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CHAPTERII
INTRODUCTION

1.1 State of Problems

The emerging micropollutants such as pharmaceutical residue in natural water are
concerned as one of the major issues in the past decade. There are many studies reported
that conventional wastewater treatment systems cannot eliminate these persistent
substances effectively (Sim et al.,2010). Although, detected concentration of
pharmaceutical residue from environment is quite low in pg/L or ng/L level but some

substances still has ecotoxicity and can be accumulated in environment.

Naproxen (NAX), non-steroidal anti-inflammatory drug (NSAID), might cause
acute and chronic toxic at mg/L level. NAX can be detected in high concentration at 324
mg/L (Mascolo, Balest et al.,2010) from pharmaceutical wastewater stream. Moreover,
previous literature reviews reported that phototransformation products of NAX are higher
toxic than NAX. Conventional activated sludge (CAS) is commonly used to eliminate
NAX , but the efficiency of this method is wide rage (0%-80%) (Nakada et al.,2006).
Many researchers found that the physical treatment process could not remove NAX from
wastewater effectively. Advance oxidation processes were supposed to have higher
removal efficiency of NAX (such as Cl, process), however, degradation by-products and

their toxicity still have not been investigated yet (Isidori, Lavorgna et al.,2005).

Adsorption is the process used to separate target pollutant from wastewater.
Powder activated carbon (PAC) is widely adsorbent that apply to pollutants removal due
to their high adsorption capacity. Nevertheless, the weak point of PAC is its low

selectivity.



Mesoporous silicates are the materials that have large surface area and uniform
pore size. It can be enhanced selective adsorption capacities of target compounds by
various methods such as functionalization of organosilane and metal substitution.
Moreover, separation efficiency of used adsorbent from wastewater stream can be
improved by increasing superparamagnetic characteristics of the adsorbent. The silicate
porous materials are widely used to adsorb pollutant particle because their high pore size
distribution and high surface area. Moreover, it can be modified surface by organo silane
functional group to improve adsorption capacity and selectivity of silicate porous
materials. These materials are classified in three class base on pore size: macroporous >
50nm, mesoporous between 2nm and 50nm and microporous < 2nm. Hexagonal

mesoporous silicates (HMS) are mostly used due to suitable pore size range.

The superparamagnetic particles are the ferromagnetic materials including iron
are smaller than 20-30 nm and contained in single magnetic domain. The particles have
small positive susceptibility when applied external field and no net magnetization after
removing external field. The magnetite particle (FesO;) is mostly wide
superparamagnetic particle which made from Iron (I1) and Iron (I1l). The particles are

coated by silicate porous material that denoted as MS-SP.

To use magnetite as core of adsorbents is improved separation efficiency. It can
be separate by apply magnetic properties. The superparamagnetic mesoporous silicates
are not only enhance adsorption capacity by grating functional group, but also separation

efficiency.

High Gradient Magnetic Separation filter (HGMS filter) is commonly used in
magnetic filtration to separate magnetic materials from non-magnetic solution. The
mechanism of magnetic filtration is to handle the magnetic particles in magnetic filter
media such as stainless steel which induced by the magnetic field. To induce magnetic
field by permanent magnet is simply method but might lower the efficiency than by
electromagnet or superconducting magnet which are more complicated. The objectives of

this study are to investigate adsorption capacities of naproxen (NAX) on functionalized



superparamagnetic mesoporous silicates (SP-MS) comparing with powdered activated
carbon (PAC) and to evaluate possibility to separate functionalized SP-MSs by high
gradient magnetic separation filter (HGMS filter).

1.2 Objectives

The main objectives of this study are to investigate adsorption capacities of
naproxen (NAX) on functionalized superparamagnetic mesoporous silicates (SP-MS)
comparing with powdered activated carbon (PAC) and to evaluate possibility to separate
functionalized SP-MSs by high gradient magnetic separation filter (HGMS filter). The

specific objectives can be expressed as following:

1. To study effects of surface functional groups on adsorption capacity of NAX at
high concentration in aqueous phase.

2. To study effects of electrostatic interaction on adsorption of NAX by varying
pH.

3. To investigate effects of flow input, depth and surface area of stainless filter on
separation efficiency and breakthrough of HGMS filter.

4. To examine effects of particle concentration and adsorbed NAX on the

separation efficiency and breakthrough of HGMS filter.
1.3 Hypotheses

1. Each surface functional group might perform different effect on NAX adsorption
capacity due to different interactions between surface functional group of
adsorbents such as hydrogen bonding, electrostatic force and hydrophobic
interaction.

2. The electrostatic force might affect NAX adsorption capacity of synthesized
adsorbents.

3. The retention time, particle concentration and surface area of stainless filter might

affect efficiency and breakthrough of HGMS filter due to interaction active site.



4. Adsorbed NAX on adsorbent’s surface might affect efficiency and breakthrough

of HGMS filter due to changing of surface interaction.

1.4 Scopes of the Study

This research was studied at Department of Environmental Engineering, Faculty
of Engineering and NCE-EHWM laboratory, Chulalongkorn University. There are four

parts of this study which consist of:

1.4.1 Synthesis of Adsorbents
Magnetite ( Fe3O,), superparamagnetic hexagonal mesoporous silicates (HMS-

SP) and functionalized superparamagnetic hexagonal mesoporous silicates (F-HMS-SP)
with  organic  functional groups such as 3-aminopropyltrimethoxy-, 3-
mercaptopropyltrimethoxy-, phenyltrimethoxy- and 4-triethoxysilyl butyronitrile

functional group.

1.4.2 Characterization of Synthetic adsorbents

Physico-chemical characteristics of synthesized adsorbents were analyzed by
various methods such as X-ray diffraction, nitrogen adsorption isotherm, FT-IR spectra,
surface charge by zeta potential measurement, elemental analysis and scanning

electromicroscopy (SEM).

1.4.3 Adsorption Study of Naproxen (NAX) on Adsorbents

Investigation of adsorption mechanisms of NAX on all adsorbents are divided

into 2 parts; adsorption kinetic and adsorption isotherm. Adsorption experiments were
conducted under controlled pH temperature and ionic strength. Moreover, effect of pH on
NAX adsorption was studied by comparison of isotherms at pH 5, 7 and 9. In this study,
NAX concentration was conducted at range of 0.5-10 mg/L. The adsorption results of

synthesized adsorbents were compared with powder activated carbon (PAC).



1.4.4 Separation of Adsorbents

The aim of this part is to investigate effects of flow input, depth and surface area
of stainless filter and to examine effects of particle concentration and adsorbed NAX on

the separation efficiency and breakthrough of HGMS filter.



CHAPTER II
THEORETICAL BACKGROUNDS AND LITERATURE REVIEWS

2.1 Residue of Pharmaceutical

The residue of pharmaceutical products is one of emerging substances in
environment because of their consumption volume, toxicity and persistence in the
environment.(Fent, Weston and Caminada ,2006; Moldovan ,2006; Mompelat, Le Bot
and Thomas ,2009) At present, pharmaceutical products were used widely for human
health and veterinary, for example paracetamol (Mompelat et al. ,2009), caffeine,
ciprofloxacin and acetaminophen (Sim, Lee and Oh ,2010), etc, and those can be released
to environment. Pharmaceutical residue can be detected in very widespread not only in
pharmaceutical industrial and hospital wastewater treatment plant but also in domestic
treatment plant and surface water. Figure 2.1 shows fate of pharmaceutical residue related
to their persistence and bioaccumulation. Moreover, it is not so easy to determine and
investigate the quantity of pharmaceutical residue and their effect to environment. Jones
el al. (2002) demonstrates that pharmaceutical contaminated water is effect to aquatic
animal (Fent et al. ,2006; Joon-Woo Kim ,2009). However, ecotoxicological effects of
pharmaceuticals on aquatic and terrestrial organisms and wildlife are still unclear.
Biological treatment process is mainly process that can efficiently eliminate some of
pharmaceutical residues for instance acetaminophen, caffeine and acetylsalicylic acid
(Sim et al. ,2010). But, in some case, more advance treatment process is required to
remove high persistent pharmaceutical residues such as Diclofenac, Naproxen and

Carbamazepine (Klavarioti, Mantzavinos and Kassinos ,2009).
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Figure 2.1 Fate of drug transfer (Mompelat et al. ,2009).

2.2 Naproxen (NAX)

Naproxen (NAX) is used to relieve pain, fever, inflammation and stiffness caused
by some conditions such as osteoarthritis, kidney stones, rheumatoid arthritis, psoriatic
arthritis and gout. It is a NSAID (non-steroidal anti-inflammatory drug) which is a type of
pharmaceutical products. NSAIDs have been dominated pharmaceutical residue released
to environment and have been detected at high concentration due to it can be used
without prescription. NAX is acidic pharmaceutical and most frequently detected
substance of NSAIDs. Quantity use of NAX is showed in table 2.1. Table 2.2

demonstrates properties of NAX and Figure 2.2 shows the molecular structure of NAX.

CH,

OH
CHy.. s}

Maproxen

Figure 2.2 Structure of Naproxen.



Table 2.1 Quantity use of Naproxen

Azpoonus?;/eisr?d Country Year
35.067% England 2000
22.85 Australian 2004
22-33° Japan 2002

26" Canada 2001
41.133° Korea 2006

2 Jones et al.,(2002), ® Khan and Ongerth,(2004), ¢ Nakada et al.,(2006),

Y DellaGreca et al.,(2003),and ® Sim et al.,(2010)

Table 2.2 Physico-chemical Properties of the NAX

Parameters Descriptions
Molecular weight 230.26°
CAS-number 22204-53-1°
Molecular diameter 11.8734
Melting points 153°C
Log Kow 3.18-3.24
Solubility in water 15.9 mg/ | at 25°C°¢
pKa 4.15°
Formula C14H1405°

®Lindqvist, Tuhkanen and Kronberg,(2005), bTixier et al., (2003),
“Yu, (2008) and %(Carballa et al. ,2004)

2.3 Ecotoxicity of Naproxen

About ecotoxicity of naproxen, there were a few literatures to investigate.
Nevertheless, acute effect of naproxen was studied for each organism which
demonstrated in (Fent, Weston et al.,2006),(Cleuvers,2004), and (lIsidori, Lavorgna et

al.,2005). Researchers reported that acute effect of duck weed, rotifers, and fish are 24.2



mg/L, 62.48 mg/L and 800 to 900 mg/L. Furthermore, the concentration that occur acute
effect was in range mg/L. So this unit was not found in environmental concentration.
While detected concentration of naproxen in environment was in order of pg/L, there was
little to know about long term effects for microorganism and animal. At present, Isidori el
at (Isidori et al.,2005) revealed that chronic toxicity values on algae, rotifers and
crustaceans were 31.82 mg/L ,0.56 mg/L ,and 0.33 mg/L, and minimum value was 0.11
mg/L on crustaceans. These values shows that naproxen at low concentration might affect
environment and ecosystem. The photodegradation of naproxen was occurred in both
river and distilled water (Khetan,and Collins,2007). Figure 2.3 showed
phototransformation products of naproxen. The products are high toxic than its original
form, though it did not influence genotoxicity and mutagenesis. The literatures
demonstrated that toxicity of substances depends on hydrophobicity, higher

hydrophobicity substances is higher toxic.

Figure 2.3 Photoproduct of Naproxen(Isidori, Lavorgna et al.,2005).
2.4 Detected Concentration of Naproxen in Environment

For the residue of pharmaceutical product in nature water, naproxen was found in

top ten. Table 2.3 shows detected concentration of naproxen.
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Table 2.3 Detected Concentration of Naproxen

Country Source Concentration Ref.
Brazil Surface water 0.020-0.120 pg/L (Stumpf et al.,1999)
Surface water 0.011-0.013 pg/L
Korea Hospital 0.077ug/L (Sim et al.,2010)
WWTP 0.067-0.195 pg/L
Canada WWTP 0.36-2.54 ug/L (Lee et al.,2005)
WWTP ND-0.7 pg/L
Greece Hospital NID-10.0 pg/L (Kosma et al.,2010)
USA WWTP 81-106 ng/L
Canada, USA Surface water 22-107 ng/L (Boyd et al.,2004)
Finland WWTP 0.16-1.92 pg/L (Lindgvist et al.,2005)
Spain WWTP 0.22-4.28 pg/L (Santos et al.,2007)
Industrial
Italy pharmaceutical 324 mg/L (Mascolo et al.,2010)
wastewater

2.5 Removal of Naproxen

2.5.1 Wastewater Treatment Plant

Wastewater treatment plants consisted of two parts

. physicochemical treatment

process and biological treatment process. For physicochemical treatment process, it was

not effectively in removing pharmaceutical substances, but most pharmaceutical

substances were eliminated by biological treatment process (Sim et al.,2010). For

removal of naproxen, this process was in wide range, it depend on variation in the

functioning of the process for example; Membrane bioreactor (MBR), Conventional
activated sludge (CAS), and wetland (Lindqvist ,Tuhkanen and Kronberg ,2005). The

literatures revealed that efficient removal of wetland was less than CAS (Matamoros,
Garcia et al.,2008),and MBR was high effective than CAS (Kimura, Hara et
al.,2005),(Joss, Keller et al.,2005). Nevertheless, not only type of process but also

designed parameters such as age of the activated sludge and hydraulic retention time also
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affected efficient of NAX removal. However, cause of low degradability of NAX was
high hydrophobicity of naproxen. Table 2.4 demonstrated biodegradation of naproxen by

conventional activated sludge.

Table 2.4 Biodegradation of Naproxen of Conventional Activated Sludge.

Country Biodegradation (%) Ref.
Korea 40-100 (Sim et al.,2010)
Japan 0-80 (Nakada et al.,2006)
Swiss 65-80 (Joss et al.,2005)
Japan 27-79 (Kimura et al.,2007)
USA 6.3 (Reclamation,2009)

2.5.2 Advance Oxidation Process

Due to low percentage of naproxen elimination, advance oxidation processes were
selected to increase the efficiency of elimination. There are many oxidizing agent to
study, such as Os, Cl,, performic acid. Table 2.5 revealed efficiency of naproxen removal
of advance oxidation process. Oz process was the most effective method to oxidize
naproxen, but no further literature investigates about the toxic of O3 reaction by products.
For the CI, process, their reaction was not complete oxidized, these substances were
transformed to intermediate product not mineral. However their product affected to
biofilm (Boyd, Zhang et al.,2005),it has a feasibility to impact to ecotoxicology.
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Table 2.5 Efficiency of Removal Naproxen of Advance Oxidation Process.

Type of oxidation o
Country Efficiency Ref.
process
Japan Oz 68-99.7 (Nakada et al.,2007)
Os >95
Canada Cl, 36% (Gagnon, et al.,2008)
Performic Acid <8
O3 >95 _
USA Cl, >80 (Reclamation,2009)
uv >909

2.6 Mesoporous Silicate

The Mesoporous silicates are the porous materials that were commonly used for
adsorption process, because of their high surface area and high adsorption capacity.
Classification of porous materials was based on pore size: macroporous > 50nm,
mesoporous between 2nm and 50nm and microporous < 2nm. However, Mesoporous
were mostly used due to suitable pore size range.

2.6.1 Synthesis of HMS(Haxagonal Mesoporous silicates) (Pinnavaia ; Tanev,and
Pinnavaia,1996; Sevilla et al.,2004; Lin and Chen,2005)

HMS has been synthesized by the neutral template route (S°I1°) that based on
hydrogen bonding and self-assembly between neutral primary amine micelles (S°) and
neutral inorganic precursors (1°). Moreover, template removal method of HMS was

achieved either by calcination in air or solvent extraction.

2.6.2 Functionalization of HMS (Burleigh et al.,2001; Maria et al.,2004; Yu,2004)
There are two types of functionaliazation of ordered Mesoporous silicates.
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Post-Synthetic Grafting

For post-synthetic grafting, the functional groups such as amino, mercapto and
diamino were attached onto channel surface of Mesoporous silicate material. The
disadvantages of grafting are hard to control the concentration and distribution of organic

functional groups. However, it could preserve the mesostructure after modifying.

Co-condensation or Direct Synthesize

For direct synthesize, the functional groups were condensation with
tetraethoxysilane (TEOS) in the presence of a surfactant template. The strong points of
cocondensation method were homogeneous distribution and higher loading of organic
functional groups. Nevertheless, after modifying method could loss original structure

ordering. Table 2.6 showed comparison of post-synthetic grafting and direct synthesizes.
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Table 2.6 Advantage and Disadvantage of Post-synthetic Grafting and Direct Synthesize

Post Synthesis

Direct Synthesis

Advantage

e Good preservation of the
mesostructure after post-

modification.

e Simpler synthesis path

e Shorter preparation time.

e Better control and higher
loading of organic functional
groups.

e Homogeneous distribution

e Better stability of organic

group

Disadvantage

e Hard to control the concentration
and distribution of organic
functional groups complicated and
costly

e Reduced pore size and pore
volume

e Limit of the functional groups
loading.

e Sometimes ineffective due to
partial cross-linking of the
functional groups with the silica-

surface silanol groups

e Loss in original structure
ordering such as
aminopropyltriethoxysilane
(APTES) functionalization.
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2.7 Superparamagnetism

Magnetic materials divided into three types; Diamagnetic, Paramagnetic and
Ferromagnetic.(Kailas ; Larson,2001-2010)

Diamagnetic: the materials have weak negative susceptibility when applied external
field. This material could not preserve the magnetic properties after removing external
field. The materials including copper, silver, and gold are diamagnetic at room

temperature.

Paramagnetic: the materials have small positive susceptibility when applied
external field. There is no net magnetization after removing external field. The materials

including aluminum, calcium, titanium, alloys of copper.

Ferromagnetic: the materials have strong positive susceptibility when applied

external field. This material could retain the magnetic properties after removing external

field. It was classified in two class; antiferromagnetic and ferrimagnetic.

Antiferromagnetic materials such as Mn, Cr, MnO, NiO, CoO and MnCI2 showed
zero magnetization due to dipole unpaired electrons line up opposite of one another.

Ferrimagnetic materials such as Ferrites and Magnetite displayed net magnetization
because of unequal the opposing moments.

The superparamagnetic phenomena would occur with ferromagnetic materials that
were smaller than 20-30 nm. The particle contained in single magnetic domain. When the
temperature was higher than blocking temperature (Tg) in the Néel-Brown theory, the
particle will act like paramagnetism that called superparamagnetism (Martien,1994;
Fornara,2008; Dave and Gao,2009).

2.7.1 Application of Magnetic Nanoparticle (Deng et al.,2005; Gupta ,2005)

As a result of special properties, magnetic nanoparticle did not retain magnetization
after the absence external field. Therefore, it can be used in biomedicine applications;

magnetic resonance imaging (MRI), drug delivery, bio-separation,etc.
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2.7.2 Synthesis Magnetite Nanoparticle (Deng et al.,2005; Qu et al.,2010)

Magnetite nanoparticle (FesO,) is a type of nanosized ferrimagnetic material, that
have cubic inverse spinel structure. Magnetite can be used in many biomedicine
applications due to their properties for example; superparamagnetic phenomena, high

field irreversibility and high saturation field

2.7.3 Coating Magnetite with Mesoporous Silicate (\Voat et al.,2010)

In last decade, many researchers investigated about coating magnetite with many
kinds of substances such as inorganic material, polymers and metal layers. However,
silica is the most common material to coat magnetite due to their low toxicity,

functionalize ability, large surface area and high bio-stability.

2.8 Adsorption Theory

2.8.1 Adsorption Mechanism (Thommes ,2004)

Adsorption is the inter-phase accumulation of substance on surface or interface.
There are two types of adsorption mechanism; physical adsorption and chemical
adsorption. The former was the attraction by relative weak forces, for example covalent,
electrostatic, and Van der Waals force. This adsorption was normally reversible. For the
latter, the chemical adsorption was strong interaction potentials that take placed by
chemical bond between adsorbent and adsorbate. It was formed in monolayer and mostly
irreversible. However, possible interaction forces between adsorbent and adsorbate are
listed as followed:

e Vander waal forces: the attractive force between molecules depends on
molecular weight.

e Hydrogen bonding: the strongly dipole force between hydrogen atom and
electronegative atom such as oxygen and nitrogen.

e Covalent bonding: the chemical bond that shared pairs of electrons between

atom and other covalent bonding.
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e Electrostatic force: the force from opposite charges attraction. This force is
the strongest force in intermolecular force.

e Hydrophobic force: the force that caused by hydrophobicity of surface and
adsorbate which willing to form aggregation together better than to

dissolve in water.

2.8.2 Adsorption Kinetic (Punyapalakul et al.,2009)

The adsorption kinetic can be applied to investigate the rate of adsorption depends
on adsorption time. The obtained data also can be used to design contact time to complete
equilibrium of adsorption. Two kinetic models including the pseudo-first order model and
pseudo-second order model equations as well as intraparticle diffusion model will be

investigated.

Pseudo-first-order Model

Pseudo-first-order model is general model to study reaction that depends on one

reactant; the first order equation is given as (2.1):
In{ge — g} =Ilng, — &yt (2.1)

Where . is the amount of solute adsorbed at equilibrium per unit weight of
adsorbent (mg/ g), g: is the amount of solute adsorbed at any time (mg/g) and k; is Pseudo

first rate constant (1/h).

Pseudo-second-order Model

Pseudo-second-order model is mostly used model in chemical adsorption system;

the second order equation is given as (2.2):

Wb
Qe (2.2)

Where k3 is Pseudo second rate constant (g/mg-h).
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Intraparticle Diffusion

Intraparticle diffusion is commonly used model to describe mechanism adsorption;

equation is given as (2.3):

1
qe = kigtz + C (2.3)

Where kiq is the intraparticle rate constant(mg/g-min”z) and C is the thickness

boundary layer.
There are three step of adsorption mechanism:

(1) Film Diffusion — mass transfer go through to boundary layer of adsorbents
(2) Intrapraticle Diffusion — adsorbate pass through the pore of adsorbents

(3) Equilibrium Stage —the step that the rate of intraparticle diffusion is constant

2.8.3 Adsorption Isotherm (Ozer et al.,2006: Han et al.,2009: Akpa and
Unuabonah,2011)

The objective of the adsorption kinetic is to investigate maximum adsorption
capacity that associate with equilibrium concentration of the residue of adsorbate. The

isotherm was studied in four isotherm models.

Langmuir Isotherm

The Langmuir isotherm is general isotherm to study about monolayer and

homogenous surface adsorption. The equation is given as (2.4):

Qe = qmK;ce
1+Kpce (2.4)

Where @ is the amount of solute adsorbed at equilibrium per unit weight of
adsorbent (mg/ g), gm is the amount of solute adsorbed in complete layer (mg/g) and K is
a Langmuir constant related to the affinity of the binding sites and energy of adsorption
(L/mg)
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Freundlish |sotherm

The Fruendlish isotherm is common used in aqueous solution for multilayer and
heterogeneous surfaces adsorption. The equation is given as (2.5):
Ge = Kpce'/™ (2.5)
Where Kris a Freundlish constant related to the adsorption capacity and adsorption

intensity of the sorbent and 1/n is Freundlish intensity parameter.

Redlich-Peterson I sotherm

The Redlich-Peterson isotherm is improved over Freundlish and Langmuir
isotherm. It is applied to describe wide range isotherm. This isotherm contains three

parameters to describe an empirical isotherm. The equation is given as (2.6):

__AC
e = Tipce (2.6)

Where A, B and g are the Redlich—Peterson parameters, g lies between 0 and

1.When g=1, this equation converts to Langmuir equation.

Sp Isotherm

The Sip isotherm is union between Freundlish and Langmuir isotherm. It is
expected to predict heterogeneous surface adsorption. Raising concentration of adsorbate
will join together with Freundlish isotherm. The equation is described as (2.7)

_ qm(bsCe)™s
€7 14 (bsCe)ls (2.7)
Where gn, is the monolayer adsorption capacity (mg/g), bsis a Langmuir constant,

ns is Freundlish parameter.
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2.9 Adsorbent separation

2.9.1 Filtration Theory (Moorthy,2007; Agency,2010; Lortragool,2010)

The principle mechanism of transportation filtration consists of three processes:

interception, diffusion and gravitational deposition.

Interception : The direct interception occurs when the particles pass closely in the
filter fiber and if the radius of the particle is larger than the gap between the flow
streamline and the fiber, the particles are captured. The equation of interception
efficiency is demonstrated as (2.9).

2
dp

Mime = 5|32 (29)

dm
Where d,, is media diameter (m) and d,, is diameter of adsorbent particle (m).

Diffusion : For small particles less than 0.1um diameter, the particles are capture
when the particles randomly move. The equation of diffusion efficiency is given by
(2.10).

(2.10)

2
KT ]3

Ucdpdmvo

nDiff = 09[

Where K is Boltzmann’s constant (1.38x10% kgm%K-s?), T is absolute

temperature (K), p. is viscosity of solution (kg/(m-s)) and v, is velocity rate ( m/s).

Gravitation Deposition : The particles settle out by influence of gravity. The

sedimentation efficiency is defined as (2.11).

_w _ Apgd}
Nsea = o - 18ucvg (2-11)

Where w is velocity rate of floating (m/s), Ap is difference of media and adsorbent

particle density (g/cm®) and g is gravity accelerate (m/s).
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Hence, all mechanism is summarized to total efficiency of transportation that
defined as (2.12).

Nr = MNint T Npifr T Nsea (2.12.1)
2 2 2
_ 3 d_p KT 3 Apgdyp
mr = 22 +09 [Hcdpdm%] 42205 2.12.2)

When the solution flows through the media filter, there are some adsorbent particles
that were trapped on media. These adsorbent particles that were captured by media per

particle are assumed as x in eq. (2.13):

N1 = yeea (2.13.1)
voCredhy

x =y R (2.13.2)

Where C is concentration adsorbent (mg/L).

For depth of media filter, the total of captured adsorbent particles that denoted as X
is derived in (2.14).

AgdH(1—¢)
Xp = xonT/: (2.14)

Where A, is cross section area (m?), H is depth of media filter (m) and ¢ is porosity

of media filter.

To assume «a is the collision efficiency, the collided adsorbent particles that denoted
as X is defined as (2.15).
AgdH(1-
X = ax% (2.15)
From eq. 13, the collided adsorbent particle is equal the quantity of removal

adsorbent solution that is given by (2.16).
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—vododC = 3 a, U= (2.16.1)

dc 3 dH

? = —5 (1 - e)anTa (2162)
Cs 3 H

lnC—0 = —5(1 — e)anTa (2.16.3)

Finally, the filtration efficiency was calculated by (2.17).

3 H
1-% =1 ¢2179g, 2.17)

0

Where Cs is output concentration (mg/L) and C, is input concentration(mg/L)

2.9.2 HGMS Filter

In last decade, HGMS filter is commonly used in magnetic filtration that separate
magnetic materials from non-magnetic solution. The mechanism of magnetic filtration is
to handle the magnetic particles in magnetic filter media such as stainless steel that
induced by the magnetic field. There are three methods to generate external magnetic
field; permanent magnet (Sato,2004), electromagnetic solenoid (Ditsch et al.,2005) and
superconducting magnet (Mitsuhashi et al.,2003; Laboratory,2004; Baik et al.,2010).
Commonly, permanent magnet is easy to operate and low cost to. Nevertheless, the
magnetic flux density is limited at less than 1 T and difficult to control magnetic field
density. For electromagnetic solenoid method, the magnetic field is created by a solenoid
electrical conduction wires. This process also has limitation of magnetic field at less than
2.4 T. Superconducting magnet is new technique to generate high magnetic flux density.
It is constructed by permitting electrical power input to the coil of superconducting wire

at low temperature under superconductivity temperature.
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2.9.3 Theory of Magnetic Separation

Magnetic Strength Field (H)

The magnetic strength field is the quantity of magnetizing force that generated to

magnetic material by current.

Magnetic Flux Density(B)

The magnetic flux density is the amount of internal magnetizing force that magnetic
materials such as permanent magnet provide the magnetic force. Magnetic strength field
is depending on the magnetic permeability of material and magnetic strength field, the

equation is shown as (2.18).
B= punH (2.18)

Where H is magnetic strength field (A/M), B is magnetic flux density (T or
Whb/m?) and & is magnetic permeability of material (Wb/(A-m))

Magnetic Force

The magnetic force is the force of moving charge that defines in the Lorentz Law;

the equation is given as (2.19).
Fim=q(v X B) (2.19)

Where Fr, is magnetic force (N), q is the electric charge of the particle (C), v is the

instantaneous velocity of the particle (m/s), and B is the magnetic field (T).

Moreover, magnetic force of particle when applies the magnetic field express as
(2.20).

Fm = polVpMp - VH (2.20)
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Where Fp, is magnetic force of particle, [o is magnetic permeability of vacuum

(Wb/(A-m)), V, is particle volume(m®), M, is the particle magnetization (A/m) and VH
is the gradient of magnetic strength field at the position of the particle.

Moreover, there are three forces that involved in magnetic filtration process.

Gravitational Force

The gravitational force is the force that drags the particles to fall down in the fluid

by their own weight due to gravity; the equation is expressed as (2.21).
Fg =(pp—pg)Vpg (2.21)

Where F is gravitational force (N), P# is density of particle (kg/m®), Pa is density

of fluid (kg/m®) and Ve is gravitational acceleration (m/s?).

Centrifugal Force

The centrifugal force is the movement force that occurs when the particle is

agitated, the equation is express as (2.22).
Fo =(pp —pg)aVpr (2.22)

Where F. is centrifugal force (N), & is the angular velocity (rad/s) and r is the

radial of the particle (m).

Drag Force

The drag force is the frictional force of particle react to gravity force, now known as

Stoke‘s law. The equation is shown as (2.23).

Fg = 3mdy(vr_vy) (2.23)

Where Fq is drag force (N), 7 is the dynamic viscosity of fluid (N-s/m?) and @» is
the diameter of the particle (m).
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2.10 Breakthrough Curve Theory (Samuel D. ,1987)

Bed Depth Service Time (BDST) is the theory that proved by Bohart and Adams.
The model investigates that the adsorption rate is proportional to the residue adsorbent

capacity and adsorbed pollutant concentration. The equation is expressed as (2.24).
Co
In (£) = In[exp(KNoD/V) — 1] = KCyt (2.24)
B

Where t is time at breakthrough (hr.), V is linear flow rate (cm/hr), D is bed depth
of adsorbent (cm), K is rate constant (L/(mg:hr)), No is adsorption capacity (g/cm?), Cyis

influent solute concentration (g/L) and Cg is solute concentration at breakthrough (g/L).

This equation is rearranged to linear function by plotting between bed depth and
time at breakthrough point under controlling constant flow rate and initial concentration
that given as (2.25). The bed depth is examined by this equation for finding breakthrough
time. The slope and intercept of this equation is shown as (2.26), (2.27).

_ No[p _ V Co
t= o D e In (_CB )] (2.25)
— Mo
a= (2.26)
b = —COKln (CB ) (2.27)

To design different flow rate, the factor is inserted to correlation equation that

summarized as (2.28). The slope of this equation is shown as (2.29).
t=ax+b (2.28)
_va
a=-— (2.29)

Where t is time at breakthrough (hr), x is bed depth (cm), a is old slope, a’ is new

slope, b is ordinate intercept.
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To design different influent solute concentration, the factor is inserted to
correlation equation that summarized as (2.30). The slope and intercept of equation is
expressed as (2.31) and (2.32).

t=ax+b' (2.30)
q = L4 (2.31)
C1
' (Co) Inl(C1/Cr)=1]
b =b (cl) In[(Co/Cp)-1] (2.32)

Where t is time at breakthrough (hr), x is bed depth (cm), a is old slope, a’ is new
slope, b is ordinate intercept, b and b’ are old and new intercept, Co and C; are old and
new influent solute concentration (g/L) and Cg and Cr are old and new effluent solute

concentration (g/L).

2.11Literature Reviews
2.11.1 Adsorption of Pharmaceutical

Yu et al. (2008) studied adsorption characteristic of pharmaceutical residues and
endocrine disrupting compound; Naproxen, carbamazepine and nonylphenol on activated
carbon that had 1030 and 1156 m?/g of surface area at low concentration ranges. They
found that log K,y influenced to adsorption affinity of micro pollutants; a higher log Kow

had higher adsorption capacity.

Eduardo et al. (2010) investigated adsorption of naproxen and ketoprofen on
carbon blacks by vary temperature, ionic strength, surface area, pore volume and pH.
This study discovered all factors were affect on adsorption of naproxen, a higher
temperature would stronger the interaction between the solute and adsorbent. The

electrostatic force effects on adsorption of naproxen.

Tung et al. (2009) reported that pharmaceuticals; carbamazepine, clofibric acid,
diclofenac, ibuprofen and ketoprofen on mesoporous silicate SBA-15 had high adsorption

capacity except for clofibric acid. Adsorptions of five pharmaceuticals were pseudo-
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second-order kinetic and fitted for Freundlich isotherm model. Hydrophilic interaction

influenced mechanisms of their adsorption.

Sindia et al. (2008) compared adsorption capacities naproxen of mesoporous
silicates, modified mesoporous silicates and activated carbon in pmol/m? unit. They
modified Mobile Crystalline Material (MCM-41) by functionalized with Ni and amino
group that denoted as NiCl2_dm_MCM-41 and NiNH2_g_MCM-41. The BET surface
area of activated carbon, NiNH2_g MCM-41, NiCl2_dm_MCM-41 and pristine MCM-
41 were 1030 m?/g, 40 m%g, 600 m*g and 1198 m?g, respectively. The adsorption
capacities followed:  activated carbon (0.67) > NiNH2_g MCM-41 (0.42) >
NiCl2_dm_MCM-41 (0.03) > pristine MCM-41 (0.01) at 18 mg/L initial concentration of
naproxen. The result showed that functional group was important factor of adsorption and

functionalization of adsorbent decreased their surface area.

Punyapalakul et al. (2004) studied effect of surface functional groups on the
adsorption of dichloroacetic acid (DCAA) by hexagonal mesoporous silicate (HMS).
There are three surface functional groups; alkyl-, amino-, and mercapto- groups denoted
as OD-HMS, AM-HMS, and M-HMS. They found that AM-HMS highly adsorbed
DCAA with strong charge due to the hydrophobicity. Beside, bi-functional group
between mercapto functional group and amino functional group can enhance adsorption
capacity because of higher active surface site and demonstrated higher adsorption
capacity than AM-HMS.

There are many researches who investigated new technique to encapsulated
magnetic material in mesoporous silicate, this magnetic property are supposed to
enhance separation efficiency by HGMS filter. Hua et al. (2003) synthesized the
magnetic HMS by encapsulated mesoporous material in magnetite denoted as HMS-SP.
Obtained HMS-SP was investigated DDT adsorption capacity and magnetic separation
efficiency from aqueous phase. They reported that HMS-SP had high DDT adsorption
capacity and significant effective separation from aqueous solution.
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From previous studies, adsorption process has high possibility to be applied for
naproxen removal from wastewater. Although, studied carbon based adsorbents reported
by previous researches had high adsorption capacity, however, selectivity of target
compounds of carbon based adsorbents were suggested to be low due to their low
uniformity of surface structure. Mesoporous silicate materials such as MCM-41 and HMS
have been developed to enhance adsorption capacity of micro-pollutants. The advantages
of these materials are uniform pore size of distribution and surface functional groups
which can enhance selective adsorption capacity. Moreover, these porous silicate
materials can be enhanced separation efficiency by magnetic separation processes due to

their modified superparamagnetic characteristic.

2.11.2 Application of HGMS Filter

Previous studies have investigated particle separation efficiency by magnetic
filtration. The configuration of equipment was set external magnetic flux density and
equipped direction of magnetic field to opposite with fluid flow. Magnetic filter was

inserted inside the column under set magnetic field.

Mitsuhashi et al. ( 2003) investigated magnetic filter application to separate Fe3;O4
modified with octadecyl group that adsorb nonylphenol and Bisphenol A from
wastewater. The austenitic stainless steel sheets were used as magnetic filter to capture
the magnetic particle and generated 1-1.7 T by superconducting magnet. The experiment
conditions are; flow rate: 20 liter / min, magnetic filter passage: 10 min and amount of
adsorbent: 490 and 1100 mg/L. For this process, FesO4 which adsorbed nonylphenol and

bisphenol A can be removed from wastewater flow effectively.

Ditsch et al. (2005) studied the effect of column length, velocity, and magnetic
particle size on HGMS filtration. The experiment is varied: column length: 3.5 and 10.5
cm, velocity: 0.3,0.6,1,2,3 and 4 cm/s and magnetic particle size: 80,110 and 140 nm but
controlled 0.16 of packing fraction, 0.5% wt particle concentration and 0.5M NaCl of

ionic strength. For this model, 1.3 T the intensity of magnetic was created by
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electromagnet and stainless steel wires were used to magnetic filter. The result of this
study showed that longer length column, bigger particles, slower velocity enhanced the
capture efficiency and the cluster bigger than 50 nm had more than 99.9% of the

efficiency at high flow rate.

Waynert et al. (2004) investigated removal of heavy metal; Zn, Cu, Pb, Cd, Ag,
Fe and Mn by HGMS filter. Applied HGMS filter system was used 2.0 T
superconducting magnet and ferromagnetic filter. The ferrite feeding that reacted with
heavy metals was captured by filter. Obtained results showed that flow rate and magnetic

flux density effect on efficiency of system.

From previous researches, it can be concluded that magnetic filtration by
permanent magnets can be applied to separate superparamagnetic particles from aqueous
flow, especially concerning about material and operation cost. However, it has a
limitation about magnetic flux density that might decrease separation efficiency

comparing with electromagnetic and superconducting magnets.

2.11.3 BDST Model

Zou et al. (2011) studied adsorption of uranium (V1) on zeolite by continuous fixed
bed depth. They found that extending bed depth performed steeper slope and higher
surface area to adsorb due to increasing mass of adsorbent. Moreover, breakthrough
curve was lower slope causing by slower flow rate. They reported that it was more
breakthrough time when inlet concentration is small. The experiment data was apply with
BDST for predict breakthrough time. The result of BDST was related to experiment data.

Han et al. ( 2009) investigated breakthrough curve of continuous fixed bed column.
Phoenix tree leaf powder was used fixed bed to remove methylene blue. The experiment
indicated that increasing breakthrough time related to decreasing flow rate, influent
adsorbate concentration and longer fixed bed depth. The result were discussed in four
model; Thomas, Adam-Bohart, Yoon-Nelson and Clark. In case of Adam-Bohart model,

the correlation coefficients is higher than 0.9, so this model was successful to apply this
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model. Beside, predicted breakthrough time by BDST model was slightly different from

experimental breakthrough time.

In conclusion, effects of bed depth, flow rate and initial concentration of pollutant
influence breakthrough curve including breakthrough time and slope of curve due to
surface area and contact time. BDST model was most used to predict breakthrough time
in different flow rate and initial particle concentration. However, application of BDST

model on HGMS filter still has not been reported yet.



CHAPTER 111
MATERIALS AND METHODS

3.1 Materials

3.1.1 Chemical Reagents

1.  Dodecylamine 98% ACROS ORGANICS

2.  Tetraethoxysilane 98% ACROS ORGANICS

3. 3-aminopropyltriethoxysilane >98% Fluka

4.  3-mercaptopropyltrimethoxysilane >98% Fluka

5. Powdered activated carbon ShirasakiS-10 Japan
enviroChemicals, Ltd.

6.  Ethyl alcohol absolute RPE-ACS CARLO ERBA

7. Sodium hydroxide AR grade LAB SCAN

8.  Hydrochloric acid 37% CARLO ERBA

9.  Sulfuric acid 98% LAB SCAN

10. Potassium dihydrogenphosphate AR grade Riedel-de-Haen

11. Dipotassium hydrogenphosphate AR grade Riedel-de-Haen

12.  Naproxen 98% Sigma-Aldrich.

13.  Iron (I1) chloride tetrahydrate 99% Sigma Aldrich

14. Iron (111) chloride hexahydrate 96% Ajax Finechem

15.  Ammonium hydroxide 28-30% J.T. Baker

16. Sodium chloride 99% LAB SCAN
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3.1.2 Instruments

Fourier transform Infrared Spectroscopy: Perkin Elmer, Spectrum one
UV- vis spectrophotometer: GENESY'S 10SUV-VIS with 1 and 5- cm quartz cells
Shaker: Green SSriker Il

Inductively coupled plasma atomic emission spectroscopy (ICP-AES):

P WD

LECO,corporation)

Zeta-Meter: Zeta-Meter System 3.0, Zeta-Meter Inc.
Magnetic stirrer : AS ONE Rexim RS 6D model
Scanning Electron Microscope (SEM): JSM -6400
pH meter: Mettler-Toledo AG, CH-8902 Urdorf
Tensiometer: A Dataphysics DCAT-11 tensiometer

© o N o o

3.2 Experimental Procedure

3.2.1 Synthesis of Adsorbents

Synthesis of Fe;O,4 Particle (Qu et al.,2010)

FesO4 was prepared by this following method: 0.046 mol of FeCl;-6H20 and
0.223 mol of FeCl,-4H,0 were mixed into 150 mL of DI water under vigorous stirring.
After that add 20mL of Ammonium Hydroxide 25%. After the mixture was stirred for 30
min, added 3mL of Oleic acid. Then, the mixture was heated to 75°C for 1hr. Finally, the
product was washed and separated by magnet with DI water and ethanol in three times,

and then dried. The Fe;O, was obtained.

Synthesis of Coated Hexagonal Mesoporous SlicatestHMSs)(Tian et al.,2009)

HMS-SP was prepared by this following method: 0.5g of obtained Fe;O, was
dispersed in 250mL of 0.1M HCI. After that washed with DI water and separated by
magnetic separation. The mixture of 3.94 g of ethanol and 27.36 g of H,O were added in
to washed Fe3O,4 and then mixed in vigorous stirring for 30 min. Under stirring, 2g of

tetraethylorthosilicate (TEOS) was added in to the mixture and the mixture was stirred
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and age at ambient temperature for 20 hr. Then the product was separated by magnet and
washed with DI water and ethanol. After that, the template removal was carried out by

refluxing in 200mL ethanol at 80°C for 10 hr, and duplicates refluxing.

Functionalized Group by Co-condensation (Punyapalakul et al.,2009)

Functionalized group by co-condensation was prepared by these following
methods: 0.5g of Fe;0,4 was dispersed in 250mL of 0.1M HCI. After that washed with DI
water and separated by magnetic separation. The mixture of 3.94 g of ethanol and 27.36 g
of H,O were added in to washed Fe3O,4 and then mixed in vigorous stirring for 30 min.
Under stirring, 2g of tetraethylorthosilicate (TEOS) was added. After 30 min, the 0.25
mol of each organosilane (such as of 3-aminopropyltriethoxysilane (APTES), 3-
mercaptopropyltriethoxysilane (MPTMS), phenyltrimethoxysilane and  4-
(triethoxysilyl)butyronitrile was added to the mixture, and then vigorous stirring and age
at ambient temperature for 20 hr. Then the obtain particle was separated by magnet and
washed with DI water and ethanol. After that, the template removal was carried out by
refluxing in 200mL ethanol at 80°C for 10 hr, and duplicates refluxing. Finally, A-HMS-
SP, M-HMS-SP, P-HMS-SP and N-HMS-SP will be obtained, respectively. Table 3.1

shows surface functional groups structures of each adsorbent.
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Table 3.1 Surface Functional Groups Structure of Synthesized Adsorbents

Adsorbents Chemical structures Functional groups
O_ Silanol (SiOH)
HMS-SP O—Si-OH
o)
AHMS.SP o_ Amino (NHy)
TIPS Silanol (SiOH)
MLHMS.SP —825 oh Mercapto (SH)
T Y Silanol (SiOH)
o Phenyl
P-HMS-SP o Xgi _ _
o” Silanol(SiOH)
AEEIME o —O0_ Nitrile (CN)
- - - - . CN
N e Silanol (SiOH)

3.2.2 Physico-chemical Characterization of Adsorbents

The synthesized adsorbents will be measured their physico-chemical properties by

various methods that expressed as Table 3.2. All of characteristic parameters will be used

to discuss about adsorption mechanisms of NAX on the materials.

Table 3.2 Physico-chemical Characteristic Parameters and Measurement Method

Parameters

Instrument/Analysis

Surface area and pore size

BET/Nitrogen Adsorption

Surface functional group

Fourier transform Infrared Spectroscopy (FT-IR)

Sulfur content

ICP-AES

Surface charge

Zeta potential analyzer

Surface structure

Scanning Electron Microscopy (SEM)
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Surface Area and Pore Sze

Surface area and pore size of synthesized adsorbents were analyzed by using data
from nitrogen adsorption isotherm derived by BET isotherm. The BET isotherm was
found by Brunauer, Emmett and Telleris. It was general isotherm that used to determine
adsorption phenomena under 77K. Moreover, this application can identify pore size and
surface area of adsorbent. The equation is shown in (3.1). BET isotherm was the physical
gas adsorption isotherm that adsorbed inert gas commonly nitrogen on solid material.

1 c-1(P 1
O] = e ) * e &y
Where P and P, are equilibrium and saturation pressure of adsorbent, v and vm

are adsorbed and monolayer adsorbed gas and c is BET constant.

Surface Functional Group

Surface functional groups of functionalized adsorbents and pristine adsorbent
were determined by Fourier Transform Infrared (FT-IR). The organo silane functional
groups were defined by band of chemical bonding at wavenumber between 400 and 4000
cm™.

Sulfur Content

Quantity of sulfur was examined by sulfur determinator model SC-132. The

sample was heat at 400°C. The sulfur content was measure existence of SO..

Surface Charge

Zeta potential meter were used to measure surface charge. 0.005g of adsorbents
were mixed in pH solution in range 3 to 10 under controlled 0.01M ionic strength by
phosphate buffer for 24 hours. After that mixtures were analyzed and the results were

plot between voltage of surface charge and pH values.
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Surface Structure

Scanning electron microscope (SEM) was used to consider surface structure of

synthesized adsorbents including uniform size distribution of particle.
3.2.3 Adsorption Study

Adsor ption Kinetic

1) Added 0.200 g of each adsorbents into Erlenmeyer flask.

2) Poured 150 mL of 5 mg/L NAX solution and control pH7 and
IS 0.01 M by using phosphate buffer.

3) Shaked Erlenmeyer flask in temperature at 25 + 2 °C until 24
hours.

4) Collected sample and filtrate the sample through GF/C filter
paper at 0,1,3,5,10,15,30,60,180,360,540,720,1440 min.

5) Measured filtrated sample by UV-visible spectrophotometer at
230 nm.

Adsor ption |sotherm

1) Added 0.020 g adsorbent into Erlenmeyer flask.

2) Poured 15 mL of NAX solution in range 0.5-10 mg/L and
controlling under pH7 and 0.01 M by using phosphate buffer.

3) Shaked Erlenmeyer flask in temperature at 25 + 2 °C until 24
hours.

4) Collected sample and filtrating the sample through GF/C filter
paper.

5) Measured filtrated sample by UV-visible spectrophotometer at
230 nm.

6) Repeated all process with changing controlled pH at 5 and 9 by
phosphate buffer.
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Hydrogen Bonding Measurement between NAX and HMS-SP Surface.

1)
2)
3)

4)

5)

6)
7)

Added 0.100 g of HMS into Erlenmeyer flask.

Poured 30 mL of NAX in hexane.

Shaked Erlenmeyer flask in temperature at 25 + 2 °C until 24
hours.

Collected sample and filtrating the sample through GF/C filter
paper.

Dried filtrated HMS in the oven at 105°C for 24 hour.

Analyzed NAX adsorbed HMS in hexane by FT-IR.

Compared between the result of NAX adsorbed HMS in hexane

and virgin hexane.

3.24 High Gradient Magnetic Separate Filtration

The magnetic filtration system consisted of wire stainless steel filter, 3 acrylic

pipe diameter 0.8 cm and height 5 cm, pair of permanent magnets and peristaltic pump

that show as Figure 3.1. The gap between permanent magnets was 3 cm.

i

—

»

2

Collecting
Sample

Figure 3.1 System Filtration Process; Stirrer (1), Peristaltic Pump (2), Magnetic
Filtration (3) and Collecting Sample (4).
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Effect of Flow Rate

1) Mixed synthesized adsorbent that performed the highest adsorption
capacity with DI water in ratio 0.5 g of adsorbent per 1 Liter of DI
water.

2) Pumped the mixture to the filter at varied flow rate from 0.75to 1.5
cm/min.

3) Collected the sample until breakthrough point.

4) Measured the concentration of adsorbent by turbidity meter.

The condition of this experiment were summarized in Table 3.3

Table 3.3 The Parameters of HGMS Filter for Study Effect of Flow Rate

Parameters Values
Varied parameters
e Flow rate 0.75, 0.95 and 1.25 cm/min

Controlled parameters

e Depth filter 5cm
e Surface area filter 37.23 cm?
e Particle concentration 0.5g/L

Effect of Depth Filter

To study effect of depth filter, experiment was conducted as same as previous
study of effect of flow rate, but the flow rate was fixed as well as concentration of
adsorbent. The depth filter was varied by 1.5, 3 and 5 cm.

The condition of this experiment were summarized in Table 3.4
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Table 3.4 The Parameters of HGMS Filter for Study Effect of Depth Filter

Parameters Values
Varied parameters
e Depth filter 1.53and5cm
Controlled parameters
e Flow rate 0.95 cm/min
e Surface area 37.23 cm?
e Particle concentration 0.5¢/L

Effect of Surface Area of Sainless Filter

To investigate effect of filter surface, filtration experiment was conducted as same
as previous study of effect of flow rate, but controlled flow rate, and magnetic flux
density. Surface area of the filter was varied from 19 to 50 cm?.

The condition of this experiment were summarized in Table 3.5

Table 3.5 The Parameters of HGMS Filter for Effect of Surface area Filter

Parameters Values
Varied parameters

e Surface area filter 37.23 cm®

Controlled parameters
e Flow rate 0.95 cm/min
e Depth filter 5cm

e Particle concentration 0.5¢/L
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Effect of Concentration of Synthesized Adsorbent Particle.

To investigate effect of adsorbent concentration, filtration experiment was
conducted as same as previous study of effect of flow rate, but controlled flow rate, and
magnetic flux density. The concentration of adsorbents was varied from 0.3 to 1 g/L.

The condition of this experiment were summarized in Table 3.6

Table 3.6 The Parameters of HGMS Filter for Study Effect of Adsorbent

Concentration.

Parameters Values
Varied parameters

e Particle concentration 0.3,0.5and 1g/L

Controlled parameters

e Flow rate 0.95 cm/min
e Surface area filter 37.23 cm?®
e Depth filter 5cm

Effect of NAX in Filtration Efficiency

To evaluate removal efficiency of NAX from synthetic wastewater by adsorption
on synthesized adsorbent and separated by HGMS filter, the filter conditions were fixed
by parameters that performed the highest filtration efficiency: flow rate, filter depth,
surface area of filterand adsorbent concentration. The concentration of NAX in synthetic
wastewater was set at 5 mg/L. Moreover, filtration under above conditions was conducted
without magnetic flux density in order to evaluate effect of magnetic field on filtration

efficiency. Experimental procedure can be concluded as following:

1) Mix selected adsorbent with 5 mg/L NAX solution in ratio of 0.5 g
adsorbent per 1 Liter of solution under controlled pH 7, IS 0.01M and
temperature at 25 + 2°C until equilibrium state.

2) Pump the mixture to the filter.
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3) Collect the sample until breakthrough point.
4) Measure the concentration of adsorbent by turbidity meter.
5) Measure residual concentration of NAX from the output of HGMS
filter.
The condition of this experiment are summarized in Table 3.7

Table 3.7 The Parameters of HGMS Filter for Study Effect of NAX

Controlled parameters Values
e Depth filter 5cm
e Surface area filter 37.23 cm?
e Particle concentration 0.5g/L
e Flow rate 0.95 cm/min




CHAPTER IV
RESULTS AND DISCUSSION

4.1 Characteristic for Physical —chemical Properties of Synthesized Adsorbents

All synthesized adsorbents were characterized physico-chemical characteristics
such as surface area, pore size, surface functional group, surface charge, hydrophobicity

and particle size.

4.1.1 Surface Area and Pore Size

BET isotherm was the physical gas adsorption isotherm that adsorbed inert gas
commonly nitrogen on solid material. The process will occurred in multilayer. This
method would analyze surface area and pore size of HMS-SP modified with organic
functional groups (A-HMS-SP, M-HMS-SP, P-HMS-SP and N-HMS-SP) by using

nitrogen adsorption.

Nitrogen adsorption-desorption isotherm of all adsorbents are shown in Figure
4.1. Physico-chemical characteristics of synthesized adsorbents were summarized in
Table 4.1. For A-HMS-SP, surface structures of functional group grafted adsorbent were
changed significantly from pristine HMS-SP by decreasing surface area and increasing
pore diameter due to the collapse of silicate porous structure. Surface areas of M-HMS-
SP, N-HMS-SP and P-HMS-SP were decreased a little bit comparing with pristine HMS-
SP. However, PAC has the highest surface area than others adsorbents. Pore size
diameters of all adsorbents except PAC were in range 2-50 nm which can identify

mesoporous silicate structure.
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Figure 4.1 Nitrogen Adsorption—desorption Isotherms and Surface Charge of A-HMS-

SP, M-HMS-SP, HMS-SP, N-HMS-SP and P-HMS-SP.

Table 4.1 Physico-chemical Characteristics of Synthesized Adsorbents.

Pore BET Surface
Adsorbents | diameter Surface PH_pc functional Hydrophobicity
(nm) | area (m?/qg) groups
A-HMS-SP 11.81 272 8.8 Amino Hydrophilic
M-HMS-SP 5.34 558 6.2 Mercapto Hydrophobic
HMS-SP 6.02 771 4.4 Silanol Hydrophilic
P-HMS-SP 6.42 592 5.6 Phenyl Hydrophobic
N-HMS-SP 8.63 534 4.5 Nitrile Hydrophobic
Carboxyl
PAC? 1.90 980 9.5 Phenyl Hydrophobic
Others

4(Punyapalakul et al, 2009)
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4.1.2 Content of Sulfur

Content of sulfur was measure by Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES). The result found that M-HMS-SP had 5.57% by weight of

sulfur, which represents mercapto functional group (-SH).

4.1.3 Surface Functional Groups

Surface functional groups of all synthesized adsorbents were determined by
Fourier Transform Infrared (FT-IR). According to Figure 4.2, FT-IR cannot detect band
of O-H free bonding that used to identify silanol group at wavenumber of 3746 cm™ on
pristine HMS-SP. However, board peak at 3433 cm™ can identify hydrogen bonding
which might caused by interaction between water and silanol group on HMS-SP surface.
For amino and mercapto functional group, band of N-H bonding and S-H bonding cannot
be detected at wavenumber of 3300 — 3400 cm™ and 2560 cm™, respectively, due to low
mass loading. But grafted organo-functional groups can be confirmed by represented C-H
bonding at wavenumber of 2890-2960 cm™ of A-HMS-SP and M-HMS-SP. Moreover,
sulfur intensity value measured by ICP-AES can support the existence of mercapto
functional group on M-HNS-SP surface. In case of phenyl group in P-HMS-SP, it was
found C-H bonding, C=C bonding of aromatic ring and benzene band at 2890-2960 cm™,
1434 cm™ and 705 cm™. To determine cyanide functional group, the result revealed

cyanide bonding at wavenumber of 2254 cm™.
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Figure 4.2 FT-IR Spectra of Synthesized Adsorbents.

4.1.4 Contact Angle
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The contact angle values of hydrophobic surfaces were determined by

Tensiometer. The angle value was angle between water and surface of adsorbents. The

adsorbents which have high contact angle performed more hydrophobicity than adsorbent

that have lower contact angle value. The measured results of contact angle was show in

Table 4.2. According to Table 4.2, the order of hydrophobicity was P-HMS-SP, M-HMS-

SP, N-HMS-SP, PAC and HMS-SP, respectively.

Table 4.2 Contact Angle Result of Synthesized Hydrophobic Materials

Hydrophobic material | Contact angle
M-HMS-SP 59.97+2.73
P-HMS-SP 76.62+0.02
N-HMS-SP 53.27+0.66

HMS-SP 45.06
PAC 58.343+0.08
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415 SEM

The SEM images of all materials are demonstrated in Figure 4.3. The images
show that all adsorbents had spherical morphology; moreover the particles have slightly

different size between 100 to 300 nm.

(b)

(©) (d) (€)

Figure 4.3 SEM Image of (a) HMS-SP, (b) A-HMS-SP, (¢c) M-HMS-SP, (d) P-HMS-SP
and () N-HMS-SP.

4.1.6 Surface Charge

Surface charge of all adsorbents was measured by Zeta potential analyzer. The
zeta potential profiles of HMS-SP, M-HMS-SP, A-HMS-SP, N-HMS-SP and P-HMS-SP
versus pH are shown in Figure 4.4. The zero point of charge (pHzc), the balancing point
between negative charges and positive charges of surface functional groups, was defined
as the zero point of charge (pHz.). The pH values are summarized in Table 4.3 for all

synthesized adsorbents.
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According to Table 4.3, nitrile and silanol functional groups display negative
charge at all pH in this study. Moreover, phenyl and mercapto functional groups perform
negative charge at pH 7 and pH 9 but positive charge at pH5. The charge of amino
functional group tends to be positive at pH 5 and pH 7 but has negative charge at pH 9.
Surface functional groups are protonated and the positive charges are increasing at pH
below pHzc. On the other hand, protons of surface functional groups are lost and the
charge will perform strongly negative at pH above pHzc. The reaction of all surface

functional groups will be summarized in Table 4.4.
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Figure 4.4 Surface Charge of Synthesized Adsorbents.

Table 4.3 pH,,c of Adsorbents Used in This Study

Adsorbents PHzpc

A-HMS-SP 8.8
M-HMS-SP 6.2

HMS-SP 4.4
P-HMS-SP 5.6

N-HMS-SP 4.5
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Table 4.4 Effect of pH on Surface Functional Groups (Punyapalakul, 2009)

Adsorbents pH < szpc pH > szpc
HMS-SP =Si-OH +H* > =Si-OH," =Si-OH + OH -2 =Si-O0" + H,0

A-HMS-SP = Si-R-NH; + H" = = Si-R-NH;" = Si-R-NH; + OH = = Si-R-NH,0OH

M-HMS-SP =Si-R-SH + H" © = Si-R-SH," =Si-R-SH + OH" 2 =Si-R-S + H,0

4.2 Adsorption Kinetic

The adsorption kinetic of NAX was conducted at pH 7+0.2 controlled by
phosphate buffer at ionic strength 0.01 M, T= 25°C. The adsorptions kinetic of NAX on
all adsorbents are showed in Figure 4.5. According to Figure 4.5, NAX concentrations
were rapidly decreased and approached to equilibrium concentration within 1 hour for A-
HMS-SP, HMS-SP and N-HMS-SP, while 9 hours for M-HMS-SP, P-HMS-SP and PAC.
Obtained kinetic data were fitted by pseudo-first-order and pseudo-second-order model
and displayed in Table 4.5. All kinetic experiments are matched with pseudo-second-
order and rate of adsorption followed in order of affinity adsorption except P-HMS; PAC,
M-HMS-SP, P-HMS-SP, N-HMS-SP, HMS-SP and A-HMS-SP, respectively. The
adsorption mechanisms of all materials were investigated by intrapraticle diffusion
model. This model was studied by plotting between g, and t“2. For adsorption
mechanism, Figure 4.6 exhibits intraparticle diffusion model. The figures are indicated
that first and second step of all adsorbents were film diffusion step and intraparticle step.
Film diffusion step has higher slope than intraparticle diffusion step, so the adsorption
mechanism depend on the intraparticle diffusion due to their lower rate. The intraparticle
diffusion is the rate limiting step of all adsirbents. For all adsorbents, the straight lines of
intraparticle diffusion step pass through the origin; adsorptions of NAX were controlled
by intraparticle diffusion step, except M-HMS-SP and PAC. Figure 4.6 (f) demonstrated
that second step and third step are intraparticle diffusion of micro pore and meso pore of
PAC. In case of PAC and M-HMS-SP, it indicated that intraparticle diffusion step is not

only the rate limit step of adsorption mechanism due to their interception of straight line.



49

5 5
= L,_. - n = | B HMS-SP|
(=)} E) | = OO |
g_ 4 £4-
s =
2 -HMS- o
£ 3. B A-HMS-SP 23
£ £ "umm m = = n
e 24 821
c
o o
o o
> 14 i
= 1 21
Z 4
0 T T T T T 1 0 T T T T T 1
0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500
Time (min) Time (min)
(a) (b)
5 5+
- | M-HMS-SP| =
= =)
o 4 i
24 E4
J <
S, S
2 3 SSmEE—8—n m —— @8
< =
t L . u [ g
o 2 Q 24
< Q
S o
é 14 ><< 1
i 4
0 T T T T T 1 0 T T L T T T ¥ 1
0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500
Time (min) Time (min)
(©) (d)
5
= 10
=] B P-HMS-SP =
24 | = —mPac]
c Es
] 3 s
-~
g %6
: g
g2m S 4
(=] © \
o - O [ ]
§ 1 am m —n § 2
z =z L e | n
0 . ; . 04 : . ; ; : ‘
0 500_. 1000 1500 0 250 500__ 750 1000 1250 1500
Time (min Time (min)
(e) (f)

Figure 4.5 Adsorption Kinetic Results of NAX on All Adsorbents; (a) A-HMS-SP, (b)
HMS-SP, (¢) M-HMS-SP, (d)N-HMS-SP, (e) P-HMS-SP and (f)PAC at 25+2 °C,
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Table 4.5 Experiment Data of Adsorption Kinetic
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Pseudo-first

Pseudo-second order

order

Adsorbents 2 " 2 " Calculated| Experimental b

R ) R . Qe Qe .
(1/min) (9/mg-min) mg/g-min)
(mg/g) (mg/g)

A-HMS-SP | 0.8655| -0.002 [0.9981| 0.7773 0.0441 0.0414 0.0015
M-HMS-SP |0.5799| -0.001 |0.9997 | 0.6145 0.7094 0.7198 0.3092
HMS-SP  [0.5913| -0.002 |0.9912| 0.1620 0.1357 0.1299 0.0030
P-HMS-SP |0.8122| -0.003 [ 0.9999| 0.0382 1.5244 1.5000 0.0888
N-HMS-SP |0.6394| -0.017 |0.9974| 0.5118 0.1374 0.1326 0.0097
PAC 0.9802 | -0.003 {0.9997| 0.0007 | 135.1351 135.1112 13.2100

h” = initial adsorption rate (mg/g h) calculated from h = koge” .
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Figure 4.6 Intraparticle Diffusion of Adsorbents; (a) A-HMS-SP, (b) HMS-SP, (c) M-
HMS-SP, (d)N-HMS-SP, (e) P-HMS-SP and (f)PAC.
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4.3 Adsorption Isotherm

4.3.1 Effect of Surface Functional Groups at pH 7+ 0.2

NAX adsorption isotherms of six adsorbents at pH 7 were shown in Figure
4.7, it is revealed that phenyl had the highest adsorption capacity following with 3-
mercaptopropyl, nitrile, silanol groups on pristine HMS-SP and 3-aminopropyltriethoxy,
respectively. However, adsorption capacity of PAC still is higher than all synthesized
adsorbents. Van der Waals interaction caused by hydrophobicity was suggested to play
the most important role for NAX adsorption on hydrophobic adsorbents surface. The
affinity adsorptions on hydrophobic adsorbents followed in order of hydrophobicity
material; P-HMS-SP, M-HMS-SP and N-HMS-SP. For Figure 4.8, occurrence of
hydrogen bonding of HMS-SP was proved by FTIR. Comparing free O-H stretching
between silanol group on pristine and NAX adsorbed HMS in hexane. It was found that
after NAX adsorption in hexane free O-H stretching of HMS did not shift from virgin
HMS. However, the shape of HMS that adsorbed NAX in hexane was slightly changed
from the shape of virgin HMS at 3200 cm™. Moreover, 2930 cm™ and 1444 cm™
demonstrated the existence of aromatic ring of NAX. Adsorption of NAX by silanol
groups on HMS might involve in hydrogen bonding interaction. However, a bit
adsorption capacity of NAX on HMS-SP can be detected. It could be suggested that
effect of water in NAX solution might be interrupt to NAX adsorption by hydrogen
bonding on HMS-SP due to carboxylic of NAX competed with O-H of water. At pH 7,
all synthesized materials performed repulsive interaction except A-HMS-SP that
performed attractive interaction due to pHz,. >7, but the attractive interaction of amino
group did not enhance adsorption capacity comparing hydrophobic force. It might cause
that A-HMS-SP had lower possibility to adsorb NAX than hydrophobic adsorbents due to
accessibility to pollutant. The effect of pore size diameter can be neglect for all

adsorbents due to molecular size of NAX.
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Figure 4.7 Adsorption Capacities of NAX on Synthesized Adsorbents (a) and PAC (b) at
25+2 °C, pH 7+0.2, and 0.01 M lonic Strength.
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Figure 4.8 FT-IR of Virgin HMS and NAX Adsorbed HMS in Hexane.

To evaluate effect of surface functional groups on NAX adsorption capacities,

adsorption capacity per square meter were compared to eliminate effect of surface area of

adsorbents.

As shown in Figure 4.9, the order of adsorption affinity did not change
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significantly; PAC, P-HMS-SP, M-HMS-SP, N-HMS-SP, HMS-SP and A-HMS-SP,
respectively. The adsorption capacity per square meter of HMS-SP was not significantly
different comparing with A-HMS-SP, which might be caused by electrostatic force.
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Figure 4.9 Adsorption Capacities Per Specific Surface Area of NAX on Synthesized
Adsorbents (a) and PAC (b) at 25+2 °C, pH 7+ 0.2, and 0.01 M lonic Strength.

4.3.2 Effect of pH

Effect of pH on adsorption capacities of adsorbents were determined by varying pH
of solution between 5, 7, and 9 at IS 0.01 M controlled by phosphate buffer. Table 4.6
shows relationship between surface charge of adsorbents and NAX at pH 5, 7 and 9.
NAX adsorption isotherms at pH 5-9 were plotted and compared in Figure 4.10. It was
found that adsorption capacities at pH 5 and 9 of silanol and amino grafted adsorbent (A-
HMS-SP and HMS-SP, respectively) did not change significantly comparing with
adsorption capacity at pH7. However, effect of pH influences on adsorption of NAX on
PAC, P-HMS-SP, M-HMS-SP and N-HMS-SP. For PAC, the capacity was enhanced by
reducing pH due to expanding attractive force of electrostatic interaction. Adsorption
capacity of N-HMS-SP at pH 5 was strongly changed comparing with pH 7 and pH 9, it
might be that pH 5 was closely to pH,. of N-HMS-SP and then possibility of adsorption

might be increased by increasing of attractive interaction between adsorbent and
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pollutant. In case of M-HMS-SP and P-HMS-SP, adsorption capacities were increased

with attractive interaction at pH 5 and decreased with repulsive interaction at pH 9. It

could be indicated that combination of electrostatic interaction and hydrophobic force
might affect on adsorption capacity of M-HMS-SP and P-HMS-SP.

Table 4.6 Charges Relationship between Adsorbents and NAX.

Adsorbents/ | pHzpc/ pHS pH7 pH9

Pollutant PKa | charge |Interaction| Charge |Interaction| Charge |Interaction

NAX 4.15 - - -

HMS-SP 4.4 - Repulsive - Repulsive - Repulsive
A-HMS-SP 8.8 + Attractive + Attractive - Repulsive
M-HMS-SP 6.2 + Attractive - Repulsive - Repulsive
P-HMS-SP 5.6 + Attractive - Repulsive - Repulsive
N-HMS-SP 4.5 - Repulsive - Repulsive - Repulsive

PAC 9.8 + Attractive + Attractive + Attractive
8 8
= oo X
O pH7
el | a zHg 6] L4 pho
§4 54
cgn o
2+ 2
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Figure 4.10 Adsorption Capacities of NAX on Adsorbents; (a) A-HMS-SP, (b) HMS-SP,
(c) M-HMS-SP, (d) N-HMS-SP, (e) P-HMS-SP and (f) PAC at 25+2 °C and 0.01 M
lonic Strength.

Adsorption isotherms of all adsorbents at pH 5, 7, and 9 were fitted with linear
Freundlich isotherm model and Langmuir model that shown in Table 4.7 and Table 4.8. It
was found that experimental data can be matched with linear, Freundlich model and
Langmuir model and the correlation coefficients were not significant different. According
Table 4.7, the results of adsorption isotherm were mostly suitable with Freundlish model.



Table 4.7 Experiment Data of Linear and Freundlish Isotherm

Linear Freundlish
Adsorbents
a (slope) R? Ke n R?
HMS-SP

pH5 0.0491 0.9592 0.0882 1.3381 0.9713

pH7 0.0271 0.9393 0.0556 1.3949 0.9606

pH9 N/A N/A N/A N/A N/A
A-HMS-SP

pH5 0.0164 0.9753 0.0171 1.0312 0.9699

pH7 0.0053 0.9919 0.0043 0.9300 0.9794

pH9 N/A N/A N/A N/A N/A
M-HMS-SP

pH5 0.5514 0.9828 0.6413 1.0978 0.9819

pH7 0.1980 0.9929 0.1538 0.8906 0.9944

pH9 0.0691 0.9545 0.0404 0.7866 0.9556
P-HMS-SP

pH5 2.4926 0.8668 4.0418 1.5545 0.9111

pH7 0.4819 0.9529 1.0064 1.5752 0.9838

pH9 0.2213 0.9793 0.0487 0.5904 0.9897
N-HMS-SP

pH5 0.1205 0.9915 0.0742 0.8306 0.9886

pH7 0.0465 0.7567 0.00002 0.2416 0.9711

pH9 0.0185 0.9869 0.0157 0.9568 0.9791

PAC

pH5 N/A N/A N/A N/A N/A

pH7 552.48 0.8203 273.8735 2.1136 0.8382

pH9 119.2 0.8114 154.5021 3.2124 0.9804

S7
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Table 4.8 Experiment Data of Langmuir Isotherm

Langmuir
Adsorbents
Qm B R?
HMS-SP
pH5 0.9140 0.1030 0.9816
pH7 0.5893 0.0915 0.9664
pH9 N/A N/A N/A
A-HMS-SP
pH5 1.1123 0.0164 0.9726
pH7 N/A N/A N/A
pH9 N/A N/A N/A
M-HMS-SP
pH5 15.8754 0.0421 0.9833
pH7 N/A N/A N/A
pH9 N/A N/A N/A
P-HMS-SP
pH5 12.6919 0.5181 0.9512
pH7 5.1530 0.2390 0.9870
pH9 N/A N/A N/A
N-HMS-SP
pH5 N/A N/A N/A
pH7 N/A N/A N/A
pH9 N/A N/A N/A
PAC
pH5 N/A N/A N/A
pH7 153.7700 19.3182 0.8439
pH9 156.4944 0.1130 0.8826

4.4 Separation

The experiments were conducted using column which has an internal diameter of 0.8

cm and height of 15 cm. The magnetic stainless filter was induced by approximately 0.2
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T of magnets. P-HMS-SP was selected to study separation efficiency of HGMS filter due
to the highest NAX adsorption capacity.

4.1.1 Physical Characteristic of Stainless Filter

The vernier was used to determine width and length of stainless filter. The surface
area per gram and volume per gram were calculated in eq. 4.1 and 4.2. The data were

summarized in Table 4.9.

_ (2W-D+2W-H+2H-D)

§ weigth (4.1)
_ (W-D-H)
" weigth (4.2)

Where S is surface area (cm?/g), W is width of stainless filter (mm), D is length of

stainless filter (mm), H is height (mm) and p is density of stainless filter (g/cm®).

Table 4.9 Parameters Characteristic of Stainless Filter

Parameters Values
Width 0.46mm
Height 0.04mm

Surface area | 98.3935cm?/g
Density | 5.5443 g/cm®

4.1.2 Effect of Flow Rate, Surface area and Depth Length of Stainless Filter

This experiment was designed breakthrough concentration of particle at 10%
removal. Figure 4.11 (a) show breakthrough curve at different depth length of stainless
filter at constant flow rate (0.95 cm/min), concentration particle (0.5 g/L) and surface
area of stainless filter (37.23 cm?). It can be seen that the breakthrough time at
breakthrough concentration was increased when extending bed depth due to higher

surface area and contact time. For effect of flow rate, it was indicated that slower flow
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rate performed longer breakthrough time at 10% breakthrough by increasing contact time
as shown in Figure 4.10 (b) under fixed bed depth (5 cm), concentration particle (0.5 g/L)
and surface area(37.23 cm?). Surface area of stainless filter at 37.23 cm” and 49.66 cm?
were not significantly influence on breakthrough time and filtrate volume. Decrease of
surface area to 19.32 cm® caused the reduce of service volume due to lower contact

surface area, as shown in Figure 4.11 (c).
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Figure 4.11 Effect of (a) Bed Depth Stainless Filter, (b) Flow Rate and (c) Surface Area

of Stainless Filter on Breakthrough Curve.
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According to Table 4.10, efficiency of stainless filter in different condition was
analyzed in equation 4.3. This Table demonstrated that the best condition is 1.5 cm of bed
depth, 0.95 cm/min of flow rate and 37.23 cm? of surface area due to slightly different in

flow rate between 0.95 and 0.75 cm/min.

txXF

Q= ~ (4.3)
Where Q is breakthrough capacity (cm®cm?), t is time at breakthrough at 10%

(min), F is flow rate (cm*/min) and S is surface area (cm?).

Table 4.10 Experiment Data and Breakthrough Capacity of Various Depth, Flow Rate

and Surface Area

parameter | BrEEIOUN | LR ough | Breakthrough
Time (min) (cm®) Capacity (cm’/cm?)
Varying Depth
1.5cm 4.58 132.0 11.8198
3cm 6.92 199.2 8.9186
5cm 8.36 240.9 6.4714
Varying Flow
0.75 cm/min 10.78 2415 6.4883
0.95 cm/min 8.36 240.9 6.4714
1.25 cm/min 4.02 160.7 4.3170
Varying Surface
area
49.66 cm? 8.50 244.9 49323
37.23 cm? 8.36 240.9 6.4714
19.32 cm? - - -
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41.3 Effect of Particle Concentration and Adsorbed NAX

The effect of particle concentration was investigated by vary concentrations from
0.3 to 1 g/L as demonstrated in Figure 4.12 (a). It can be seen that increasing particle
concentration had lower breakthrough times; 18.2, 8.64 and 6.33 min for 0.3, 0.5 and
1g/L, respectively. It might suggest that low density of particles were captured easier than
at high density because low density flux had more remained space to catch the particle
than high density flux.

In order to study effect of NAX on separation efficiency of HGMS filtration, the
best conditions obtained from previous experiment were applied with particles that
adsorbed at initial concentration 5 mg/L of NAX. Adsorption capacity of NAX on P-
HMS-SP in HGMS filter (2.8 mg/g) did not significantly different from capacity in batch
experiment (2.5 mg/g). Comparison between with and without NAX shown that
breakthrough time of adsorbed NAX particle (4.09 min) was slightly change from non-
adsorbed NAX particle (4.58 min) (Figure 4.12 (b)). It can indicate that adsorbed NAX
on P-HMS-SP did not affect on separation efficiency of HGMS filter. Moreover, effect of
magnetic flux density influenced on filtration due to filtration under above conditions was

not active without magnetic flux density.
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Figure 4.12 Effect of (a) Particle Concentration and (B) Adsorbed NAX.
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414 Apply of BDST Model

The experimental data were plot in linear regression between breakthrough time
and bed depth from bed depth service time (BDST) equation which is commonly model
to apply in column as shown in Figure 4.13. The parameter values are obtained from
slope and intercept of this graph and shown as Table 4.11. According to Figure 4.13 and
Table 4.11, it demonstrated that BDST model was successfully used to apply HGMS
filter due to high correlation coefficient. However, HGMS filter did not have critical
depth because magnetic force from magnet outside the column might help to separate

magnetic particles from synthesized wastewater.

N v Co

t= T D e In (_CB )] (4.1.1)
_ No

a= T (4.1.2)
— Ly (f _

b= COKln (CB 1) (4.1.3)

Where t is time at breakthrough (hr.), V is linear flow rate (cm/hr), D is bed depth
of adsorbent (cm), K is rate constant (L/(mg-hr)), No is adsorption capacity (g/L), Co is
influent solute concentration (g/L) and Cg is solute concentration at breakthrough (g/L).

12
£ 10 y=1.0611x+ 3.2614
E 3 R2 = 0.9538
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Figure 4.13 The BDST Model at 0.5g/L of Particle Concentration, Flow Rate:

0.95cm/min.
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Table 4.11Calculated data from BDST model

Co (9/L) K (L/(mg:-hr)) No (g/L) R?
0.5 -1.347 30.24 0.9538

Predicted breakthrough time was calculated by adjusted slope and intercept of linear
equation. The slope and intercept of this equation by changing flow rate and particle
concentration were adjusted as equation 4.2 for flow rate and equation 4.3 for particle
concentration. Table 4.12 showed predicted and experimental time at breakthrough in
different particle concentration and flow rate under constant bed depth of 5 cm and 37.23
cm? surface area of stainless. According to Table 4.12, the predicted times of changed
particle concentration and flow rate did not match with experimental times. It was found
that adjusted equation to predicted breakthrough time was not achieved. It might be
caused by attachment mechanism of P-HMS-SP on stainless filter surface do not relate to
particle concentration. Hence, relationship of breakthrough time and initial concentration
of P-HMS-SP could not be detected. However, BDST model could be applied to predict

breakthrough time under fixed influent concentration of the particles.

t=ax+b (4.2.1)
' V-a
a =% (4.2.2)
t=ax+b' (4.3.1)
q = (4.3.2)
C1
‘= p (G0 nlC/Cp—1]
b=b (cl) In[(Co/Cp)~1] (433)

Where t is time at breakthrough (hr), x is bed depth (cm), a is old slope, a’ is new
slope, b is ordinate intercept. b and b’ are old and new intercept, Co and C; are old and
new influent solute concentration (g/L) and Cg and Cr are old and new effluent solute

concentration (g/L).
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Table 4.12 Comparison of the Theoretical Breakthrough Times with Experimental

Breakthrough Time

Predicted Experimental

Parameter breakthrough time breakthrough time

(min) (min)
Particle concentration
0.3¢g/L 7.20 18.20
1g/L 2.16 6.33
Flow rate

0.75 cm/min 10.08 10.78
1.25 cm/min 7.24 4.08




CHAPTER V
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The main objectives of this study are to investigate adsorption capacities of
naproxen (NAX) on functionalized superparamagnetic mesoporous silicates (SP-MS)
comparing with powdered activated carbon (PAC) and to evaluate possibility to separate
functionalized SP-MSs by high gradient magnetic separation filter (HGMS filter).

The superparamagnetic hexagonal mesoporous silicates were synthesized by
coating synthesized magnetite with tetraethylorthosilicate (TEOS) and dodecylamine.
There are five functional groups for synthesis adsorbents by co-condensation method
including; mercapto, amino, nitrile, phenyl and silanol on pristine HMS-SP.

Physico-chemical characteristic were analyzed by FTIR, N, adsorption, contact
angle, Zeta potential and SEM. The reports from all measurements were indicated that all
synthesized adsorbents had size diameter between 100-300nm and pore size diameter of
it were 5nm to 12 nm. The pHzpc values of all adsorbents were used to describe effect of
pH on adsorption mechanism.

Adsorption kinetic was conducted at pH 7+0.2 controlled by phosphate buffer at
ionic strength 0.01 M, T= 25°C. The data were fit with pseudo-second-order model. It
was found that the equilibrium times of all adsorbents are 1 hour for A-HMS-SP, HMS-
SP and N-HMS-SP, while 9 hours for M-HMS-SP, P-HMS-SP and PAC. To investigate
adsorption mechanism by intraparticle diffusion model, the result showed that
adsorptions of NAX were controlled by intraparticle diffusion step, except M-HMS-SP
and PAC.

To study adsorption isotherm, the experiments were run at 25+2 °C and 0.01 M
ionic strength. PAC had the highest adsorption capacity following with phenyl-, 3-
mercaptopropyl-, nitrile, silanol groups on pristine HMS-SP and 3-aminopropyltriethoxy-
respectively. Hydrophobicity of phenyl group on silicate porous surface influences on

adsorption mechanism of NAX. The electrostatic force effects on adsorption capacity
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except amino and silanol grafted adsorbent. It could be indicated that combination of
electrostatic interaction and hydrophobic force might affect on adsorption capacity of M-
HMS-SP and P-HMS-SP.

To investigate separation magnetic particle by HGMS filter, the breakthrough
time was increasing by extending bed depth of stainless filter and decreasing flow rate.
However, higher and lower surface area of stainless filter did not affect to breakthrough
curve but it can be failed when surface area was not enough as seen at 19.32 cm® To
determine effect of particle concentration, low density of particles were captured easier
than high density because low density had more remained space to catch the particle than
high density. Comparison of breakthrough capacity, it indicated that the best condition is
1.5 cm of bed depth, 0.95 cm/min of flow rate and 37.23 cm? of surface area of stainless
steel. Breakthrough curve of adsorbed NAX solution in the best condition did not
significantly change from non-adsorbed NAX solution. Moreover, application of BDST
model can be matched with HGMS filter, due to high correlation coefficient.
Nevertheless, BDST model cannot apply with changing flow rate and particle

concentration.

5.2 Recommendations

5.2.1 Adsorption mechanism of NAX on functionalized hexagonal mesoporous
silicates at low concentration should be investigated.
5.2.2 Effect of intensity of magnetic field on HGMS filter should be evaluated.

5.2.3 Regeneration of adsorbents should be investigated.
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Appendix A: Characteristic of Synthesized Adsorbents

Table A-1 Raw data of BET isotherm of HMS-SP

HMS-SP

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

0.02807

124.218

0.52532

377.929

0.97524

681.114

0.47557

370.776

0.05063

139.099

0.55101

386.171

0.94978

648.729

0.45062

349.823

0.07902

156.349

0.57617

393.843

0.92584

610.625

0.42508

331.829

0.1007

166.136

0.59947

400.523

0.90053

576.308

0.3996

306.159

0.12559

176.393

0.62422

407.489

0.87431

548.485

0.37536

281.878

0.15113

186.418

0.64957

414.369

0.85089

527.739

0.35009

263.544

0.1741

195.173

0.67446

421.255

0.82498

508.108

0.3244

249.483

0.20052

205.191

0.69936

428.34

0.79979

492.061

0.30073

238.743

0.22596

214.931

0.7262

436.324

0.7743

478.446

0.27526

228.322

0.25031

224.405

0.75101

444316

0.74738

466.568

0.24967

218.434

0.27619

234.597

0.77477

452.607

0.72448

457.8

0.22366

208.756

0.2997

244.481

0.80242

463.391

0.69859

449.222

0.2007

200.363

0.32684

257.438

0.82636

474,774

0.67566

442.507

0.1759

191.411

0.35076

270.566

0.84979

487.699

0.65018

435.745

0.15071

182.308

0.37455

287.717

0.87509

506.106

0.62512

429.277

0.12583

173.002

0.39987

311.071

0.90065

531.982

0.59984

423.086

0.09853

162.294

0.42445

332.75

0.92471

565.562

0.57494

416.754

0.07223

150.993

0.44921

348.051

0.94968

613.043

0.55047

410.183

0.04802

138.567

0.47695

360.358

0.97462

671.151

0.52341

402.185

0.02157

118.771

0.49968

369.071

0.99443

750.633

0.50002

393.424

76



Table A-2 Raw Data of BET Isotherm of A-HMS-SP
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A-HMS-SP

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

0.02653

41.2528

0.5265

123.776

0.97072

509.95

0.47589

121.884

0.0501

48.7535

0.55027

130.118

0.94962

491.61

0.45035

115.766

0.07591

54.4918

0.57553

137.309

0.92456

464.638

0.4247

110.36

0.10136

59.1204

0.59976

146.759

0.89866

444176

0.39843

105.744

0.12654

63.1547

0.62512

156.219

0.87495

412.343

0.37339

101.359

0.15194

66.733

0.64965

166.692

0.8493

372.789

0.35029

98.4651

0.17701

70.2557

0.6763

180.589

0.82341

334.261

0.32303

94.4141

0.20194

73.4682

0.7025

193.927

0.79984

304.319

0.29779

90.7387

0.22689

76.5701

0.72749

207.569

0.77342

281.343

0.27247

87.3283

0.25183

79.6041

0.75164

224.069

0.74973

260.045

0.24755

83.7733

0.2766

82.561

0.77659

240.319

0.72563

241.844

0.22271

80.1585

0.302

85.4978

0.80113

258.61

0.69955

224.787

0.19698

76.8107

0.32623

89.0682

0.82436

278.751

0.67449

207.551

0.17264

73.2261

0.35169

92.2472

0.8499

302.66

0.65054

193.637

0.14747

69.4192

0.37692

95.5588

0.876

331.487

0.62414

176.95

0.12275

65.2689

0.40167

99.1129

0.8998

367.871

0.59809

162.175

0.09792

60.7274

0.42598

103.033

0.92542

410.94

0.57563

153.673

0.07311

55.6481

0.45024

107.035

0.9496

457.06

0.54865

142.749

0.04864

49.6538

0.47689

112.686

0.97479

502.421

0.52487

134.548

0.02478

41.4113

0.49964

117.635

0.99606

518.959

0.49966

128.242




Table A-3 Raw Data of BET Isotherm of M-HMS-SP
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M-HMS-SP

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

0.02747

93.3261

0.52635

194.149

0.97406

406.342

0.47455

204.759

0.05166

109.721

0.55167

195.839

0.94938

342.147

0.44875

198.29

0.07524

121.122

0.57669

197.677

0.92418

298.649

0.42473

195.065

0.10035

131.34

0.60093

199.824

0.90029

276.382

0.39864

192.35

0.1257

140.128

0.62629

201.568

0.87075

264.076

0.37397

189.43

0.15161

147.671

0.65087

203.165

0.84873

256.54

0.34885

186.57

0.17643

153.923

0.67733

207.843

0.82379

249.724

0.32305

184.415

0.20157

159.784

0.70128

210.119

0.79758

244.399

0.2992

181.343

0.22733

164.209

0.72505

213.139

0.77564

240.426

0.27435

178.038

0.24952

168.223

0.75006

216.104

0.74977

236.437

0.24939

174.56

0.27542

171.285

0.7745

219.032

0.7251

232.873

0.2249

170.309

0.3008

173.903

0.79963

222.721

0.69706

231.434

0.20047

165.363

0.32499

177.2

0.82659

227.747

0.67317

229.034

0.17248

159.266

0.35105

179.749

0.85021

235.905

0.6492

226.406

0.14798

152.496

0.37624

181.74

0.87537

243.407

0.6242

223.537

0.12323

144.769

0.40172

183.546

0.90128

253.888

0.59898

220.805

0.09858

135.77

0.42647

185.329

0.92459

268.44

0.574

218.145

0.07424

125.424

0.45153

187.041

0.94995

300.276

0.54906

215.475

0.04995

112.662

0.47437

190.507

0.97469

371.54

0.52398

213.183

0.02375

93.0727

0.50111

192.327

0.99485

481.474

0.4964

212.05




Table A-4 Raw Data of BET Isotherm of P-HMS-SP
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P-HMS-SP

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

0.02561

92.4674

0.52525

209.124

0.97539

456.4674

0.47544

213.9723

0.04937

109.2765

0.55001

211.2985

0.95069

332.4804

0.44667

208.6786

0.07585

123.4021

0.57525

213.4176

0.92558

296.584

0.42466

205.814

0.09969

133.3932

0.6000

215.5563

0.89925

278.1542

0.39902

202.9152

0.12478

142.6036

0.62507

217.7194

0.87187

266.7015

0.37591

200.3344

0.14999

150.6835

0.65034

219.9388

0.84997

259.7586

0.3492

197.1534

0.17424

157.6337

0.67558

222.1558

0.82426

253.8401

0.32467

193.8271

0.19974

164.186

0.70026

224.3989

0.79526

248.6974

0.30057

190.2643

0.22522

170.1403

0.72709

228.4682

0.77572

245.5261

0.27365

185.562

0.25112

175.4535

0.75051

231.248

0.75074

241.9967

0.24868

180.7227

0.27525

180.8124

0.77441

234.4926

0.72514

238.7773

0.22456

175.3915

0.30225

185.4756

0.80215

238.6623

0.69295

235.4886

0.20023

169.5612

0.32501

188.8263

0.82646

242.9625

0.67483

233.6574

0.17552

163.0669

0.3507

192.2317

0.85168

247.5645

0.65048

231.2765

0.15024

155.4788

0.37432

194.9119

0.87444

255.5187

0.62558

228.9013

0.12517

147.2292

0.39935

197.4943

0.90088

265.5702

0.60007

226.6648

0.10022

137.9837

0.42496

199.8875

0.92505

279.7194

0.57486

224.5514

0.0759

127.4462

0.45077

202.0457

0.94956

306.0000

0.54456

222.1966

0.05017

113.9641

0.47581

204.0889

0.97495

376.2773

0.52371

220.4731

0.02523

95.8426

0.49925

206.9706

0.99554

614.7463

0.50017

218.4486




Table A-5 Raw Data of BET Isotherm of N-HMS-SP

80

N-HMS-SP

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

P/P,

Vol.
(cclg)

0.02637

74.5706

0.52631

207.9207

0.97454

580.2927

0.4759

211.1026

0.04958

89.8988

0.54929

211.8878

0.95069

434.647

0.45024

203.1217

0.07601

102.1287

0.57626

216.7921

0.92579

376.8783

0.42223

195.7784

0.10145

111.714

0.60094

221.5458

0.89971

347.3734

0.39847

190.4897

0.12714

120.4003

0.62573

226.3187

0.87457

325.9809

0.37564

185.8605

0.14961

127.0844

0.64988

231.3297

0.85062

311.3351

0.34978

181.1135

0.17417

134.0618

0.67504

240.3584

0.82253

298.7045

0.32548

176.0889

0.20107

142.1984

0.69906

246.041

0.80009

289.5663

0.30087

170.829

0.22476

148.223

0.72706

253.0438

0.77485

280.5923

0.27348

164.6512

0.24964

154.3037

0.752

259.5499

0.74807

272.2599

0.25088

159.3584

0.27492

159.9986

0.77653

266.7934

0.7219

264.8372

0.22456

152.8659

0.30053

165.5882

0.80085

274.4446

0.69879

259.7497

0.19952

146.3283

0.32584

170.8358

0.82416

283.197

0.67428

253.7962

0.17401

139.528

0.35128

175.8495

0.85055

294.8359

0.64912

247.9029

0.14979

132.4401

0.37617

180.7004

0.87493

307.4651

0.62387

242.2353

0.12546

124.7554

0.39931

184.9535

0.90046

325.104

0.59895

236.7155

0.10046

116.1709

0.42602

189.8919

0.92473

348.6676

0.57491

232.5595

0.07481

106.2539

0.44939

194.0602

0.9491

392.6895

0.54855

227.1163

0.04875

93.9384

0.4762

198.8947

0.97422

491.6156

0.52579

222.5007

0.02541

78.5516

0.49927

203.026

0.99468

745.0369

0.4985

216.9398




Table A-6 Raw Data of pHzpc of N-HMS-SP
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HMS-SP A-HMS-SP M-HMS-SP P-HMS-SP | N-HMS-SP

PR my) (mVv) (mV) (mVv) (mVv)
3.02 13.76929 44 655 13.997 - 46.18579
3.95 5.80536 32.35945 11.87556 24.69364 8.58775
5.07 -8.12556 21.07455 10.04722 12.73233 -8.52714
6.11 -14.0983 16.33 7.55625 -7.60286 -13.1705
7.05 -16.69 11.94882 -13.63 -11.904 -14.5982

8 -22.6273 7.70775 -22.4375 -21.0111 -22.956
8.97 -24.7167 -9.86727 -23.13 -23.0625 -29.2357
9.99 -27.2444 -13.5448 -24.3111 -29.2091 -34.3286
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Appendix B: Adsorption of NAX

Table B-1 Kinetic Data of HMS-SP

Time(min) | Conc.(mg/L)

0 2.66

30 2.62

60 2.53
120 2.50
180 2.49
240 2.49
360 2.50
540 2.48
720 2.49
1440 2.48
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Table B-2 Kinetic Data of M-HMS-SP

Time(min.) | Conc.(mg/L)
0 3.22
1 2.59
3 2.52
5 2.40
10 2.38
15 2.36
20 2.33
60 2.24
180 2.34
540 2.29
720 2.27

1200 2.26
1440 2.28

Table B-3 Kinetic Data of A-HMS-SP

Time(min.) | Conc.(mg/L)
0 4,52
2 451
4 451
7 4.49
10 4.49
20 4.49
30 4.50
45 4.48




Table B-3(Continued) Kinetic Data of A-HMS-SP

Time(min.) | Conc.(mg/L)
60 4.48
180 4.46
540 4.46
1410 4.46

Table B-4 Kinetic Data of P-HMS-SP

Time(min.) | Conc.(mg/L)

0 3.11

1 3.02

3 2.78

5 2.62
10 2.42
20 2.16
30 1.94
60 1.37
180 1.21
540 1.15
1140 1.11
1440 1.11




Table B-5 Kinetic Data of N-HMS-SP

Time(min.) | Conc.(mg/L)

0 3.02

1 3.00

3 2.96
5 2.96
10 2.96
15 2.95
30 2.94
60 2.95
120 2.94
180 2.95
360 2.94
540 2.93
720 2.92
1440 2.95
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Table B-6 Kinetic Data of PAC

Time(min.) Conc.(mg/L)
0 9.84
1 6.75
2 6.40
3 5.81
5 5.63
10 4.95
15 4.63
25 4.07
60 2.94
360 1.54
420 1.03
540 0.93
540 1.02
720 0.85
840 0.84
1440 0.83
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Table B-7 Isotherm Data of HMS-SP
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pH5 pH7 pH9
Eq.Conc.(mg/L) (mg %) Eq.Conc.(mg/L) (mg 9) Eq.Conc.(mg/L) (mg /%)

0.49 0 0.59 0.006 0.65 0
0.88 0.087 0.91 0.050 0.96 0
2.50 0.201 2.66 0.123 1.18 0
7.53 0.398 291 0.134 3.22 0
5.96 0.343 4.48 0.149 4.69 0
8.67 0.433 8.28 0.241 7.70 0

- - 9.41 0.284 8.91 0

Table B-8 Isotherm Data of M-HMS-SP
pHS pH7 pH9
Eqg.Conc.(mg/L) (mglg) Eqg.Conc.(mg/L) (mglg) Eq.Conc.(mg/L) (mglg)

0.33 0.214 0.25 0.014 0.50 0.000
0.43 0.196 0.60 0.073 0.62 0.068
0.59 0.358 0.73 0.131 2.75 0.178
1.58 1.127 2.50 0.466 4.54 0.230
2.70 1.435 2.51 0.476 7.45 0.533
4.17 2.545 341 0.560 - -
5.15 2.748 6.48 1.281 - -

- - 7.08 1.377 - -




Table B-9 Isotherm Data of A-HMS-SP

pH5 pH7 pH9
Eq.Conc.(mg/L) (mg /9) Eq.Conc.(mg/L) (mg /9) Eq.Conc.(mg/L) (mg /9)
0.64 0 0.58 0 0.72 0
0.97 0.014 0.62 0 5.09 0
1.90 0.029 0.60 0 10.13 0
2.98 0.045 0.89 0.003 - -
6.01 0.116 2.78 0.015 - -
8.49 0.131 4.03 0.021 - -
9.81 0.151 8.72 0.043 - -
Table B-10 Isotherm Data of P-HMS-SP
pHS pH7 pH9
Eq.Conc.(mg/L) (mglg) Eq.Conc.(mg/L) (mglg) Eq.Conc.(mg/L) (mglg)
0.24 0.271 0.15 0.179 0.68 0
0.31 1.318 0.42 0.486 0.89 0
0.53 3.024 5.92 3.166 1.06 0
0.68 3.722 1.36 1.288 2.72 0.223
1.14 4.915 2.26 1.856 3.95 0.600
1.38 5.510 4.61 2491 6.74 1.170
2.26 6.740 - - 7.83 1.618
2.79 7.357 - - - -
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Table B-11 Isotherm Data of N-HMS-SP
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pHS5 pH7 pH9
q q q
Eqg.Conc.(mg/L Eqg.Conc.(mg/L Eqg.Conc.(mg/L
0.66 0 0.67 0 0.72 0
2.02 0.225 491 0.084 2.83 0.050
5.65 0.565 9.23 0.227 5.62 0.096
7.22 0.802 9.63 0.261 8.11 0.156
8.67 1.010 11.66 0.614 9.87 0.166
Table B-12 Isotherm Data of PAC
pHS pH7 pH9
q q q
Eqg.Conc.(mg/L Eqg.Conc.(mg/L Eqg.Conc.(mg/L
q (mg/L) (mglg) q (mg/L) (mglg) q (mg/L) (mg/g)
0 6.550 0.00 8.567 0 6.852
0 14.895 0.02 13.988 0.00 17.346
0 45.429 0.02 50.615 0.02 53.961
0 68.554 0.03 68.218 0.14 90.309
0 144.566 0.18 116.342 0.38 103.562
0.33 170.831 0.15 117.827 1.15 164.934




Table B-12 Intraparticle Diffusion Data of HMS-SP, M-HMS-SP and A-HMS-SP

HMS-SP M-HMS-SP A-HMS-SP
t1/2 q t1/2 q t1/2 q
(min)*® | (mg/g) | (min)"* | (mg/g) | (min)™* | (mg/g)
5.48 0.02 1.00 0.47 1.41 0.00
7.75 0.09 1.73 0.52 2.00 0.01
10.95 0.11 2.24 0.62 4.47 0.02
13.42 0.13 3.16 0.63 6.71 0.03
15.49 0.12 3.87 0.64 7.75 0.03
18.97 0.12 4.47 0.66 13.42 0.04
23.24 0.13 26.83 0.71 23.24 0.04
26.83 0.13 34.64 0.72 37.55 0.04

37.95 0.13 - - - -

Table B-13 Intraparticle Diffusion Data of P-HMS-SP, N-HMS-SP and PAC

P-HMS-SP N-HMS-SP PAC
172 172 172

i | g | (miny™ | (ngig | gmim™ |4
1.00 0.07 1.00 0.06 1.00 46.32
1.73 0.25 1.73 0.08 1.41 51.58
2.24 0.37 2.24 0.11 1.73 60.49
3.16 0.52 3.16 0.11 2.24 63.10
4.47 0.72 3.87 0.11 3.16 73.27
5.48 0.88 5.48 0.12 3.87 78.18
7.75 131 10.95 0.12 5.00 86.48
13.42 1.43 18.97 0.12 7.75 103.43
23.24 1.48 23.24 0.13 18.97 12451
33.76 1.50 26.83 0.13 20.49 132.20
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Table B-13(Continued) Intraparticle Diffusion Data of P-HMS-SP, N-HMS-SP and

PAC
P-HMS-SP N-HMS-SP PAC
t1/2 q t1/2 q t1/2
(min)l/z (mg/g) (min)]./Z (mg/g) (min)]./Z q (mg/g)
37.95 151 37.95 0.14 23.24 133.68
- - - - 23.24 132.33
- - - - 26.83 134.81
- - - - 28.98 134.94
- - - - 37.95 135.11
Table B-14 Standard Curve Data of NAX
pH5 pH7 pH9
Conc.(mg/L) Abs. Conc.(mg/L) Abs. Conc.(mg/L) Abs.
0.5 0.145 0.5 0.122 0.5 0.127
1 0.304 1 0.292 1 0.262
5 1.56 5 1.552 5 1.504
10 3.284 10 3.248 10 3.264

Figure B-1 Standard Curve of NAX at pH 5
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Figure B-2 Standard Curve of NAX at pH 7
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Appendix C: Adsorption of NAX

Table C-1 Breakthrough Data of Variation Depth Filter at 0.5g/L of Particle

Concentration, 37.23 Cm? of Surface Area of Filter and 0.95cm/min of Flow Rate

5cm 3cm 1.5cm
Vol.(mL) | C/Cy |Vol.(mL)| C/Cy | Vol.(mL)| CIC,
29 0.00 29 0.02 29 0.00
58 0.00 58 0.01 58 0.00
86 0.01 86 0.02 86 0.00
115 0.01 115 0.01 115 0.08
144 0.05 144 0.03 144 0.16
173 0.06 173 0.05 173 0.28
202 0.06 202 0.10 202 0.38
230 0.09 230 0.18 230 0.47
259 0.11 259 0.26 259 0.58
288 0.21 288 0.42 288 0.61
317 0.28 317 0.47 317 0.65
346 0.40 346 0.59 346 0.73
374 0.44 374 0.67 374 0.86
403 0.56 403 0.77 403 0.95
432 0.59 432 0.81 432 0.95
461 0.62 461 0.86 461 0.97
490 0.71 490 0.90 490 1.01
518 0.77 518 1.00 518 1.06
547 0.79 547 1.01 - -
576 0.84 - - - -
605 1.00 - - - -
634 1.01 - - - -
662 1.02 - - - -




Table C-2 Breakthrough Data of Variation Flow Rate at 0.5g/L of Particle
Concentration, 37.23 cm? of Surface Area of Filter and 5 cm of Depth Filter

0.75 cm/min 0.95 cm/min 1.25 cm/min
Time(min.) | C/Cy | Time(min.) | C/Cy | Time(min.) | C/Cy
1 0.02 1 0.00 1 0.04
2 0.03 2 0.00 2 0.04
3 0.02 3 0.01 3 0.06
4 0.02 4 0.01 4 0.08
5 0.02 5 0.05 5 0.13
6 0.02 6 0.06 6 0.19
7 0.05 7 0.06 7 0.31
8 0.05 8 0.09 8 0.39
9 0.07 9 0.11 9 0.56
10 0.09 10 0.21 10 0.66
11 0.10 11 0.28 11 0.71
12 0.11 12 0.40 12 0.77
13 0.13 13 0.44 13 0.80
14 0.18 14 0.56 14 0.93
15 0.19 15 0.59 15 0.98
16 0.21 16 0.62 16 1.04
17 0.21 17 0.71 17 1.06
18 0.21 18 0.77 18 -
19 0.22 19 0.79 19 -
21 0.24 21 0.84 21 -
22 0.24 22 1.00 22 -
24 0.26 24 1.01 24 -
25 0.28 25 1.02 25 -
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Table C-2 (Continued) Breakthrough Data of Variation Flow Rate at 0.5g/L of Particle
Concentration, 37.23 cm? of Surface Area of Filter and 5 cm of Depth Filter

0.75 cm/min 0.95 cm/min 1.25 cm/min
Time(min.) | C/Cy | Time(min.) | Time(min.) C/Cy Time(min.)
26 0.34 26 - 26 -
27 0.39 27 - 27 -
28 0.38 28 - 28 -
29 0.39 29 - 29 -
30 0.44 30 - 30 -
32 0.44 32 - 32 -
33 0.48 33 - 33 -
34 0.50 34 - 34 -
35 0.51 35 - 35 -
36 0.51 36 - 36 -
37 0.52 37 - 37 -
38 0.54 38 - 38 -
39 0.55 39 - 39 -
40 0.60 40 - 40 -
41 0.59 41 - 41 -
42 0.63 42 - 42 -
43 0.64 43 - 43 -
44 0.67 44 - 44 -
45 0.70 45 - 45 -
46 0.70 46 - 46 -
48 0.71 48 . 48 _
50 0.72 50 - 50 -
51 0.78 51 - 51 -
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Table C-2 (Continued) Breakthrough Data of Variation Flow Rate at 0.5g/L of Particle
Concentration, 37.23 cm? of Surface Area of Filter and 5 cm of Depth Filter

0.75 cm/min 0.95 cm/min 1.25 cm/min
Time(min.) | C/Cy | Time(min.) | C/Cy | Time(min.) CICy

52 0.82 52 - 52 -
53 0.84 53 - 53 -
54 0.90 54 - o4 -
55 0.94 55 - 55 -
56 0.99 56 - 56 -
57 1.05 57 - 57 -
58 1.08 58 - 58 -

Concentration, 0.95cm/min of Flow Rate and 5 cm of Depth Filter

49.66 cm’ 37.23 cm? 19.32 cm’
Vol.(mL) | C/Cy, |Vol.(mL)| C/Cy |Vol.(mL)| CICy
29 0.11 29 0.00 29 0.03
58 0.12 58 0.00 58 0.06
86 0.12 86 0.01 86 0.06
115 0.13 115 0.01 115 0.05
144 0.16 144 0.05 144 0.05
173 0.17 173 0.06 173 0.06
202 0.20 202 0.06 202 0.07
230 0.23 230 0.09 230 0.07
259 0.24 259 0.11 259 0.10
288 0.29 288 0.21 288 0.17
317 0.35 317 0.28 317 0.26
346 0.42 346 0.40 346 0.36
374 0.46 374 0.44 374 0.39

Table C-3 Breakthrough Data of Variation Surface Area of Filter at 0.5g/L of Particle
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Table C-3 (Continued) Breakthrough Data of Variation Surface Area of Filter at 0.5g/L
of Particle Concentration, 0.95cm/min of Flow Rate and 5 cm of Depth Filter

49.66 cm? 37.23 cm? 19.32 cm?
Vol.(mL) C/ICy | Vol.(mL) | Vol.(mL) C/ICy | Vol.(mL)
403 0.55 403 0.56 403 0.51
432 0.61 432 0.59 432 0.60
461 0.64 461 0.62 461 0.62
490 0.69 490 0.71 490 0.65
518 0.70 518 0.77 518 0.70
547 0.75 547 0.79 547 0.75
576 0.78 576 0.84 576 0.80
605 0.87 605 1.00 605 0.88
634 0.93 634 1.01 634 0.91
662 0.96 662 1.02 662 0.93

691 0.97 - - - -

Rate, 37.23 cm? of Surface Area of Filter and 5 cm of Depth Filter

0.3g/L 0.5¢g/L 1g/L
Vol.(mL) | C/Cy | Vol.(mL) | C/Cy | Vol(ml)| CI/Cy
29 0.01 29 0.00 29 0.02
58 0.01 58 0.00 58 0.01
86 0.01 86 0.01 86 0.02
115 0.02 115 0.01 115 0.02
144 0.03 144 0.05 144 0.05
173 0.03 173 0.06 173 0.09
202 0.03 202 0.06 202 0.12
230 0.03 230 0.09 230 0.25

Table C-4 Breakthrough Data of Variation Particle Concentration at 0.95cm/min of Flow



Table C-4 (Continued) Breakthrough Data of Variation Particle Concentration at
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0.95cm/min of Flow Rate, 37.23 cm? of Surface Area of Filter and 5 cm of Depth Filter

0.3g/L 0.5 g/L 1g/L
Vol.(mL) | C/Cy | Vol.(mL) | Vol.(mL) | C/Cy, | Vol.(mL)
259 0.04 259 0.11 259 0.40
288 0.04 288 0.21 288 0.49
317 0.05 317 0.28 317 0.59
346 0.06 346 0.40 346 0.68
374 0.07 374 0.44 374 0.73
403 0.03 403 0.56 403 0.86
432 0.05 432 0.59 432 1.00
461 0.05 461 0.62 461 1.02
490 0.07 490 0.71 490 1.04
518 0.10 518 0.77 - -
547 0.11 547 0.79 - -
576 0.14 576 0.84 - -
605 0.15 605 1.00 - -
634 0.18 634 1.01 - -
662 0.25 662 1.02 - -
691 0.33 - - - -
720 0.36 - - - -
749 0.39 - - - -
778 0.41 - - - -
806 0.44 - - - -
835 0.49 - - - -
864 0.50 - - - -
893 0.54 - - - -
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Table C-4 (Continued) Breakthrough Data of Variation Particle Concentration at
0.95cm/min of Flow Rate, 37.23 cm? of Surface Area of Filter and 5 cm of Depth Filter

0.3g/L 0.5 g/L 1g/L
Vol.(mL) | C/Cy, | Vol.(mL) C/ICy |Vol.(mL)| CICy
922 0.58 - - - -
950 0.65 - - - -
979 0.71 - - - -
1008 0.73 - - - -
1037 0.76 - - - -
1123 0.84 - - - -
1152 0.86 - - - -
1210 0.92 - - - -
1238 0.94 - - - -
1267 0.94 - - - -
1296 0.95 - - - -
1325 0.97 - - - -
1354 0.98 - - - -

Table C-5 Breakthrough Data of without NAX and with NAX Particle Concentration at
0.95cm/min of Flow Rate, 37.23 cm? of Surface Area of Filter and 5 cm of Depth Filter

NAX Non NAX
Vol.(mL) | CI/C, |Vol(mL)| CICq
29 0.00 29 0.00
58 0.00 58 0.00
86 0.02 86 0.00
115 0.04 115 0.08
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Table C-5 (Continued) Breakthrough Data of without NAX and with NAX Particle
Concentration at 0.95cm/min of Flow Rate, 37.23 cm? of Surface Area of Filter and 5 cm
of Depth Filter

NAX Non NAX
Vol.(mL) | C/Cy | Vol.(mL)| CI/Cy
144 0.11 144 0.16
173 0.19 173 0.28
202 0.24 202 0.38
230 0.27 230 0.47
259 0.34 259 0.58
288 0.43 288 0.61
317 0.49 317 0.65
346 0.62 346 0.73
374 0.65 374 0.86
403 0.71 403 0.95
432 0.74 432 0.95
461 0.78 461 0.97
490 0.88 490 1.01
518 0.93 518 1.06
547 0.94 - -
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