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The purpose of this research was to examine adsorption mechanism of DBPs including
haloacetonitrile, trihalomethane, halogenated ketone, and haloacetic acid on thiol-functionalized
hexagonal mesoporous silicates based on natural rubber containing with alginate bead adsorbent
(AL:NR/HMS-SH) comparing with granular activated carbon (GAC). First, NR/HMS-SH was
synthesized via in-situ sol-gel method, and then was prepared into beads form in calcium chloride
solution. The synthesized material was characterized the physicochemical properties by various
techniques such as Fourier-transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), and N,
adsorption-desorption isotherm. The adsorption Kinetics and adsorption isotherms were studied to
examine the adsorption mechanism under batch condition. According to the kinetic study, the
adsorption rate and capacity of both adsorbent exhibited the higher amount on trichloromethane (TCM)
than dichloroacetonitrile (DCAN) and 1,1,1-trichloroacetone (TCA) respectively. The adsorption
isotherm models including Linear, Langmiur, and Fruendlich models were estimated to examine the
adsorption mechanism on adsorption isotherm study. It found that the lower water solubility DBPs
which had high hydrophobicity showed higher adsorption capacity than the higher water solubility
DBPs. In addition, the present of other DBPs species in the solution as mixture affected to the

adsorption efficiencies of each DBP.

Moreover, this research investigated the effect of natural organic matter (NOM) including
hydrophilic-like (HPI) and hydrophobic-like (HPO) natural organic matter on DCAN adsorption on
synthesized adsorbent. The results appeared that the adsorption of DCAN on synthesized adsorbent
was affected by HPO NOM more than HPI NOM by reducing the adsorption capacity of DCAN due to

the competitive adsorption on adsorbent surface.

The adsorption of DCAN on fixed bed condition was investigated by varying bed depth. It
revealed that the breakthrough time at breakthrough concentration increased with increasing of bed
volume. This might because the higher of bed volume had more available sorption site for particle to
be adsorbed.
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CHAPTER 1

INTRODUCTION

1.1 STATE OF PROBLEM

Nowadays, water pollution is a major global crisis because water is a basic
necessity that human use in their daily life. Moreover, the water pollution can cause
the health disease. Dissolve organic matter including organic carbon (DOC) and
organic nitrogen (DON) that presented in aquatic system can form disinfection by-
products (DBPs) when reacted with disinfectants especially chlorine. These DBPs are
classified as genotoxic and carcinogenic compounds that affected to human health.
Moreover, the toxicity of nitrogenous-disinfection by products (N-DBPs) was
reported that show higher toxicity than carbonaceous disinfection by products (C-
DBPs) to mammalian cells. Therefore, N-DBPs are important for researchers to
concern about their toxic since the beginning of their formation, for example during
the disinfection process of drinking water and wastewater treatment. Halogenated
acetonitrile group is one of N-DBPs that are focusing on due to its high toxicity.
Moreover, there were some other species of DBPs that were discovered and found
that they have high toxic with lower amount, and there was not famous to study such
as halogenated ketone. However, trihalomethane and chloroacetic acid are the major
types of DBPs that presented in water system and they are regulated into the EPA
regulation. Therefore, this research focused on the treatment of these DBPs from

water.



The physical and chemical methods were used to treat contaminated water
including coagulation, oxidation, membrane filtration and adsorption process.
However, the technique which has been popular is adsorption technique due to its
simplicity and low cost. There are many adsorbents were used in the treatment
process such as activated carbon, mesoporous porous materials. Hexagonal
mesoporous silicate (HMS) has been promoted to use because of its high surface area,
large pore volume and wide pore size distribution. Moreover, the functionalized
modification on surface of mesoporous material has been popular to improve the
surface properties such as hydrophilic and hydrophobic properties, and higher
selectivity. Furthermore, there are using polymer to support the mesoporous silica
material to increase pH stability, hydrophobicity and chemical functional group.
Natural rubber (NR) which is a hydrophobic polymer has been attempted to modify
the properties of adsorbent. Moreover, the improvement of HMS surface with thiol (-
SH) functionalized groups has been applied to enhance the selectivity and adsorption
capacity of the adsorbent. Alginate, a component of algae cell wall, is a natural
anionic polymer that has been widely used as a biomolecule immobilization and metal
chelator. Alginic acid has the hydroxyl and carboxyl groups that can complex with
cation such as metal. Alginates are the composite of B-D-mannuronic acid and o-L-
guluronic acid which produce viscous hydrogel by association with divalent cation
compounds such as Ca®". Accordingly, NR/HMS-SH immobilized with calcium
alginate beads are applied to use for remove the organic pollutants such as
disinfection by products.

Therefore, this study investigated the efficiency of DBPs adsorption by

NR/HMS-SH containing alginate bead using batch adsorption experiment and be



apply to design the fixed bed adsorption. The adsorption Kinetics, adsorption
isotherms were studied to examine the adsorption mechanism. Furthermore, it found
that natural organic matters (NOM) that occurred in water system might affect to the
adsorption capacity for DBPs. The NOM affection on DBPs adsorption was studied
by adding hydrophilic and hydrophobic NOM into the solution. However, there were
various species of DBPs occurred in the real system. Thus, this research investigated
the selectivity adsorption of each DBPs on synthesized material when they are amount

other competitive DBPs.

1.2 OBJECTIVES

1. To synthesis and characterize NR/HMS-SH containing in alginate beads
adsorbent.

2. To investigate the adsorption efficiency of DBPs on NR/HMS-SH containing
alginate adsorbent by batch system.

3. To investigate effect of hydrophilic-like and hydrophobic-like natural organic
matters on DBPs adsorption in tap water.

4. To investigate the adsorption selectivity of DBPs on synthesized adsorbent in

the competitive encounter of other DBPs species under mixture solution.

1.3 HYPOTHESIS
1. The adsorption efficiency of DBPs on NR/HMS-SH containing alginate bead
depend on hydrogen bonding, hydrophobic interaction, or electrostatic
interaction between organic functional group of adsorbent or polymer that

modified the adsorbent and adsorbate.



2. Hydrophobic and hydrophilic character of natural organic matter that
presented in the water affect to the adsorption capacity due to the competition

of adsorbent surface.

1.4 SCOPE OF THE STUDY
1.4.1 Synthesis of adsorbent
Adsorbent that used in this study was NR/HMS-SH containing in alginate
bead that can synthesis via co-condensation method. The adsorption studies were

compared with the adsorption on granular activated carbon (GAC).

1.4.2 Characterization of adsorbent
The physicochemical properties of the synthesized adsorbent such as pore
volume, surface area, surface functional group, and surface charge density were

characterized by using various physical and chemical techniques.

1.4.3 DBPs that used for this study

Four types of DBPs were used in this research including Haloacetonitriles
(HANSs), Halogenated methane (THM), Halogenated ketone (HK), and Haloacetic
acids (HAAs). Monochloroacetonitrile (MCAN), dichloroacetonitrile (DCAN), and
trichloroacetonitrile (TCAN) were used as a model of HANs to examine the
adsorption capacity and mechanism. Trichloromethane was used as a model of THMs;
Monochloroactic acid (MCAA), dichloroacetic acid (DCAA), and trichloroacetic acid
(TCAA) were used as a model of HAAs; and 1,1,1-Trichloroacetone (TCA) was a

model of halogenated ketone to examine the adsorption capacity and mechanism.



1.4.4 Adsorption experiment

The adsorption experiments were investigated under batch condition.
Adsorption kinetic experiments were investigated by varying contact time from 0 to
24 hours. The adsorption models including the pseudo-first-order, the pseudo-second-
order and the intraparticle diffusion models were applied to analyze the adsorption
rate and mechanisms.

Adsorption isotherm studies were investigated by varying concentration of
the DBPs solution. The adsorption isotherm models i.e. Linear, Langmuir, and
Freundlich isotherm model were calculated to determine the adsorption mechanism.

1.4.5 Selectivity adsorption

The selectivity adsorption of four types of DBPs on synthesized adsorbent

in mixed solution was investigated and compared with the adsorption capacity of

single solution.

1.4.6 Study of NOM effect on adsorption
The organic matters in water supply system (Bangkok Metropolitan
Authority’s area) were fractionated into two parts including hydrophilic and

hydrophobic group and were studied the effect on adsorption capacity.

1.4.7 Fixed bed adsorption
The adsorptions of DCAN on synthesized adsorbent were investigated
under fixed bed condition by varying bed depth. The collected data was calculated

and analyzed by Thomas model to determine the adsorption mechanism.



The experiment framework of this study is showed in Figure 1.1

Synthesis and characterization of
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Adsorption studies

[ Adsorption kinetic studies ]
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The selectivity of adsorption

O
Effect of NOM on adsorption capacity

Al

Adsorption studies on fixed bed

Figure 1.1 Scope of this study



CHAPTER 2
THEORETICAL BACKGROUND AND LITERATURE REVIEWS

2.1 NATURAL ORGANIC MATTER

Natural organic matter (NOM) that appears in water sources result from
degradation of some natural materials in watersheds such as products of decomposed
plant and animal residues (Water Research Foundation, 2009).

Aguatic NOM that is a mixture of heterogeneous organic compounds was
varying in size, structure, and functionality. It can be separated the NOM into more
homogeneous groups based on different chemical or physical properties such as
hydrophobility and molecular size (Hua & Reckhow, 2007). It may help water utilities
treatment systems to remove these fractions by separating these compounds into
group of hydrophilic behaviors based on adsorption relevance for synthetic resins (for
example XAD-8 and XAD-4) (Jerry A. Leenheer & Westerhoff, 2007). NOM can be
characterized by separating into different fractions that can classify into the
hydrophobic-like and hydrophilic-like NOM.

Organic nitrogen compounds are a small fraction (0.5% to 10% by weight) of
natural organic matter. There are some problems during their treatment process such
as they can cause the growth or regrowth of bacteria, and membrane fouling.
Moreover they can form disinfection by products precursors (Jean-Philipe Croue’).
Moreover, it can be possible to affect the adsorption capacity of the adsorbate due to

its hydrophilic and hydrophobic characters.



2.2 DISINFECTION BY PRODUCTS

Disinfection by products (DBPs) is a group of contaminants in water that was
formed during the disinfection process. Several of DBPs are formed by the reactions
of NOM precursors and disinfectant such as chlorine and chloramine. DBP formation
depends on many factors including the types of disinfectants, disinfectant dosages,
and water quality characteristics such as pH and concentration of natural organic
material (NOM) that occur in the water (USEPA, 1992). The previous study found
that the organic compounds which presented in different water sources displayed in
different activities with chlorine, this might affected to the different characteristics for
the DBPs formation.

World Health Organization (WHO) reported that close to billion people in the
world still defaulted of safe drinking water consumption, and there are some questions
about health effects from chlorine by products formed during the disinfection. Human
are exposed to DBPs through drinking water and oral, dermal, and inhalation contact
with chlorinated water. According to WHO, there are the regulation of THMs and
HAAs in drinking water, however there is no about HANs and others. However,
HANs have been considered in The US Environmental Protection Agency
Information Collection Rules and they might be set on EPA regulation in the future.

As previously, most researches have focused on carbonaceous disinfection by
products (C-DBPs) which resulting from chlorination of natural organic matters
(NOM), because carbon based DBPs are the largest fraction (Muellner et al., 2007).
However, nitrogenous disinfection by products (N-DBPs) at lower concentration are
more toxic than C-DBPs (Muellner et al., 2007; Plewa et al., 2004). The toxicity of N-

DBPs was reported that show much cytotoxicity and genotoxicity than C-DBPs to



mammalian cells (Hou et al., 2012). Therefore, N-DBPs are important for researchers
to concern about their toxic since the beginning of their formation, for example during
the disinfection process of drinking water and wastewater treatment (W. Lee et al.,
2007).

Several researches has identified the treatment alternatives for control of DBPs
by removing of NOM prior to disinfection, use of alternative oxidants or disinfectants
that do not create DBP at levels considered adverse to human health, removal of
DBPs after they are formation. The alternative techniques were used for remove
DBPs such as adsorption on activated carbon (Hsin Hsin Tung, 2006; H. Kim et al.,
2002), coagulation (Zehra Yigit, 2009), ozone oxidation (Amy et al., 1991),
membrane filtration (Cho et al., 1991), adsorption on functionalized silica-based

porous material (Prarat et al., 2011)

2.2.1 Physiochemical properties of DBPs

Table 2. 1Physicochemical properties of DBPs that used in this study

Molecular Molecular Water

DBPs structure weight solubility (g/L)

pKa

Monochloroacetonitrile

(MCAN) 75.50 > 100 -

Dichloroacetonitrile

(DCAN) 109.94 33.5 -

Trichloroacetonitrile

(TCAN) 144.39 <1 -




10

DBPs Molecular Molecular Water Ka
structure weight solubility (g/L) b
Trichloromethane
(TCM) 119.37 7.95 -
1,1,1-trichloroacetone
(TCA) 161.41 7.45 -
Monochloroacetic acid
(MCAA) 94.49 Very soluble 2.86
Dichloroacetic acid
(DCAA) 128.94 86.3 1.26
Trichloroacetic acid 163.39 13 0.51

(TCAA)

2.3 HEXAGONAL MESOPOROUS SILIGATE

In the past decade, the successful synthesis of hexagonal mesoporous silica

(HMS) with sponge-like framework structures has been reported. It has been widely

used in advanced catalysis, and adsorption application due to its high surface area,

large pore volume, and a narrow pore size distribution (Mercier et al., 1997). In

addition, HMS has a thicker silica framework comparing with other mesoporous silica

materials that represent to a high thermal stability. Moreover, the amine surfactants

which used as templates are cheaper, and can be simply removed by extraction using
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a solvent, such as acidic water and ethanol. The advantages make HMS attractive for
many applications.

Chemical and physical modifications of the HMS surface have been promoted
to prepare materials properties for adsorption and catalysis to provide the specific
application such as hydrophobicity, thermal and structural stability.

There are two general procedures to chemical modification on the surface
properties of mesoporous silica materials, included co-condensation method and post-
grafting method. The co-condensation method which is a one-step procedure that has
a better control for organic loading and organo-functional groups distribution;
however, it can create less ordered of mesoporous structures materials (Athens et al.,
2009). The post grafting method can prepare well-ordered functionalized mesoporous
materials, but it often results in non-uniformly distribution of organic group. In
addition, the functionalized materials by these modification methods receive a loss of

surface area, pore size and pore volume.

2.4 SURFACE MODIFICATION OF ADSORBENT
2.4.1 Mesoporous composites based on natural rubber

Polymer and silica composites have been studied to prepare new materials by
combining the advantages of silica (e.g. high porosity, surface area and thermal
stability) and organic polymers (e.g. pH stability, hydrophobicity and chemical
functional group).

Natural rubber (NR) is a hydrophobic polymer of cis 1,4-isoprene monomers.
There have been used to modify the properties of NR through various techniques,

such as hydrogenation, functionalization and adding nanofillers (Zou et al., 2008).
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The combination of rubber and silica became interesting because of its some useful
properties, for example high thermal resistant, controlled size of silica particles and
enhanced dispersion in rubber matrix (Tang et al., 2013).

According to Sakdinun Nuntang et al. 2014, a series of NR/HMS composites
were prepared in tetrahydrofuran via an in situ sol-gel process using
tetraethylorthosilicate as a silica source. The surface of NR/HMS composites were
covered with NR molecules. The synthesized NR/HMS composite had a high surface
area, large pore volume and wide pore size distribution; moreover it has an increasing
hydrophobicity.

The important parameters that affect to the preparing of in silica and rubber
composite are polymer types, solvent, silica precursor, the molar ratio of base: water:

silica, temperature, and pH of the solution.

2.4.2 Alginate gel bead

Alginic acid, a component of algae cell wall, is a natural anionic polymer that
has been widely used as a biomolecule immobilization and metal chelator. Alginic
acid has hydroxyl and carboxyl groups which can complex with cation such as metal.
Alginates are the composite of B-D-mannuronic acid and a-L-guluronic acid which
produce viscous hydrogel by association with divalent cation compounds such as Ca**
(T. Y. Kim et al., 2008). There are some research has been combined the alginate
bead with activated carbon to remove heavy metal and toxic organic compound (T. Y.
Kim et al., 2008; H. G. Park et al., 2007). Accordingly, NR/HMS-SH immobilized
with calcium alginate beads are applied to use for remove the organic pollutants such

as disinfection by products.
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2.5 ADSORPTION THEORY

Adsorption is the adhesion of adsorbate on the surface of the adsorbent by
creating adsorbate’s film on the surface of the adsorbent. The removals of adsorbates
are occurred when be adsorbed on the adsorbents ‘surface. Adsorbents with higher
specific surface area have more adsorption capacity. Moreover, the adsorbent with
small particle size has higher mass transfer efficiency (Tung & Xie, 2006).

There are three steps of adsorption mechanism. The first step is film diffusion
step that is adsorbate transported to external surface of adsorbent. The second step is
intraparticle diffusion step that is adsorbate diffused to inter part of adsorbent. Final
step is adsorption step that is the adsorption of adsorbate to internal surface of
adsorbent. Normally, the rate limiting step might be the first or second step because

the last step is very rapid represent.

2.5.1 Adsorption capacity

The adsorption capacity of adsorbent can be calculated by following equation
g= "t xy (25.1)

where Cy and C, is the adsorbate concentration (ug/L) at initial and at equilibrium
respectively, q is the adsorption capacity (ng/g), M is the amount of adsorbent (g),

and V is the volume of solution (L).
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2.5.2 Adsorption kinetic
Adsorption kinetic is used to describe the adsorption rate of reaction. The
pseudo-first-model and pseudo-second-model are usually used to investigate the

adsorption kinetic.

2.5.2.1 The pseudo-first order kinetic model

qr = qe(1 — exp™¥1f) (25.2)

In(qe — q¢) = Inq, — kqt (2.5.3)

Where g; and ge are the amount of adsorbate (mg/g) at time t (h) and at
equilibrium respectively, and k; is the pseudo-first order rate constant (mg/g). The
value of k; and ge can be calculated from slope and intercept of the plots between

In(ge-q¢) and t.

2.5.2.2 The pseudo-second order kinetic model

_ qdkat
U= ot (2.5.4)
LIPS (2.5.5)

qe kaqg de

Where k, is pseudo-second order rate constant that can calculate from the plot

between t/qt and t.
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2.5.3 Adsorption isotherm

Adsorption isotherms are amount of adsorbate on the adsorbent in term of
pressure of gas or concentration of liquid at constant temperature. It shows the
relationship between adsorption capacity of adsorbent and concentration of the
adsorbate at equilibrium. The Linear, Langmuir, and Freundlich models are most
commonly used isotherm to investigate the adsorption isotherm modeling.

2.5.3.1 Linear Isotherm

Linear isotherm is the equation of adsorbate concentration and the amount of

adsorbate at equilibrium.
q =K,C,. (2.5.6)

where g is the amount of adsorbate at equilibrium (ng/L), Kp is the Linear constant

(L/ug), and C. is the adsorbate concentration at equilibrium.
2.5.3.2 Langmuir Isotherm
Langmuir isotherm is calculate by following equation

1= + = (2.5.7)

de K1.qmCe dm

where g is the maximum adsorption capacity (1g/g), ge is the capacity of adsorbate at

equilibrium (ug/L), and K is the Langmuir constant (L/pg).
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2.5.3.3 Freundlich Isotherm

Freundlich isotherm is calculate by following equation
Ing, = Ink; + ~InC, (2.5.8)

where Kz is the Freundlich constant and n is the adsorption intensity.

2.5.4 Column adsorption

As column adsorption, determination of breakthrough curve is very important
because it leads to the information to design a column adsorption system. There are
two approaches that widely used to obtain the breakthrough curve including direct
experimental and mathematical modeling.

As the liquid-solid column adsorption, there are four basic steps (1) liquid
phase mass transfer, (2) interface diffusion between liquid phase and the external
surface of the adsorbent, (3) intrapellet mass transfer involving pore diffusion and

surface diffusion, and (4) the adsorption and desorption reaction (Barros et al., 2013).

2.5.5 The breakthrough curve

In a column process, a solution is passed through a bed of adsorbent. The
composition of the adsorbate and its change depend on the properties of adsorbent and
the operation condition such as flow rate. Plotting between C/C, ratio (outlet
concentration of adsorbate per its initial concentration) and time are presented in
breakthrough curve. According to the experimental, the mass transfer occurs near the
inlet zone of the bed, where the solution contacts with the adsorbent. When the zone

near the inlet is almost saturated, the mass transfer will take place further from the
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inlet. The concentration gradient is presented in S shape. The area where the

concentration is changed is called the mass transfer zone.

2.5.6 The breakthrough curve model
The mathematic model that used to describe the dynamic adsorption in column

system including

2.5.6.1 Bohart and Adams model

Bohart and Adams model (Bohart & Adams, 1920) assumes that equilibrium
is not immediately occur; therefore, the adsorption rate relates to the adsorption
capacity. The model equation describes the relationship between C/Cy and t in a
continuous system. The Bohart and Adams model is used for describe the initial part

of the breakthrough curve. The equation is the following:

ln% = kABNO % — kABCOt (259)

0

Where, Cy and C; (mg/L) are the initial concentration and concentration at
time t. kKag (L/mg ‘min) is the Kinetic constant, F (cm/min) is the linear velocity, Z

(cm) is the bed depth of column and No (mg/L) is the saturation concentration.

2.5.6.2 Thomas model

Thomas model assume that: (i) axial and radial dispersion in the fixed bed
column can be neglected; (ii) the adsorption is described by a pseudo second-order
reaction rate principle; (iii) void fraction of the column is constant; (iv) the solid and

fluid phase has same physical properties; (v) the process take place under isothermal
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and isobaric conditions; (vi) the intra particle diffusion and external resistance during
the mass transfer processes can be ignored. The equation of Thomas model is showed

as follows:

in(Se 1) = KWy ¢ ¢ (2.5.10)
C, 1%

Where, kt, (mL/ug. min) is the Thomas rate constant; go (ug/g) is the
equilibrium capacity adsorbent; Co (ug/L) is the initial concentration; C; (mg/L) is
the concentration at time t; w (g) the amount of adsorbent and v (mL min™) the flow
rate. The Cy/C, value is the ratio of outlet and inlet concentrations. A linear plot
between In[(Co/Ct)—1] and time (t) can determine qo and kr, values from the intercept

and slope of the plot.

2.6 LITERATURE REVIEWS
2.6.1 Removal of DBPs

As previously, most researches have focused on carbonaceous disinfection by
products (C-DBPs) which resulting from chlorination of natural organic matters
(NOM), because carbon based DBPs are the largest fraction (Muellner et al., 2007).
However, nitrogenous disinfection by products (N-DBPs) at lower concentration are
more toxic than C-DBPs (Plewa et al., 2004, 2008; Muellner et al., 2007). The
toxicity of N-DBPs was reported that show much cytotoxicity and genotoxicity than
C-DBPs to mammalian cells (Hou et al., 2012). Therefore, N-DBPs are important for
researchers to concern about their toxic since the beginning of their formation, for
example during the disinfection process of drinking water and wastewater treatment

(Lee et al., 2007).
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Several researches has identified the treatment alternatives for control of DBPs
by removing of NOM prior to disinfection, use of alternative oxidants or disinfectants
that do not create DBP at levels considered adverse to human health, removal of
DBPs after they are formation. The alternative techniques were used for remove
DBPs such as adsorption on activated carbon, coagulation, ozone oxidation,
membrane filtration, adsorption on functionalized silica-based porous material.

Kleiser et al. (2000) explored the reduction of DBPs formation using pre-
oxidation process to remove NOM which is the important role substances to causing
DBPs. It showed the reduction of THM and organic halogen formation potential on
adsorbed o0zone mass was decreased to about 70%.

Udak et al. (2007) studied the removal of DBPs precursors by enhanced
coagulation and PAC adsorption technique. They found that removal of DOC using
enhanced coagulation by ferric chloride was more appropriate with large organic
molecules with negative charged functional group while PAC adsorption are
preferable to low molecular weight and uncharged NOM substance. Moreover, they
reported that the combination of both techniques can be more effective than alone.
Moreover, Yigit et al. (2009) studied the removal of NOM by measuring DOC, UV
absorbance, and different trihalomethane formation. They informed that NOM can be
disposed from drinking water with 40-50% efficiency through enhanced coagulation
by ferric chloride and Alum.

Altes et al. (2009) explored the removal of DBPs precursor in surface water on
ultrafiltration (UF) and nanofiltration (NF) membranes. They showed that the higher
molecular weight DOC was successfully removed on UF and NF filter than lower

molecular weight fraction.
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2.6.2 Adsorption of DBPs

Kim and Kang (2008) studied the removal of DBPs on GAC filter adsorber
comparing with sand filter. They found that the removal efficiencies of DBPs and
DOC on GAC filter was better than sand filter, and the removal of haloacetic acids on
GAC filter had higher levels than THM.

Jiun-Horng et al. (2008) investigated the adsorption of chloroform, acetone
and acetonitrile on activated carbon comparing with sludge adsorbent. They found
that the adsorption on activated carbon filter rate was higher than other adsorbents
because of the higher surface area and smaller diameter.

Punyapalakul et al. (2009) investigated the adsorption efficiencies of DCAA
on pure framework and difference functionalized surface of hexagonal mesoporous
silicate. The results showed that the amino-functionalized material exhibited the high
efficiency on DCAA adsorption. Moreover, they found that when combined the
mercapto- or thiol group (-SH) with amino- functional groups resulted in the
increasing of DCAA adsorption capacity due to its higher active site on the adsorbent
surface.

Prarat et al. (2011) studied the adsorption efficiencies of haloacetronitriles on
functionalized mesoporous silica materials in aqueous solution. They found that
adsorption of DCAN on 3-Mercaptopropyl-grafted HMS had high capacity comparing
with PAC. Furthermore, they reveal that the adsorption of HANs on 3-
Mercaptopropyl-grafted HMS was more selectivity than PAC adsorption.

Prarat et al. (2013) investigated haloacetonitriles removal by adsorption on
polymerizable surfactant-modified mesoporous silica in aqueous solution. It resulted

that the less water solubility HANs were effectively adsorbed onto PG surfactant-
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modified SBA-CHX due to the hydrophobic interaction between adsorbent and
adsorbate characteristics. Moreover, they found that increasing number of substitute
halogen in HAN molecule affected the adsorption capacity and selectivity.

According to the previous researches, the adsorption of THM and DCAA has
been widely study. However, there were not much research studied about removal of
other species of DBPs such as HANs and halogenated ketone with had higher toxic
with lower concentration. Moreover, the adsorption process is one of the simple
techniques that popular to remove DBPs. In the real situation the DBPs removal
usually use GAC as adsorbent due to its granular form was easier to manage.
However, GAC had some problem about the regeneration. In the other hand, the
mesoporous material has been widely used as adsorbent and can adsorb some types of
DBPs with high adsorption capacity. Therefore, this research used functionalized
mesoporous silicate as adsorbent and tries to improve their function to remove DBPs

from water.
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CHAPTER 3
METHODOLOGY
3.1 MATERIALS
3.1.1Chemical reagents
Acetic acid 99% SIGMA-ALDRICH
Alginic acid
Calcium chloride UNIVAR
Copper sulfate anhydrous CARLO ERBA
Chloroacetonitrile WAKO
Dichloroacetic acid 99% ACROS ORGANICS
Dichloroacetonitrile 98% SIGMA-ALDRICH

Dipotassium hydrogenphosphate 99% CARLO ERBA
Dodecylamine 99% SIGMA-ALDRICH
Ethanol 99.9% QRéC

Ethyl alcohol Fisher Scientific UK
Hydrochloric acid 37% QRéC

Methanol HPLC Fisher Scientific UK
Methyl-tert butyl ether HPLC Fisher Scientific UK

Natural rubber

Thai Hua Chumporn Natural

Rubber Co., Ltd (Thailand)

Potassium dihydrogenphosphate QRéC
Sodium chloride CARLO ERBA
Sodium hydrogencarbonate QRéC



Sodium hydroxide CARLO ERBA
Sodium sulfate 99% CARLO ERBA
Sulfuric acid 98% QRéC

Sodium bicarbonate CARLO ERBA
Tetraethoxysilane 98% SIGMA-ALDRICH
Tetrahydrofuran 99.5% QRéC
Trichloroacetic acid >99% SIGMA-ALDRICH
Trichloroacetronitrile 98% SIGMA-ALDRICH
Trichloromethane Fisher Scientific UK
1,1,1-trichloroacetone >95% TCI
2,3-dibromopropionic acid Fluka
3-mercaptopropyltrimethoxysilane ~ 95% SIGMA-ALDRICH

3.1.2 Analytical Instruments

1.

2.

Gas Chromatography with an electron capture detector (GC/ECD)
VF-X Column (30 m x 0.32 mm i.d. X 0.10 um film thickness)
HP-1 Column (30 m x 0.32 mm i.d. x 0.25 pum film thickness)
UV-Visible spectroscopy

TOC analyzer

Syringe filter (Nylon 0.45 pm, 13 mm, Chrom tech)

Filter papers (Quantitative 1, 90 mm, Whatman)

Magnetic stirrer

Vacuum filtration apparatus

10. Vacuum pump

23
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11. Oven

12. Thermometer

13. Hot plate

14. Shaker

15. pH meter

16. Glass column with 2.5 cm diameter and 3 cm, 5 cm, and 10 cm length
17. Glass column with 2.5 cm diameter and 1 m length

18. Peristaltic pump

3.2 PREPARATION OF ADSORBENT
3.2.1 NR/HMS-SH

The NR/HMS-SH was prepared via a sol-gel method followed Nuntang et al.
procedure (Nuntang et al., 2014). Firstly, 1 gram of natural rubber was dissolved in
tetrahydrofuran (THF) for overnight to obtain a homogenous solution. Then
dodecylamine (DDA), tetraehoxysilane (TEOS), deionized water and 3-
mercaptopropyltrimethoxysilane (MPTMS) were added into the homogenous solution
respectively. The mixture was stirred at 40°C for 1 hour and then the gel solution was
aged for 3 days. The molar composition of the synthesis mixture was 0.1008 TEOS:
0.0405 DDA: 5.8880 H,0: 0.0147 NR: 0.3700 TEOS: 0.0240 MPTMS. After that, the
mixture was precipitated in 100 mL of ethanol (EtOH) and was recovered by filtrated.
The product was parched at 60°C for 2 hours. Finally, the solid product was extracted

with 0.05 M H,SO,/EtOH at 70°C for 8 hours to remove the template.
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3.2.2 NR/HMS-SH containing alginate bead (AL:NR/HMS-SH)

The AL:NR/HMS-SH was prepared via sol-gel method. Firstly, 1% of alginate
powder was dissolved in DI water to obtain a homogenous solution. Then, 10% of
NR/HMS-SH powder was added into the viscous solution. The mixture was stirred
until the solution was homogenous. After that, the mixture solution was dropped into
0.5 M calcium chloride (CaCl,) solution. The beads were washed in DI water, and

allowed to dry.

3.3 CHARACTERIZATION OF ADSORBENT

Table 3. 1Characterization of NR/HMS-SH containing alginate bead

Parameters Measurement
Porous structure X-Ray Diffractometer
N, adsorption-desorption isotherm Surface area analyzer

) Fourier Transform Infrared Spectrometer
Surface functional groups

(FT-IR)
Sulfur analyzer Elemental analyzer
Surface charge density Titration
Material morphology Scanning Electron Microscopy (SEM)

3.4 ANALYTICAL METHOD
3.4.1 Determination of HANs, THMs, and halogenated ketone
According to EPA method 551.1, 5 g of anhydrous sodium sulfate was added
in 25 mL sample solution in glass vial. Then, adding 2.5 mL of methyl tert-butyl ether
(MTBE) into the solution, and shaken for 2 min. After standing the solution for 3 min,
0.5 mL of organic layer was transferred into 2 mL glass vial. The sample

concentration was analyzed by GC/ECD according to the EPA method 551.1(1990).
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The gas chromatograph condition and parameters were conducted by setting
the flow rate of helium carrier gas at 25 cm/sec, and the nitrogen gas was used as a
make-up gas. The column was fused silica capillary column (HP-1, 30 m x 0.32 mm
i.d. x 0.25 pm film thickness). The injection temperature was set at 200°C with

splitless mode, and the maintained detector temperature was at 300°C.

3.4.2 Determination of HAAs

According to EPA method 552.2, 25 pL of surrogate standard (30 mg/L of
2,3-dibromopropionic acid in MTBE) was added into 15 mL of sample solution in 40
mL glass vial. After that, 0.5 mL of concentrated sulfuric acid, and 4 g of anhydrous
sodium sulfate were added in the sample solution respectively. The sample was added
with 1.5 g copper sulfate pentahydrate (CuSO4.5H,0) and 2.5 mL MTBE. Then, the
solution was shaken for 2 min, and standing for 5 min. Transfer 1.625 mL of organic
layer into 2 mL of 10% H,SO4/Methanol in glass vial. The solution was boiled in
water bath at 50°C for 2 h, and then was cooled at 4°C for 3 min. The solution was
added with 5 mL of saturated sodium bicarbonate (NaHCO3), and shaken for 2 min.
The sample was vented to release carbon dioxide and stand for 5 min. For 0.5 mL of
organic layer was transferred to2 mL glass vial. The sample concentration was
analyzed by GC/ECD according to the EPA method 552.2 (1990).

The gas chromatograph condition and parameters were conducted by setting
the helium carrier gas velocity at 25 cm/sec, and the nitrogen gas was used as a make-
up gas. The used column was fused silica capillary column (VF-X, 30 m x 0.32 mm
i.d. x 0.10 pm film thickness). The injection temperature was set at 200°C with

splitless mode, and the maintained detector temperature was at 290°C.



27

3.5 FRACTIONATION OF NATURAL ORGANIC MATTER (NOM)

The water from water supply system (Bangkok Metropolitan Authority’s area)
was fractionated into two parts including hydrophilic and hydrophobic groups. The
collected water was adjusted pH by sulfuric acid at pH 2, and fractionated by filtrating
through resin (DAX-8) with 20 mL/min of flow rate. The first part of water that was
released from the column is hydrophilic NOM. After that, the remaining hydrophobic
NOM was eluted by 25 mL of 0.1 N of NaOH and 125 mL of 0.01 N with
200 mL/hour of flow rate. The filtrated hydrophilic and hydrophobic NOM were
measure the dissolved organic carbon values by using the total organic carbon (TOC)

analyzer.

3.6 ADSORPTION EXPERIMENTALS

The adsorption of DBPs was conducted under batch condition.  Stock
solutions of DBPs were prepared in phosphate buffer for remaining pH of solutions
and ionic strength. Adding 50 mL of HANSs solution and 0.025 g of adsorbent in a 125
mL Erlenmeyer flask covered with a glass stopper. The slurry was shaken at 200 rpm
at room temperature. The solid was removed by filtration through nylon syringe filter
with pore size 0.45 mm, then was analyzed by GC/ECD according to EPA method

551.1 and 552.2 (1990).

3.6.1 Adsorption kinetic study
The Adsorption kinetic of DBPs was conducted by varying adsorption time
from 0 to 24 hours. DCAN was a model of HANs, DCAA was a model of HAAS,

TCM was a model of THMs, and TCA was a model of HK in this study. The
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experiments were studied in batch condition. The initial concentration of DBPs was
200 pg/L at pH7 and ionic strength was set at 10 mM by adjusting with phosphate
buffer. The sample was shaken at 120 rpm at room temperature, and then the solution
was separated by filtration through nylon syringe filter with pore size 0.45 mm. The
remained concentration was analyzed by GC/ECD according to the EPA method

551.1 and 552.2.

3.6.2 Adsorption isotherm study
The adsorption isotherm was conducted by varying the initial concentration of
DBPs from 50 to 700 pg/L. The ionic strength of the solution was fixed at 10 mM by
adjusting with phosphate buffer at pH 7. The sample was shaken at 120 rpm at room
temperature. The contact time was following the kinetic studied, and then the solution
was separated by filtration through nylon syringe filter with pore size 0.45 mm. The
remained concentration was analyzed by GC/ECD according to the EPA method

551.1 and 552.2.

3.6.3 Selectivity of adsorption
The experiment was conducted under batch condition by adding four types of
DBPs including dicloroacetic acid, dichloroacetonitrile, trichloroacetonitrile and
1,1,1-trichloroacetone into the solution. The initial concentrations of the solutions
were varied from 50 to 700ug/L. The ionic strength of the solution was fixed at 10
mM by adjusting with phosphate buffer at pH 7. The sample was shaken at 120 rpm at

room temperature for 15 hours. Then the solution was separated by filtration through
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nylon syringe filter with pore size 0.45 mm. The remained concentration was

analyzed by GC/ECD according to the EPA method 551.1 and 552.2.

3.6.4 Effect of NOM on DCAN adsorption
The experiment was conducted by adding DCAN into tab water, hydrophilic
NOM and hydrophobic NOM. The initial concentrations of DCAN were varied from
50 to 700 pg/L. The sample was shaken at 120 rpm at room temperature. The contact
time was following the Kinetic studied, and then the solution was separated by
filtration through nylon syringe filter with pore size 0.45 mm. The remained
concentration was analyzed by GC/ECD according to the EPA method 551.1 and

552.2.

3.6.5 Fixed bed adsorption study
The experimental was conducted by passing the synthesized contaminated
water through glass column with 2.5 cm diameter, and 10 cm and 13 cm length. The
flow rate was controlled by peristaltic pump at 0.78 mL/min. The collected sample
concentration was analyzed by GC/ECD according to the EPA method 551.1 and

552.2.
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Figure 3.1 The fixed bed adsorption experiment
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 MATERIAL CHARACTERIZATION

The synthesized thiol- functionalized mesoporous composites based on natural
rubber and hexagonal mesoporous silica containing with alginate bead adsorbent (AL:
NR/HMS-SH)  was characterized the physical and chemical properties by using

several techniques.

4.1.1 X-Ray Diffraction

6000 -
(100) plane
5000 -

4000

3000

——AL:NR/HMS-SH
——NR/HMS-SH

Intensity/ a.u.

. (100) plane
2000 4

1000

Degree (20)

Figure 4.1 XRD pattern of AL:NR/HMS-SH

The XRD pattern of AL:NR/HMS-SH was showed in Figure 4.1. It indicated
that the sample exhibited a diffraction peak at 20 about 2.3° which refer to the (100)
plane of hexagonal unit cell in the synthesized composite. Moreover, when combined

alginate with the synthesized material found that intensity of 20 diffraction peak was
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lower than pure NR/HMS-SH compound. It can indicate that structure orders of the

composite were decreased due to preventing of added alginate compound.

4.1.2 Surface area and pore structure by N, adsorption-desorption isotherm

N, Adsorption / desorption isotherm

750 ~

V,/cm3(STP) ¢!

%.(())OJHOO 2.00E-01 4.00E-01 6.00E-01 8.00E-01 1.00E+00
P/P,

Figure 4.2 N, adsorption-desorption isotherms of NR/HMS-SH, AL:NR/HMS-SH
and GAC. Closed and opened symbols presented N, adsorption and N, desorption
respectively.

The N, adsorption-desorption isotherms of NR/HMS-SH, AL:NR/HMS-SH
and granular activated carbon (GAC) as shown in Figure 4.2 were used to investigate
the BET surface area, pore size and pore volume of each materials. The surface area,
pore volume, and pore diameter of adsorbents were calculated by Brunauer-Emmett-
Teller (BET) equation. The relationship between amount of adsorbed gas on particle
at a given gas phase pressure resulted in isotherm to analyze the physical
characteristics of the porous materials. According to IUPAC classification that

showed in Figure 4.3 as below, the N, adsorption-desorption isotherm of NR/HMS-

SH and AL:NR-HMS-SH were type IV isotherm that was used to determine the
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mesoporous structure. It was generated by the capillary condensation of the adsorbate
(N2) in mesoporous materials. Moreover, NR/HMS-SH exhibited that the first region
of curve was similar as type Il which can indicate to formation of monolayer followed
by multilayer adsorption. However, AL:NR/HMS-SH showed the lower BET surface
area than NR/HMS-SH due to adding of alginate that might affect to the order
structure of its surface. In addition, the N, adsorption-desorption isotherm of GAC

were type | that was used to determine the adsorption on monolayer adsorption.

I o
P
Im s
!
E 8
3: m

Relofive pressure —

Figure 4.3 Types of isotherm shapes by IUPAC classification

Table 4.1 Mean pore diameter, pore volume, and BET surface area of AL:NR/HMS-
SH and GAC.

. Mean pore diameter Vp SgeT
Adsorbents Functional group (nm) (mm® g m oY)
AL:NR/HMS-SH Silanol, thiol 3.12 435.40 598.10
Carboxyl, phynyl
GAC and oxygen- 1.92 362.27 757.04
containing groups
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4.1.3 Surface functional group by FT-IR
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Figure 4.4 FTIR spectra of AL:NR/HMS-SH

The FT-IR analysis of the AL:NR/HMS-SH was shown in Figure 4.4. It
exhibited the strong band of Si-O stretching vibration at 1100 cm™, and O-H
stretching vibration of free silanol groups on the surface around 3450 cm™. The COO"
stretching of alginate was presented around 1420 cm™. Moreover, the bands at 1620,
and 2920 cm™ were observed as C-H stretching of NR structure. In this case, S-H
stretching of thiol-functionalized group on this material which occur the peak around
2490 -2580 cm™ cannot show the peak; it might be caused by interfering of the board
peak of hydroxyl group. However, the present of thiol group in this synthesized

material can confirm by CHNS elemental analyzer.
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4.1.4 CHNS Elemental analyzer

The CHNS elemental analyzer was used to determine the amount of sulfur on
the material surface to confirm the thiol-functionalized (-SH) of adsorbent. The data
in table 4.2 showed the sulfur content on synthesized material was 5.53 (%w/w)
which can confirm there were S-H groups on this adsorbent surface.

Table 4.2 Sulfur content of AL:NR/HMS-SH

% Carbon % Hydrogen % Sulfur
14.65 3.00 5.53

4.1.5 Scanning electron microscopy (SEM)

LN

SEl 15KV

Figure 4.5 (A, B) show SEM images of AL: NR/HMS-SH (60x and 500x), and(C, D)
show SEM images of cross-sectional view of AL: NR/HMS-SH (500x and 2500x)

The Figure 4.5A showed overall SEM images of AL:NR/HMS-SH that had
spherical shape with 1.5 cm diameter. The surface area of the adsorbent was
represented in Figure 4.5B that indicated the small spherical grain of silica particles

distributed on the adsorbent surface. Moreover, Figure 4.5C and 4.5D showed SEM
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images of cross-section view of AL:NR/HMS-SH. They revealed that there were the

small particles of NR/HMS-SH dispersed into the hole of alginate sheet.

4.1.6 Surface charge density
The point of zero charge (pHzc) of synthesized material and GAC were
investigated by using acid-base titration method. The surface of synthesized adsorbent
was protonated at low pH caused to the positive surface charge, while it was negative
surface charge at high pH due to their proton leaving by hydroxide. According to

Figure 4.6, the pHzpc of AL:NR/HMS-SH and GAC were 5.81 and 6.98 respectively.

0.03 - @ AL:NR/HMS-SH

0.02 - * . BGAC
' e
001 - o B

; -

-0.01 - ’0 u
-0.02 - ®

-0.03 - ¢ ‘
-0.04
-0.05 -
-0.06 -

Surface charge density (C/m?)
2
|

Figure 4.6 Surface charge density of AL:NR/HMS-SH and GAC
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4.2 ADSORPTION OF DBPs ON NR/HMS-SH CONTAINING ALGINATE
BEAD AND GAC

4.2.1 Adsorption kinetic

The adsorption Kinetic can estimate the rate of adsorbate which be adsorbed on
adsorbent and rate limiting step of the adsorption. Moreover, the kinetic parameters
such as rate constant, and the amount of adsorbate at any time or at equilibrium can
help to predict and design the adsorption process.

The kinetic models including pseudo-first-order and pseudo-second-order
models were applied to investigate the adsorption mechanism. The pseudo-first-order
model and the pseudo-second-order model can be represented as equation (4.2.1) and

(4.2.2) respectively.

q: = qe(1 —exp™™) (4.2.1)
qikot
A= Lot (4.2.2)

where g; and g. are the amount of adsorbate (ug/g) that be adsorbed at time t (hour)
and at equilibrium respectively, k; is the pseudo-first order rate constant, and k; is
pseudo-second order rate constant.

Moreover, the initial adsorption rate, h (ug/g™ h™) and the half-life time, ty
(h) of the pseudo-second order model can be determined following equation (4.2.3)
and (4.2.4) respectively.

h = kyq? (4.2.3)

tr, = (4.2.4)

In case of quantitative comparison between the different models in fitting to

the data, a normalized standard deviation Aq (%) was calculated as equation (4.2.5)
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dexp _qcal]z

Aq =100 x |—2=2 (4.2.5)

N-1

where N is a number of data points, e and gca (19/g) are the experiment value and

the calculation value of adsorption capacities, respectively.

4.2.1.1 Adsorption kinetic of dichloroacetonitrile (DCAN)

Adsorption kinetic of DCAN on AL:NR/HMS-SH
and GAC
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time (h)

Figure 4.7 Kinetics adsorption of DCAN on AL:NR/HMS-SH and GAC at 200 pg L”
' (pH 7 and IS 10 mM)

Kinetic curves of DCAN adsorption on AL:NR/HMS-SH and GAC were
shown in Figure 4.7. It resulted that the adsorption of DCAN on GAC reached
equilibrium about 20 hours while AL:NR/HMS-SH reached the equilibrium at
approximately 15 hours. Moreover, it found that the kinetic curves of both adsorbents
had multi step of adsorption process. This might be associated to their wide pore size
distribution and various functionalized on the surface. According to the adsorption
kinetic data, the adsorption capacity of DCAN on AL:NR/HMS-SH showed high

adsorption capacity nearby with GAC.



39

Table 4.3 Parameters of dichloroacetonitrile (DCAN) Kkinetic adsorption on
AL:NR/HMS-SH and GAC using the pseudo-first order and pseudo-second order
kinetic models

Gesexp

Pseudo-first-order

Pseudo-second-order

Adsorbents - Qevcal -1 2 Qevcal k2 h t1/2 2
(ug gh Lk, (h R? |Aq (% ! 2. o R?  |Aq (%
wegh ™) VO (g g (@ g | (g ) | () 1(%)
AL:NR/HMS-SH| 380.19 | 420.73 |0.1856|0.9335| 21.34 | 555.56 | 0.0002 | 66.67 |8.33 | 0.9746 | 8.95
GAC 355.40 | 343.16 |0.2418|0.9866| 10.74 | 416.67 | 0.0007 | 129.87 |3.21|0.9922 | 11.47

According to the kinetic parameters, the correlation coefficients (R?) of both

models had high values and were not significantly different as shown in table 4.3.

Therefore, the normalized standard deviation (Aq) calculations of pseudo-first-order

model compared with pseudo-second-order model were used to determine the data

fitting. The Aq value of pseudo-second models of GAC and the synthesized adsorbent

were less than the pseudo-first-order model. Therefore, the adsorptions of DCAN on

both adsorbents were suitable to describe by using pseudo-second-order model that

determined to the chemisorption to explain the adsorption process. Moreover, this

result indicated that the initial rate adsorption (h) of DCAN adsorption on GAC was

higher than adsorption on synthesized adsorbent due to the higher adsorption affinity

of DCAN. It might because of the higher surface area and the complicated functional

group on GAC surface.
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4.2.1.2 Adsorption kinetic of trichloromethane (TCM)

Adsorption kinetic of TCM on AL:NR/HMS-SH
and GAC
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Figure 4.8 Kinetics adsorption of TCM on AL:NR/HMS-SH and GAC at 200 pg L™
(pH 7 and IS 10 mM)

As shown in Figure 4.8, the kinetic curves for TCM adsorption showed
adsorption of TCM on GAC reached equilibrium about 10 hours while the
synthesized adsorbent reached the equilibrium at approximately 12 hours. Moreover,
kinetic curves of TCM adsorption on both adsorbents showed multi step of adsorption

process same as adsorption of DCAN.

Table 4.4 Parameters of TCM kinetic adsorption on AL:NR/HMS-SH and GAC using
the pseudo-first order and pseudo-second order kinetic models

Pseudo-first-order Pseudo-second-order

qE|eX
Adsorbents -pl Qescal -1 2 Jescal kZ h 2
ee?) gy | M R e'eh) @uetn?) | ggtny|te®) R

ALNRIIMS-| 496,92 | 317.10 | 0.2166 | 08737 | 526.32| 00019 | 52632 | 1 | 0.9963

GAC 394.52 | 178.54 | 0.2179| 0.8757 | 416.67| 0.0030 520.84 | 0.79 | 0.9986
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The kinetic parameters of TCM on both mesoporous material containing in
alginate bead and GAC were shown in table 4.4 as below. The correlation coefficients
(R?) of pseudo-second models of GAC and the synthesized adsorbent were higher
than the pseudo-first-order model. Therefore, the adsorptions of TCM on both
adsorbents were suitable to explain with pseudo-second-order model same as DCAN
adsorption.

When considering the initial rate adsorption (h) of TCM on both adsorbents
found that the synthesized adsorbent was nearly with GAC. However, they had higher
adsorption affinity than DCAN adsorption. This might be associated to the higher

hydrophobicity or less water solubility of TCM structure than DCAN.

4.2.1.3 Adsorption kinetic of 1, 1, 1,-trichloroacetone (TCA)

Adsorption kinetic of TCA on AL:NR/HMS-SH
500 - and GAC
400 -
< 300 -
2
S 200 -
—8-GAC
100 —&— AL:NR/HMS-SH
0 T T T T T 1
0 5 10 15 20 25 30
time (h)

Figure 4.9 Kinetics adsorption of TCA on AL:NR/HMS-SH and GAC at 200 pg L™
(pH 7 and IS 10 mM)
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Kinetic curves for TCA adsorption on the synthesized material and GAC
showed the adsorption of TCA on both GAC and AL:NR/HMS-SH reached
equilibrium about 12 hours as presented in Figure 4.9.

Table 4.5 presented the kinetic parameters of TCA on both adsorbents resulted
that the R? of pseudo-second-order models of GAC and the synthesized adsorbent
were higher than the pseudo-first-order model. Thus, the adsorptions of TCA on both
adsorbents were suitable to explain with pseudo-second-order model like adsorption
of DCAN and TCM. When regarding the initial rate adsorption (h) of TCA on both
adsorbents found that the adsorption on GAC had higher affinity compared with the
synthesized material. This might be associated to higher surface area and complexity
of activated carbon surface.

Table 4.5 Parameters of 1, 1, 1-trichloroacetone (TCA) kinetic adsorption on

AL:NR/HMS-SH and GAC using the pseudo-first order and pseudo-second order
kinetic models

Pseudo-first-order Pseudo-second-order

qelex
Adsorbents | Oecal 1 g Clesl ka h 2
)| gt | M| R | uge?) lue™n®) g gt 22 M | R

AL:NR/HMS-

SH 353.11 | 477.09 | 0.2663 | 0.8047| 588.24 | 0.0002 60.24 | 9.76 |0.9640

GAC 332.28 | 244.55 | 0.2650 | 0.9512| 357.14 | 0.0029 370.37 | 0.96 |0.9961

Moreover, when comparing the initial rate adsorption and half time of three
DBPs on the same adsorbent resulted that the adsorption on AL:NR/HMS-SH showed
the higher adsorption affinity on TCM followed by DCAN and TCA respectively. In
the same way, GAC showed the highest adsorption efficiency on TCM. However, it
displayed the higher initial rate adsorption on TCA than DCAN.

This might cause of the higher hydrophobicity (less water solubility) of TCM

than DCAN (water solubility 7.95¢/L and 33.5 g/L respectively followed USEPA,
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2001&2004) that can be good adsorbed on AL:NR/HMS-SH which had
hydrophobicity surface. However, TCA also had low water solubility (7.45 g/L
followed USEPA, 2004); it presented in lower adsorption capacity on AL:NR/HMS-
SH. According to the negative surface charge of adsorbent at pH7 solution, the
presented of H-atom in TCM and DCAN molecules which can produce positive
dipole can interact with negative charge of adsorbent surface with ion-dipole

electrostatic interaction.

4.2.1.4 Adsorption kinetic of dichloroacetic acid (DCAA)

Adsorption kinetic of DCCA on AL:NR/HMS-SH
and GAC
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Figure 4.10 Kinetics adsorption of DCAA on AL:NR/HMS-SH and GAC
at 200 pg L™ (pH 7 and 1S 10 mM)

According to kinetic curve for DCAA adsorption on the synthesized material
and GAC that presented in Figure 4.10, they appeared the indeterminate adsorption
capacity of DCAA on both adsorbents. This might because of DCAA cannot be
adsorbed on the adsorbents steadily due to the surface characteristics of adsorbents

such as the hydrophobicity of AL:NR/HMS-SH and GAC which might showed the
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poorly adsorption for DCAA due to its very soluble. Moreover, the surface of these
both adsorbents displayed the negative charge in pH 7 solution (pHyp of
AL:NR/HMS-SH and GAC are 5.81 and 6.98 respectively) that might affected to the
adsorption for DCAA which had low pK, (pK;=1.26) and displayed negative charge

after its dissociation in water.

4.2.2 Intraparticle diffusion
The adsorption process of solid-liquid adsorption included three steps: (1) the
film diffusion (2) intraparticle diffusion or pore diffusion and (3) adsorption process.
The intraparticle diffusion model was developed by Weber and Morris used to
analyze the kinetic data to examine the rate limiting step in adsorption process. The
intraparticle diffusion equation can be defined as shown in equation (4.2.6)
q: = kipt®> + C (4.2.6)
where g; is the amount of adsorbate (ug/g) at time t (hour), kip is the intraparticle
diffusion rate constant (pg g™ h™®®°), and C is the interception which can be determined

by plotting q; and t°°.
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4.2.2.1 Intraparticle diffusion model of DCAN adsorption

Intraparticle diffusion model of DCAN adsorption on
AL: NR/HMS-SH and GAC
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Figure 4.11 Plot of intraparticle diffusion model of DCAN adsorption on
AL:NR/HMS-SH and GAC

According to the fitting curves as showed in Figure 4.11, they presented the
multiple step of adsorption. The first step presented the external mass transfer in the
boundary layer which can be indicated the rate constant from the slope of first region;
the second step showed the diffusion of DCAN into internal surface of adsorbent
which can be determined the rate constant from the second region of the curves; and
the final step was the adsorption of DCAN on internal site of adsorbent which can be
ignored due to its very rapidly occurred. Therefore, the rate controlling step of the
adsorption can be the film diffusion and/or intraparticle diffusion step. Furthermore,
when comparing the rate constant of each region on both adsorbents found that rate of
AL:NR/HMS-SH was lower than GAC in the first region but it had higher rate on the
second regime. It might because of the adsorption of DCAN on GAC was better than
AL:NR/HMS-SH on boundary layer due to its higher surface area. However, on the
internal diffusion step AL:NR/HMS-SH showed the higher rate of adsorption than

GAC that might be the effect of their higher pore size and pore volume.
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Table 4.6 Kinetic parameters of DCAN adsorption on AL:NR/HMS-SH and GAC
using the intraparticle diffusion model.

1% step 2" step
Adsorbent 1,- 1,- Z
ki (Mg g™ h9) | Intercept (C) | R? | kips (g g™ %) Intercept (C;)| R
AL:NF;’SMS' 93.49 2438 | 09906  129.47 -109.67 | 0.9827
GAC 108.65 453 0.9757 40.33 19825 | 0.9942

4.2.2.2 Intraparticle diffusion model of TCM adsorption

g, (no/9)
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Figure 4.12 Plot of intraparticle diffusion model of TCM adsorption on NR/HMS-SH
containing alginate bead and GAC

The intraparticle diffusion models of TCM adsorption on AL:NR/HMS-SH

and GAC were presented in Figure 4.12 they revealed multi-linearity that refer to the

multiple step of adsorption. The mechanism of each step can describe same as the

adsorption mechanism of DCAN. When considering the rate of each step on TCM

adsorption found that the rates of film diffusion step were higher than the internal

diffusion step on both adsorbents. This might because of the low water solubility of

TCM that can be better adsorbed on external surface of AL:HMS-SH and GAC which

had high hydrophobic surface.
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Table 4.7 Kinetic parameters of TCM adsorption on AL:NR/HMS-SH and GAC
using the intraparticle diffusion model

Adsorbent 1" step 2" step
kie (g g7 W) [Intercept (C)| R® [ kipz (g g™ h™) [Intercept (C) | R?
AL:NR/HMS-SH 24781 020 |0.9320 54.76 289.84  |0.9396
GAC 203.44 2660  |0.8859 51.50 21294 |0.8432

4.2.2.3 Intraparticle diffusion model of TCA adsorption

q: (ng/9)
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Figure 4.13 Plot of intraparticle diffusion model of TCA adsorption on
AL:NR/HMS-SH and GAC

According to Figure 4.13, the intraparticle diffusion model of TCA adsorption

on AL:NR/HMS-SH and GAC pointed to multi-linearity that refer to the multiple step

of adsorption. The mechanism of each step can also describe same as the adsorption

mechanism of DCAN and TCM. The data revealed that adsorption rates of the first

step of both adsorbents were less than the second step. It can indicate that the

adsorption of TCA can occur in the internal part of adsorbent better than external

surface of adsorbent.
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Table 4.8 Kinetic parameters of TCA adsorption on AL:NR/HMS-SH and GAC using
the intraparticle diffusion model

1% step 2" step
Adsorbent
kies (Mg g™ h®®) [Intercept (C;) | R® | kipz (Mg g™ h™®°) [Intercept (C;) | R?
AL:NR/HMS-SH 63.58 -2.85 0.9660 122.35 -77.55 0.9690
GAC 50.88 172.99 0.9212 67.59 137.74 0.9009

4.2.3 Adsorption isotherm model
According to adsorption isotherm model; Linear, Langmuir, and Freundlich
isotherm models were applied to investigate the correlation with the experimental
data. The Linear, Langmuir, and Freundlich isotherm models can be determined as

equation (4.2.7), (4.2.8) and (4.2.9) respectively.

q = K,C, (4.2.7)

de K1.qmCe dm

1
Ing, = Ink; + ;ln Ce (4.2.9)

where ¢ is the amount of adsorbate at equilibrium (ug /L), Ce is the adsorbate
concentration at equilibrium, K, is the Linear constant (L/pg), gm is the maximum
adsorption capacity (ug/g), K is the Langmuir constant (L/ug), ks is the Freundlich

constant, and n is the adsorption intensity.
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4.2.3.1 Adsorption isotherm model of HANSs

According to the isotherm parameters that showed in Figure 4.14 and Table
4.9, MCAN adsorption on the synthesized adsorbent did not show the adsorption
efficiency while the adsorption on GAC presented the linear adsorption which fitted
to Linear isotherm model by considering the high correlation coefficient value (R?)
and the less amount of normalized standard deviations (Aq). It means that the amount
of adsorbent surface was showed to be corresponding to the adsorbed molecules.
Moreover, the figure presented the adsorption of DCAN and TCAN on the
synthesized material and GAC. The data exhibited the best fitted with Freundlich
isotherm model according to the fewer amounts of normalized standard deviations
(Aq). It revealed that the adsorption process occur on heterogeneous surface of
adsorbent. Moreover, n value can determine the nonlinearity degree between
concentration of solution and adsorption. If n=1, the adsorption is linear; if n less than
one, the adsorption is chemical process; and if n more than one, the adsorption is
physical process. Thus, the DCAN adsorptions on AL:NR/HMS-SH and GAC were
physical process and they had a good adsorption due to the n value within 1-10 range;
whereas the TCAN adsorptions on both materials were chemical process. However, in
some of these case Langmuir isotherm model might not suitable to describe the
adsorption process due to the calculation parameters resulted in the invalid value on
linear fitting calculation.

When comparison the adsorption capacities of each HANs on same adsorbent
found that the adsorptions of TCAN on both AL:NR/HMS-SH and GAC showed the
higher efficiencies than DCAN and MCAN respectively. This might be the effect of

number of substituted Cl-atom in each HAN species that caused to the water
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solubility of them. According to the USEPA (2004) database, TCAN which had three
Cl atoms showed the less water solubility than DCAN and MCAN which had less

number of Cl-atom (0.715 g/L, 33.5 mg/L and 100 g/L, respectively).

Adsorption isotherm of MCAN
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Figure 4.14 Isotherms adsorption of MCAN, DCAN and TCAN on AL:NR/HMS-SH
and GAC (pH 7 and IS 10 mM)



51

2500 GAC : MCAN
»
2000 A
rd
551500 A -
5 1000 P - * Experiment
> - Linear
S 500 / = = = Langmuir
0 = = Freundlich
0 500 1000
Ce (ng/L)
AL:NR/HMS-SH : DCAN GAC : DCAN
1200 ~
1400 1000 /’
1200 o
1000 - - < @ 800 /0
= 800 _f 2 600 - /,/
= 600 = = 400 /
o 400 /( @  Experimental } & Experiment
200 - ) Linear 200 - , --------- Linear
0 Q’. —— = Freundlich 0 = = Freundlich
0 50 100 150 200 0 50 100 150 200
C. (no/L) C. (ng/L)
AL:NR/HMS-SH : TCAN GAC : TCAN
3500 - 3500 -
3000 - 3000 - //’
=250 | 2500 - P
52000 ) 22000 :/ e
5;1500 ] pid 21500 - B
S 1000 - /‘ & Experiment 1000 - / & Experiment
. 7 Linear BT Linear
500 1 ") F eadI' h 500 1 “ = = Freundlich
0 o« . . reun |Ic 0 . . :
23 28 33 38 20 70 120 170
C. (ng/L) C. (hg/L)

Figure 4.15 Comparison of the MCAN, DCAN and TCAN adsorption experimental
data and the data from predicted model on AL:NR/HMS-SH and GAC at pH 7 with
IS 10 mM
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Table 4.9 Parameters of HANSs isotherm adsorption on AL:NR/HMS-SH and GAC

Isotherm HANS
MCAN DCAN TCAN
AL:NR/HMS-SH
Linear -
Kg 5.78 177.52
R 0.9918 0.9761
Aq (%) 15.23 36.46
Langmuir - - -
Om (ng &)
K (L pg™)
RZ
Aq (%)
Freundlich -
n 1.0280 0.1249
Ke (ug g 7.15 1.71x107
R? 0.9834 0.9792
Aq (%) 12.59 13.59
GAC

Linear
KB 2.61 7.25 22.82
R 0.9911 0.9893 0.9094
Aq (%) 9.55 15.75 27.40
Langmuir - -
Om (ng g 10000
Ki (L pg™) 2.98
R? 0.9744
Aq (%) 23.16
Freundlich
n 1.0310 1.0714 0.6807
Ke (ng gt 3.10 11.03 2.11
R? 0.9856 0.9881 0.9252
Aq (%) 9.41 10.78 23.40
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4.2.3.2 Adsorption isotherm model of TCM

Adsorption isotherm of TCM
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Figure 4.16 Isotherms adsorption of TCM on AL:NR/HMS-SH and GAC
(pH 7 and IS 10 mM)

As the isotherm parameters that presented in Figure 4.16 and Table 4.10, the
adsorption of TCM on AL:NR/HMS-SH showed the adsorption isotherm data that
fitted to Freundlich isotherm model while the adsorption on GAC displayed the data
was fitted to Langmuir isotherm model. The result revealed that the adsorption of
TCM on synthesized material occurred on multilayer adsorption of the surface
followed the concept of Freundlich isotherm model while the adsorption on GAC
occurred on homogeneous surface of adsorbent and can be defined on monolayer
surface. In addition, the adsorption of TCM on both materials exhibited the nearly

amount of capacity.
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Figure 4.17 Comparison of the TCM adsorption experimental data and the data from
predicted model on AL:NR/HMS-SH and GAC at pH 7 with IS 10 mM

Table 4.10 Parameters of TCM isotherm adsorption on NR/HMS-SH containing in

alginate bead and GAC

Isotherm AL:NR/HMS-SH GAC

Linear

K, 44,50 36.36

R? 0.9604 0.8119

Aq (%) 32.20 31.01
Langmuir

Om (ng g%) 2500 5000

K. (L pg™h) 123.46 98.04

R? 0.9193 0.9907

Aq (%) 34.03 13.41
Freundlich

n 1.4463 1.3503

Ke (ug g™ 136.65 140.31

R? 0.8998 0.9518

Aq (%) 24.24 14.15




4.2.3.3 Adsorption isotherm model of TCA
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Adsorption isotherm of TCA on AL:NR/HMS-SH and

GAC
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Figure 4.18 Isotherms adsorption of TCA on AL:NR/HMS-SH and GAC (pH 7 and
IS 10 mM)
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Figure 4.19 Comparison of the TCM adsorption experimental data and the data from
predicted model on AL:NR/HMS-SH and GAC at pH 7 with IS 10 mM

The adsorption isotherm parameters of 1, 1, 1,-trichloroacetone (TCA) on

AL:NR/HMS-SH and GAC were shown in Figure 4.18 and Table 4.11, they revealed

that the adsorption of TCA on both synthesized adsorbent and GAC presented the

data that best fitted with Freundlich isotherm model by regarding R? and Aq value. It

can indicate that the adsorption of TCA appeared on heterogeneous surface of both

adsorbent. Nevertheless, Langmuir isotherm model might not suitable to describe the
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adsorption of TCA on these two materials. They showed the parameters from
calculation on Langmuir equation that resulted in the invalid value. This might due to
the adsorption mechanisms that were not occurred follow the Langmuir adsorption

isotherm model.

Table 4.11 Parameters of TCA isotherm adsorption on AL:NR/HMS-SH and GAC

Isotherm AL:NR/HMS-SH GAC
Linear
Ko 2.64 4.68
R? 0.9885 0.9963
Aq (%) 15.31 14.35
Langmuir - -
Qm (g g_l)
Ki (L ng?)
RZ
Aq (%)
Freundlich
n 1.0502 0.9384
Ke (ug g™) 3.77 3.63
R? 0.9939 0.9829

Aq (%) 7.07 14.07




4.2.3.4 Adsorption isotherm model of HAAs
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Figure 4.20 Isotherms adsorption of CAA, DCAA and TCAA on AL:NR/HMS-SH

and GAC (pH 7 and IS 10 mM)
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Table 4.12 Parameters of HAAs isotherm adsorption on AL:NR/HMS-SH and GAC

Isoth HAAs
sotherm MCAA DCAA TCAA

AL:NR/HMS-SH

Linear -

Ko 0.3376 1.5922

R? 0.8643 0.9750

Aq (%) 40.26 44.12

Langmuir - - -

Om (ng g™

Ke (L pg™)

RZ

Aq (%)

Freundlich -

n 1.5092 0.3801

Ke (ug g™ 2.24 0.00029

R? 0.9304 0.9452

Aq (%) 27.90 49.37
GAC

Linear -

Ky 0.2762 3.7023

R? 0.8613 0.9347

Aq (%) 73.50 127.17

Langmuir - - -

Om (ug g7)

Ko (L pg™)

RZ

Aq (%)

Freundlich -

n 0.5107 0.4999

Ke (ug g™ 0.001 0.017

R? 0.9230 0.9836

Aq (%) 46.90 18.20
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According to the isotherm parameters that showed in Figure 4.20 and Table
4.12, the adsorption of monochloroacetic acid (MCAA) on both the synthesized
adsorbent and GAC appeared the data that cannot calculate to determine the
adsorption isotherm model due to their indeterminate information. However, the
adsorption isotherm of DCAA and TCAA on both adsorbents showed the data fitting
with Freundlich isotherm model excepted the adsorption of TCAA on AL:NR/HMS-
SH which showed the best fitted with Linear isotherm model. It means that most of all
adsorption were multilayer adsorption of the adsorbents surface follow Freundlich
model. Moreover, n values of all adsorption were less than one; means that the
adsorptions were chemical adsorption and might be unfavorable adsorption. When
comparing the adsorption capacities of these three HAAs on same adsorbent, it found
that TCAA had higher adsorption capacities on both adsorbent due to its less water
solubility than DCAA (water solubility of TCAA and DCAA are 13 g/L and 86,3 g/L

respectively followed WHO, 2004&2005).
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Figure 4.21 Comparison of the HAAs adsorption experimental data and the data from

predicted model on AL:NR/HMS-SH and GAC at pH 7 with IS 10 mM
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Figure 4.22 Adsorption isotherms of four-DBPs as a single solute and mixed solute
on AL:NR/HMS-SH and GAC at pH 7 with IS 10 mM

As the previous information showed that there were various species of DBPs

occurred in the real water supply system as mixture. Therefore, this research wanted

to study the selectivity adsorption of each species of DBPs on AL:NR/HMS-SH and

GAC when they are among other competitive DBPs. Figure 4.22 showed the

adsorption isotherms of four types of DBPs on synthesized adsorbent and GAC in the

mixed solution. The results presented that the appearance of other species had effects

to the adsorption efficiencies of each species by reducing their adsorption capacities

except the adsorption of DCAA. However, the enhanced of DCAA capacity had very

low amount correlating with other species. When comparing the adsorption capacities

of other three species (except DCAA) found that TCM were best adsorbed on both

adsorbents follow by DCAN and TCA. This might cause of the hydrophobicity of
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adsorbate molecules especially TCM that can be adsorbed on the synthesized
absorbent which had high hydrophobicity surface. However, for DCAN and TCA
which can be adsorbed on AL:NR/HMS-SH with high capacity but lower than TCM it

might due to their molecular dipole.

4.4 EFFECT OF NOM ON DBPS ADSORPTION
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Figure 4.23 Effect of NOM on DCAN adsorption capacity on AL:NR/HMS-SH

Figure 4.23 showed the adsorption capacities of DCAN in presence of HPI
and HPO NOM, in Tab water (TW), and adsorption on DCAN without adding natural
organic matter in the system. The results revealed that the adsorption of DCAN in tab
water resulted in the less adsorption capacity than non-adding NOM condition but not
significantly different. It related to TOC values of tab water before and after
adsorption that showed the decreased value after adsorption. However, the amounts of
TOC between both conditions were not highly different. In addition, the ionic strength

of each solution in this experiment was not equal due to the pH adjusted by very
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concentrate of acidic and hydroxide in adding HPlI and HPO NOM solutions.
Therefore the adsorption capacity of DCAN on without NOM condition and in tab
water cannot be compared with adding HP1 and HPO conditions.

Furthermore, the results presented that the adsorption capacity of DCAN with
HPO NOM was lower than HPI NOM. This related to the decreased TOC of adding
HPO condition than adding HPI NOM condition. It might because of the adsorption
competition between DCAN and HPO NOM on synthesized adsorbent which had
hydrophobic surface. Moreover, HPO NOM might be able to block adsorbent pore
caused to the decreasing of active sites on adsorbent surface due to the lower

adsorption capacity of DCAN.
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Figure 4.24 Concentration of NOM in Tab water before and after adsorption of
DCAN on AL:NR/HMS-SH
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Figure 4.25 Concentration of hydrophilic NOM before and after adsorption of DCAN
on AL:NR/HMS-SH
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Figure 4.26 Concentration of hydrophobic NOM before and after adsorption of
DCAN on AL:NR/HMS-SH
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4.5 ADSORPTION ON FIXED BED CONDITION

4.5.1 Effect of bed volume

Adsorption of DCAN on AL:NR/HMS-SH with various
bed volume
0.4 -
X
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O
02 1 ] ®m10cm
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Figure 4.27 Breakthrough curve of DCAN adsorption on AL:NR/HMS-SH with
various bed volume

This experiment was done by varying the bed volume of adsorbent.
Breakthrough concentration was designed at 10% of removal. The breakthrough
curves of two initial concentrations were showed in Figure 4.27. It revealed that the
breakthrough time at breakthrough concentration increased with increasing of bed
volume. Moreover, the raising of bed depth from 10 cm to 13 cm increased the
breakthrough capacities from 256.81 to 372.35 cm/cm?. This might because of the
higher of bed volume means that it had more available sorption sites for particles to
be adsorbed, moreover it found that the breakthrough capacity of DCAN adsorption
increased by increasing of bed volume. Moreover, Table 4.13 presented the Thomas
model parameters that indicated the higher maximum solid phase concentration with
increased of column depth. However, it presented the decreasing of Thomas rate

constant with more bed volume.
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Table 4.13 Parameters of various bed volume of AL:NR/HMS-SH for DCAN
adsorption in fixed bed condition

Breakthrough time Capacity of Weight of
Bed depth (cm) (h) breakthrough (cm/cmz) Adsorbent (g)
10 14 256.81 9.3721
13 29 372.35 13.3895

Table 4.14 Parameters of the breakthrough curve models for DCAN adsorption on
NR/HMS-SH containing in alginate bead in fixed bed condition

Bed depth
Breakthrough curve Models 10em 13 em
Thomas model 8.35x10 7.68x107
Krh (mL pg™ min™) 2,900.49 3589.69
d (Mg g™ 0.9501 0.8071
2

R
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CHAPTER 5
CONCLUSIONS

5.1 CONCLUTIONS

According to the adsorption kinetic study of each species of DBPs including
haloacetonitrile, trinalomethane, halogenated ketone, and haloacetic acid on thiol-
functionalized hexagonal mesoporous silicates based on natural rubber (NR/HMS-
SH) containing alginate bead adsorbent comparing with granular activated carbon
(GAC) found that the data of all kinetic adsorption were suitable to describe by the
pseudo-second-order model excepted the adsorption kinetic of DCAA that appeared
the indeterminate adsorption capacity of DCAA on both adsorbents. The adsorption
rate and capacity of TCM showed higher amount than DCAN and TCA respectively.
Moreover, the results indicated that the adsorption of each DBP reached the
equilibrium longer than GAC at nearly time. The adsorption of TCM showed higher
adsorption rate and capacity than DCAN and TCA respectively on both
AL:NR/HMS-SH and GAC.

Considering the intraparticle model of the adsorptions, they presented multi-
linearity that can intimate to the multiple step of adsorption, and showed the rate
controlling step of the adsorption that can be the film diffusion and/or intraparticle
diffusion step. As the results of DBPs adsorption isotherm, they revealed the fitted
data to various isotherm models relying on the characteristic of each DBP on
adsorbents surface. When comparing the adsorption capacity of each species of DBPs
on AL:NR/HMS-SH resulted that the lower water solubility DBPs such as TCAN,

TCM and TCA had higher adsorption capacity than the lower water solubility DBPs.
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Furthermore, the adsorption capacities of each DBP on synthesized adsorbent were
nearly with GAC at lower amount excepted the adsorption of TCAN and TCM which
showed the higher efficiency on AL:NR/HMS-SH adsorbent.

Moreover, the study found that the presented of other DBP species in the same
solution affected to the adsorption efficiencies of each DBPs comparing with the
adsorption of the single solution by decreasing their adsorption capacities.

Furthermore, the research resulted that the adsorption of DCAN had lower
efficiency when there was HPO NOM appeared in the system more than the
appearance of HPI NOM. It might because of the effect of competitive between HPO
NOM and DCAN on active sites of adsorbent surface.

Finally, the adsorption study in the fixed bed condition by varying the bed
volume found that the higher bed depth increased breakthrough time and
breakthrough capacity due to the increasing of the sorption site for particle to be

adsorbed.

5.2 RECOMMENDATIONS

5.2.1 This synthesized adsorbent should be investigated and improved the
stability.

5.2.2 The adsorption experiments should be prepared with the adsorption on
HMS-SH containing alginate beads (without natural rubber).

5.2.3 The adsorption experiment on the fixed bed condition should be studied by

investigated more variant such as more various bed depth and varying flow rate
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APPENDIX A

ADSORBENT SYNTHESIS AND CHARACTERIZATION
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1. AL:NR/HMS-SH

2. AL:NR/HMS-SH character after adsorption
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3. Fixed bed column experiment
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4. N adsorption-desorption isotherm of AL:NR/HMS-SH
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5. N adsorption-desorption isotherm of GAC
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6. Surface charge density investigation by Acid-Base titration

Table 1.1 The calculation data from surface charge density of AL:NR/HMS-SH
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Sample pH Surface charge (C/m?)
1 4.57 0.022156855
2 4.78 0.017798395
3 5.18 0.015639256
4 5.46 0.012292066
5 5.74 0.006419229
6 5.77 0.003042098
7 5.81 0.000625023
8 5.92 -0.001045302
9 6.04 -0.003407503
10 6.2 -0.006697311
11 6.33 -0.010404244
12 6.4 -0.013834088
13 6.62 -0.02102399
14 6.68 -0.024666966
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Table 1.2 The calculation data from surface charge density of GAC

Sample pH Surface charge (C/m?)
1 4.96 0.01571184
2 5.76 0.01395892
3 6.58 0.012276383
4 6.69 0.009638096
5 6.76 0.006384228
6 6.83 0.002612311
7 6.98 0.00061407
8 7.07 -0.006579938
9 7.19 -0.01299541
10 7.3 -0.019101477
11 7.36 -0.023324535
12 7.43 -0.038059234
13 7.42 -0.049571378

7. TOC that released from AL:NR/HMS-SH at time t

Time (h) TOC (mg/L)
0.5 1.181
1 1.089
2 1.018
4 1.606
8 1.090
12 1.335
18 2.093
24 1.719
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Analysis concentration of DBPs by Gas Chromatography (GAC) with Electron

Capture Detector (ECD)

Laboratory Equipment and chemical reagent

1. Gas Chromatography with Electron capture detector (GC/ECD)
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2. Stock solution of each DBPs including MCAN, DCAN, TCAN, TCM, TCA,

MCAA, DCAA, and TCAA

3. Phosphate buffer IS 10 mM

4. VVolumetric flask

5. Micropipette

6. Deionized water

Preparation of DBPs stock solution at 500 ppm

Tablel the preparation of stock DBPs at 500 ppm

DBPs VVolume of DBPs (pL) Total volume (mL)
MCAN 4.2 10
DCAN 3.7 10
TCAN 35 10
TCM 34 10
TCA 3.7 10
MCAA 3.1 10
DCAA 3.2 10
TCAA 3.1 10

DBPs at volume that showed on above table were dissolved in deionized water

by using micropipette adding DI water to adjust the volume.
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After that, dilute the stock 500 ppm of DBPs to 1 ppm with DI water in 100
mL of volumetric flask by calculation from equation 1 as below.
CiV1 =GV, 1)
Example Preparation of DBP at 1 mg/L from stock solution 500 mg/L in 100 mL of
volumetric flask
CiV1=CV,
500 mg/L x V1 =1 mg/L x 100 mL
Vi=0.2mL
Therefore, pipetted stock solution of DBP 0.2 mL into 100 mL of volumetric
flask and adjusted volume of solution by phosphate buffer 10 mM until final volume

was 100 mL.

Then, preparation of DBP standard concentration (in ppb unit) by diluting
from the stock 1 ppm of DBP in 25 mL of volumetric flask by calculation from

equation 1.

Table 2 volume of stock DBP 1 ppm to prepare standard concentration

Concentration of DBPs (ppb) Volume of stock 1 ppm (mL)

1 0.025

5 0.125

25 0.625

50 1.250
100 2.50
150 3.75
200 5.00
250 6.25
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GC analytical condition

The gas chromatography condition was performed as follows: the velocity of
Helium-carrier gas was 25 cm/sec and used N, gas as a make-up gas. The column was
fused silica capillary column (VF-X Varian, 30 m x 0.32 mm i.d. x 0.10 um film
thickness). The inject temperature was set at 200 °C with splitless mode. The detector
temperature was maintained at 300 °C. The temperature of column oven was
programmed as follow; (1) set initial temperature at 35°C for 7 min, (2) ramping to

55°C with rate at 5°C/min, and (3) ramping to 110°C with rate at 7.5°C/min.

Table3 Retention time of each DBP on VF-X Varian column

DBPs Retention time
MCAN 3.410
DCAN 4,091
TCAN 3.128

TCM 2.858

TCA 6.942
MCAA 4,585
DCAA 7.192
TCAA 8.446




Standard curve
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The concentrations of standard solution of DBPs were analyzed by GC/ECD with

VF-X column. Standard curve was plotted between peak area and concentration of

standard solution of DBP.
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standard MCAA
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APPENDIX C
ADSORPTION EXPERIMENTS
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1. Adsorption Kinetic study
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Table 1.1 Data from adsorption kinetic of DCAN, TCM, TCA, and DCAA on
AL:NR/HMS-SH at pH 7 and IS 10 mM

DCAN TCM TCA DCAA
Time (h) | a:(ng/g) | Time (h) | G (ng/g) | Time (h) | G (ng/g) | Time (h) | g (19/g)
0 0.00 0 0.00 0 0.00 0 0.00
0.5 35.94 0.5 207.54 0.5 50.99 0.5 102.64
2 117.09 1 191.42 1 93.95 1 105.79
4 163.72 2 373.73 4 230.63 4 64.43
6 200.03 4 398.69 6 239.72 4 81.87
8 257.56 6 420.82 8 335.96 6 66.28
10 306.88 8 435.74 10 353.11 8 30.796
12 349.65 10 451.97 12 384.64 12 82.18
15 380.19 12 496.92 15 393.78 15 50.52
20 388.59 15 488.60 20 403.95 20 21.69
24 401.50 20 499.77 24 213.92

Table 1.2 Data from adsorption kinetic of DCAN, TCM, TCA, and DCAA on GAC
atpH 7 and IS 10 mM

DCAN TCM TCA DCAA
Time (h) | 9 (pg/g) | Time (h) | d:(ng/g) | Time (h) | G (ng/g) | Time (h) | g (no/g)
0 0 0 0.00 0 0.00 0 0.00
0.5 68.56 0.5 193.43 T 172.59 1 31.20
1 119.79 1 276.68 2 222.06 6 73.51
2 148.05 2 268.42 6 269.12 10 6.77
4 187.40 6 361.06 8 308.51 15 20.04
6 266.32 8 353.82 10 313.24 20 18.36
8 312.54 10 394.52 12 332.28 24 9.50
10 326.64 12 397.52 15 338.07 28 5.15
12 335.97 15 386.97 20 343.19 36 56.45
15 355.40 20 399.97 334.33
20 376.79 400.81
28 372.22
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Figure 1.1 showed adsorption kinetic of DCAN, TCM, TCA, and DCAA on
AL:NR/HMS-SH at pH 7 and IS 10 mM

Adsorption kinetic of DBPs on AL:NR/HMS-SH
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Figure 1.2 showed adsorption kinetic of DCAN, TCM, TCA, and DCAA on GAC at
pH 7 and IS 10 mM
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Figure 1.3 Comparison data from kinetic experiments of each DBPs and data from

predicted model
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2. Adsorption isotherm study

Table 2.1 Data from adsorption isotherm of three-HANs, TCM, TCA, and three-
HAAs on AL:NR/HMS-SH in single solution at pH 7 and IS 10 mM

MCAN DCAN TCAN
CO (Hg/L) Ce e C0 Ce e C0 Ce Oe
(/L) | (uo/g) | (mo/L) | (uo/L) | (mgfg) | (mo/L) | (mg/l) | (n9/9)
115.81 118.82 0 50.00 12.46 70.84 88.94 24.84 | 149.08
245.73 | 254.99 0 100.00 | 22.96 | 164.61 | 177.64 | 26.89 | 341.05
47484 | 493.36 0 200.00 | 41.99 | 331.94 | 303.57 | 28.67 | 670.50
720.05 741.95 0 300.00 | 71.44 | 439.54 | 475.44 | 36.21 | 1045.79
967.45 | 1011.79 0 500.00 | 117.20 | 787.65 | 1500.61 | 63.48 | 3044.77
1230.05 | 1211.52 0 700.00 | 173.28 | 1049.25 | 88.94 24.84 | 149.08
TCM TCA MCAA
CO (Hgll—) Ce e C0 Ce e C0 Ce e
(ug/lL) | (no/g) | (ug/L) | (ug/L) | (ug/g) | (ng/L) | (ug/L) | (ng/g)
250.00 4.73 484.73 | 50.00 23.25 68.24 47.25 0 0

500.00 28.91 | 105154 | 100.00 | 41.05 | 141.04 | 91.54 40.76 | 114.36

750.00 42.70 | 1449.39 | 200.00 | 85.13 | 265.90 | 217.44 | 182.46 | 77.04

1000.00 | 65.48 | 2359.91 | 300.00 | 130.91 | 414.44 | 345.64 | 285.01 | 123.74

1200.00 | 61.86 | 2332.26 | 400.00 | 172.77 | 509.48 | 393.73 | 350.32 | 97.34

DCAA TCAA

Ce e Co Ce Ge
Cobo) | oy | (uee) | (o) | (gL | (ugig)

55.08 42.84 15.47 40.47 39.14 2.85

87.45 112.33 81.59 67.71 29.30

19458 | 222.42 213.61 | 131.56 | 179.93

257.10 | 352.73 287.57 | 179.23 | 211.60

o|lo|lo|o

422.61 | 449.48 351.32 | 220.40 | 285.85
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Table 2.2 Data from adsorption isotherm of three-HANs, TCM, TCA, and three-
HAAs on GAC in single solution at pH 7 and IS 10 mM

MCAN DCAN TCAN
CO (Mg/L) Ce qe CO Ce qe CO CE qe
(/L) | (no/g) | (mo/L) | (uo/L) | (ro/g) | (mo/L) | (/L) | (no/g)
250.00 | 99.63 | 297.17| 45.35 9.00 | 74.78| 250.00| 34.06| 378.84
500.00 | 222.53 | 49549 | 100.12| 15.12| 146.05| 500.00 | 69.94 | 805.35
1000.00 | 426.94 | 1160.03 | 203.63 | 29.80 | 313.78 | 1000.00 | 88.67 | 1852.29
1200.00 | 506.02 | 1226.11 | 348.12 | 68.62 | 570.41 | 1200.00 | 92.35 | 2082.05
1500.00 | 628.24 | 1626.42 | 483.43 | 97.41| 784.59 | 1750.00 | 149.50 | 2868.28
1750.00 | 749.42 | 2033.70 | 633.48 | 130.13 | 956.95
2000.00 | 887.41 | 2252.19
TCM TCA MCAA
CO (Hg/L) Ce Qe C0 Ce qe C0 Ce qe
(ho/lL) | (ng/g) | (no/L) | (ng/L) | (po/g) | (ng/L) | (no/L) | (ng/9)
200.00 433 | 391.35| 50.00| 17.37| 62.99| 4047| 39.14 2.85
500.00 | 1357 | 957.53 | 100.00 | 24.49 | 12584 | 8159| 67.71| 29.30
750.00 | 24.67 | 1358.29 | 200.00 | 53.55| 270.20 | 213.61| 13156 | 179.93
1000.00 | 25.81 | 1940.62 | 400.00 | 114.34 | 575.93 | 287.57 | 179.23 | 211.60
1200.00 | 37.09 | 2354.07 | 500.00 | 144.35| 683.94 | 351.32 | 220.40 | 285.85
1500.00 | 63.21 | 2503.13 | 700.00 | 202.05
1750.00 | 71.37 | 2528.06
DCAA TCAA
Ce Qe C0 Ce Qe
ColD) | o) | wge | meL) | @) | (hgig)
55.97 | 55.08 1.67 | 4047 | 3276 | 15.00
87.45| 8234| 10.78| 8160| 51.30| 60.83
207.53 | 19458 | 26.98 | 213.61| 11250 | 214.22
303.77 | 257.11| 87.05| 287.57| 14358 | 315.78
47130 | 42261 | 96.22 | 499.04 | 191.07 | 641.62
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Figure 2.1 Adsorption isotherm of three-HANs, TCM, TCA, and three-HAAs on
AL:NR/HMS-SH in single solution at pH 7 and IS 10 mM
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Figure 2.2 Adsorption isotherm of three-HANs, TCM, TCA, and three-HAAs on
GAC in single solution at pH 7 and IS 10 mM
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3. Selectivity of adsorption
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Table 3.1 Data from adsorption isotherms of four DBPs on AL:NR/HMS-SH in
mixed solution at pH 7 and IS 10 mM

DCAN TCM TCA
CO (U-gll—) Ce Qe CO Ce Qe C0 Ce qe
(ho/L) | (no/g) | (mo/L) | (ng/L) | (nofg) | (po/L) | (no/L) | (ng/9)
4989 | 33.35| 3347| 38.03| 2559 | 2518| 4431 27.96| 33.10
99.14 | 59.90| 8421 | 93.73| 38.79| 117.90| 10039 | 56.98| 93.16
186.38 | 112.65| 151.72 | 149.02| 80.05| 141.91 | 180.01 | 99.30| 166.07
270.93 | 164.62 | 208.45| 222.40| 95.08| 249.65| 260.52 | 140.84 | 234.66
432.38 | 285.43 | 297.45| 367.74 | 101.22 | 539.51 | 422.73 | 242.94 | 363.95
624.68 | 387.25| 471.10 | 467.60 | 105.77 | 717.92 | 532.42 | 29251 | 476.02
DCAA
Ce Qe
o) | gLy | (ugro)
80.60 | 74.14| 13.07
158.72 | 150.08 | 18.53
305.90 | 265.74| 82.64
1058.87 | 1003.48 | 109.90

Table 3.2 Data from
pH 7 and IS 10 mM

adsorption isotherms of four DBPs on GAC in mixed solution at

DCAN TCM TCA
CO (U-gll—) Ce Qe C0 Ce Qe C0 Ce Qe
(no/L) | (ng/g) | (ug/l) | (no/L) | (ng/g) | (ng/L) | (ug/l) | (ng/g)
49.89 15.36 59.73 38.03 20.22 30.81 44.31 16.26 48.52
99.14 36.84 108.15 | 93.73 26.20 117.24 | 100.39 | 37.35 109.44
186.38 57.13 | 242,95 | 149.02 | 39.47 | 205.91 | 180.01 | 62.77 | 220.37
270.93 76.59 | 401.53 | 222.40 | 63.21 | 328.92 | 260.52 | 107.25 | 316.67
432.38 181.45 | 45294 | 367.74 | 126.65 | 435.18 | 422.73 | 195.23 | 410.66
624.68 331.58 | 512.40 | 467.60 | 146.34 | 561.65 | 532.42 | 267.65 | 462.90
DCAA
Ce e
S0 | (i) | (ugig
80.60 40.38 81.42
158.72 112.01 | 100.25
305.90 216.79 | 183.37
414.15 344.70 | 136.19
1058.87 | 876.04 | 362.75




4. Effect of NOM on DCAN adsorption

Table 4.1TOC of initial NOM, HPI and HPO NOM after fractionated #land #2
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#1 DOC (mg/L) DOC(mg/L)
Raw 2.759 2.759
HPI 2.731 2.731
HPO 2.456 0.246
HPI + HPI 2.977

#2 DOC (mg/L) DOC(mg/L)
Raw 2.759 2.759
HPI 2.641 2.747
HPO 2.208 0.230
2.977

Table 4.2 Mass balance calculation of NOM fractionation #1 and #2

Parameter #1 Fractionated water | HPI+HPO | Unfractionated water | % Diff
HPI HPO
Mass DOC (mg) 13.66 1.23 14.88 13.80 7.31
%DOC mass 91.75 8.25 100 - -
DOC (mg/L) 2.731 2.456 - 2.759 -
Cal Conc. 2.731 0.246 2.98 2.76 -
Dilution (100 ml) 100 10 - - -
Parameter #2 Fractionated water | HPI+HPO | Unfractionated water | % Diff
HPI HPO
Mass DOC (mg) 13.21 1.10 14.31 13.80 3.59
%DOC mass 92.28 7.72 100 - -
DOC (mg/L) 2.641 2.208 - 2.759 -
Cal Conc. 2.747 0.230 2.86 2.76 -
Dilution (100 ml) | 104.01 10.40 - - -




Table 4.3 Data from adsorption isotherm of DCAN in NOM solution
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DCAN in Tab water

DCAN with HPI NOM

DCAN with HPO NOM

CO (ugll—) Ce Qe CO CE e C0 Ce Qe
(/L) | (no/g) | (no/L) | (no/L) | (ug/g) | (mo/L) | (uo/L) | (no/g)
30.85| 16.93| 33.95| 4354| 3099 | 3153| 3553| 37.49 0.00
5429 | 2142 | 8217| 7329| 50.78| 5547 | 59.96| 6259 0.00
9407 | 3291 | 149.18| 156.96 | 96.34 | 150.78 | 113.95| 103.24 0.00
133.70 | 38.80 | 244.60 | 214.90 | 137.54 | 192.44 | 156.56 | 162.41 0.00
214.63 | 60.40 | 379.89 | 333.14 | 20559 | 317.28 | 255.73 | 256.79 0.00
30.85| 16.93| 3395| 4354| 3099| 31.53| 3553| 37.49 0.00

Table 4.4 Data of organic carbon NOM in the solution before and after adsorption

TOC of Tab water TOC of HPI NOM TOC of HPO NOM
Before After Before After Before After
adsorption adsorption adsorption adsorption adsorption adsorption
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
2.83 2.80 3.23 3.41 3.14 1.57
2.80 2.76 3.29 3.17 3.00 1.50
291 291 3.23 3.23 3.14 1.36
2.83 2.87 3.17 3.10 3.07 1.43
291 291 3.10 3.17 3.14 1.43
2.83 2.80 3.23 3.41 3.14 1.57




5. Adsorption of DCAN on fixed bed condition

99

Table 5.1 Data from adsorption of DCAN on fixed bed column at pH 7 and IS 10 mM

Bed depth 10 cm Bed depth 13 cm
Time (h) C (ug/L) CICy Time (h) C (ug/L) CICy
Initial conc. 27.56 - Initial conc. 24,73 -
0 0.38 0.014954 0 0.26 0.010589567
2 0.04 0.001553 1 0.072 0.002891604
3 0.03 0.000932 2 0.00 0.00
5 0.030 0.001101 3 0.00 0.00
8 0.25 0.009198 6 0.00 0.00
12 1.82 0.06602 9 0.00 0.00
16 5.03 0.182404 13 0.00 0.00
20 8.71 0.315896 16 0.00 0.00
24 8.99 0.326368 20 0.00 0.00
28 9.10 0.330164 24 0.09 0.003699091
34 9.67 0.350809 28 1.14 0.0461265
40 8.71 0.315872 32 6.12 0.247570268
46 8.93 0.324143 38 8.40 0.339787325
42 9.31 0.37637886
46 9.39 0.379652491
52 9.71 0.392805674
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