 143.57 28.215 148.75 25.625 50.36 74.82
150 109.68 20.16 112.42 18.79 40.82 54.59
100 77.53 11.235 81.71 9.145 30.14 34.93
80 65.72 7.14 67.85 6.075 25.71 27.145
60 46.24 6.88 49.27 5.365 18.68 20.66
40 27.18 6.41 30.43 4.785 12.36 13.82
Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrium capacity
concentration | concentration (ng/g) concentration (ng/g) concentration (ng/g)
(ng/L) (ng/L) (ng/L) (ng/L)
He He MCM-41 He SBA-15 He PAC
200 137.63 31.185 129.65 35.175 101.45 49.275
150 105.74 22.13 98.32 25.84 72.23 38.885
100 74.66 12.67 69.25 15.375 56.41 21.795
80 61.25 9.375 56.74 11.63 41.86 19.07
60 43.11 8.445 40.36 9.82 30.96 14.52
40 25.27 7.365 22.36 8.82 22.14 8.93
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Table B-10 Adsorption capacity of HMS, M-HMS, A-HMS, MCM-41, SBA-15 and

PAC for ACT.
Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrlum capacity
concentration | concentration (ng/g) concentration (ng/g) concentration (ng/g)
(ng/L) (ng/L) (ng/L) (ng/L)
He He HMS ne M-HMS He A-HMS
200 168.25 15.875 173.5 13.25 124.5 37.75
150 132.14 8.93 137.47 6.265 89.47 30.265
100 87.13 6.435 89.69 5.155 59.69 20.155
80 70.38 4.81 72.82 3.59 45.82 17.09
60 51.82 4.09 54.15 2.925 34.15 12.925
40 33.75 3.125 35.63 2.185 22.63 8.685
Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrium capacity
concentration | concentration (ng/g) concentration (ng/g) concentration (ng/g)
(ng/L) (ng/L) (ng/L) (ng/L)
He He MCM-41 He SBA-15 He PAC
200 165.36 17.32 160.36 19.82 82.34 58.83
150 130.66 9.67 127.66 11.17 63.65 43.175
100 84.85 7.575 81.85 9.075 47.41 26.295
80 68.33 5.835 64.33 7.835 31.25 24.375
60 49.97 5.015 47.27 6.365 27.36 16.32
40 32.14 3.93 29.63 5.185 17.84 11.08




Table B-11 Adsorption capacity of HMS for DCF at pH 5, 7 and 9.
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HMS
Initial pHS pH7 pH9
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 107.82 46.09 119.22 40.39 130.26 34.87
150 85.41 32.29 98.64 25.68 104.65 22.67
100 57.36 21.32 65.42 17.29 73.85 13.07
80 44.25 17.87 57.92 11.04 61.47 9.265
60 32.64 13.68 41.35 9.325 47.52 6.24
40 20.83 9.58 24.56 7.72 31.65 4.17
Table B-12 Adsorption capacity of M-HMS for DCF at pH 5, 7 and 9.
M-HMS
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 66.87 66.565 85.43 57.285 95.87 52.065
150 52.24 48.88 67.85 41.075 75.56 37.22
100 32.26 33.87 45.74 27.13 50.39 24.805
80 24.35 27.825 38.86 20.57 45.86 17.07
60 19.82 20.09 23.47 18.265 36.45 11.775
40 12.63 13.685 18.28 10.86 24.89 7.555




Table B-13 Adsorption capacity of A-HMS for DCF at pH 5, 7 and 9.
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A-HMS
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 175.02 12.49 184.23 7.885 187.26 6.37
150 135.14 7.43 139.52 5.24 143.48 3.26
100 89.56 5.22 92.36 3.82 96.82 1.59
80 69.33 5.335 73.96 3.02 78.24 0.88
60 52.24 3.88 54.69 2.655 57.19 1.405
40 33.74 3.13 36.47 1.765 38.53 0.735
Table B-14 Adsorption capacity of PAC for DCF at pH 5, 7 and 9.
PAC
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 36.56 81.72 36.28 81.86 38.47 80.765
150 28.72 60.64 30.44 59.78 29.65 60.175
100 17.67 41.165 24.45 37.775 25.25 37.375
80 14.54 32.73 17.1 3145 2425 27.875
60 - - - - - -
40 - - - - - -




Table B-15 Adsorption capacity of HMS for CBZ at pH 5, 7 and 9.
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HMS
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 110.68 44.66 122.36 38.82 142.78 28.61
150 84.23 32.885 93.14 28.43 114.56 17.72
100 53.45 23.275 63.92 18.04 78.72 10.64
80 40.41 19.795 58.12 10.94 64.95 7.525
60 28.37 15.815 43.54 8.23 48.14 5.93
40 20.27 9.865 25.96 7.02 32.78 3.61
Table B-16 Adsorption capacity of M-HMS for CBZ at pH 5, 7 and 9.
M-HMS
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 72.65 63.675 99.85 50.075 112.86 43.57
150 60.82 44.59 74.23 37.885 88.78 30.61
100 38.12 30.94 50.31 24.845 58.47 20.765
80 30.36 24.82 42.67 18.665 49.82 15.09
60 22.85 18.575 25.12 17.44 42.15 8.925
40 15.72 12.14 19.85 10.075 30.78 4.61




Table B-17 Adsorption capacity of A-HMS for CBZ at pH 5, 7 and 9.
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A-HMS
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 184.32 7.84 189.42 5.29 192.75 3.625
150 137.47 6.265 141.13 4.435 147.62 1.19
100 91.78 4.11 94.02 2.99 98.35 0.825
80 72.84 3.58 75.36 232 78.68 0.66
60 53.5 3.25 56.85 1.575 58.62 0.69
40 35.69 2.155 37.26 1.37 38.84 0.58
Table B-18 Adsorption capacity of PAC for CBZ at pH 5, 7 and 9.
PAC
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 46.38 76.81 52.36 73.82 45.34 77.33
150 29.87 60.065 41.36 54.32 37.25 56.375
100 25.32 37.34 26.62 36.69 30.57 34.715
80 15.73 32.135 18.54 30.73 22.36 28.82
60 - - - - - -
40 - - - - - -




Table B-19 Adsorption capacity of HMS for NAP at pH 5, 7 and 9.
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HMS
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 132.63 33.685 141.44 29.28 152.22 23.89
150 95.47 27.265 102.36 23.82 116.37 16.815
100 62.36 18.82 78.25 10.875 85.41 7.295
80 44.63 17.685 61.36 9.32 69.42 5.29
60 35.72 12.14 45.69 7.155 53.96 3.02
40 20.33 9.835 26.63 6.685 33.21 3.395
Table B-20 Adsorption capacity of M-HMS for NAP at pH 5, 7 and 9.
M-HMS
Initial pHS pH7 pPHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 69.24 65.38 78.36 60.82 84.66 57.67
150 54.32 47.84 61.34 4433 67.53 41.235
100 32.14 33.93 40.47 29.765 47.47 26.265
80 24.72 27.64 31.73 24.135 39.24 20.38
60 18.46 20.77 21.36 19.32 28.66 15.67
40 12.24 13.88 15.87 12.065 18.93 10.535




Table B-21 Adsorption capacity of A-HMS for NAP at pH 5, 7 and 9.
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A-HMS
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 168.53 15.735 179.36 10.32 183.24 8.38
150 121.86 14.07 132.13 8.935 136.27 6.865
100 78.34 10.83 85.87 7.065 89.36 5.32
80 59.78 10.11 70.42 4.79 73.41 3.295
60 45.23 7.385 52.32 3.84 54.37 2.815
40 27.36 6.32 34.56 2.72 36.25 1.875
Table B-22 Adsorption capacity of PAC for NAP at pH 5, 7 and 9.
PAC
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 36.47 81.765 31.38 84.31 28.41 85.795
150 29.63 60.185 24.69 62.655 21.24 64.38
100 23.51 38.245 18.42 40.79 16.73 41.635
80 17.29 31.355 11.25 34.375 10.28 34.86
60 - - - - - -
40 - - - - - -




Table B-23 Adsorption capacity of HMS for CFA at pH 5, 7 and 9.
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HMS
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 134.41 32.795 143.57 28.215 157.24 21.38
150 97.32 26.34 109.68 20.16 119.63 15.185
100 61.53 19.235 77.53 11.235 87.81 6.095
80 46.61 16.695 65.72 7.14 71.29 4355
60 37.28 11.36 46.24 6.88 55.44 2.28
40 22.85 8.575 27.18 6.41 35.72 2.14
Table B-24 Adsorption capacity of M-HMS for CFA at pH 5, 7 and 9.
M-HMS
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 139.65 30.175 148.75 25.625 156.96 21.52
150 106.22 21.89 112.42 18.79 118.47 15.765
100 71.38 1431 81.71 9.145 89.63 5.185
80 57.41 11.295 67.85 6.075 71.24 4.38
60 41.24 9.38 49.27 5.365 52.87 3.565
40 24.37 7.815 30.43 4.785 3432 2.84




Table B-25 Adsorption capacity of A-HMS for CFA at pH 5, 7 and 9.
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A-HMS
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 42.74 78.63 50.36 74.82 56.96 71.52
150 33.62 58.19 40.82 54.59 52.14 48.93
100 26.41 36.795 30.14 34.93 37.66 31.17
80 20.38 29.81 25.71 27.145 31.25 24375
60 16.47 21.765 18.68 20.66 26.42 16.79
40 11.45 14.275 12.36 13.82 19.73 10.135
Table B-26 Adsorption capacity of PAC for CFA at pH 5, 7 and 9.
PAC
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 94.36 52.82 101.45 49.275 99.62 50.19
150 68.82 40.59 72.23 38.885 76.74 36.63
100 4471 27.645 56.41 21.795 57.98 21.01
80 46.69 16.655 41.86 19.07 45.32 17.34
60 28.63 15.685 30.96 14.52 31.25 14.375
40 24.41 7.795 22.14 8.93 21.25 9.375




Table B-27 Adsorption capacity of HMS for ACT at pH 5, 7 and 9.
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HMS
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 159.23 20.385 168.25 15.875 172.88 13.56
150 122.87 13.565 132.14 8.93 136.46 6.77
100 75.53 12.235 87.13 6.435 90.14 4.93
80 61.92 9.04 70.38 4.81 72.48 3.76
60 42.85 8.575 51.82 4.09 54.26 2.87
40 26.28 6.86 33.75 3.125 34.48 2.76
Table B-28 Adsorption capacity of M-HMS for ACT at pH 5, 7 and 9.
M-HMS
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 162.67 18.665 173.5 13.25 177.28 11.36
150 121.52 14.24 137.47 6.265 140.17 4915
100 76.77 11.615 89.69 5.155 93.66 3.17
80 62.13 8.935 72.82 3.59 74.58 2.71
60 46.98 6.51 54.15 2.925 55.69 2.155
40 28.38 5.81 35.63 2.185 37.24 1.38




Table B-29 Adsorption capacity of A-HMS for ACT at pH 5, 7 and 9.
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A-HMS
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 104.46 47.77 124.5 37.75 129.36 3532
150 76.87 36.565 89.47 30.265 92.47 28.765
100 44.36 27.82 59.69 20.155 64.39 17.805
80 37.82 21.09 45.82 17.09 48.25 15.875
60 27.13 16.435 34.15 12.925 37.86 11.07
40 15.67 12.165 22.63 8.685 26.4 6.8
Table B-30 Adsorption capacity of PAC for ACT at pH 5, 7 and 9.
PAC
Initial pHS pH7 pHY
concentration | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e)
200 88.69 55.655 82.34 58.83 90.56 54.72
150 67.54 41.23 63.65 43.175 65.74 42.13
100 53.63 23.185 47.41 26.295 49.63 25.185
80 36.41 21.795 31.25 24.375 29.17 25.415
60 30.41 14.795 27.36 16.32 28.36 15.82
40 19.66 10.17 17.84 11.08 18.69 10.655




Table B-31 Adsorption capacity of HMS in mixed solute solution.

HMS
Initial DCF CBZ NAP CFA ACT
concentration | payilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity concentration capacity concentration capacity
(ng/L) (ng/2) (ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/g)

200 111.25 44375 119.61 40.195 160.36 19.82 148.12 25.94 170.42 14.79
150 81.36 34.32 90.85 29.575 122.41 13.795 115.26 17.37 136.96 6.52
100 52.24 23.88 58.41 20.795 82.63 8.685 75.74 12.13 89.78 5.11
80 47.25 16.375 53.63 13.185 66.51 6.745 59.63 10.185 72.24 3.88
60 32.36 13.82 37.57 11.215 48.62 5.69 46.24 6.88 53.37 3.315
40 18.24 10.88 20.56 9.72 30.36 4.82 24.52 7.74 35.36 2.32
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Table B-32 Adsorption capacity of M-HMS in mixed solute solution.

A-HMS
Initial DCF CBZ NAP CFA ACT
concentration Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/g) (ng/L) (ng/e)

200 78.32 60.84 95.78 52.11 107.36 46.32 153.36 23.32 169.14 15.43
150 60.27 44.865 72.36 38.82 84.71 32.645 115.44 17.28 135.37 7.315
100 38.63 30.685 47.31 26.345 54.24 22.88 84.23 7.885 88.87 5.565
80 32.14 23.93 37.74 21.13 42.28 18.86 69.52 5.24 73.36 3.32
60 18.44 20.78 22.53 18.735 34.76 12.62 51.36 432 56.21 1.895
40 14.36 12.82 18.42 10.79 24.88 7.56 31.33 4.335 34.78 2.61
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Table B-33 Adsorption capacity of A-HMS in mixed solute solution.

A-HMS
Initial DCF CBZ NAP CFA ACT
concentration Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/g) (ng/L) (ng/e)
200 183.54 8.23 186.63 6.685 175.86 12.07 60.68 69.66 142.36 28.82
150 141.23 4.385 137.19 6.405 128.25 10.875 49.74 50.13 109.74 20.13
100 90.44 4.78 92.74 3.63 83.41 8.295 36.52 31.74 65.28 17.36
80 71.85 4.075 72.89 3.555 67.78 6.11 32.32 23.84 54.62 12.69
60 53.41 3.295 52.11 3.945 49.63 5.185 20.66 19.67 39.65 10.175
40 34.14 2.93 34.93 2.535 33.26 3.37 15.41 12.295 24.41 7.795

LTC



Table B-34 Adsorption capacity of PAC in mixed solute solution.

PAC
Initial DCF CBZ NAP CFA ACT
concentration Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption | Equilibrium | Adsorption
(ng/L) concentration capacity concentration capacity concentration capacity concentration capacity concentration capacity
(ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/e) (ng/L) (ng/g) (ng/L) (ng/e)
200 48.78 75.61 87.63 56.185 44.63 77.685 108.36 45.82 98.63 50.685
150 41.52 54.24 64.63 42.685 3231 58.845 82.74 33.63 70.25 39.875
100 28.69 35.655 52.36 23.82 21.56 39.22 64.25 17.875 54.96 22.52
80 27.44 26.28 44.14 17.93 21.68 29.16 49.68 15.16 46.74 16.63
60 - - - - - - - - - -
40 - - - - - - - - - -
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Figure B-1 Kinetic of DCF removal according to the pseudo 2" order model (pH 7,

25°C and IS 0.01M).
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Figure B-2 Kinetic of CBZ removal according to the pseudo 2" order model (pH 7,
25°C and IS 0.01M).
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Figure B-5 Kinetic of ACT removal according to the pseudo 2™ order model (pH 7,

25°C and IS 0.01M).
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Figure B-6 Kinetic of DCF removal according to the Ritchie-second-order model (pH
7,25°C and IS 0.01M).
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Figure B-7 Kinetic of CBZ removal according to the Ritchie-second-order model (pH
7,25°C and IS 0.01M).
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Figure B-8 Kinetic of NAP removal according to the Ritchie-second-order model (pH
7,25°C and IS 0.01M).
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Figure B-9 Kinetic of CFA removal according to the Ritchie-second-order model (pH

7,25°C and IS 0.01M).
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Figure B-10 Kinetic of ACT removal according to the Ritchie-second-order model

(pH 7, 25°C and IS 0.01M).
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APENDIX C
Experimental results for removal of Clofibic acid by

adsorption on periodic mesoporous organosilicas



Table C-1 Adsorption kinetics data of CFA adsorbed onto PMO and the functionalized PMO derivatives

Pharmaceutical concentration (ng/L)

Time

(min) PMO | INIOPMO | IN25PMO | IN40PMO | 2N10PMO | 2N25PMO | 2N40PMO | 3N10PMO | 3N25PMO | 3N40PMO
0 100.00 |  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
5 78.82 73.96 70.87 64.96 76.39 73.74 65.36 63.54 62.86 46.88
10 69.73 64.09 65.80 46.38 65.45 64.36 46.21 52.36 48.71 39.62
20 64.82 60.36 48.33 35.69 5951 40.85 37.85 4342 43.63 30.78
30 65.27 50.12 39.69 30.42 55.70 36.96 32.96 36.96 32.97 25.68
60 63.85 47.84 39.74 26.37 5136 28.36 28.63 27.63 20.60 18.24
120 56.14 46.32 38.63 24.96 47.25 28.47 16.56 27.42 19.76 13.93
180 58.75 46.14 38.28 23.36 45.06 26.23 15.41 27.17 18.41 12.82
240 54.82 46.28 38.96 23.87 44.87 25.81 16.63 26.36 18.08 12.36
300 54.56 46.86 38.37 22.98 44.84 27.41 15.28 26.13 17.72 12.14
360 54.13 45.84 37.89 23.82 43.98 24.96 15.17 25.36 17.36 11.96
420 54.06 45.92 37.63 23.26 44.71 26.28 16.92 25.23 17.21 12.81
480 53.82 45.87 37.74 22.88 43.93 24.83 17.86 25.16 17.88 11.47
540 53.75 45.83 37.52 2247 43.88 24.71 14.97 24.93 16.73 12.26
600 53.70 45.77 37.48 22.65 4381 24.68 14.78 25.12 16.96 11.94
660 53.67 45.69 37.40 22.40 5372 24.60 14.63 24.89 16.54 11.15

0r¢



Table C-1 Adsorption kinetics data of CFA adsorbed onto PMO and the functionalized PMO derivatives (continue).

Adsorption capacity (ng/g)

Time

(min) PMO | INIOPMO | IN25PMO | IN40PMO | 2N10PMO | 2N25PMO | 2N40PMO | 3N10PMO | 3N25PMO | 3N40PMO
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 10.59 13.02 14.57 17.52 11.81 13.13 17.32 18.23 18.57 26.56
10 15.14 17.96 17.10 26.81 17.28 17.82 26.90 23.82 25.65 30.19
20 17.59 19.82 25.84 32.16 20.25 29.58 31.08 28.29 28.19 34.61
30 17.37 24.94 30.16 34.79 2215 31.52 33.52 31.52 33.52 37.16
60 18.08 26.08 30.13 36.82 24.32 35.82 35.69 36.19 39.70 40.88
120 21.93 26.84 30.69 37.52 26.38 35.77 41.72 36.29 40.12 43.04
180 20.63 26.93 30.86 38.32 27.47 36.89 42.30 36.42 40.80 43.59
240 22.59 26.86 30.52 38.07 27.57 37.10 41.69 36.82 40.96 43.82
300 22.72 26.57 30.82 38.51 27.58 3630 42.36 36.94 41.14 43.93
360 22.94 27.08 31.06 38.09 28.01 37.52 42.42 37.32 4132 44.02
420 22.97 27.04 31.19 38.37 27.65 36.86 41.54 37.39 41.40 43.60
480 23.09 27.07 31.13 38.56 28.04 37.59 41.07 37.42 41.06 4427
540 23.13 27.09 31.24 38.77 28.06 37.65 42.52 37.54 41.64 43.87
600 23.15 27.12 31.26 38.68 28.10 37.66 4261 37.44 41.52 44.03
660 23.17 27.16 3130 38.80 28.14 37.70 42.69 37.56 41.73 44.43

1
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Table C-2 Adsorption capacity of PMO and the functionalized PMO derivatives for

CFA.
Initial Equilibrium Adsorption
concentration concentration capacity (ug/g)

(ng/L) (ng/L) PMO

200 105.57 47.215

150 74.85 37.575

100 53.67 23.165

80 42.26 18.87

60 32.56 13.72

40 20.47 9.765

Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrium capacity

concentration | concentration (ng/g) concentration (ng/g) concentration (ng/g)

(ng/L) (ng/L) (pg/L) (ng/L)
He He IN10PMO Fi IN25PMO He 1IN4OPMO
200 65.74 67.13 60.36 69.82 42.36 78.82
150 56.87 46.565 52.85 48.575 34.85 57.575
100 45.69 27.155 37.36 31.32 22.36 38.82
80 33.81 23.095 28.65 25.675 18.65 30.675
60 26.54 16.73 24.36 17.82 14.36 22.82
40 15.47 12.265 13.47 13.265 10.47 14.765
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Table C-2 Adsorption capacity of PMO and the functionalized PMO derivatives for

CFA (continue).
Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrlum capacity
concentration | concentration (ng/g) concentration (ng/g) concentration (ng/g)
(pg/L) (ng/L) (ng/L) (ng/L)
He He 2N10PMO ne 2N25PMO He 2N40PMO
200 61.85 69.075 46.74 76.63 33.53 83.235
150 53.85 48.075 34.52 57.74 2345 63.275
100 43.75 28.125 24.63 37.685 14.61 42.695
80 30.63 24.685 16.63 31.685 12.35 33.825
60 24.52 17.74 12.85 23.575 10.42 24.79
40 13.68 13.16 8.47 15.765 - -
Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrium capacity
concentration | concentration (ng/g) concentration (ng/g) concentration (ng/g)
(ng/L) (ng/L) (ng/L) (ng/L)
3N10PMO 3N25PMO 3N40PMO
200 3843 80.785 34.26 82.87 20.32 89.84
150 32.24 58.88 26.87 61.565 15.74 67.13
100 24.89 37.555 16.54 41.73 11.25 44.375
80 21.36 29.32 13.25 33.375 8.65 35.675
60 15.63 22.185 10.57 24.715 6.58 26.71
40 10.86 14.57 7.24 16.38 - -




Table C-3 Adsorption capacity

densities per surface area.

244

of PMOs with different surface functional group

Initial Equilibrium Adsorption
concentration concentration capacity (ng/m’)
(ng/L) (ng/L) PMO
200 105.57 37.71
150 74.85 30.01
100 53.67 18.50
80 42.26 15.07
60 32.56 10.96
40 20.47 7.80
Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrium capacity
concentration | concentration (ng/mz) concentration (ng/mz) concentration (ng/mz)
(ng/l) (he/l) IN10PMO ) IN25SPMO (he/L) 1N40PMO
200 65.74 57.08 60.36 63.73 4236 72.54
150 56.87 39.60 52.85 44.34 34.85 52.99
100 45.69 23.09 37.36 28.59 22.36 35.73
80 33.81 19.64 28.65 23.44 18.65 28.23
60 26.54 14.23 24.36 16.27 14.36 21.00
40 15.47 10.43 13.47 12.11 10.47 13.59
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Table C-3 Adsorption capacity of PMOs with different surface functional group

densities per surface area (continue).

Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrlum capacity
concentration | concentration (ng/m?) concentration (ng/m?) concentration (ng/m?)
(pg/L) (ng/L) (ng/L) (ng/L)
He He 2N10PMO He 2N25PMO He 2N40PMO
200 61.85 61.54 46.74 70.56 33.53 86.39
150 53.85 42.83 34.52 53.16 2345 65.67
100 43.75 25.06 24.63 34.70 14.61 4431
80 30.63 21.99 16.63 29.17 12.35 35.11
60 24.52 15.80 12.85 21.71 10.42 25.73
40 13.68 11.72 8.47 14.52 - 20.76
Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrium capacity
concentration | concentration (ng/mz) concentration (ng/mz) concentration (ng/mz)
(ng/L) (ng/L) (ng/L) (ng/L)
3N10PMO 3N25PMO 3N40PMO
200 38.43 65.66 34.26 69.75 20.32 86.60
150 32.24 47.86 26.87 51.82 15.74 64.71
100 24.89 30.53 16.54 35.12 11.25 42.78
80 21.36 23.83 13.25 28.09 8.65 34.39
60 15.63 18.03 10.57 20.80 6.58 25.75
40 10.86 11.84 7.24 13.79 - -
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Table C-4 Adsorption capacity of PMOs with different surface functional group

densities per nitrogen content.

Adsorption Adsorption Adsorption
it it it
Initial Equilibrium capacity Equilibrium capacity Equilibrium capacity
] ] (ng/mmol . (ng/mmol . (ng/mmol
concentration | concentration concentration concentration
of N) of N) of N)
(ng/L) (ng/L) (ng/L) (ng/L)
IN10PMO IN25PMO IN40PMO
200 65.74 261.06 60.36 128.08 42.36 101.24
150 56.87 181.09 52.85 89.11 34.85 73.95
100 45.69 105.60 37.36 5745 22.36 49.86
80 33.81 89.81 28.65 47.10 18.65 39.40
60 26.54 65.06 24.36 32.69 14.36 29.31
40 15.47 47.70 13.47 24.33 10.47 18.96
Adsorption Adsorption Adsorption
Initial Equilibrium | “P*'Y | pquitibrium | “P*"Y | gquilibrium | P2
. . (ng/mmol . (ng/mmol . (ng/mmol
concentration | concentration concentration concentration
of N) of N) of N)
(ng/L) (ng/L) (ng/L) (ng/L)
2N10PMO 2N25PMO 2N40PMO
200 61.85 167.02 46.74 140.57 33.53 106.91
150 53.85 116.24 34.52 105.92 23.45 81.27
100 43.75 68.01 24.63 69.13 14.61 54.84
80 30.63 59.69 16.63 58.12 12.35 43.44
60 24.52 42.89 12.85 4325 10.42 31.84
40 13.68 31.82 8.47 28.92 - -
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Table C-4 Adsorption capacity of PMOs with different surface functional group

densities per nitrogen content (continue).

Adsorption Adsorption Adsorption
Initial Equilibrium capacity Equilibrium capacity Equilibrium capacity
concentration concentration (ng/mmol concentration (ng/mmol concentration (ng/mmol
(ng/L) (ng/L) o (ng/L) o (ng/L) o
3N10PMO 3N25PMO 3N40PMO
200 38.43 146.03 34.26 88.70 20.32 70.54
150 32.24 106.43 26.87 65.90 15.74 52.71
100 24.89 67.89 16.54 44.67 11.25 34.84
80 21.36 53.00 13.25 35.72 8.65 28.01
60 15.63 40.10 10.57 26.45 6.58 20.97
40 10.86 26.34 7.24 17.53 - -




Table C-5 Adsorption capacity of PMOs at different pH.

Initial Equilibrium concentration (ng/L)
pH concentration
(ng/L) PMO | IN10PMO | IN25PMO | 1IN40PMO | 2N10PMO | 2N25PMO | 2N40PMO | 3N10PMO | 3N25PMO | 3N40PMO
5 100 48.32 41.44 32.15 18.69 39.43 19.26 12.21 19.36 12.41 7.52
7 100 53.67 45.69 37.36 22.36 43.75 24.63 14.61 24.89 16.54 11.25
9 100 55.39 48.32 44 .41 26.55 48.36 31.33 20.14 28.44 21.36 13.77
Initial Adsorption capacity (ug/g)
pH concentration
(ng/L) PMO | IN10PMO | IN25PMO | IN40PMO | 2N10PMO | 2N25PMO | 2N40PMO | 3N10PMO | 3N25PMO | 3N40PMO
5 100 25.84 29.28 33.93 40.66 30.29 40.37 43.90 40.32 43.80 46.24
7 100 23.17 27.16 31.32 38.82 28.13 37.69 42.70 37.56 41.73 44.38
9 100 22.31 25.84 27.80 36.73 25.82 34.34 39.93 35.78 39.32 43.12

8¥¢
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