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Copper ions have been concerned because its contamination caused adverse
effects on both environment and human health. A biopolymer, chitosan, is
considered to be an effective adsorbent in adsorption processes to remove heavy metal
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studied as supperting materials for chitosan to reduce the quantity of chitosan.
Bentonite exhibited higher adsorption capacity for Cu’* than kaolinite as supporting
material. The effect of cross-linking agent for composite crosslinked chitosan-
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(CCB-EGDE and CCB-ECH beads) improved adsorption capacity and adsorbent
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CHAPTER

INTRODUCTION

1.1 Introduction

Many heavy metals have been used widely in industrial areas and,
without appropriate management; they can be contaminated in environment (Wan et
al., 2004) especially in groundwater. The major concerned heavy metals which cause
the environmental problems in the present time are arsenic (As), cadmium (Cd),
chromium (Cr), cobalt (Co), copper (Cu), manganese (Mn), mercury (Hg), nickel
(Ni), and zinc (Zn) (Bhattacharyya and Gupta, 2008b). Among these heavy metals,
Cu has been considered because of its toxicity and adverse effects on both
environment and human health. Cu can be danger for aquatic organisms even in
small concentration. In addition, Cu can accumulate and cause damage in kidney and
liver which can lead to death. The important sources of Cu are copper mines. After
that Cu has been used in metal cleaning and plating baths, pulp, paper and paper
board mills, wood pulp production, and the fertilizer industry, etc. (Ngah, Endud, and
Mayanar, 2002; Gupta et al., 2006; Lu and Gibb, 2008.).

Nowadays, there are many remediation technologies for heavy metals
which usually based on physical-chemical processes (Jin and Bai, 2002; Wan et al.,
2004) including chemical precipitation, ion-exchange, solvent extraction, reverse
osmosis, adsorption, etc. All of these technologies are very effective to remove heavy
metals. However, they are also have the limitations; for example, some technologies
are expensive and complicated to operate, some generate a large amount of sludge
(Jin and Bai, 2002; Ngah, Endud, and Mayanar, 2002; Wan et al., 2004;
Bhattacharyya and Gupta, 2008b; Chen et al., 2008). Adsorption is another popular
method for heavy metal removal from wastewater because it is very effective,
economical, versatile, and simple.  Furthermore, adsorption provides many

advantages such as applicability at very low concentrations, suitability for using batch



and continuous processes, ease of operation, little sludge generation, and possibility of
regeneration and reuse (Bhattacharyya and Gupta, 2008b).

Activated carbon and chelation ion-exchange resins are increasingly
popular adsorbent in the water and waste industries; however, using these adsorbents
are cost-prohibitive processes. Some of the best chelating materials are biopolymer.
Therefore, biosorption using biopolymer, chitosan, is recognized as an emerging
technique for heavy metals removal from wastewater because the amine groups and
hydroxyl groups on the chitosan chain can act as the chelation sites for metal ions
(Ngah, Endud, and Mayanar, 2002). Indeed, uses of chitosan are justified by two
important advantages: firstly, chitosan has low cost compare with commercial
activated carbon because chitosan is derived by deacetylation of chitin which is the
second most abundant polysaccharide in the world after cellulose; secondly, chitosan
plays a role of chelating agent (Wan et al., 2004; Crini and Badot, 2008).

However, using only chitosan as the adsorbent for heavy metal
removal is limited because of its high cost if it was used alone. In order to overcome
the high cost of chitosan, the proper and inexpensive material is used as
immobilization support for chitosan. Consequently, much lower quantities of
chitosan are needed to use in the processes (Wan et al., 2004; Gecol, Ergican, and
Miakatsindila, 2005). Among the adsorbents, clays seem to be the cheapest materials.
The comparison between the price of clays and chitosan is $0.04-0.12 kg' and $15.43
kg'l, respectively (Gecol, Ergincan, and Miakatsindila, 2005; Bhattacharyya and
Gupta, 2008b).

Although chitosan has the ability to adsorp heavy metal ions, it is
soluble in diluted organic acids such as acetic acid and formic acid. This limits the
practical application of chitosan as biosorbent. In order to overcome this problem,
several methods have been developed to modify raw chitosan either physical or
chemical properties. Some crosslinking agents are used to stabilize chitosan in
diluted or even concentrated acid solutions and in its resistance to biochemical and
microbiological degradation (Ngah, Endud, and Mayanar, 2002; Oshita et al.,2002;
Chiou and Li, 2003; Gecol et al., 2006; Chen et al., 2008). The modified
bioadsorbents were expected to be used in acidic condition and have more abilities to

regenerate for several times.



1.2 Objectives

The main objective of this study is to remove Cu*" from the aqueous
solution using modified chitosan. Chitosan is an efficient biosorbent for heavy
metals; however, using pure chitosan for heavy metals removal from aqueous solution
is cost-prohibitive process and chitosan is easy to dissolve even in a diluted acid
solution. Hence, modified chitosan is concerned as an alternative adsorbent. The
sub-objectives for this study are as follows:

1. To investigate the efficiency of composite crosslinked and non-crosslinked
chitosan-clay to adsorb Cu*".

2. To develop the biosorbent (composite crosslinked chitosan-clay) and
investigate its efficiency for Cu** removal from aqueous solution.

3. To understand the physical properties of modified clay to Cu®" adsorption.
The net charge of adsorbents is measured using zeta-potential. The surface
and morphology are investigated by using N, adsorption-desorption
analysis, XRD (X-ray diffraction) and SEM (Scanning Electron
Microscopy).

1.3 Hypothesis

Chemical modified composite chitosan-clay using epichlorolydrin
(ECH) as crosslinking agent will improve the strength and the adsorption efficiency
more than using ethylene glycol diglycidyl ether (EGDE) and glutaraldehyde (GLA).

1.4 Scope of the study

Cu’" was prepared in the aqueous solution and used as the artificial
wastewater. The Cu”” in the aqueous solution was removed by adsorbent, composite
non-crosslinked chitosan-clay and composite crosslinked chitosan-clay.

This study was separated into 2 phases. The first phase investigated

the adsorption capacity of composite non-crosslinked chitosan-bentonite and kaolinite



at a chitosan:clay ratio of 1:20 by weight to remove Cu®" from aqueous solution. The
more effective clay between bentonite and kaolinite based on adsorption capacity was
used as a supporting material in the next phase.

The second phase was the adsorbent development using three
crosslinking agents, epichlorohydrin (ECH), ethylene glycol diglycidyl ether (EGDE),
and glutaralehyde (GLA) at a chitosan:crosslinking agent mole ratio of 1:1. Three
composite crosslinked chitosan-bentonite were investigated to compare the adsorption
capacity of Cu>" removal from aqueous solution.

Both phases of studies, the different conditions were set. The initial
concentrations of Cu?" was varied to be 100, 500, 1000, and 2000 mg/L. The contact
times of adsorption studies introduced by batch experiment was 30, 60, 120, 240, 360,
720, and 1440 min. The Cu®’ in aqueous solutions after adsorbed were analyzed by
ICP. The data from ICP was determined to understand the adsorption behavior by the
models and calculations such as percent adsorption, adsorption capacity, Langmuir
and Freundlich adsorption isotherms and pseudo-first-order and pseudo-second-order
kinetic models.

Besides adsorption studies, desorption study using desorption agents at
pH 1, 3, and 7 was conducted. Then the desorbed adsorbents were used again for
adsorption. The pH of initial Cu”" solution was varied to be 1, 2, 3, and 4 to
investigate the effect on adsorption capacity and the strength of adsorbent. The net
charge of adsorbent in different pH was measured by zeta-potential. Moreover,
surface area and morphology of adsorbents were determined using N, adsorption-
desorption analysis and SEM (Scanning Electron Microscopy). Finally, crystallinity
of adsorbent was determined by XRD (X-ray diffraction).

Laboratory experiments were conducted from April 2008 to January
2009 at M504 Laboratory, Taiwan Hot Spring Research Center, Chia Nan University

of Pharmacy and Science, Tainan, Taiwan.



CHAPTER 11

THEORETICAL BACKGROUND AND LITERATURE
REVIEWS

2.1 Properties and applications of chitosan

Chitin and chitosan are the second most abundant natural polymer in
the world and mainly exist in crustacean shells (Kumar, 2000; Kasaai, 2008; Lu et al.,
2008). Because chitosan has been considered to be more beneficial than chitin, a
linear polysaccharide of B-(1-4)-2-acetamido-2-deoxy-D-glucopyranose or chitin is
deacetylated to be B-(1-4)-2-amino-2-deoxy-D-glucopyranose or chitosan. The ideal
structure of chitin and chitosan are depicted in Figure 2.1. (Khor, 2001; Lima and

Airoldi, 2004).
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Fig. 2.1 Idealized representation of chitin and chitosan

Natural chitin has three anhydrous crystalline polymorphs, a-chitin
(shrimp and crab shells), B-chitin (squid pen), and y-chitin (stomach cuticles of
cephalopoda) (Guibal, 2004), in the native state. The structure of a and B forms

differ only in that the piles of chains are arranged alternately antiparallel in a-chitin,



whereas they are all parallel in B-chitin as shown in Fig 2.2. The y-chitin form has
characteristics of both a and 3 forms, where two chains run in one direction and
another chain in the opposite direction; however, it is considered only a variant of the
o family, because it has the same properties as the a-chitin. o-chitin is the most
abundant and also the most stable thermodynamically, and the B-chitin and y-chitin
forms can be irreversibly converted into the a-form. Chitosan has anhydrous and

hydrated forms, with piles chains arranged in an antiparallel fashion (Franca et al.,

2008).
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Fig. 2.2 Chemical structure of (a) a-chitosan and (b) -chitosan

Chitosan has been used in many applications because of its intrinsic
properties such as biodegradability, biocompatibility, film-forming ability, and
adsorption properties as shown in Table 2.1 (Crini and Badot, 2008).



Table 2.1 Intrinsic properties of chitosan

Physical and

chemical properties

Linear aminopolysaccharide with high nitrogen content
Rigid D-glucosamine structure; high crystallinity;
hydrophilicity

Capacity to form hydrogen bonds intermolecularly;
high viscosity

Weak base; the deprotonated amino group acts a
powerful nucleophile (pK, 6.3)

Insoluble in water and organic solvents; soluble in
dilute aqueous acidic solutions

Numerous reactive groups for chemical activation and
crosslinking

Forms salts with organic and inorganic acids

Chelating and complexing properties

Ionic conductivity

Biological
properties

Biocompatibility
- Non-toxic

- Biodegradable
- Adsorbable

Furthermore, chitosan has been used as adsorbent for heavy metal

removal because of its excellent adsorption characteristics as such were considered to

be due to the following factors (Inoue, Yoshizuka, and Ohto, 1999):

1. The large number of primary amino groups with high activity as

adsorption sites.

2. The flexible structure of the polymer chain of chitosan which enables to

adopt the suitable configuration for complexation with metal ions.

The main parameter influencing the characteristics of chitosan are its

molecular weight (MW) and degree of deacetylation (DD), representing the

proportion of deacetylated units. These parameters are determined by the conditions

set during preparation (Berger et al., 2004).




Although chitosan has been considered as an effective adsorbent from
researches, the application of chitosan in industrial scale is fail. Guibal (2004)
explained that this may be caused by several parameters: (a) the cost of the raw
material compared to synthetic polymers and resin (about US$ 10-15), (b) the
variability in the characteristics of material (that can rebut industrial user), and (c) the
availability of the resource (that is controlled by the demand at the commercial level:
the polymer fails at the moment to find an attractive market that would allow
expending the production).

Since chitosan consists a numerous of amino groups (-NH,), N in
amine groups play a role as chelating agent for heavy metal in wastewater (Monteiro
and Airoldi, 1999; Kumar, 2000; Crini and Badot, 2008; Lu et al., 2008). The amino
groups of chitosan, NHj, nitrogen is a donor of electron pairs, although hydroxyl
group —OH can also participate in sorption. The mechanism of combining these
reactive groups with ions of heavy metals is much differentiated and can depend on
the ion type, pH and also on the main components of the solution (Kaminski et al.,
2008). At pH close to neutrality or weak acidity, the free electron doublet on
nitrogen maybe bind metal cations; whereas, the protonation of amine groups in
acidic solutions gives the polymer a cationic behavior and consequently the potential
for attracting metal anions. The different mechanisms of adsorption depend on the
composition of the solution and pH because these parameters may affect the
protonation of the polymer and the speciation of metal ions (Guibal, 2004).

The considered mechanisms of chitosan are chelation, ion exchange
and electrostatic attraction. Chelation is described by the theory of hard and soft acids
and bases (HSAB) which describes the ability of ions to interact or enter into
coordinate bonding with other ions or with ligands and shows that this depends on the
availability of their outermost electrons and empty molecular orbitals. This must be
considered on top of any electrostatic effects due to ion-ion, ion-dipole, and ion-
higher multipole interactions. The last type of effect is governed primarily by the
charge and size of the ion. The first type of effect can be described by means of the
softness parameters and Lewis acid/base parameters of the ions. The HSAB concept
provides a description of the capacities of ions to prefer ligands of the same kind

(soft-soft and hard-hard) to those of different kinds when forming coordinative bonds.



Softness of ions generally goes hand in hand with their polarizability, and hardness
with their electrostatic field strength.

Guibal (2004) reviewed the study of Domard who pointed out that
chitosan forms a unique complex with copper, whose structure is close to
[CuNH,(OH);] below pH 6.1. Considering the coordination sphere of copper, the
fourth site can be occupied by either a water molecule or the OH group in C-3

position.

2.2 Clay

Clay is hydrous aluminosilicates which makes up the colloid fraction
(< 2 p) of soils, sediments, rocks and water (Bhattacharyya and Gupta, 2008b; Gupta
and Bhattacharyya, 2008¢). And clay may be composed of mixtures of fine grained
clay minerals and clay-sized crystals of other minerals such as quartz, carbonate and
metal oxides. Generally the term clay is used for material that become plastic when
mixed with a small amount of water. In the environment, clay minerals play a role as
a natural scavenger of pollutants for metals as water flows over soil or penetrate
underground (Bhattacharyya and Gupta, 2008a, 2008b; Gupta and Bhattacharyya,
2008) by taking up cations and anions either through ion exchange or adsorption or
both.

Clay minerals are good adsorbents for metal ions from aqueous
because of their large specific surface area associated with their small particle sizes,
helped by edges and faces of clay particles, their high cation exchange capacity
(CEC), chemical and mechanical stability, layered structure, Bronsted and Lewis
acidity etc., have made the clays excellent materials for adsorption (Bhattacharyya
and Gupta, 2008b; Gupta and Bhattacharyya, 2008; Abillino et al., 2008). Using clay
minerals as the adsorbent consists many advantages of being abundant and
inexpensive; therefore, they can find application as low-cost (Ayari, Srasra, and
Trabelsi-Ayadi, 2005; Abollino et al., 2008), non-secondary pollutant generation,
improving efficiency for water treatment with low metal loadings (Arfaoui, Frini-

Srasra, and Srasra, 2008; Bhattacharyya and Gupta, 2008c).



10

The edges and the faces of clay particles can adsorb anions, cations,
non-ionic and polar contaminants from natural water. The contaminants can be
accumulated on clay particles surface through the processes of ion exchange,
coordination, or ion-dipole interactions, H-bonding, van der Waals interactions or
hydrophobic bonding (Bhattacharyya and Gupta, 2008a).

Clay minerals are consisted of tetrahedral of SiO; and octahedral
sheets with Al™ as the octahedral cation (Fig. 2.3) (Sparks, 2003; Bhattacharyya and
Gupta, 2008Db).

2.2.1 Kaolinite

Kaolinite is one kind of clay minerals in 1:1 Clays (Kaolin-Serpentine
Group) as shown in Fig. 2.3. The basic structure of kaolinite consists of a silica
tetrahedral sheet bonded to an aluminum octahedral sheet. Layers of kaolinite stack
by hydrogen bonding (Sparks, 2003). Kaolinite, (Sis)" (Aly)"'01o(OH)s, there is no
substitution of Si*" with AI’* in the tetrahedral layer and no substitution of AI’* with
other ions (e.g., Mg2+, Zn2+, Fe%, Ca2+, Na', or K"). In nature, kaolinite has a small
net negative change arising form broken edges on the clay crystals. The metal
adsorption is usually accompanied by the release of hydrogen (H') ions from the edge
sites of the mineral and also on the flat exposed planes of the silica and the alumina

sheets (Bhattacharyya and Gupta, 2008b).

2.2.2 Bentonite (Smectite from Volcanic Ash)

Bentonite (sometimes used incorrectly as synonymous with the term
montmorillonite) is a stratigraphically and commercially important rock formed from
altered volcanic ash originally deposited in prehistoric lakes, estuaries, or ocean
basins. The ash contains glassy material of high Si content necessary for smectite
formation. Bentonite beds are most common in Cenozoic and Mesozoic rocks, but
also have been found in all Paleozoic systems except Silurian. Much is still unknown

about the mechanism of bentonite formation. Marine formation is indicated for
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Wyoming bentonite, which is largely Na-saturated, whereas others, presumably fresh-
water derived, are Ca-saturated. Other minerals such as apatite, zircon, and biotite
found in bentonite beds substantiate their volcanic origin. The survival of apatite
indicates that the alteration occurred under conditions of poor drainage and high base
content. Bentonites or their derivatives may contribute to the parent materials of
many soils, particularly in the western USA (Dixon and Weed., 1989).

The main constituent of bentonite is the clay mineral montmorillonite
so the bentonite is defined in 2:1 Clays (Smectite-Saponite Group) as shown in Fig.
2.3. The basic structure of montmorillonite consists of a silica 2 tetrahedral sheets
bonded to an aluminum octahedral sheet. The water molecules can present in the
interlayer space of montmorillonite, the structure of bentonite.  This cause
montmorillonite has shrink-swell characteristics. And also other polar molecules can
enter between the layers causing the lattice to expand the structure of
montmorillonite. =~ Montmorillonite, (Si7.8A10.2)IV(Al3.4Mg0,6)V1020(OH)4, there is
substitution of Si*" by AI’" in the tetrahedral layer and of AI’" by Mg”" in the
octahedral layer (Sparks, 2003; Abollino et al., 2008; Bhattacharyya and Gupta,
2008b). The resulting net negative charge is balanced by exchangeable cations
adsorbed between the unit layers and around their edges. In montmorillonite,
adsorption can occur both at the edge sites, which leads to inner-sphere metal
complexes, and at the planar (internal) sites of the clay mineral, which results in
outer-sphere metal complexes (Sparks, 2003; Bhattacharyya and Gupta, 2008b). The
abundance of montmorillonite, and its low cost are justified to be strong candidate as
an adsorbent for the removal of heavy metals from wastewater (Ayari, Srasra, and

Trabelsi-Ayadi, 2005).
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Figure 2.3 Phyllosilicate nomenclature. From Schulze (1989), with permission

The properties of common silicate clay minerals is summarized in

Table 2.2 (Jurna, 2001).

Table 2.2 Comparative properties of common silicate clay minerals (Adapted from

Brady and Weil, 1996).

Properties Kaolinite Montmorillonite
Size (um) 0.5-5.0 0.01-1.0
Shape Hexagonal crystals Flakes
External surface area (m°/g) 10-30 70-120
Internal surface area (m”/ g) - 550-650
Plasticity Low High
Cohesiveness Low High
Swelling capacity Low High
Unit-layer charge 0 0.5-0.9
Interlayer spacing (nm) 0.7 1.0-2.0
Bonding Hydrogen Van der Waal’s bonds
(weak attractive force)
Net negative charge (cmol/kg) 2-5 80.120




13

2.3 Chitosan intercalated clay

The several studies have been investigated the structure of chitosan
when it was interacted with clay; for example, Darder and co-workers (2003)
investigated the intercalation of the cationic biopolymer chitosan in Na'-
montmorillonite (Fig. 2.4) which characterized by XRD. Both the studies of Darder
et al. (2003) and Tan and co-workers (2008) also presented the figure of intercalation

of bilayered chitosan into Na'-montmorillonite (Fig. 2.5)

Fig. 2.5 Intercalation of chitosan into Na -montmorillonite as a bilayer

(Darder et al., 2003)
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The another work introduced the interaction between chitosan and clay
using hydrogen bonds performed by Wang et al. (2005) as shown in Fig 2.6.
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Fig. 2.6 Formation of hydrogen bonds between chitosan and montmorillonite

(Wang et al., 2005)

2.4 Crosslink

Crosslinker are molecules with at least two reactive functional groups

that allow the formation of bridges between polymeric chains (Berger et al., 2004).

Crosslinked chitosan

Although chitosan is very useful because of its properties, abundance,
non-toxicity, hydrophilicity, biocompatibility, biodegradability, and anti-bacteria, the
applications of chitosan are limited by the dissolution ability at pH below 5.5 (Chiou
and Li, 2002, 2003; Ngah, Endud, and Mayanar et al., 2002; Vasconcelos, 2008).

Chemical modification has been used to stabilize the chitosan in acid solution in the

figure of crosslinked chitosan. Moreover, crosslinked chitosan is improved the

mechanical resistance and also reinforced the chemical stability of chitosan at drastic

pH, which are important features to define a good adsorbent (Crini and Badot, 2008).
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In crosslinked chitosan, the polymeric chains are interconnected by crosslinkers,
formed by complexation with another polymer (Prashanth and Tharanathan, 2007).

Accordingly, the crosslinked chitosan may be justified by two
objectives:

1) preventing the dissolving of the polymer when metal sorption is performed
in acidic solutions (or when metal desorption occurs in acidic media)

2) improving metal sorption properties (increase of sorption capacities or
enhancement of sorption selectivity)

The crosslinked chitosan works have been done by the previous work,
Chiou and Li (2003) and Ngah and co-worker (2002). Both works compared the
efficiency of the chitosan corsslinked by glutaraldehyde (GLA), epichlorohydrin
(ECH), and ethylene glycol diglycidyl ether (EGDE).

Glutaraldehyde (GLA) or 1,5-pentanodial (OHC-(CH,);-COH) (Beppu
et al., 2007) is the crosslinker in dialdehyde group. The GLA reacts with chitosan and
crosslinks in inter and intramolecular through the formation of covalent bonds mainly
with the amino groups of the polymer, due to the resonance established with adjacent
double ethylenic bonds via a Schiff reaction (Berger et al, 2004). However, the main
drawback of such reactions is that they are generally considered to be toxic (Crini
and Badot, 2008). For example, GLA is known to be neurotoxic, its fate in the human
body is not fully understood. Therefore, even if products are purified before
administration, the presence of free unreacted dialdehydes in the products could not
be completely excluded (Prashanth and Tharanathan, 2007).

Epichlorohydrin (ECH) or 1-chloro-2,3-epoxypropane (C;HsCIO) and
ethylene glycol diglycidyl ether (EGDE) (CsH404) are the crosslinker in epoxide
group. The ECH was selected as a convenient base-catalyzed crosslinking agent (Lee,
Park, and Kin, 2007). An advantage of ECH is that it does not eliminate the amine
function of chiotsan. While the EGDE was used to synthesize crosslinked chitosan by
Oshita and co-worker (2002) to adsorb some metal ions by two different mechanisms:
for Cu (II) and Ag (I), it could adsorb by achelating mechanism, whereas for anionic
species existing as oxoanions, such as V, Ga, Mo, W, and Bi, and existing as chloro

complexes, such as Hg, Pt, Pd, and Au, by an anion exchange mechanism.
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As the result of the interaction between crosslinking agent and
chitosan, the ECH crosslinks chitosan molecules by connecting mostly with the -OH
group of chitosan whereas GLA and EGDE connecting with more —NH; group (Chiou
and Li, 2003). Therefore, crosslinked chitosan using ECH presented a higher
adsorption capacity than GLA and EGDE while GLA and EGDE reduce the major
adsorption sites of chitosan (Ngah, Endud, and Mayanar, 2002; Chiou and Li, 2003;
Crini and Badot, 2008).

The schematics of crosslinked chtiosan using ECH, EGDE, and GLA
were presented by Ngah et al. (2002) as shown in Fig. 2.7
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Fig. 2.7 Schematic representation of crosslinked chitosan beads: (a) chitosan-
epichlorohydrin (chitosan-ECH), (b) chitosan-glutaraldehyde (chitosan-
GLA), and (c) chitosan-ethylene glycol diglycidyl ether (chitosan-EGDE)

2.5 Adsorption

Adsorption is a process as the increase in concentration of a particular
component at the surface or interface between two phases (Faust and Aly, 1998). The
molecules that bind to the surface are called the adsorbate while the substance that
holds the adsorbate is called the absorbent. The process when the molecules bind is

called adsorption. Removal of the molecules from the surface is called desorption.
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The nature of bonding between adsorbates and surfaces is still subject
to some interpretation. It was important to distinguish between two radically different
types of adsorption. The chemisorption, where there is a direct chemical bond
between the adsorbate and the surface (Masel, 1996). Because chemisorption
involves chemical bonding, it often occurs at high temperatures and is usually
associated with activation energy. Also, the adsorbed molecules are localized on
specific sites and not free to migrate (Faust and Aly, 1998). And the physisorption,
where there is no direct bond. Instead the adsorbate is held by physical (i.e., van der
Waals) forces (Masel, 1996). These forces, which involve the electrons and nuclei of
the system, are electrostatic in origin, and are termed dispersion forces. They are
always present regardless of the nature of other interactions, and often account for the
major part of the adsorbate-adsorbent potential (Faust and Aly, 1998).

On a more fundamental level, when a molecule is chemisorbed, the
electrons are shared between the adsorbate and the surface. As a result, the
adsorbate’s electronic structure is significantly perturbed. The surface’s electronic
structure is perturbed to a lesser extent. In contrast, physisorption is governed by
polarization (i.e., van der Waals) forces. The surface does not share electrons with the
adsorbate. As a result, the electronic structure of the adsorbate is perturbed to a much
lesser extent (Masel, 1996).

Physical adsorption can be distinguished from chemisorption
according to one or more of the following criteria:

1. Physical adsorption does not involve the sharing or transfer of
electrons, and thus always maintains the individuality of interacting
species. The interactions are fully reversible, enabling desorption to
occur at the same temperature, although the process may be slow
because of diffusion effects. = Chemisorption involves chemical
bonding and is irreversible.

2. Physical adsorption is not site-specific; the adsorbed molecules are free
to cover the entire surface. This enables surface area measurements of
solid adsorbents. In contrast, chemisorption is site-specific;

chemisorbed molecules are fixed at specific sites.
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3. The heat of physical adsorption is about 1-10 kcal/mole adsorbed gas
while the heat of chemical adsorption is about 20-200 kcal/mole
adsorbed gas.

2.5.1 Factors affecting adsorption
1. Surface area and pore structure

Particle size

Chemistry of the surface

Natures of the adsorbate

Effect of [H']

Effect of foreign ions

A o

Effects of temperature
Many models and calculations are used to describe to investigate and
understand about adsorption behaviors. The two parameters which usually used to
describe the efficiency of the adsorption are the percent adsorption and the adsorption
capacity.

2.5.1.1 The percent adsorption of metal ions on adsorbent is calculated

according to:

-O)l
Percent adsorption = (C‘)Cﬂ
0

where C, is the initial metal ions concentration (mg/L) and C is the final metal ions

concentration (mg/L).

2.5.1.2 The adsorption capacity is calculated for each adsorbent (reported
per gram adsorbent), base on the difference of metal ions concentration in aqueous
solutions before and after adsorption, the volume of aqueous solution, and the amount

of adsorbent used by weight, according to:

(C,—C)V

Adsorption capacity = 7
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where C, is the initial metal ions concentration (mg/L), C the final metal ions

concentration (mg/L), V' the volume (L) of metal ions solution, and W is the weight

(g) of the adsorbent used.

2.5.2 Adsorption equilibrium

Adsorption from aqueous solutions involves concentration of the solute
on the solid surface. As the adsorption process proceeds, the sorbed solute tends to
desorb into the solution. Equal amounts of solute eventually are being adsorbed and
desorbed simultaneously. Consequently, the rates of adsorption and desorption will
attain an equilibrium state called adsorption equilibrium. At equilibrium, no change
can be observed in the concentration of the solute on the solid surface or in the bulk
solution. The position of equilibrium is characteristic of the entire system, the solute,
adsorbent, solvent, temperature, pH, and so on. Adsorbed quantities at equilibrium
usually increase with an increase in the solute concentration. The presentation of the
amount of solute adsorbed per unit of adsorbent as a function of the equilibrium
concentration in bulk solution, at constant temperature, is termed the adsorption
isotherm.

Several investigators tried to make the understanding about adsorption
behaviors. Up to now, several models have been used for the description of
adsorption.

2.5.2.1 Langmuir adsorption isotherm

The basic principles of Langmuir’s model or ideal localized monolayer
model, are:

1) the molecules are adsorbed on definite sites on the surface of the
adsorbent;

2) Each site can accommodate only one molecule (monolayer);

3) The area of each site is a fixed quantity determined solely by the
geometry of the surface; and

4) The adsorption energy is the same at all sites.
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In addition, the adsorbed molecules cannot migrate across the surface or
interact with neighboring molecules. The Langmuir equation was originally derived
from kinetic consideration. Later, it was derived on the basis of statistical mechanics,
thermodynamics, the law of mass action, theory of absolute reaction rates, and the
Maxwell-Boltzmann distribution law.  The Langmuir adsorption isotherm is

expressed as:

o KLCe - Cmabee
L IC i

where C_ b = K, and the linearized form of Langmuir equation is represented by

1 b 1
—E et
q. o K, C

e

where ¢, is the amount of metal ions adsorbed (mg/g), C, equilibrium concentration
of metals ions in solution (mg/L), K, the Langmuir equilibrium constant (L/g), and

b the Langmuir constant (L/mg).
2.5.2.2 Freundlich adsorption isotherm
The most important multi-site adsorption isotherm for rough surfaces
is the Freundlich adsorption isotherm (Masel, 1996). Freundlich isotherm is assumed
that the distribution function of adsorption sites are in the exponential form (Rocha et

al., 1997). Freundlich equation is expressed as:

qe B KFCC}/n

The Freundlich equation is an empirical expression that encompasses
the heterogeneity of the surface and the exponential distribution of sites and their
energies (Faust and Aly, 1998). For linearization of the data, the Freundlich equation

is written in logarithmic form.
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logq, = logK . +llogce
n

where K, is the Freundlich equilibrium constant which is roughly and indicator of

the adsorption capacity and 7 of the adsorption intensity which can display in the Fig.
2.8.

qg. (mg/g)

C. (mg/L)

Fig. 2.8 Freundlich isotherm plotting between C, and ¢, presenting n value

2.5.3 Kinetic of adsorption

The understanding about the mechanism of adsorption is very
important for the application of adsorbent to remove heavy metal ions. The rate of
adsorption for given system is probably the most important factor in adsorption
system design, with adsorbate residence time and the reactor dimensions controlled by
the system’s kinetics (Mckay, 1995; Ho, 2006a).

In the adsorption process, three consecutive steps are involved: (1) the
adsorbate species migrate from the bulk liquid phase to the outer surface of adsorbent
particle (film diffusion), (2) the adsorbate moves within the micro and macro-pores of
adsorbent particles (pore diffusion), and (3) the reaction of adsorbate-adsorbent
species takes place on the surface (Tahir and Rauf, 2006). These mechanisms take
place with the two-stage process consisting of (a) rapid removal of the adsorbate from
the liquid phase through adsorption and (b) much slower uptake continuing till the
equilibrium is established (Gupta and Bhattacharyya, 2008). In order to examine the
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mechanism controlling the adsorption processes, such as mass transfer and chemical
reactions, several kinetic models are used to test experimental data (Ho, 2006a,b) and
describe the reaction order of adsorption systems which one is based on solution
concentration involving first-order and second-order reversible, first-order and
second-order irreversible, and pseudo-first-order and pseudo-second-order and the
another one is base on the capacity of the adsorbent including Lagergren’s first-order
equation, Zeldowitsch’s model, and Ho’s second-order expression.

The rate of adsorption is described by kinetic model which provides
understanding of the time dependence of the concentration of solute in adsorbent and
identification of the rate-determining step (Faust and Aly, 1998). The concentration
of products does not appear in the rate law because the reaction rate is studied under
conditions where the reverse reaction does not contribute to the over all rate. The
reaction order rate and rate constant must be determined by experiment. In order to
distinguish kinetic equations based on concentration of solution from adsorption
capacities of solid, Lagergren’s first-order rate equation has been called pseudo-first-
order and the second-order rate equation has been called a pseudo-second-order (Ho,
2006a). These two kinetic models include all steps of adsorption such as external film
diffusion, adsorption, and internal particle diffusion, so they are pseudo-model
(Chang and Juang, 2004).

2.5.3.1 Pseudo-first-order kinetic model

The pseudo-first-order rate equation of Lagergren has been used to
describe the adsorption is preceded by diffusion through a boundary (Crini and Badot,
2008).

Lagergren’s first-order rate equation is the earliest known one
describing the adsorption rate based on the adsorption capacity. It is summarized as

follows:

dq,
dt

=k (q.-q,)

where g, and ¢, (mg/g) are the adsorption capacities at equilibrium and at time

¢t (min), respectively, and k&, is the rate constant of the first-order adsorption (1/min).
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This equation is integrated with the boundary conditions of # =0to ¢t = ¢ and ¢, =0

to g, = q, to yield

k
lo A" =l ——1 ¢
gg.—q,) 89 5203

However, in any case using this model does not fit well to the whole
range of contact time and is generally applicable over the initial stage of the
adsorption processes (Chiou and Li, 2003). The first order process could be applied
for the lower surface concentration solid and the second order for higher surface
concentrations (Khambhaty et al., 2007).

2.5.3.2 Pseudo-second-order kinetic model

The pseudo-second-order rater expression was used to describe
chemisorption involving valency forces through the sharing or exchange of electrons
between the adsorbent and adsorbate as covalent forces (Ho, 2006b). The driving

force, (g, —q,), 1s proportional to the available fraction of active sites. The kinetic

rate equations can be rewritten as follows:

dq,
dt

=" kZ(qe —Qt)z

where k, is the rate constant of adsorption (g/mg min), g, the amount of divalent
metal ions adsorbed at equilibrium (mg/g), and g, is the amount of divalent metal

ions on the surface of the adsorbent at any time, ¢ (mg/g). After integrating, this

equation has a linear form of

and
h=k,q:
where 7 is the initial adsorption rate (mg/g min)
In recent years, the pseudo-second-order rate expression has been
widely applied to the adsorption of pollutants from aqueous solutions. The pseudo-
second-order equation has the following advantages: it does not have the problem of

assigning an effective sorption capacity; the sorption capacity, rate constant of
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pseudo-second-order, and the initial sorption rate can all be determined from the

equation without knowing any parameter beforehand (Ho, 2006a).

2.6 Continuous adsorption

Metal removal in batch operation generally led to an inefficient
utilization of the adsorption capacity of the adsorbent. This is due to the decrease of
solute (metal) concentration as the adsorption process continues. Hence, batch type
sorption is usually limited to the treatment of small volumes of effluent, whereas fixed
bed systems have an advantage over this limitation (Kumar et al., 2004). In
continuous operation, the adsorbent is permanently in contact with fresh metal
solution and therefore highly efficient utilization of the adsorbent is generally
achieved (Bai and Abraham, 2005).

A flow-through system provides a continuous interaction between a
solution phase of constant composition and the exchanger phase until equilibrium has
been reached. The flow-through method also prevents unwanted loss of exchanger
phase that may occur during decantation steps in a batch reaction (DeSutter,
Pierzynski, and Baker, 2006).

Continuous adsorption describes the relative concentration profile
versus bed height and time as bed becomes saturated. Mass transfer resistance is

important and often unsteady state in continuous adsorption.

Mass transfer

Adsorption of solid in solution system involves a mass transfer
resistance at the particle surface that may control the adsorption rate. There are many
variables involved: geometry of the column, nature of the baffles, type of impeller,
speed of rotation (or power input) and solution density all vary with column design.
The physical variables include solution density, viscosity and molecular diffusivity of

diffusing adsorbate. The size distribution, shape and density of the particles are also
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important factors. The adsorption of adsorbate onto chitosan is assumed to occur by
3-step process (Uzun and Giizel, 2004):
1) mass transfer of adsorbate from the bulk solution to the adsorbent
surface,
2) intraparticle diffusion in the bulk solution filled pores,
3) adsorption from the bulk solution onto an interior site.

The flow of adsorbate through the adsorbent packed column involves
several steps in series, which step dominates the adsorbate transfer process depends
on the following factors: adsorbent packed thickness, temperature, and density of
solution on the upstream side. For a thicker adsorbent packed column, the asorbate
particle diffusion through the bulk adsorbent film will be the rate-limiting step (Hou
and Hughes, 2002).

The description breakthrough concentration profiles in fluid at bed

outlet is shown in Fig. 2.9.

Mass transfer zone

1
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Time, ¢
Fig. 2.9 Breakthrough concentration profiles in fluid at bed outlet which C, and #, are

concentration and time denote breakthrough point (College of Engineering, University

of Rhode Island, 2008)

2.7 Zeta-potential

The net surface charge of adsorbent can be determined in term of zeta-

potential (Gecol et al., 2006; Hoven, et al., 2007). The development of net charge at
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the particle surface affects the distribution of ions in the surrounding interfacial
region, resulting in an increased concentration of counter ions (ions of opposite
charge to that of the particle) close to the surface. Thus an electrical double layer
exists around each particle.

The liquid layer surrounding the particle exists as two parts; an inner
region, called the stern layer, where the ions are strongly bound and an outer, diffuse,
region where they are less firmly attached as shown in Fig. 2.10. Within the diffuse
layer there is a notional boundary inside which the ions and particles form a stable
entity. When a particle moves (e.g. due to gravity), ions within the boundary move
with it, but called the surface of hydrodynamic shear or slipping plane.

The potential that exists at this boundary is known as the zeta-

potential.
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Fig. 2.10 Schematic of particle in liquid phase (Cornell University, 2009)

The magnitude of the zeta-potential gives an indication of the potential
stability of the colloidal system. A colloidal system is when one of the three states of

matter: gas, liquid and solid, are finely dispersed in one of the others. For this
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technique we are interested in the two states of: a solid dispersed in a liquid, and a
liquid dispersed in a liquid, i.e. and emulsion.

If all the particles in suspension have a large negative or positive zeta-
potential then they will tend to repel each other and there is no tendency to flocculate.
However, if the particles have low zeta-potential values then there is no force to
prevent the particles coming together and flocculating. The general dividing line
between stable and unstable suspensions is generally taken at either +30mV or -30mV
are normally considered stable.

The most important factor that affects zeta potential is pH. A zeta-
potential value on its own without a quoted pH is a virtually meaningless number.

Imagine a particle in suspension with a negative zeta-potential. If more
alkali is added to this suspension then a point will be reached where the negative
charge is neutralized. Any further addition of acid can cause a build up of positive
charge. Therefore a zeta potential versus pH curve will be positive at low pH and
lower or negative at high pH.

The point where the plot passes through zero zeta-potential is called
the isoelectric point and is very important from a practical consideration. It is
normally the point where the colloidal system is least stable. A typical plot of zeta-

potential versus pH is shown below (Cornell University, 2009).

60 =

40

20 =

Zeta potential (mV)
=

I
=20 = i
i
-4 = Isnele-c:trir.:!
point |
-60 - T : T T T T
2 4 G & 10 12

pH

Fig. 2.11 Point of zero zeta-potential (point of zero charge)

(Cornell University, 2009)
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2.8 X-Ray Diffraction (XRD)

The point of XRD analysis is that every crystalline substance gives a
pattern; the same substance always gives the same pattern; and in a mixture of
substances each produces its pattern independently of the others. The XRD pattern of
a pure substance is, there fore, like a fingerprint of the substance. The powder
diffraction method is thus ideally suited for characterization and identification of
polycrystalline phases. The main use of powder diffraction is to identify components
in a sample by a search/match procedure. Furthermore, the areas under the peak are
related to the amount of each phase present in the sample (Scintag, Inc., 1999).
Therefore, X-ray diffraction (XRD) is used to determine the mineralogical
composition of the raw material components which the results will be compare with
Joint Committee on Powder Diffraction Standards (JCPDS) file standard as well as
qualitative and quantitative phase analysis of multiphase mixtures (Nayak and Singh,
2007). Moreover, size distribution for crystallite can be measure by XRD because the
widths of the XRD peaks broaden as crystallite size decreases (Eberl, 2002).

The XRD work normally distinguishes between single crystal and
polycrystalline or powder application. The single crystal sample is a perfect (all unit
cells aligned in a perfect extended pattern) crystal with a cross section of about 0.3
mm. The single crystal diffractometer and associated computer package is used
mainly to elucidate the molecular structure of novel compounds, either natural
products or man made molecules. Powder diffraction is mainly used for “finger print
identification” of various solid materials, e.g. asbestos, quartz (Scintag, Inc., 1999).

The detailed interpretation of the diffraction of X-Rays by crystal can
be performed by the Bragg diffraction condition. Fig. 2.12 shows four of a set of
parallel crystal lattice planes at which both incident and diffracted (reflected) X-ray
beams subtend angles ¢. The path difference between waves reflected by the first
plane and those reflected by the second plane (and between each successive pair of
planes) is 2dsin@. If the path differences between successive waves are equal to the
wavelength of the X-ray used, or some integral multiple of it, there is constructive
interference, i.e. all waves are in phase, and the reflected beam is very intense. Thus

if 2dsin@ = A an intense diffracted wave is produced in the direction indicated, the
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intensity decreasing abruptly with any deviation from the cirtical value of #. Note
that there is no path difference between waves scattered from different points on the
same plane, i.e.there will be no difference in phase between waves scattered from
point 4 in plane 4, and those from point 4' and 4". The diffractions from the set of
planes may therefore be treated as the set of reflections from the point 1, 2, 3,... on a

normal T through the plane (Kasai and Kakudo, 2005).

Lattice
| planes

Fig. 2.12 Diffraction of X-rays considered as reflection from a set of lattice planes

(Kasai and Kakudo, 2005)

2.9 Brunauer-Emmett-Teller technique (BET)

BET theory is a rule for the physical adsorption of gas molecules on a
solid surface and serves as the basis for an important analysis technique for the
measurement of the specific surface area of a material. This theory was presented by
Stephen Brunauer, Paul Hugh Emmett, and Edward Teller and published in journal in
1938. The concept of the theory is an extension of Langmuir theory, which is a
theory for monolayer molecular adsorption, to multilayer adsorption with the
following hypotheses: (a) gas molecules physically adsorb on solid in layer infinitely;
(b) there is no interaction between each adsorption layer; and (c) the Langmuir theory
can be applied to each layer. BET theory was applied for solid characterization. BET
technique is widely used in the laboratories to determine the specific area. Such

parameter expresses, the relationship between the total surface of the material and the



30

weight of the same one is usually expressed in m?g. BET technique uses the
principle of physical adsorption of inert gas (nitrogen) to vary the relationship
between the partial pressure of nitrogen and its vapor pressure to the temperature of
liquid nitrogen. This technique can be carried in static or dynamic condition
(University of Milan; Eklund and Ochoa, 1994). This technique was applied for N,

adsorption-desorption analysis.

2.10 Development of chitosan applying for wastewater treatment

The increasing of heavy metals consumption for many applications in
presently day leads to the existence of problems that affect both human and
environment. Various methods exist for the removal of toxic heavy metals. The
efficient methods of heavy metals ions removal from water and waste water are
adsorption and chemisorption (Kaminski et al., 2008 and Ngah et al., 2002).

Kaminski, Tomczak, and Jaros (2008) synthesized chitosan beads to
remove heavy metal ions from aqueous solution. They estimated sorptivity of
chitosan beads and their selectivity towards Cu®’ (copper sulfate), Zn** (zinc sulfate),
and Cr®" (potassium dichromate) ions in different concentration range from 20 to 500
mg/1 for single ions and their binary and ternary mixtures in aqueous solutions. Then
the experimental data were well described by the sorption isotherms and the
application of a multilayer perceptron neural network MLP was proposed. As a
result, the adsorption capacity of chitosan beads are different for different
concentration of aqueous solutions and the sorptivity of chitosan beads depends on the
concentration and the composition of the mixture.

Because of using pure chitosan as adsorpbent is cost-prohibitive
process, the proper and inexpensive material is used to immobilize and support
chitosan (Wan et al., 2004; Gecol, Ergican, and Miakatsindila, 2005). As the role of
adsorbent, clay is the cheapest materials when compare with others (Gecol, Ergincan,
and Miakatsindila, 2005; Bhattacharyya and Gupta, 2008a). There are some
literatures studies about modified chitosan. Wan and co-worker (2004) attempted to

find a more cost-effective adsorbent material based on chitosan immobilized on sand,
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namely, chitosan-coated sand (5% chitosan content). The new material was studied
for copper adsorption capacity. Copper recovery from an adsorbent with the possible
reuse of the adsorbent material was also evaluated in leaching tests. They found that
chitosan-coated sand was a better adsorbent compared to chitosan being used alone
and chitosan-coated sand could be useful in creating permeable reactive barrier for the
recovery of metals.

Moreover, many literatures investigated the adsorption capacity of
adsorbent produced from chitosan/montmorillonite. Tan and co-worker (2007)
expected that the chitosan/hydroxyl-aluminum pillared montmorillonite
nanocomposites will play multiplex role in wastewater treatment. The nanocomposite
was synthesized by incorporating hydroxy-aluminum pillared montmorillonite into
chitosan solution prepared by dissolving the chitosan into diluted acetic acid. The
ratio of chitosan to the cationic exchange capacity of the montmorillonite was varied.
The experiment results indicated that the presence of hydroxyl-aluminum cation was
in favor of the chitosan intercalation and the interlayers of montmorillonites was
intercalated with the bilayers of chitosan sheets. The nanocomposites can be used in
absorption of organic and metal ions from dying and finishing effluent.

Although chitosan is a good chelator, its applications were limited by
its solubility property in weak acid solution. To improve the strength of chitosan to
be used for metal ions and dye removal, Ngah and co-worker (2002) and Chiou and
Li (2003) synthesized crosslinked-chitosan wusing epichlorohydrin (ECH),
glutaraldehyde (GLA), and ethylene glycol diglycidyl ether (EGDE) as crosslinking
agent to remove metal ions, copper ions, and dye. The crosslinked chitosan can be
used to remove copper ions and dye even in strong acid or basic solution and it can be
regenerated after desorption. However, the adsorption capacity of crosslinked
chitosan were reduced when compared with the adsorption capacity of using only
chitosan to remove copper ions, and dye.

Removal of Cu’’ using chitosan, modified chitosan, and other

materials introduce by batch axperiment is presented in Table 2.3



32

Table 2.3 Results of batch studies for Cu** removal using chitosan, modified

chitosan and other materials

Adsorbent Form and size Cu*" conc. (mg/L) Contact time (min) q. (mg/g) Reference
100 240 25
Chitosan
Bead, 500 240 116
(Powder, Wan et al., 2004
> 0.5 mm 1000 240 166
75-85%DD)
2000 240 184
100 240 0.20
500 240 0.78
Sand > (0.5 mm Wan et al., 2004
1000 240 1.39
2000 240 2.04
100 240 1.19
Chitosan-coated Bead, 500 240 59
Wan et al., 2004
sand > (.5 mm 1000 240 11.19
2000 240 12.38
100 240 1.19
Powder, 500 240 543
Bentonite Mariano, 2008
<2 pum 1000 240 9.02
2000 240 11.78
100 240 0.60
Powder, 500 240 0.85
Kaolinite Mariano, 2008
<2 pum 1000 240 0.70
2000 240 0.67
100 240 1.20
Bead, 500 240 5.99
Chitosan-bentonite Mariano, 2008
0.35-0.7 mm 1000 240 10.84
2000 240 15.92
100 240 1.12
Bead, 500 240 5.40
Chitosan-kaolinite Mariano, 2008
0.35-0.7 mm 1000 240 8.37
2000 240 7.54
Chitosan
Bead, Ngah, Endud, and
(Flake, 5 240 80.71
<250 um Mayanar, 2002
57.72%DD)
Bead, Ngah, Endud, and
Chitosan-GLA 5 240 59.67
<250 um Mayanar, 2002
Bead, Ngah, Endud, and
Chitosan-ECH 5 240 62.47
<250 um Mayanar, 2002
Bead, Ngah, Endud, and
Chitosan-EGDE 5 240 45.62
<250 um Mayanar, 2002
Bassai, Prashen,
Chitosan
Flake 10 164 20.92 and Sampson,

(Flake, 85%DD)

2000




CHAPTER III

METHODOLOGY

3.1 Material

3.1.1 Chitosan

Low molecular weight chitosan (C;,H24N>Oy), a-chitosan, produced
from crab shell with 75-85% deacetylated was purchased from Sigma Aldrich,

Germany.

HO' NH,

3.1.2 Crosslinking agents

Physical and chemical properties of crosslinking agents are shown in
Table 3.1. Epichlorohydrin (ECH) with a purity 99+%, glutaraldehyde (GLA)
solution with a purity 50%, and ethylene glycol diglycidyl ether (EGDE) with a purity
50% were purchased from Sigma Aldrich Germany.

Table 3.1 The physical and chemical properties of crosslinking agents

Crosslinking | Chemical Chemical structiits Molecular Density
agent formula weight (g/mol) | (g/L)
ECH C;HsClO cl \/AO 92.52 1.183
GLA CsHg0, N 100.12 1.110
6]
EGDE CgH 404 2 F 174.19 1.151
A/O\/\O
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3.1.3 CuSOq

Copper sulfate (CuSO4, MW 159.61 g/mol) was purchased from
Merck KGaA, Germany.

3.1.4 Clay

Bentonite (A1203 F 48102 ¥ HQO) and kaolinite (A1203 : 28102 . 2H20)
were purchased from Sigma Aldrich KGaA, Germany.

3.1.5 Other reagents

Sodium hydroxide (NaOH, MW 40.00 g/mol) and hydrochloric acid
(HC1) 37% with density 1.19 kg/L were purchased from Merck KGaA, Germany.

3.1.6 Equipments

The equipments used in the experiment are shown in Table 3.2

Table 3.2 Equipments used in the experiment

Equipments Model Brand
Hot plate/Stirrer PC-420D CORNING
Hot air oven DV452 CHANNEL
pH meter Sension 3 HACH
Water bath shaker BT 350 YIH
Pump C/K Masterflow
ICP-OES Optima 2000DV PERKIN ELMER
Zeta-potential Zetasizer nano zs MALVERN
SEM S-3000N HITACHI
XRD D8 BRUKER
N, adsorption- GEMINI 2360 MICROMERITICS
desorption analysis
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3.2 Experimental procedure

3.2.1 Preparation of Cu’’ solution

A stock solution of 2000 mg/L of Cu®" was prepared by dissolving
5.0231 g of CuSOy in one liter of DI water. This Cu®" was used as the artificial
wastewater. It was diluted to be 100, 500, and 1000 mg/L for investigating the

appropriate initial concentration of adsorption studies.
3.2.2 Preparation of composite chitosan-clay beads

The method for composite chitosan-clay beads preparation was
modified from the procedure described by Wan et al. (2004).

Five grams of chitosan were dissolved in 300 mL of 5%HCI under
vigorously stir for two hours. After dissolution, 100 g of clay, bentonite or kaolinite,
was added into the solution and stirred for three hours at room temperature, hereafter
this solution was called chitosan-clay solution. The chitosan-clay solution was
neutralized with 1 N NaOH (pH 13), dropwise until the material was precipitated.
Then, it was filtered from the solution, washed by DI water to remove unreacted
NaOH, and dried in vacuum oven at 65 °C for 24 hours or until the weight was being
constant. After grinding and sieving, the particles were passed through ASTM sieve
size #35 and #45, providing bead size of 0.35-0.50 mm. These beads were collected
in a plastic bottle and used as adsorbent to investigate the adsorption behavior.
Composite chitosan-bentonite and composite chitosan-kaolinite were now assigned as
CCB and CCK beads, respectively. The more effective supporting materials,
bentonite or kaolinite, was selected from the comparison of adsorption capacity using
CCB and CCK beads as adsorbents to remove Cu’’ from aqueous solution. The
selected clay was used as supporting material to prepare the composite crosslinked

chitosan-clay in the second phase.
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3.2.3 Preparation of composite crosslinked chitosan-clay beads

Composite crosslinked chitosan-clay beads preparation was modified
from the procedure described by Wan et al. (2004), Chiou and Li (2003), and Ngah et
al. (2002).

An equimolar 1:1 of Chitosan to EGDE, ECH, and GLA were
prepared. 4.578, 1.162, or 2.650 mL of EGDE, ECH, or GLA, respectively was
added into the chitosan-clay solution. Then this solution was heated with stirred
continuously to 55 °C for three hours for composite chitosan-clay crosslinked with
EGDE, 45 °C for two hours for composite chitosan-clay crosslinked with ECH, and
50 °C for six hours for composit chitosan-clay crosslinked with GLA. After that the
solution was neutralized with 1 N NaOH dropwise until material was precipitated.
The precipitated composite crosslinked chitosan-clay was filtered, washed with DI
water to remove unreacted NaOH and crosslinking agents, and dried in vacuum oven
at 65 °C for 24 hours or until the weight was being constant. After grinding and
sieving, the particles were passed through ASTM sieve size #35 and #45, providing
bead size of 0.35-0.50 mm. These beads were collected in a plastic bottle and used as
adsorbent to investigate the adsorption behavior. The composite crosslinked chitosan-
clays were assigned as CCB-EGDE, CCB-ECH, and CCB-GLA using EGDE, ECH,

and GLA as crosslinking agents, respectively.

3.2.4 Adsorption study

2.5 g of adsorbent beads were placed in 100 mL Erlenmeyer flasks
which 30 mL of Cu”" solution was added. The continuous mixing was introduced by
water bath shaker to agitate the samples at an average static speed of 50 rpm. The
contact times were 30, 60, 120, 240, 360, 720, and 1440 min. At the end of each
contact time, the solutions were removed from the water bath shaker and filtered
through Whatman 40 filter paper. All batch adsorption experiments were carried out

at room temperature.
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3.2.5 Effect of initial Cu®** concentration
The effect of initial Cu®" concentration on the adsorption capacity of
adsorbent was determined by varying the Cu’" concentration to be 100, 500, 1000,

and 2000 mg/L in the adsorption experiment with various contact time.

3.2.6 Effect of pH

The effect of pH of Cu®" solution on the adsorption of adsorbent beads
was determined by varying the pH of Cu”" solution to be 1, 2, 3, and 4. HCI with

concentration of 0.1, 1, and 6 N were used to adjust the pH of the Cu’" solution.

3.2.7 Effect of crosslinking agents

Composite crosslinked chitosan-clay using EGDE, ECH, and GLA as
crosslinking agents were investigated for adsorption capacity and the strength of
adsorbent. The composite chitosan-clay was crosslinked at a ratio of 1:1 by mole

(chitosan:crosslinking agent).

3.2.8 Desorption study

The adsorbed adsorbent beads (composite crosslinked chitosan-clay)
from adsorption experiments at equilibrium contact time were placed in 100 mL
Erlenmeyer flasks. Desorbing agents, water (pH 7) and diluted HCI solution (pH 3
and 1) were added and agitated in water bath shaker at 50 rpm for two hours. After

that, the solutions were removed from the water bath shaker and filtered.

3.2.9 Reuse study

The desorbed composite crosslinked chitosan-clay beads were air-dried
for 48 hours. The dried adsorbents were placed in 100 mL Erlenmeyer flasks, 30 mL

of Cu®" solution was added and agitated in water bath shaker at 50 rpm until reach
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equilibrium contact time. The Cu’" solution at 100, 500, 1000, and 2000 mg/L was

used.

3.2.10 Column adsorption

The glass columns (@ = 2 cm) were used to study the continuous
adsorption of Cu®". The 5 g and 10 g of adsorbent beads were used in column
adsorption to compare the effect of external mass transfer. The contact time was
chosen at the equilibrium contact time of batch experiment. Then the flow rate for
Cu”" solution of 500 mg/L as calculated. Before drainage of Cu" to the column, the
adsorbent in the column was saturated with DI water to reproduce the real case of
groundwater. The solutions after adsorption from column were collected every 1 hour
and analyzed for Cu®" concentration by ICP-OES. The data from ICP-OES then was

plotted between time versus C/Cy.

3.2.11 Physical characteristics and morphology of adsorbents

The adsorbent beads using in this study were analyzed. Surface area,
crystallinity and morphology were investigated by N, adsorption-desorption analysis,
powder X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM),
respectively, and the net charge of adsorbent beads were investigated by zeta-

potential.

3.3 Analytical methods

After sample filtration, Cu®" concentration in the supernatant from the
adsorption experiments was diluted and analyzed using Inductively Coupled Plasma-

Optical Emission Spectrometry (ICP-OES).
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3.4 Mathematical methods

The main parameters for adsorption studies were percent adsorption
and adsorption capacity. Moreover, the adsorption behaviors were studies using
adsorption isotherm involves Langmuir and Freundlich adsorption isotherm to
describe the amount of Cu”" adsorbed on adsorbent beads. The understanding of the
time dependence of the concentration of solute in adsorbent and identification of the
rate-determining step were checked using the pseudo-first-order and pseudo-second-

order kinetic models.



CHAPTER IV

RESULTS AND DISCUSSION

This chapter presents the results of this study which were divided into
two phases. The first phase presents the comparison of adsorption capacity of Cu®"
when kaolinite and bentonite clay were used as supporting materials. The result
showed that adsorption capacity of CCB beads was better than CCK beads for Cu**
adsorption. In the second phase, bentonite was used as a supporting material for
crosslinked chitosan. This was to compare the efficiency of adsorbents with different
three crosslinking agents. The results showed that adsorption capacities of CCB-
EGDE and CCB-ECH beads were somewhat similar whereas CCB-GLA beads gave
the least adsorption capacity. The adsorption behaviors and mechanism were
determined by adsorption isotherms, Langmuir and Freundlich isotherm, together
with adsorption kinetic including pseudo-first- and pseudo-second-order kinetic
models. The desorption, regeneration, and effect of pH of CCB-EGDE and CCB-
ECH beads were also investigated. For the practical use, a breakthrough curve
performed in a continuous flow reactor was studied. Results from material
characterizations by SEM, zeta-potential, XRD, and nitrogen adsorption-desorption

analysis were used to support the results above.

PHASE I Comparison of kaolinite and bentonite as supporting

materials

4.1 Adsorption capacity of CCK and CCB beads

The adsorption capacity (g,) of Cu®” on CCK and CCB beads is

shown in Table 4.1. The result showed that the adsorption capacities of both CCK
and CCB beads were almost same when they were used to adsorb Cu®*" at 100 mg/L.

The difference of adsorption capacity (¢, ) was presented lightly when the adsorption

was performed in higher Cu*" concentration, 500, 1000, and 2000 mg/L. The
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adsorption capacity of CCK and CCB beads for Cu”" at different concentration and
contact time is presented in Fig. 4.1.

Properties of kaolinite and bentonite clay were taken in to account for
the difference of adsorption capacity. The nature of kaolinite clay which constituted
of one layer of Si*" and one layer of AI*, 1:1 layered clay, presents small negative
charge, almost 0 charge/unit cell, thus the structure of kaolinite clay does not support
for the substitution of other cation. Whereas bentonite, 2:1 layered clay performed
more negative charge, -0.8 charge/unit cell; and it was constructed by weak bond
between layers. Hence, it is easy for cation exchange to balance the negative charge
between layers and around the edges of bentonite. As a result, bentonite has higher
efficiency to adsorb Cu®" (Bhattacharyya and Gupta, 2008a). Another advantage of
bentonite over kaolinite is higher surface area. Higher surface area of bentonite
(Sparks, 2003; Bhattacharyya and Gupta, 2006) provided space for chitosan and its
functional groups, such as amine and hydroxyl groups, for Cu®" to be adsorbed higher
than kaolinite.

Accordingly, more net negative charge and surface area of bentonite
clay provided the advantages in the case of Cu®" adsorption by itself and it also played
a good role of supporting materials for chitosan as shown in the Fig. 4.2 from the
study of Wang et al. (2005).

It 1s not clearly for the difference of adsorption capacity in low
concentration of Cu®" (100 mg/L) since the excess functional groups on both CCK
and CCB beads were available for the need of Cu®'. Nevertheless, when the Cu**
concentration increased, the functional groups of CCK beads were not enough for
Cu®" whereas the remaining of functional groups on CCB beads was still available for
Cu™ so it was clear that adsorption capacity of CCB beads for Cu®" in high
concentration, 500, 1000, and 2000 mg/L were higher than CCK beads.
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Table 4.1 Adsorption capacity (¢g,) of CCK and CCB beads in terms of time and

Ce. 24 .
initial Cu”™" concentration

contact time 100 mg/L 500 mg/L 1000 mg/L 2000 mg/L
(min) CCK CCB CCK CCB CCK CCB CCK CCB
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 1.02 L7/ 4.08 5.03 5.78 8.97 5.80 12.88
60 1.10 1.19 4.10 5.41 6.02 9.30 5.96 13.18
120 1.17 1.19 4.36 568 /a0, 9.55 6.65 13.98
240 1.19 1.20 4.86 ON/3 6.47 10.27 6.05 15.01
360 1.20 1.20 4.87 5.87 6.50 10.42 6.09 14.76
720 1.20 1.20 5.22 5.94 6.67 10.67 6.51 15.21
1440 1.20 1.20 581 5:01 6.62 10.84 6.61 15.16
C 16 F
16 ! . +b
= 14} 2 14
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Fig. 4.1 Adsorption capacity (¢, ) of a. CCK and b. CCB beads in terms of time and

1 L 24 ;
initial Cu“" concentration
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Fig. 4.2 Formation of hydrogen bond between chitosan and montmorillonite clay

(Wang et al., 2005)
4.2 Scanning electron microscopy (SEM) of CCK and CCB beads

The surface morphology of kaolinite, CCK beads, bentonite, and CCB
beads was imaged by scanning electron microscope (SEM) (Fig. 4.3). The images
from SEM verified that CCK (a2) and CCB (b2) beads were much denser than
kaolinite (al) and bentonite (b1) particle. It is believed that the aggregation structure
in composite chitosan-clay is due to the hydroxylated edge-edge interaction of the
silicate layers. Since one chitosan unit possesses one amino and two hydroxyl
functional groups, these functional groups can form hydrogen bonds with the silicate
hydroxylated edge groups, which lead to the strong interaction between matrix and

silicate layers (Altinisik, Seki, and Yurdakog, 2008).
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Fig. 4.3 Scanning electron microscopy (SEM) of (al) kaolinite clay,
(a2) CCK beads, (bl) bentonite clay, and (b2) CCB beads

Accordingly, base on adsorption capacities compared between CCK
and CCB beads, the bentonite clay was selected to use as supporting material for

chitosan in the next phase.
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Phase II Comparison of the effect of crosslinking agents
epichlorohydrin (ECH), ethylene glycol diglycidyl ether
(EGDE), and glutaraldehyde (GLA) on composite chitosan-

clay properties

4.3 Adsorption capacity of CCB-EGDE, CCB-ECH, and CCB-GLA
beads

The adsorption capacity of Cu*" on CCB-EGDE, CCB-ECH, and
CCB-GLA beads are presented in Table 4.2 and contact time versus adsorption
capacity was plotted in Fig. 4.4. The adsorption capacity of Cu®" is ranked in the
following order: CCB-EGDE > CCB-ECH > CCB-GLA, under all Cu®" concentration
and contact time. The adsorption capacity using CCB-EGDE were little greater than
CCB-ECH whereas the adsorption capacity of CCB-GLA was obviously lower. The
explanation of this result might be both of ethylene glycol diglycidyl ether (EGDE)
and epichlorohydrin (ECH) are the crosslinking agents in epoxide group where as
glutaraldehyde (GLA) is the crossinking agent in dialdehyde group, as shown in Table
3.1. Epoxide groups after linking with chitosan might contribute more hydroxyl
groups, resulting in more hydrogen bonds for the adsorption sites.

The difference of these crosslinking agents are the presence of
hydroxyl groups. The hydroxyl groups of chitosan were considered to be the capable
functional groups to perform hydrogen bond with the other functional group which
was similar to the interaction between chitosan and PVA from the study of Jin and
Bai (2002). From this reason, it could be explained that the hydroxyl groups of
EGDE > ECH > GLA. Hence, one molecule of EGDE might form hydrogen bonds
with chitosan more than ECH and GLA.

Although ECH has less hydroxyl groups than EGDE, it contains free
amine groups on chitosan that can interact with Cu*". As a result, the interaction
between hydroxyl groups of EGDE and ECH and amine groups of ECH with Cu**
provided the similar adsorption capacity of Cu®" using CCB-EGDE and CCB-ECH

beads as adsorbents.
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Using GLA as a crosslinking agent provided less adsorption capacity

of adsorbent beads after being modified.

Modification of adsorbent beads using GLA had a lower swelling capacities and more

hydrophobic character (Guibal, 2004).

Thus, CCB-GLA beads showed lower

efficiency to remove Cu®’ from aqueous solution comparing with CCB-EGDE and
CCB-ECH beads. Comparing the adsorption capacity between CCB, CCB-EGDE,
and CCB-ECH beads with bentonite, the synthesized adsorbent beads provided

adsorption capacity more than bentonite. In addition, the used quantity of chitosan

was reduced and the synthesized adsorbents could use in the acid solution.

Table 4.2 Adsorption capacity (g, ) of CCB-EGDE, CCB-ECH, and CCB-GLA

3 4 S— L -
beads in terms of time and initial Cu®>" concentration

contact 100 mg/L 500 mg/L 1000 mg/L 2000 mg/L
time CCB- | ccB- | ccB- | ccB- | ccB- [ ccB- | ¢cB- | CcCB- | cCB- | cCB- | CCB- | CCB-
(min) | EGDE | ECH | GLA | EGDE | ECH | GLA | EGDE | ECH | GLA | EGDE | ECcH | GLA
0 000 | 000 | 0.0 000 | 000 | 000 [ 000 | 000 | 000 | 000 | 000 | 0.00
30 1.19 | 118 | 0.70 568 | 554 | 236 | 1030 | 989 | 377 | 1567 | 1526 | 5.68
60 120 | 120 | 0.78 500 | 588 | 247 | 1064 | 10.19 | 405 | 1616 | 1536 | 5.90
120 120 | 120 | 0.79 505 | 583 | 240 | 1131 | 1066 | 377 | 17.14 | 1572 | 559
240 120 | 120 | 082 598 | 598 | 265 | 1146 | 11.08 | 402 | 17.18 | 1636 | 5.67
360 120 | 120 | 083 508 | 598 | 266 | 11.03 | 11.16 | 445 | 1694 | 16.61 | 5.84
720 120 | 120 [ 087 599 | 600 | 2.89 | 1137 | 1135 | 452 | 1741 | 17.19 | 6.87
1440 120 | 120 | 0.88 598 | 6.00 | 3.06 | 1172 | 1149 | 466 | 1759 | 1743 | 7.50
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Fig. 4.4 Adsorption capacity (¢, ) of Cu”" on a. CCB-EGDE, b. CCB-ECH, and

c. CCB-GLA beads in terms of time and initial Cu’" concentration

4.4 Adsorption equilibrium

The adsorption capacity of Cu* on CCB-EGDE, CCB-ECH, and
CCB-GLA beads were exhibited in the same pattern as shown in Fig 4.4. The
adsorption capacity of Cu”" on these three adsorbent beads increased sharply until 120
min of contact time for all studied Cu®" concentrations. After 120 min, the adsorption
capacity for all Cu®" concentration was stable, referring to the adsorptions have
reached equilibrium. However, to ensure that all experimental sets reached

equilibrium, 240 min was marked for the batch adsorption before any further

investigations.
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4.5 Adsorption isotherm

Adsorption behaviors were determined using Langmiur and Freundlich
models. The Langmuir isotherm was represented by the following equation and the
model was applied for experimental data as shown in Fig. 4.5

=i KLCe — Cmabee
= W =

where ¢, is the equilibrium Cu”" loading on the adsorbent beads, C, the equilibrium
concentration of Cu®’, C, the ultimate capacity and b is the relative energy

(intensity) of adsorption, also known as binding constant (Sankararamakrishnan et al.,
2007). The Freundlich isotherm was applied in the equation as shown below and the
Freundlich model was applied from experimental data as shown in Fig. 4.6:
.= KaC."

where K, and n are Freundlich coefficients related to adsorption capacity and
adsorption intensity of the solid adsorbent, respectively (Gupta and Bhattacharyya,
2008). Each term from Langmuir and Freunlich isotherm model for adsorption of
CCB-EGDE, CCB-ECH, and CCB-GLA beads are presented in Table 4.3.

The results showed that adsorption of Cu*" on CCB-EGDE and CCB-

ECH beads fitted very well with Langmuir isotherm confirmed with R, 0.996, and
0.998 for CCB-EGDE and CCB-ECH beads, respectively. This indicated a
monolayer interaction between the adsorbate and adsorbents. The equilibrium
coefficient, b, were 4.299 and 3.799 L/g (Table 4.3) for Cu*" adsorbed on CCB-
EGDE and CCB-ECH beads system. The large value showed that at the equilibrium,
CCB-EGDE and CCB-ECH beads (solid phase) had spontaneous interactions with
Cu?" (aqueous phase) leading to adsorbate-adsorbent complex represented as CCB-
EGDE++-Cu*" and CCB-ECH:-+Cu”", respectively. Under an equilibrium, Cpay of
Cu*" on both CCB-EGDE and CCB-ECH beads were 10.52 and 11.75 mg Cu®*'/g
adsorbent beads, respectively.

The adsorption of Cu*" on CCB-GLA beads fitted very well with

Freundlich isotherm model with high R, 0.999. The Freundlich coefficient, n, was

1.89 in conformity with the requirement of n > 1.



Table 4.3 Adsorption isotherm constants and correlation coefficient (R*) of

composite crosslinked chitosan-bentonite

Langmuir Isotherm Freundlich Isotherm
Adsorbents K, b F .
R? R*? K. n
(L/g) | (L/mg) | (mg/g)
CCB-EGDE 0.996 45.228 4.299 10.52 0.953 4.150 3.89
CCB-ECH 0.998 44.623 3.799 11.75 0.932 4311 4.13
CCB-GLA 0.984 0.044 0.011 4.17 0.999 0.152 1.89
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Fig. 4.5 Adsorption isotherm of Cu®" on adsorbent beads
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4.6 Adsorption kinetic

The purpose of adsorption kinetic study was to evaluate how well the
adsorption behavior before reaching an equilibrium. The rate constant of pseudo-
first- and pseudo-second order kinetic model are presented in Table 4.4 and the linear
plots of both kinetic models for adsorption of Cu>" on CCB-EGDE, CCB-ECH, and
CCB-GLA beads were performed in Appendix A Fig. A-10 for pseudo-first-order
kinetic model and Appendix A Fig. A-11 for pseudo-second-order kinetic model. Fig.
4.6 showed the linear plots of pseudo-first-order kinetic model and pseudo-second-

order kinetic model for Cu®" adsorbed on CCB-EGDE as an example. The correlation

coefficient (R*) of pseudo-second-order for all adsorbent beads were higher than
0.995. Therefore, the adsorption of Cu”" on CCB-EGDE, CCB-ECH, and CCB-GLA
beads were better described by the pseudo-second-order. The comparison between
adsorption capacities from the experiment and kinetic model showed that the
adsorption capacity from the pseudo-first-order plots was poorly with the
experimental adsorption capacity values (Table 4.2). On the other hand, the
adsorption capacity values from pseudo-second-order kinetic were agreed with
experimental adsorption capacity values. This confirmed that the adsorption of Cu*
on all adsorbent beads was fitted very well with pseudo-second-order kinetic.
Accordingly, the pseudo-second-order adsorption mechanism is
predominant and the overall rate of Cu*" adsorption process appears to be controlled
by the chemical attachment not mass transport (Chiou and Li, 2003). This adsorption
mechanism may involve valency forces through sharing of electrons between Cu**
and adsorbent beads (Ho, 2006; Chen et al., 2008). = According to the pseudo-second-

order kinetic model, the adsorption rate dq/dt is proportional to the second-order of
(¢, —q,). The presence of high adsorption capacity with short equilibrium time

indicates a high degree of affinity between the Cu®" and adsorbent beads, CCB-
EGDE, CCB-ECH, and CCB-GLA beads (Chiou and Li, 2002).
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Table 4.4 Pseudo-first- and pseudo-second-order kinetic constants and correlation

coefficient (R?) for adsorption of Cu*" on CCB-EGDE, CCB-ECH, and
CCB-GLA beads

Pseudo-first-order kinetic Pseudo-second-order kinetic
Initial Cu**
Adsorbents k, q, k, q,
conc. (mg/L) R? R?
(L/min) (mg/g) (g/mg min) | (mg/g)
100 NA NA NA NA NA NA
500 0.910 -0.041 2.208 0.999 0.111 6.020
CCB-EGDE
1000 0.927 -0.019 3.926 1.000 0.019 11.671
2000 0.981 -0.048 12.531 0.999 0.016 17.467
100 NA NA NA NA NA NA
500 0.778 -0.028 1.941 1.000 0.063 6.034
CCB-ECH
1000 0.879 -0.024 S/ 7 1.000 0.015 11.315
2000 0.788 -0.023 6.026 0.999 0.014 16.589
100 0.880 -0.026 0.403 1.000 0.209 0.838
500 0.688 -0.016 1.024 0.998 0.052 2.696
CCB-GLA
1000 0.595 -0.006 1.415 0.996 0.018 4.463
2000 0.595 -0.009 1.129 0.999 0.089 5.818
NA: not available
45
a 40 |
3sf -
30F
25 F
y =-0.008x + 0.594 c:.-20 | =0.166x + 0.249
R’ =0.927 = R’ =1.000
15
10 |
=-0.021x+ 1.098 s y = 0.086x +0.390
R’ =0.981 R’ 0.999
0 4I0 8I0 150 1;0 260 2:10 00 50 I(I)O 1;0 2(I)0 2;0 3(I)0 3;0 400

time (min)

¢ 2000mg/LL. A

initial Cu’* conc.
1000 mg/L

time (min)

® 500 mg/L

Fig. 4.6 Linear plots of a. pseudo-first- and b. pseudo-second-order kinetic for Cu*

adsorbed on CCB-EGDE beads
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4.7 Desorption study

The desorption study could investigate the strength and the efficiency
of adsorbent beads to recover Cu”" and adsorbent beads. The desorption agents,
deionized water at pH 7, acid solution of pH 1 and pH 3, were used for the different
purposes. The desorption in solution pH 3 and pH 7 was performed to reproduce the
pH of effluent, investigated the property of CCB-EGDE and CCB-ECH beads to
indicate the efficiency to adsorb and do not release Cu’". The desorption in solution
pH 1 was performed to investigate the strength of adsorbent beads that was durability
even in strong acid media. After the desorption using the agents pH 3 and 7, Fig. 4.7
showed clearly that almost same amount of Cu®" remain adsorbed on the adsorbent
beads while small amount of Cu®* remained on adsorbent beads after desorption with
the agent pH 1. In the condition of pH 1, the change of physical structure of
adsorbent beads was observed. The CCB-ECH and CCB-EGDE beads were
dissolved and some beads were jointed together as shown in Fig. 4.8.

Following the purpose of desorption in reagent pH 3 and 7 which
aimed to observe the ability of adsorbent beads to capture Cu®", both CCB-EGDE and
CCB-ECH beads performed effective role as adsorbent to adsorb Cu®". While
desorption in pH 1 could desorb Cu*" from the adsorbent beads but the structure of
adsorbent beads still was not strong enough because their structures changed in this
pH. Similarly, the study by Chen and co-workers (2008) revealed that crosslinked
chiotsan was effective as adsorbent at pH 3 and 6 for 4 hours but it was soluble at pH

I.
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Fig. 4.7 Adsorption capacity (g, ) of Cu”" 2000 mg/L on CCB-EGDE and CCB-ECH

beads before and after desorption using deionized water at pH 7 and acid solution at

pH 1 and pH 3

Fig. 4.8 CCB-ECH beads (a) and CCB-EGDE beads (b) after desorption using

desorption agent pH 1

4.8 Reuse study

After desorption, the adsorbent beads, CCB-EGDE and CCB-ECH

beads, were reused for Cu*” adsorption again. The results are shown in Fig. 4.9 which
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the batch adsorption for 240 min, the initial Cu*" concentration of 2000 mg/L was
performed. The results showed that the adsorption capacity of the adsorbent beads in
the first time were 17.18 and 16.36 mg of Cu*"/g of CCB-EGDE and CCB-ECH
beads, respectively. After desorption using reagents pH 1, 3, and 7, these adsorbent
beads were used to adsorb Cu”" at concentration 2000 mg/L again (see Fig 4.9). The
adsorption capacity in the second time of Cu*" on CCB-EGDE and CCB-ECH beads
were 0.00, 5.77, and 6.83 mg/g (adsorbent beads from desorption using reagents pH 1,
3, and 7, respectively) for CCB-EGDE beads and 3.00, 7.99, and 7.75 mg/g as well
for CCB-ECH beads. This indicated that CCB-ECH beads exhibited the efficiency
for regeneration better than CCB-EGDE beads.

Although using reagent pH 1 gave the greatest adsorption capacity for
both CCB-EGDE and CCB-ECH beads, it also destroyed partial structure of
adsorbent beads, chitosan was dissolved and jointed together then the forms of
effectiveness adsorbent beads might be destroyed as shown in Fig. 4.8, As a result,
regeneration using reagent pH 1 provided low adsorption capacity. Using desorption
agents pH 3 and pH 7 exhibited low percent desorption; however, the adsorbent beads
still could be used for adsorption again but in low adsorption capacity compared with
the adsorption in the first time in term of Cu®" compensation on CCB-EGDE and
CCB-ECH beads (similar to the study of Vieira and Beppu (2006) that presented the
decrease of adsorption capacity from regeneration with low percent desorption).
Another possible explanation for the capability for adsorption in the second time of
CCB-EGDE and CCB-ECH beads after desorption using reagents pH 3 and 7 was that
the adsorbent beads might remain have some available functional groups for Cu*"
after the first adsorption or adsorbent beads exhibit some available sites for Cu®" after

desorption.
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Fig. 4.9 Adsorption capacity of Cu’"in the first and second time on CCB-EGDE and
CCB-ECH beads at initial Cu®" concentration 2000 mg/L

4.9 Effect of initial Cu>" concentration

An increase in initial Cu®" concentration led to an increase in the
adsorption capacity of Cu’’ on adsorbent beads. The adsorption capacity which is
shown in Table 4.1 for 240 min (equilibrium contact time) exhibited the milligram of
Cu®" per gram of CCB-EGDE, CCB-ECH, and CCB-GLA beads with the initial Cu*"
concentration of 100, 500, 1000, and 2000 mg/L as following; Cu*" concentration 100
mg/L was adsorbed by CCB-EGDE, CCB-ECH, and CCB-GLA beads 1.20, 1.20, and
0.82 mg/g, respectively, Cu®" concentration 500 mg/L was adsorbed by CCB-EGDE,
CCB-ECH, and CCB-GLA beads 5.98, 5.98, and 2.65 mg/g, respectively, Cu®"
concentration 1000 mg/L was adsorbed by CCB-EGDE, CCB-ECH, and CCB-GLA
beads 11.46, 11.08, and 4.02 mg/g, respectively, and Cu*" concentration 2000 mg/L
was adsorbed by CCB-EGDE, CCB-ECH, and CCB-GLA beads 17.18, 16.36, and
5.67 mg/g, respectively.

At low Cu** concentration, the ratio of the number of Cu’" ions to the
number of available adsorption sites on adsorbent beads was small and consequently,
adsorption was independent of initial concentration. Whereas when the concentration

2+ . .- 2+ . .
of Cu”" increased, the competition between Cu~ for available sites became severe.
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As a result, the extent of adsorption came down considerably, but the amount
adsorbed per unit mass of the adsorbent had been raised. Similar results had been
reported by other studies such as Immobilization of Pb(II), Cd(IT) and Ni(II) ions on
kaolinite and motmorillonite surfaces from aqueous medium studied by Gupta and
Bhattacharyya (2008) or Adsorption behavior of reactive dye in aqueous solution on
chemical cross-linked chitosan beads studied by Chiou and Li (2003). These
literatures also showed the increase of adsorption capacity of adsorbate on adsorbents

with the increase of initial adsorbate concentration.

4.10 Effect of pH

The pH of Cu’" solution was adjusted to be 1, 2, 3, and 4. The Cu®*
solution at concentration 500 mg/L was tried to adjusted to pH value of 5 but the
precipitation of Cu(OH), occurred because at pH more than around 5.3 under
Cu*concentration 100 mg/L, Cu®" will be precipitated as shown in Fig. 4.10 (Ayres,
Davis, and Gietka, 1994; Naoto Takeno, 2005; Vaclavikova and Gallios, 2006).
Therefore, the effect of pH can be studied under pH 1-4. Moreover, the speciation
diagram for the Cu(II)-H,O system (Fig. 4.11) showed that almost all Cu ions were
present in the ionic form of Cu*" of pH < 6.0 (Doyle, and Liu, 2003 and Wang, Li,
and Sun, 2009). At the initial pH of Cu** solution, pH 4.81, 4.63, 4.55, and 4.46 for
Cu®" concentration 100, 500, 1000, and 2000 mg/L, respectively, Cu’" is the
dominated form which can react with adsorbent beads through (1) the electrostatic
interaction between the protonated groups of chitosan (pKa = 6.3 Jin and Bai, 2002;
Guibal, 2004) and bentonite clay with Cu”" and (2) the chemical reaction between the
adsorbate and the adsorbent (Wang et al., 2007).
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Fig. 4.11 Speciation diagram for the Cu(II)-H,O system (Doyle and Liu, 2003; Wang,
Li, and Sun, 2009)

The pH value of Cu®* solution is important factor which can affect the

adsorption capacity as shown in Fig. 4.12. The adsorption of Cu®" at 2000 mg/L
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using CCB-EGDE and CCB-ECH beads was compared. The results exhibited
adsorption capacity of both CCB-EGDE and CCB-ECH beads for Cu®" that the
adsorption capacity increased with increase of pH from 1 to 3 and thereafter the
adsorption capacity was quite stable at pH 3 and 4. At low pH condition, more amine
groups were protonated followed the equation below and caused the increasing of
positive charge of adsorbent beads.

R-NH, +H" <«— R-NH;"

In the case of weak acid solution (pH 3 and pH 4) which the quantities
of H" were less than the amount of Cu®’, Cu®" still could compete with H' to react
with NH, as shown in the following equation.

R-NH;' + Cu®" <+ RNH,Cu”' +H"

This phenomenon is able to occur because the electrical attraction
force between the lone pair of electrons from the nitrogen atom and the divalent
copper ion (Cu”") would be stronger than that between the lone pair of electrons from
the nitrogen atom and monovalent proton (H'). This phenomenon sometime was
considered as ion exchange mechanism.

In the case of stronger acid solution (pH 1 and pH 2) the quantities of
H" were much more than Cu”*" enhancing the protonation of amine groups of chitosan.
Moreover, the Cu>* adsorption to adsorbent beads was also controlled by the transport
of Cu®" from the bulk solution to the beads’ surface before adsorption can take place.
As a result, the transport of Cu®" to the surface sites of R-NH;" could be inhibited.
And at very low pH the high electrostatic repulsion force would prevent Cu*" from
approaching close enough to the surface for adsorption. Hence, at very low pH
condition, the adsorption capacity was reduced as shown in Fig. 4.12 Jin and Bai,
2002).

Accordingly, at low pH condition, the adsorption mechanism could be
attributed to two factors. First, protonation of amine groups and the unavailability of
amine groups for complexation with Cu®’. Secondly, H™ ions compete with Cu" ions
to same binding site on the adsorbent (Jin and Bai 2002; Sankararamakrishnan et al.,
2007).

Not only the amine groups in chitosan can react with Cu®" but also

hydroxyl groups from chitosan, bentonite, and crosslinking agents might react with
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Cu”". The explanation for effect of pH on the clay as adsorbent could be explained by
the study of Gupta and Bhattacharyya (2008) which informed that at very low pH, the
amount of H™ exceeds more than Cu®" several times and the H" tended to cover on the
surface of clay. Furthermore, it is possible that oxygen atoms on clay surface might
interact with water in acidic solution forming aqua complexes as shown following
-MO+H-OH — M-OH, +OH

This surface charge interacts repulsively with approaching metal ions

and prevents them from reaching the surface. As a result, the adsorption at low pH

was reduced.
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Fig. 4.12 Effect of pH values on adsorption capacity of CCB-EGDE and CCB-ECH

beads for Cu*"

4.11 Zeta-potential

The zeta-potential of bentonite, CCB-EGDE, CCB-ECH, and CCB-
GLA beads under different solution pH values are showed in Fig. 4.13 The
information from zeta-potential explains the net charge of adsorbent beads (Gecol et
al., 2006) which can determine the efficiency of adsorbent to react with Cu®" under

various of solution pH values. The point of zero zeta-potential (point of zero charge)
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of CCB-EGDE, CCB-ECH, and CCB-GLA was presented at pHp,. of 1.8, 2.6, and
3.3, respectively. At point of zero charge, pH,,. of composite crosslinked chitosan-
bentonite beads were higher than bentonite. This change confirmed that the modified
materials were successful (Gecol et al., 2006).

Naturally, the heavy metal was present in the effluent in a dilute
concentration (1-100 mg/L) and at neutral or acidic pH values (pH < 7) (Ayres, Davis,
and Gietka, 1994). At pH below 5.3, Cu*" is major specie. Thus, from an
electrostatic interaction point of view (Jin and Bai, 2002), the adsorption of Cu”" on
CCB-EGDE, CCB-ECH, and CCB-GLA beads can be enhanced at pH > 1.8, 2.6, and
3.3, respectively. Because the adsorbent beads had the negative zeta-potential at pH >
3.3, they could attract the positively charge of Cu*".  This result supported the
adsorption capacity of Cu”” which increased with the increase of Cu®" solution pH

values.
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Fig. 4.13 Zeta-potential of bentonite, CCB-EDGE, CCB-ECH, and CCB-GLA beads
in the solution at pH 1, 3, and 5
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4.12 Column adsorption

One of expected applications for modified biosorbent in this research
was to use as a filter to pretreat groundwater. Therefore, the continuous adsorption by
breakthrough method was performed (Fig. 4.14). Flow rate using in the test and the
result of breakthrough time can be used to scale-up the treatment unit. In order to
investigate adsorption excluded mass transfer (internal and external) effect, the same
retention tests was presented for the preliminary result. For this study, the
effectiveness of column was mentioned from groundwater quality standards for
drinking purposes of Cu which has the maximum allowable concentration at 1.5 mg/L
(Pollution Control Department, 1978) and the Maximum Contaminant Level Goals
(MCLG) for drinking water of Cu is at 1.3 mg/L (United States Environmental
Protection Agency, 2006). The C/Cy value calculated from water quality standard is
0.3%C,. As a result, using 5 g and 10 g CCB-EGDE beads as adsorbent could

provide the effectiveness until 34 hours and 40 hours, respectively, under the same

(d) I (e I ® (g I

Fig. 4.14 Column adsorption in adsorption period 0, 6, 12, 24, 46, and 52 hours ((a)
and (b), (¢), (d), (¢), (), (g), respectively)

retention time as shown in Fig. 4.15.

Consideration from the conditions between continuous adsorption in
the first column (5 g CCB-EGDE beads with velocity of Cu*" 0.035 cm/min) and the
second column (10 g CCB-ECH beads with velocity of Cu*" 0.07 cm/min), the
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adsorption sites and the amount of Cu*" in the second column should be 2 times
higher in the first column. Then the ratio between Cu®" and adsorption sites for both
columns was same. As a result, the breakthrough curves should be the same pattern.
However, the experimental results showed that at 34 hours, the Cu*" from the first
column was detected whereas the second column still had the ability to adsorb Cu*",
This meant the second column exhibited the amount of adsorbed Cu®" per unit of
adsorbent beads more than the first column. In term of mass transfer, (presented in
Fig. 4.15) the wide mass transfer zone means the much of the adsorber goes unused,
and the steeper mass transfer zone means that more of the bed is used for separation
(College of Engineering, University of Rhode Island, 2008). Accordingly, the unused
adsorbent in the first column was more than in the second column and the adsorption
in the second column was more than the first column. To learn how much CCB-
EGDE beads can exclude the mass transfer, more series of adsorbent mass should be
performed for example 4m:4V and 8m:8V until the patterns of breakthrough was
stable even the ratio of mass to velocity was changed.

The calculated adsorption capacities from both columns were 21.94
mg/g for the first column (5 g CCB-EGDE beads) and 26.15 mg/g for the second
column (10 g CCB-EGDE beads). These adsorption capacities were higher than the
adsorption capacity from a batch experiment. The results from this study correlated
with the studies of Pattarit (2002) and Seo et. Al. (2008) that showed the adsorption of
metals ions using a column was higher than the adsorption capacity of a batch
adsorption. Seo and co-worker explained that the metal ions were retained by the
adsorbent mainly in the adsorption mechanism of the batch study. In contrast, the
column study may have other additional retention mechanism such as surface
precipitation along with adsorption.

The more adsorption capacity from column in this study might be
because of the surface precipitation of Cu®’. This precipitation might occur because
the concentration of Cu®" which flowed through column were constant providing
adsorbate/adsorbent ratio in the top area of column more than other part of column.
As a result, the top of column contained more amount of Cu®" then the surface

precipitation of Cu®" at this area might take place.
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Fig. 4.15 Breakthrough curves for Cu*" adsorption of CCB-EGDE beads

4.13 Morphology

4.13.1 Scanning Electron Microscopy (SEM)

The surface morphology of CCB-EGDE, CCB-ECH, and CCB-GLA
beads was imaged by scanning electron microscope (SEM) and presented in Fig. 4.16
(a), (b), and (c), respectively. The results showed that all SEM images from
composite crosslinked chitosan-bentonite beads have more aggregation pattern than
composite non-crosslinked chitosan-bentonite (Fig. 4.3 b2). The images from SEM
verified that CCB-EGDE (a) was much denser and had more coarsely grained than
CCB-ECH (b) and CCB-GLA (c) beads. The patterns of crossinked chitosan of this
study agreed with the study of Chen et al. (2008) who synthesized crosslinked
chitosan using ECH as crosslinking agent. The SEM of chitosan and ECH

crosslinked chitosan prepared from different molar ratios of ECH/chitosan was found
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that the surfaces of the crosslinked chitosan prepared with more molar ratios of

ECH/chitosan were noted to have much asperity and to be more coarsely grained.

Fig. 4.16 Scanning electron microscopy (SEM) micrograph of (a) CCB-EGDE,
(b) CCB-ECH, and (c) CCB-GLA beads

4.13.2 X-Ray Diffraction (XRD)

The Fig. 4.17 shows the XRD patterns of bentonite, chitosan, and
composite crosslinked chitosan-bentonite beads. The shifts of XRD peaks were not
observed; therefore, 26 can not used to indicate the intercalation of biopolymer,
crosslinked chitosan, as presented by the other researchers. The intercalation of
chitosan between layers of clay was studied by Darder and co-worker (2003). They
found that after the interaction between chitosan and clay, the XRD patterns showed
the decrease of 26 with the increase of chitosan-clay ratios. Then the change of

interlayer spacing (d,, ) in clay could be detected according to the Bragg equation,
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2dsin @ = A (Zhao et al., 2004). The difference between Darder’s work and this study
was the chitosan:clay ratio. The chitosan:clay ratio in this study was 0.025:1 by
weight which the amount of chitosan was 5 times less than used in Darder’s work.
The amount of chitosan might be too low to cause observable intercalations and it
might be not clear to note that the interaction between chitosan and bentonite in this
work was intercalation except the CCB-GLA which the intercalation might occur
because the reducing of 26 at 6° and 9° was observed. For this study, the possible
explanation for change of bentonite crystallinity might be explained in term of change
of XRD intensity peak heights.

The XRD intensity of the peak at the 26 of 6.1° (Fig. 4.17) decreased
after bentonite was composited with chitosan and crosslinked chitosan. This indicated
that interaction between bentonite with chitosan and crosslinking agents which have
the different chemical structures and molecular sizes led to the distortion of intrinsic
lattice of bentonite and caused the decrease of crystallinity. The dilution of bentonite
with chitosan also might cause the reduction of peak intensity. Furthermore, the
distributions for crystallites can be measured by XRD because the widths of the XRD
peaks broaden as crystallite size decreases (Eberl, 2002). It meant that after
synthesize of composite chitosan and crosslinked chitosan with bentonite, the size of

adsorbent crystallites were smaller than original size of bentonite crystal.
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Fig. 4.17 XRD patterns of bentonite, chitosan, CCB beads, CCB-EGDE beads,
CCB-ECH beads, and CCB-GLA beads

4.13.3 Nitrogen adsorption-desorption analysis

Informations from nitrogen adsorption-desorption analysis included
surface area, pore volume, and average pore diameter of adsorbent beads as presented
in Table 4.5. All investigations were performed at liquid nitrogen temperature. The
results showed that chitosan exhibited the least surface area (3.40 m?/g) whereas
bentonite contained the largest surface area (94.28 m?%/g). The combination between
bentonite and chitosan, CCB beads, performed the surface area between bentonite and
chitosan (48.81 m*/g). The existing of ECH, EGDE, and GLA reduced the surface
area of adsorbent beads in order of 38.96, 20.18, and 13.45 m*/g, respectively. The
corresponding relationship between surface area and pore volume was exhibited in the
same way. Surface area decreased with the decrease of pore volume. This might be
explained by the blocking of chitosan, ECH, EGDE, and GLA in bentonite pore. The
similar work was studied by Youji and co-workers (2008). They discussed that the

decrease of surface area of activated carbon was reasonably supposed to be the fact
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that the effect of nanometer TiO, particles on enhancing surface area were fewer than
that of its blocking. Moreover, increasing TiO, content performed the blocking of
pore entrances. The average pore diameter of all adsorbent beads was considered to
indicate the porous property. Three pore sizes of particle were classified as following,
micropores has diameter less than 2 nm, macropores has diameter larger than 50 nm,
and mesopores are between 2 and 50 nm (Nackos, 2006; Vrielink, 2007). From the
results in Table 4.5, average pore diameters of all adsorbent beads were between 5
and 10 nm. As a result, these adsorbent beads were mesoporous material. In
addition, pore size could be indicated by the plotted isotherm of experimental data
from N, adsorption and desorption on material surface (see Fig. 4.18 and 4.19). The
adsorption-desorption isotherms of N, on bentonite, CCB, CCB-ECH, CCB-EGDE,
and CCB-GLA beads were type IV (See Fig. 4.20) which are characteristic of
mesoporous adsorbent beads. The hysteresis loop was a result from capillary
condensation in the mesopores and this isotherm exhibit a limited uptake at high
relative pressures (Fletcher, 2008). The N, adsorption-desorption isotherm on
chitosan showed the type II (Fig. 4.21) which indicated the physical adsorption of
gases by non-porous solids but the performance of pore volume and average pore
diameter on chitosan surface might noted that chitosan performed mixed micro- and
meso-porosity as same as carbons which produced type II isotherms (Fletcher, 2008).

Table 4.5 Characteristic of adsorbent beads analyzed by N, adsorption-desorption

analysis
Adsorbent Surface area Pore volume Average pore diameter

beads (mz/g) (m3/g) (nm)
Bentonite 94.28 0.0113 5.84
CCB 48.81 0.0061 5.02
CCB-ECH 38.96 0.0037 6.21
CCB-EGDE 20.18 0.0002 7.33
CCB-GLA 13.45 <0.0001 8.33
Chitosan 3.40 <0.0001 6.41

The surface area of adsorbents was an important factor to consider for
adsorption. The surface area of chitosan was the least among all materials whereas
chitosan was suggested as effective biosorbent. Likewise the surface area of

composite crosslinked chitosan-bentonite were less than bentonite and composite non-



68

crosslinked chitosan-bentonite while it inhibited more adsorption capacity for Cu*".
This might be explained by more important role of functional groups of adsorbent
which perform chemisorption with Cu*” in aqueous solution instead of physisorption

which depends on the surface area of material.
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CHAPTER V

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The synthesized adsorbents using bentonite clay as supporting material
presented the efficiency for Cu®" adsorption more than kaolinite effecting by surface
area and CEC properties. Then bentonite was selected as supporter for composite
crosslinked chitosan-clay.

The adsorption capacity for Cu®" of composite crosslinked chitosan-
bentonite presenting in order of CCB-EGDE > CCB-ECH > CCB-GLA beads. This
might be noted that more functional groups of EGDE, hydroxyl group, could bond
with more chitosan molecules. The adsorption system of these three adsorbents
reached the equilibrium at time 120-240 min. Under equilibrium, adsorption isotherm
of CCB-EGDE and CCB-ECH beads for Cu*" adsorption was fitted very well with
Langmuir isotherm described monolayer coverage on homogeneous surface whereas
adsorption using CCB-GLA beads fitted very well with Freundlich isotherm.

The adsorption mechanism before reach equilibrium could be

explained by pseudo-second-order kinetic model (confirmed by R*) with respected to
the interaction between Cu”" and adsorbent more than mass transfer.

The crosslinked adsorbents could be used under acidic solution of pH
3, enable to capture Cu>". In pH 1 solution, the desorption of Cu®" from adsorbents
took place with the change of adsorbents beads structure. pH was the important
effects on adsorption of Cu®" on all adsorbents, decrease of adsorption capacity of
Cu”" respected to the decrease of Cu®" solution pH values. This corresponded with
the results from zeta potential analysis which performed more net negative charge
with the increase of solution pH supported Cu”" adsorption.

The SEM performed more aggregation of composite crosslinked
chitosan-bentonite. Likewise, the results from XRD pattern presented the distortion

of bentonite structure after interact with crosslinked and non-crosslinked chitosan.



71

The surface area and pore volume of composite crosslinked chitosan-bentonite were
less than non-crosslinked adsorbents measuring by N, adsorption-desorption analysis.
These indicated that interaction between functional group of adsorbent, amine and
hydroxyl groups, played an important role for adsorption more than surface area or
the change of morphology of adsorbent.

Finally, the application of the synthesized biosorbent could be scaled
up for wastewater treatment in term of continuous adsorption method which could
reduce mass transfer in adsorption system. The further practical experiment should be

performed then to scale up for useful application.

5.2 Recommendations

1. The column adsorption in this research was conducted as the initial experiment,
many parameters should be also concerned such as porosity of the adsorbent beads
in the packed column, the exact density of adsorbent, the regeneration of packed
column, etc. The ratio between mass of adsorbent beads and velocity of metal
ions solution should be increased to be 4m:4v and 8m:8V to investigate the effect
of mass transfer. Then scale up the application of the adsorbent as filter for heavy
metal removal from groundwater.

2. In the desorption study, the strong chelating agent such as EDTA can be used to
recover the heavy metal to preserve the structure of adsorbent instead of HCI
which can dissolve chitosan and reduce the adsorption capacity of adsorbent for
heavy metal.

3. The synthesized adsorbent should be used to remove the other concerned heavy
metal such as arsenic (As), cadmium (Cd), mercury (Hg), and mixed solution of
these heavy metals to investigate the selectivity of this synthesized adsorbent.

4. The adsorption study using synthesized adsorbent should be used to remove heavy
metal in the real wastewater as a pilot scale to determine the possibility for the

real application.
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Appendix A

Table A-1 Final concentration (C, C,) of Cu”" using CCK and CCB beads as

. A ¥ 2+ .
adsorbents in terms of time and initial Cu”" concentration

82

contact time 100 mg/L 500 mg/L 1000 mg/L 2000 mg/L
(min) CCK CCB CCK CCB CCK CCB CCK CCB
0 100.00 | 100.00 | 500.00 | 500.00 | 1000.00 | 1000.00 | 2000.00 | 2000.00
30 15.40 2.44 159.93 80.67 518.57 | 252.23 | 1516.60 | 926.60
60 8.14 0.93 158.63 4927 | 498.63 | 224.63 | 1503.40 | 902.00
120 2.74 0.72 136.27 39.05 517.40 | 204.43 | 1445.60 | 834.93
240 1.17 0.06 94.92 22.48 461.03 | 144.03 | 1495.47 | 748.93
360 0.29 0.09 94.48 10.43 45833 | 131.47 | 149240 | 770.87
720 0.00 0.06 65.07 4.93 444,40 | 110.47 | 145733 | 732.87
1440 0.00 0.03 57.70 2405 448.70 96.67 | 1449.53 | 736.60
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Fig. A-1 Final concentration (C, C,) of Cu”" using a. CCK and b. CCB beads as

. . .o 2+ .
adsorbents in terms of time and initial Cu”" concentration



Table A-2 Adsorption capacity (¢, ) of CCK and CCB beads in terms of time

e 2+ .
and initial Cu”" concentration

83

contact time 100 mg/L 500 mg/L 1000 mg/L 2000 mg/L
(min) CCK CCB CCK CCB CCK CCB CCK CCB
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 1.02 b7 4.08 5.03 5.78 8.97 5.80 12.88
60 1.10 fi i) 4.10 5.41 6.02 9.30 5.96 13.18
120 1.17 L) 4.36 SPe) L) 9.55 6.65 13.98
240 1.19 1.20 4.86 5.73 6.47 10.27 6.05 15.01
360 1.20 1.20 4.87 5.87 6.50 10.42 6.09 14.76
720 1.20 1.20 5.22 5.94 6.67 10.67 6.51 15.21
1440 1.20 1.20 S8 SK9 7/ 6.62 10.84 6.61 15.16
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Fig. A-2 Adsorption capacity (g,) of a. CCK and b. CCB beads in terms of time and

1 L 24 ;
initial Cu“" concentration
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Table A-3 Percent adsorption of CCK and CCB beads in terms of time and initial

2+ .
Cu” concentration

contact time 100 mg/L 500 mg/L 1000 mg/L 2000 mg/L

(min) CCK CCB CCK CCB CCK CCB CCK CCB

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 84.60 97.56 68.01 83.87 48.14 74.78 24.17 53.67
60 91.86 99.07 68.27 90.15 50.14 77.54 24.83 54.90
120 97.26 99.28 72.75 92.19 48.26 79.56 27.72 58.25
240 98.83 99.94 81.02 95.50 53.90 85.60 25.23 62.55
360 99.71 99.91 81.10 ] 54.17 86.85 25.38 61.49
720 100.00 99.94 86.99 99.01 55.56 88.95 27.13 63.36
1440 100.00 99.97 88.46 99.55 9ONL3 90.33 27.52 63.17

100 ] n 100 bu-m—E— ] |
Col ./.,l b
—~ 90 - ° —~ 90 Fdl wn A A
e g B —
S 80 —— S soff
g" Siala A s .
E_«so 4 " %60 >
S50 5 50
S 40 3 40
-] «
e 30 * * s 30
§ 20 § 20
S 10 2 10
0 [ [ A A [ 0 1 L ] ] [ [
0 240 480 720 960 1200 1440 0 240 480 720 960 1200 1440
time (min) time (min)

initial Cu’* conc.
B 100mgL e 500mg/L A 1000mg/L & 2000 mg/L

Fig. A-3 Percent adsorption of a. CCK and b. CCB beads in terms of time and

e 2+ .
initial Cu”" concentration
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Table A-4 Final concentration (C, C,) of Cu”" using CCB-EGDE, CCB-ECH and

CCB-GLA beads as adsorbents in terms of time and initial Cu®"

concentration
contact 100 mg/L 500 mg/L 1000 mg/L 2000 mg/L
time cCB- | ccB- | ccB- | ccB- | ccB- | ccB- | ccB- | ccB- | ccB- | ccB- | ccB- | ccB-
(min) EGDE | ECH | GLA | EGDE | ECH | GLA | EGDE ECH GLA EGDE ECH GLA
0 100.00 | 100.00 | 100.00 | 500.00 | 500.00 | 500.00 | 1000.00 | 1000.00 | 1000.00 | 2000.00 | 2000.00 | 2000.00
30 0.68 177 | 4164 | 2705 | 3813 | 303.17 | 14133 | 175.72 | 686.17 | 693.80 | 72827 | 1526.40
60 0.27 027 | 3520 8.13 10.19 | 29447 | 113.03 | 150.57 | 662.67 | 652.93 | 719.60 | 1508.20
120 0.05 0.06 | 34.43 3.77 14.54 | 30033 | 57.20 | 112.02 | 68583 | 571.80 | 690.00 | 1534.20
240 0.05 0.04 | 31.28 1.53 143 | 27940 | 4533 77.03 | 665.17 | 567.93 | 633.93 | 1527.33
360 0.05 0.04 | 30.77 2.03 1.62 | 278.00 | 40.20 69.60 | 629.50 | 587.87 | 615.87 | 1513.33
720 0.03 0.03 | 27.71 0.68 036 | 25943 | 41.50 5448 | 623.50 | 549.40 | 567.53 | 1427.80
1440 0.06 0.03 | 26.94 1.40 026 | 245.07 | 23.13 4232 | 612.00 | 534.40 | 547.80 | 1375.33
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Fig. A-4 Final concentration (C, C,) of Cu? using a. CCB-EGDE, b. CCB-ECH,

and c¢. CCB-GLA beads as adsorbents in terms of time and initial Cu®>" concentration
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Table A-5 Adsorption capacity (¢, ) of CCB-EGDE, CCB-ECH, and CCB-GLA

. . Coe. 2+ .
beads in terms of time and initial Cu”" concentration

. 100 mg/L 500 mg/L 1000 mg/L 2000 mg/L
contact time
(min) CCB- | CCB- | CCB- CCB- CCB- | CCB- CCB- CCB- | CCB- CCB- CCB- | CCB-
min
EGDE | ECH GLA | EGDE ECH GLA EGDE ECH GLA EGDE ECH GLA
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 1.19 1.18 0.70 5.68 5.54 2.36 10.30 9.89 3.77 15.67 15.26 5.68
60 1.20 1.20 0.78 5.90 5.88 2.47 10.64 10.19 4.05 16.16 15.36 5.90
120 1.20 1.20 0.79 5.95 5.83 2.40 11.31 10.66 3.77 17.14 15.72 5.59
240 1.20 1.20 0.82 5.98 5.98 2.65 11.46 11.08 4.02 17.18 16.36 5.67
360 1.20 1.20 0.83 5.98 5.98 2.66 11.03 11.16 445 16.94 16.61 5.84
720 1.20 1.20 0.87 5.99 6.00 2.89 11.37 11.35 4.52 17.41 17.19 6.87
1440 1.20 1.20 0.88 5.98 6.00 3.06 11.72 11.49 4.66 17.59 17.43 7.50
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2 18 a2
& al = * *b
D 16 «
= S
2 =
a 14 5
S 12 A wl A A
1
/@ 10 ==}
O QO
o 8 O
=)
+QD 6 o i-\ Py PY
= =
o 4 &,
o, =)
g . g
-’ N’ i _
¢ 0 L L L L v . c_"” 1 1 1 1 1
=
0 240 480. 720 .960 1200 1440 0 240 480 720 960 1200 1440
time (min) time (min)
> 18F
= C
S 16}
Ry
<« 14}
é 12}
1
R 1o}
S
Sk
&0 .
& 6
=1
O 4 A
on Py [ )
g 2
e E a
v 0 A A A L A
0 240 480 720 960 1200 1440
time (min)
o _ege 2
initial Cu”" conc.
B 100mgL e 500mgL A 1000mg/L. 4 2000 mg/L
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Table A-6 Percent adsorption of CCB-EGDE, CCB-ECH, and CCB-GLA beads in

. .o 2+ .
terms of time and initial Cu”" concentration

100 mg/L 500 mg/L 1000 mg/L 2000 mg/L
contact time
(min) CCB- | CCB- | CCB-| CCB- | CCB- | CCB- | CCB- | CCB- | CCB-| CCB- | CCB- | CCB-
min
EGDE | ECH | GLA | EGDE | ECH | GLA | EGDE | ECH | GLA | EGDE | ECH | GLA
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 99.32 | 98.23 | 5836 | 94.59 9237 | 3937 | 85.87 82.43 | 31.38 | 65.31 63.59 | 23.68
60 99.73 | 99.73 64.8 | 9837 97.96 | 41.11 | 88.70 84.94 | 33.73 | 67.35 64.02 | 24.59
120 99.95 | 99.94 | 65.57 | 99.25 97.09 | 39.93 | 94.28 88.80 | 31.42 | 71.41 65.5 | 23.29
240 99.95 | 99.96 | 68.72 | 99.69 97.71 | 44.12 | 95.47 92.30 | 33.48 | 71.60 68.3 | 23.63
360 99.95 | 99.96 | 69.23 | 99.59 99.68 444 | 95.98 93.04 | 37.05 | 70.61 69.21 | 2433
720 99.97 | 99.97 | 7229 | 99.86 99.93 | 48.11 | 9585 94.55 | 37.65 | 72.53 71.62 | 28.61
1440 99.94 | 99.97 | 73.06 | 99.72 99.95 | 50.99 | 97.69 95.77 38.8 | 73.28 72.61 | 31.23
100 ;::!—! 3 za| 100 N b
,;90 A 90
X X
e 80 e 80 N
§ 70 v—V—v v 5 70 ¢ *
E" 60 *é_ 60
550 550
wn [72]
= 40 = 40
< <
;E, 30 E 30
320 82
g 10 g 10
=% =%
0 L L L Il L L 0 N 1 1 1 1 1
0 240 480 720 960 1200 1440 0 248 496 744 992 1240 1488

time (min)

100

percent adsorption (%)

® 100 mg/L

N W A N1 D RS
R N T — I I I
T T

time (min)

0

240

480

720 960 1200

time (min)

o B 2+
initial Cu™ conc.

500 mg/L. A

1440

1000 mg/L & 2000 mg/L

Fig. A-6 Percent adsorption of a. CCB-EGDE, b. CCB-ECH, and c. CCB-GLA beads
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Table A-7 Adsorption isotherm constants and correlation coefficient (R*) of

composite crosslinked chitosan-bentonite

Langmuir Isotherm Freundlich Isotherm
Adsorbents K, b r )
R? R? K, n
(L/gy | (L/mg) | (mg/g)
CCB-EGDE 0.996 45.228 4.299 10.52 0.953 4.150 3.89
CCB-ECH 0.998 44.623 3.799 11.75 0.932 4311 4.13
CCB-GLA 0.984 0.044 0.011 4.17 0.999 0.152 1.89

q, (mg/g)

B CCB-EGDE beads
® CCB-ECH beads
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Fig. A-7 Adsorption isotherm of Cu”" adsorbed on a. CCB-EGDE and CCB-ECH
beads and b. CCB-GLA beads
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Table A-8 Pseudo-first- and pseudo-second-order kinetic constants and correlation

coefficient (R?) for adsorption of Cu*" adsorbed on CCB-EGDE,
CCB-ECH, and CCB-GLA beads

Pseudo-first-order kinetic Pseudo-second-order kinetic
Initial Cu**
Adsorbents k, q, k, q.
conc. (mg/L) R? R?
(L/min) (mg/g) (g/mg min) | (mg/g)
100 NA NA NA NA NA NA
500 0.910 -0.041 2.208 0.999 0.111 6.020
CCB-EGDE
1000 0.927 -0.019 3.926 1.000 0.019 11.671
2000 0.981 -0.048 12.531 0.999 0.016 17.467
100 NA NA NA NA NA NA
500 0.778 -0.028 1.941 1.000 0.063 6.034
CCB-ECH
1000 0.879 -0.024 S/ 7 1.000 0.015 11.315
2000 0.788 -0.023 6.026 0.999 0.014 16.589
100 0.880 -0.026 0.403 1.000 0.209 0.838
500 0.688 -0.016 1.024 0.998 0.052 2.696
CCB-GLA
1000 0.595 -0.006 1.415 0.996 0.018 4.463
2000 0.595 -0.009 1.129 0.999 0.089 5.818

NA: not available
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Table A-9 Percent desorpiton of Cu®* from CCB-EGDE and CCB-ECH beads

using deionized water pH 7 and acid solution at pH 1 and pH 3 at

equilibrium contact time (240 min)

Adsorbents Initial Cu®* conc. % desorption
beads (mg/L) pH1 pH3 pH7
100 95.05 0.00 0.00
500 92.71 0.00 0.00
CCB-EGDE
1000 99.54 0.66 0.16
2000 DRI 4.53 0.09
100 76.99 0.14 0.03
500 82.61 0.01 0.15
CCB-ECH
1000 85.52 0.20 0.32
2000 89.39 2.64 3.06
100 | L u 100
_oof" - - 90 . b
o\e 80 ;\? 80} ./l/.
= 70} =0t
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Fig. A-12 Percent desorption of Cu*" from a. CCB-EGDE and b. CCB-ECH beads

using desorption agents pH 1, 3, and 7
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Table A-10 Regeneration study of Cu>” on CCB-EGDE and CCB-ECH beads
after desorbed in deionized water pH 7 and acid solution pH 1 and pH 3

at equilibrium contact time (240 min)

Adsorbent pH of Initial Cu”* concentration (mg/L)
desorption Parameters
beads 100 500 1000 2000
agents
C. (mg/L) 93.95 498.75 | 998.03 | 2002.67
1 ge (mg/g) 0.07 0.04 0.02 0.00
Percent adsorption (%) 2.02 0.65 0.20 0.00
C. (mg/L) 0.01 26.40 390.85 | 1519.00
CCB-EGDE 3 qe (mg/g) 1.20 5.68 7.31 5.77
Percent adsorption (%) 99.99 94.72 60.92 24.05
C. (mg/L) 0.01 16.42 324.57 | 1430.67
7 q. (mg/g) 1.20 5.80 8.10 6.83
Percent adsorption (%) 99.99 96.72 67.54 28.47
C.(mg/L) 571 363.37 | 806.33 | 1749.73
1 qe (mg/g) 0.51 1.64 2.32 3.00
Percent adsorption (%) 42.89 27.33 19.37 12.51
C.(mg/L) 0.01 19.88 297.95 | 1334.33
CCB-ECH 3 q. (mg/g) 1.20 5.76 8.42 7.99
Percent adsorption (%) 99.99 96.02 70.21 33.28
C. (mg/L) 0.01 16.15 328.60 | 1354.20
7 q. (mg/g) 1.20 5.81 8.06 7.75
Percent adsorption (%) 99.99 96.77 67.14 32.29
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Table A-11 Final concentration (C,) of Cu®* on CCB-EGDE and CCB-ECH

and different initial Cu®** concentration

beads from effect of pH studied at equilibrium contact time (240 min)

Adsorbent | pH of Cu™ C, (mg/L) from initial Cu** conc.
beads solution 7400 (mg/L) | 500 (mg/L) | 1000 (mg/L) | 2000 (mg/L)

1 84.5900 466.1250 | 968.7500 | 1943.6000
2 0.4590 60.7250 588.0500 | 1025.9000

CCB-EGDE
3 0.0000 0.0500 1044500 |  650.6000
4 0.0000 1.9200 89.2500 640.7000
1 76,9867 402.3333 838.5000 | 1637.9333
2 9.6497 4012500 | 537.9000 | 881.6000

CCB-ECH
3 0.0403 161.8000 84.2000 617.7333
4 0.0370 1.5500 95.7333 641.1333

Table A-12 Adsorption capacity (¢, ) of Cu”*" on CCB-EGDE and CCB-ECH beads

from effect of pH studied at equilibrium contact time (240 min) and

different initial Cu®>" concentration

Adsorbent | pH of Cu™ g, (mg/g) from initial Cu’* conc.
beads solution  ™60"mo/l) | 500 (mg/L) | 1000 (mg/L) | 2000 (mg/L)

i 0.1850 0.4060 0.3750 0.6770
2 1.1940 5.2710 4.9430 11.6890

CCB-EGDE
3 1.2000 5.9990 10.7460 16.1920
4 1.2000 5.9760 10.9280 163110
1 02762 L1719 1.9378 43446
2 1.0841 1.1849 5.8738 13.4208

CCB-ECH
3 1.1995 4.0580 10.9890 16.5865
4 1.1995 5.9812 10.8506 16.3055
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Table A-13 Percent adsorption of Cu®" on CCB-EGDE and CCB-ECH beads
from effect of pH studied at equilibrium contact time (240 min) and

different initial Cu®" concentration

Adsorbent pH of Cu** Percent adsorption (%) from initial Cu®* conc.
beads solution 100 (mg/L) | 500 (mg/L) | 1000 (mg/L) | 2000 (mg/L)
1 15.410 6.775 3.125 2.820
2 99.000 87.855 41.195 48.705
CCB-EGDE
3 100.000 99.995 89.555 67.470
4 100.000 99.616 91.075 67.965
1 23.013 19, 568 16.150 18.103
2 90.350 19.750 46.210 55.920
CCB-ECH
3 99.960 67.640 91.580 69.113
4 99.963 99.690 90.427 67.943
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Fig. A-13 Adsorption capacity (¢, ) of Cu” on a. CCB-EGDE and b. CCB-ECH

beads from effect of pH studied at equilibrium contact time (240 min) and different
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initial Cu“" concentration




Table A-14 Zeta-potential (mV) of adsorbents in the different solution pH values

97

CCB-EGDE CCB-ECH CCB-GLA
pH of solution Bentonite
beads beads beads
1 -2.300 6.220 16.400 14.050
3 -10.30 -7.230 -2.850 0.632
5 -12.85 -10.030 -3.200 -3.925
16 —ii— Bentonite
- ®, —@— CCB-EGDE
> 12F —4&— CCB-ECH
g sl —e— CCB-GLA
= Q,
.= 4 - \
=]
)
e 0 t
n“ ] \\A
< 4F
N
Q
N 8k .\
®
_12 - \
[l 1 1 I8 !
1 Js .3 4 5
Soluion pH

Fig. A-14 Zeta-potential (mV) of adsorbents in the different solution pH values
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Table A-15 Flow through of Cu>” 500 mg/L on 5 and 10 g of CCB-EGDE beads in

packed column

Time (hour)

5 g CCB-EGDE beads

10 ¢ CCB-EGDE beads

C. (mg/L) C/Cy q. (mg/g) C. (mg/L) C/Cy q. (mg/g)
1 0.0080 0.0000 3.00 0.0060 0.0000 1.50
2 0.0000 0.0000 3.00 0.0160 0.0000 1.50
3 0.0000 0.0000 3.00 0.0120 0.0000 1.50
4 0.0000 0.0000 3.00 0.0240 0.0000 1.50
5 0.0000 0.0000 3.00 0.0220 0.0000 1.50
6 0.0000 0.0000 3.00 0.0180 0.0000 1.50
7 0.0000 0.0000 3.00 0.0260 0.0001 1.50
8 0.0000 0.0000 3.00 0.0000 0.0000 1.50
9 0.0000 0.0000 3.00 0.0000 0.0000 1.50
10 0.0020 0.0000 3.00 0.0060 0.0000 1.50
11 0.0000 0.0000 3.00 1.4950 0.0030 1.50
12 0.0000 0.0000 3.00 0.0240 0.0000 1.50
13 0.0000 0.0000 3.00 0.1180 0.0002 1.50
14 0.0000 0.0000 3.00 0.0880 0.0002 1.50
15 0.0000 0.0000 3.00 0.0440 0.0001 1.50
16 0.0000 0.0000 3.00 0.0680 0.0001 1.50
17 0.0000 0.0000 3.00 0.0120 0.0000 1.50
18 0.0000 0.0000 3.00 0.0000 0.0000 1.50
19 0.0000 0.0000 3.00 0.0020 0.0000 1.50
20 0.0000 0.0000 3.00 0.0180 0.0000 1.50
21 0.0000 0.0000 3.00 0.0060 0.0000 1.50
22 0.0000 0.0000 3.00 0.0780 0.0002 1.50
23 0.0000 0.0000 3.00 0.3500 0.0007 1.50
24 0.0000 0.0000 3.00 2.3900 0.0048 1.49
25 0.0000 0.0000 3.00 0.0000 0.0000 1.50
26 0.0000 0.0000 3.00 0.0000 0.0000 1.50
27 0.0020 0.0000 3.00 0.0000 0.0000 1.50
28 0.0000 0.0000 3.00 0.0000 0.0000 1.50
29 0.0000 0.0000 3.00 0.0000 0.0000 1.50
30 0.0000 0.0000 3.00 0.0000 0.0000 1.50
31 0.0000 0.0000 3.00 0.0380 0.0001 1.50
32 0.1840 0.0004 3.00 0.0780 0.0002 1.50
33 0.7760 0.0016 3.00 0.0580 0.0001 1.50
34 10.7000 0.0214 2.94 0.3340 0.0007 1.50
35 32.5000 0.0650 2.81 0.0180 0.0000 1.50
36 51.4100 0.1028 2.69 0.0180 0.0000 1.50
37 71.6900 0.1434 2.57 0.0460 0.0001 1.50
38 90.1000 0.1802 2.46 0.1380 0.0003 1.50
39 96.5300 0.1931 2.42 1.3400 0.0027 1.50
40 104.6000 0.2092 237 4.2250 0.0085 1.49
41 108.7000 0.2174 2.35 15.1200 0.0302 1.45
42 137.3500 0.2747 2.18 20.0000 0.0400 1.44
43 141.8500 0.2837 215 25.0000 0.0500 1.43
44 147.2500 0.2945 2.12 26.8400 0.0537 1.42
45 161.2000 0.3224 2.03 32.8600 0.0657 1.40
46 179.7000 0.3594 1.92 36.2050 0.0724 1.39
47 189.5000 0.3790 1.86 44,4600 0.0889 1.37
48 176.5000 0.3530 1.94 49.7400 0.0995 1.35
49 183.2000 0.3664 1.90 197.6200 0.3952 0.91
50 190.5000 0.3810 1.86 212.9000 0.4258 0.86
51 205.6000 0.4112 1.77 230.1400 0.4603 0.81
52 232.4000 0.4648 1.61 267.2600 0.5345 0.70
53 243.8500 0.4877 1.54 320.9800 0.6420 0.54
54 256.1000 0.5122 1.46 309.9000 0.6198 0.57




d. CCK beads

e. CCB beads
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h. CCB-GLA beads

Fig. A-15 Scanning electron microscopy (SEM) images of materials used in the

experiment
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Table A-16 Intensity at various 20 of adsorbents from XRD

20 Bentonite Chitosan CCB CCB-EGDE CCB-ECH CCB-GLA
5 -8.5076 -11.511 -12.877 -12.791 -8.8599 -13.065
5.02 -6.0156 -11 -11.702 -12.711 -9.3778 -10.737
5.04 -4.0742 -11.091 -12.633 -12.64 -5.9118 -6.5028
5.06 -2.4389 -11.106 3 285§ -10.672 -2.2634 -5.4063
5.08 -1.5296 -10.735 -11.998 -10.154 -0.1522 -4.3476
5.1 -0.7068 -10.254 -12.461 -9.6493 2.573 -4.763
5.12 0.9736 -10.715 -10.598 -7.7501 3.065 -2.2623
5.14 4.5367 -10.667 -9.7591 -5.3013 4.0317 0.8599
5.16 6.9219 -9.4823 -7.6462 -1.7053 7.3279 4.4081
5.18 8.0232 -6.5906 -4.1204 1.9449 10.243 8.914
5.2 9.8757 -7.2083 0.5057 2.3831 13.248 8.6317
5.22 10.659 -7.1 -0.7649 5.2688 13.083 11.63
5.24 11.014 -10.126 -0.4368 8.8527 10.226 13.388
5.26 17.556 -8.4795 0.781 8.9181 13.071 13.009
5.28 16.878 -5.8559 5.6594 11.289 13.665 13.853
5.3 22.272 2531 ) 5.5451 15.973 17.354 13.77
5.32 24.653 -3.4402 6.6921 18.62 19.546 15.199
5.34 28.343 -0.9019 7.3139 21.205 17.86 16.515
5.36 30.226 -0.3064 7.6459 23.05 21.342 19.371
5.38 31.706 0.4547 11.456 26.602 20.999 14.191
5.4 34.172 0.917 13.327 26.106 20.595 13.768
5.42 39.052 1.1083 14.578 D 3NTS7 20.335 14.337
5.44 45.312 1.5611 17.116 25.887 19.606 21.192
5.46 52.459 2.0124 18.305 25.489 19.934 26.036
5.48 59.951 2.589 19.356 25.256 23.671 31.6
5.5 67.025 1.6005 22.804 26.026 24.079 36.855
5.52 71.221 -1.0459 25.084 28.106 25.509 36.886
5.54 76.571 -2.5918 20.24 31.389 26.613 42.355
5.56 85.124 -4.7833 19.661 32.043 25.13 47.407
5.58 93.88 -6.5676 25.641 33.459 28.01 50.686
5.6 97.588 -6.1679 26.55 40.076 34.997 55.351
5.62 105.13 -8.0515 25.928 46.846 35.907 54.602
5.64 110.63 -7.1193 28.555 52.081 41.581 57.863
5.66 116.06 -3.9999 32.248 54.768 43.079 58.888
5.68 118.98 -3.5818 33.68 57.874 49316 62.967
5.7 122.99 -3.0229 36.855 61.198 54.25 61.053
5.72 130.25 -3.4717 39.223 59.79 60.365 63.67
5.74 134.92 -2.3185 41.478 60.858 63.42 63.567
5.76 141.05 0.2077 43.023 63.815 65.283 66.245
5.78 148.14 -1.5463 44.905 68.013 67.932 66.792
5.8 156.14 -1.6765 45.068 71.005 69.755 69.278
5.82 159.38 -2.3842 47.402 74.816 70.003 66.709
5.84 163.08 -1.5826 46.437 78.634 69.439 64.975
5.86 167.84 -2.9994 45.6 80.835 67.095 69.081
5.88 175.46 -3.6902 46.656 79.837 65.97 73.74
5.9 180.97 -5.7263 48.555 83.032 64.586 75.319
5.92 186.92 -6.0705 45.415 84.393 68.652 78.113
5.94 193.29 -7.1996 42.43 83.83 66.19 75.438
5.96 204.23 -6.3117 42.37 84.507 71.918 78.616
5.98 207.43 -5.8619 43.822 85.569 75.771 77.507
6 213.01 -7.1011 40.857 88.899 81.501 80.127
6.02 220.55 -6.2242 43.586 91.705 86.221 78.133
6.04 224.74 -5.3768 44.057 90.701 88.573 76.799

6.06 225.37 -3.5619 44.482 96.89 88.757 71.234
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Table A-16 Intensity at various 20 of adsorbents from XRD (cont.)

20 Bentonite Chitosan CCB CCB-EGDE CCB-ECH CCB-GLA
6.08 224.07 -2.7797 47.206 100.5 91.56 72.138
6.1 226.65 -2.5532 47.3 108.18 93.059 70.397
6.12 222.08 -1.74 50.831 112.02 91.862 65.771
6.14 214.53 -0.7335 54.115 112.22 89.106 60.831
6.16 210.8 0.0145 55.376 112.84 86.231 60.74
6.18 207.32 -1.0595 58.511 114.21 85.598 59.4
6.2 208.33 -2.0547 55.707 111.98 84.859 58.12
6.22 205.46 -3.3363 54.256 109.13 83.944 57.928
6.24 205.01 -4.5482 54.506 104.61 83.687 60.577
6.26 206.18 -3.2324 54.791 103.3 81.536 59.165
6.28 208.97 -4.4724 55.161 99.929 81.415 61.225
6.3 206.44 -5.6428 52.013 100.29 79.096 62.951
6.32 209.72 -5.2946 49.373 100.81 79.315 64.754
6.34 209.76 -1.9852 49.947 100.2 77.788 63.579
6.36 207.62 -1.8384 48.53 101.18 76.91 61.276
6.38 206.45 -0.8697 49.166 101.11 75.959 58.69
6.4 202.87 -0.0016 50.549 102.25 79.174 58.166
6.42 203.15 1.5025 49.395 104.23 76.931 52.009
6.44 195.5 D .385 49.749 103.03 78.074 47.488
6.46 188.68 4.664 49.152 97.217 76.406 43.57
6.48 180.76 6.4049 48.032 95.983 77.093 39.466
6.5 174.96 6.1504 50.554 92.286 77.459 35.736
6.52 165.3 5.9283 47.777 89.213 75.805 33.205
6.54 157.06 6.3703 51.887 83.383 70.967 35.038
6.56 147.5 4.4886 53.199 80.285 68.429 33.33
6.58 137.39 5.2586 52.689 75.161 63.392 34.106
6.6 125.9 4.1478 50.604 69.401 58.505 31.702
6.62 116.16 3.509 47.337 67.088 53.346 34.481
6.64 107.36 5.1225 45702 64.313 51.325 30.051
6.66 98.069 6.4805 40.867 63.041 47.46 25.718
6.68 91.312 4.6635 37.332 61.337 46.556 22.891
6.7 83.016 4.5539 34.971 56.065 45811 21.02
6.72 79.712 49133 32.354 54.76 48.331 18.189
6.74 76.187 5.2803 25.457 50.343 45.752 14.986
6.76 71.284 6.9956 19.877 47.178 47.739 13.818
6.78 66.599 8.313 20.115 43977 46.334 11.22
6.8 60.928 9.313 20.014 40.444 44.539 9.9653
6.82 56.879 7.0514 22.332 37.625 46.623 9.0209
6.84 53.209 5.6736 23.422 38.293 43,766 8.2606
6.86 54.386 2.7864 23.894 35.687 41.647 12.146
6.88 50.404 0.5726 23.661 32.606 42.239 11.416
6.9 47.728 0.5986 25.916 28.62 38.067 11.814
6.92 46.827 -1.5998 26.168 29.226 36.798 11.041
6.94 44.164 -0.8742 26.289 27.089 35.777 11.566
6.96 42.688 1.1408 24.631 25.051 34.56 49343
6.98 40.961 1.8818 22.175 24.493 30.79 5.1059
7 39.966 2.3766 20.348 23.025 27.504 4.9322
7.02 37.292 4.4302 18.139 18.352 24.717 2.8176
7.04 37.988 8.9403 17.238 13.913 22.79 0.6988
7.06 34.717 10.173 15.536 12.392 20.232 1.7509
7.08 31.835 11.912 15.816 14.739 18.923 0.4589
7.1 31.767 13.297 17.686 14.289 16.972 -1.4569
7.12 29.105 11.634 18.402 12.376 14.053 -3.025

7.14 26.975 9.1667 18.448 13.295 15.497 -3.6019
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Table A-16 Intensity at various 20 of adsorbents from XRD (cont.)

20 Bentonite Chitosan CCB CCB-EGDE CCB-ECH CCB-GLA
7.16 25.999 7.435 17.325 11.079 13.657 -2.1973
7.18 24.244 5.3302 15.224 9.546 15.154 -1.1548
7.2 21.841 47316 16.679 6.2993 14.107 -0.9296
7.22 18.583 1.8836 17.716 6.5805 14.853 -0.4995
7.24 16.497 1.0403 15.486 9.3433 13.79 1.8974
7.26 13.518 1.4894 17.269 6.7981 13.452 1.4322
7.28 11.897 0.9648 15.233 6.4156 11.066 3.1523
7.3 8.4509 2.2002 13.13 6.8303 9.4187 6.3745
7.32 6.9235 0.722 10.682 6.3365 7.8001 7.1653
7.34 3.9739 2.8644 8.5348 3.9836 7.0281 6.1576
7.36 3.8559 B 35 11.488 4.9977 7.474 7.6343
7.38 4.1857 0.7172 10.61 8.5645 8.2772 10.32
7.4 4.8642 0.1799 9.7229 10.136 7.574 7.2604
7.42 8.3464 -3.5325 9.1254 19 8.2931 5.1993
7.44 11.088 -5.0389 7.3681 11.851 5.5398 3.3037
7.46 13.667 -5.6894 5.0918 10.603 5.8837 2.6787
7.48 14.127 -7.4561 2.1077 8.5375 6.3466 1.4327
7.5 14.755 -9.5587 1.6758 8.207 5.4175 0.4079
7.52 13.157 -10.109 -1.3648 6.8193 4.1214 1.4278
7.54 11.543 =1 18817 -1.1999 6.7799 3.4673 1.6874
7.56 12.381 -9.12 -1.6128 4.6246 0.5359 1.6574
7.58 11.782 -9.5626 -1.0338 0.7495 3.9092 3.0682
7.6 9.2243 -10.419 -1.7509 0.3622 5.4231 5.1616
7.62 4.483 -9.3289 -2.0055 -2.5994 8.9599 47254
7.64 3.9048 -9.2253 -2.2713 -3.3551 9.1543 3.858
7.66 1.0937 -8.9653 -2.4152 -3.5146 11.331 3.0925
7.68 1.2956 -10.645 0.0737 -4.0564 11.08 2.5362
7.7 1.3053 -9.8776 -1.0153 -2.9558 12.467 3.505
7.72 1.7945 -7.6937 0.3026 -1.5996 13.227 3.3224
7.74 4.0982 -4.403 -0.4094 2.9966 13.638 3.8643
7.76 7.9644 0.7962 -0.0088 1.7338 11.534 3.7635
7.78 8.0704 1.867 1.7335 2.101 10.285 4.2483
7.8 6.1317 1.8835 3.0529 2.2316 8.0346 4.3844
7.82 5.393 2.3751 3.2341 3.178 5.6771 5.0686
7.84 4.8265 2.5122 1.5001 2.2065 5.5778 6.5302
7.86 5.3456 2.3815 3.7084 1.1438 3.3869 6.1702
7.88 6.6591 2.8683 4.0045 -1.6232 2.2468 5.3722
7.9 4.1263 0.9789 3.7725 -1.7229 3.2598 7.7319
7.92 1.2951 -2.2371 2.2134 -2.3876 1.0387 7.8276
7.94 0.0634 -0.2412 1.835 -3.9081 1.1315 5.5424
7.96 -0.6803 0.4281 1.4702 -4.6128 -1.3749 3.8034
7.98 -2.0258 -2.1953 0.6484 -5.7432 -0.5922 2.9078
8 -0.7284 0.1612 -0.0144 -7.1814 -3.0528 2.3294
8.02 -0.2434 1.6925 -1.5367 -6.5686 -0.9084 4.3776
8.04 0.1723 1.1944 -2.674 -6.8302 -0.0165 3.5235
8.06 0.559 2.3076 -3.7172 -7.3565 0.6908 2.3237
8.08 1.9229 0.6422 -2.818 -9.5405 0.8453 -0.9616
8.1 2.651 -2.0868 -1.7288 -7.8304 0.5459 -0.9752
8.12 1.6008 -6.3313 -2.9821 -6.6975 0.6595 -0.7707
8.14 3.0479 -7.8498 -3.6646 -3.5847 2.0252 0.0852
8.16 3.0944 -10.828 -4.1819 -3.591 1.673 1.0237
8.18 2.9727 -11.576 -3.7599 -4.1622 1.1532 0.0217
8.2 1.7878 -10.08 -2.9218 -4.0105 -0.1566 0.0973

8.22 -1.6057 -8.8493 -2.77 -1.6496 -1.745 1.573
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Table A-16 Intensity at various 20 of adsorbents from XRD (cont.)

20 Bentonite Chitosan CCB CCB-EGDE CCB-ECH CCB-GLA
8.24 -1.2944 -5.8242 -3.9977 -0.055 -3.3946 1.9425
8.26 0.217 -0.6212 -0.0323 1.6373 -4.4197 2.5391
8.28 0.4454 0.2086 1.1138 2.3034 -3.8464 1.3136
8.3 2.3848 0.235 0.001 2.3364 -2.4989 1.9017
8.32 3.7781 -0.0745 -2.2624 1.7178 -3.9688 3.5498
8.34 1.096 -2.1256 -3.636 1.6766 -4.1383 4.592
8.36 3.0752 -4.2558 -4.2468 0.4297 -4.1056 5.1189
8.38 2.8056 -5.2048 -3.5191 1.5993 -2.6249 4,997
8.4 3.4203 -8.5796 -5.1307 0.0244 -0.3137 4.8919
8.42 6.6561 -10.795 -5.7659 0.4758 1.9695 7.1473
8.44 7.1539 -9.9718 -8.4402 -0.0401 4.1439 9.3204
8.46 9.5825 -7.2586 -5.3362 -0.4584 5.1013 10.551
8.48 8.9543 -7.3085 -4.615 -4.1816 6.5512 10.135
8.5 6.5368 -5.0691 -3.9112 -7.3273 6.7919 9.3462
8.52 6.1934 -0.3421 -3.8285 -9.1711 5.0989 8.1284
8.54 5.9811 2.2966 -2.4537 -8.8515 5.2802 9.8624
8.56 6.7134 3.943 -0.4615 -7.9792 3.6052 10.842
8.58 7.3543 4.69 1.4451 -8.3374 2.3308 12.192
8.6 8.6802 2.8812 1.1671 -6.8984 3.9277 10.512
8.62 7.4164 1.3896 -0.7413 -8.2224 2.9129 11.044
8.64 5.5158 -2.0354 -2.8621 -6.9597 1.2461 12.048
8.66 5.5859 -4.4063 -3.2264 -4.7665 -0.1408 10.663
8.68 7.4741 -5.5126 -4.7876 -4.3921 -0.2805 9.7342
8.7 6.2678 -4.961 -5.9328 -4.4898 -1.4278 8.485
8.72 7.1393 -5.4265 -9.1791 -5.5363 -1.0883 9.7171
8.74 7.9777 -4.2528 -9.1672 -5.2004 -0.0334 11.43
8.76 7.0946 -5.6813 -9.5597 -6.03 0.2285 12.157
8.78 6.7968 -4.8575 -6.6407 -5.9911 0.0809 11.019

8.8 3.9005 -6.5059 =7./6122; -8.8175 1.3842 11.699
8.82 2.1702 -6.3943 -8.5268 -8.9797 1.0051 12.377
8.84 32282 -2.0057 -4.9387 -8.9667 1.2065 13.673
8.86 2.2479 1.0253 -0.7581 -7.9327 2.6513 16.54
8.88 2.1611 2.4386 1.0336 -7.6772 0.2466 18.455

8.9 2.485 1.0298 2.1608 -7.5532 3.2961 19.912
8.92 3.5322 2.0281 4.2458 -5.1179 6.7942 23.752
8.94 4.7268 2.3189 6.2484 -4.7058 6.4225 33.395
8.96 5.9079 3.1561 7.8343 1.033 7.225 45312
8.98 11.549 3.4685 10.938 3.1078 7.1932 58.88

9 17.229 6.4727 15.118 6.2338 4.1826 75.484
9.02 26.172 7.6921 20.918 12.16 5.6717 91.213
9.04 36.648 8.235 30.545 20.116 6.5244 105.21
9.06 46.217 7.6276 40.084 27.913 11.217 115.23
9.08 60.989 5.1115 47.027 37.039 17.113 119.99

9.1 76.31 8.7888 52.766 48.597 25.084 120.07
9.12 91.51 7.5544 56.352 56.176 36.387 114.77
9.14 104.72 7.6341 59.853 69.335 47.896 104.41
9.16 114.67 8.5295 60.243 80.542 56.02 91.291
9.18 117.19 8.7763 55.903 89.757 64.717 73.231

9.2 114.94 6.4673 46.521 92.704 69.741 53.691
9.22 108.86 32712 36.417 91.043 72.732 35.238
9.24 99.284 4.3336 26.164 86.52 69.17 23.79
9.26 85.5 4.0322 14.452 78.522 63.257 15.825
9.28 66.654 3.1037 5.9323 67.423 55.066 11.055

93 51.471 5.217 -1.6695 50.957 44.694 10.093
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Table A-16 Intensity at various 20 of adsorbents from XRD (cont.)

20 Bentonite Chitosan CCB CCB-EGDE CCB-ECH CCB-GLA
9.32 37.115 10.1 -6.4126 40.367 32.329 10.669
9.34 25.301 10.377 -8.6281 28.239 24.179 10.902
9.36 14.781 15.018 -6.3503 17.976 13.058 13.564
9.38 7.4117 17.131 -5.6162 9.4457 7.264 16.744
9.4 6.4806 21.744 -4.9211 1.335 3.7247 18.437
9.42 7.4957 23.823 -2.4107 -4.0031 2.9608 17.757
9.44 9.7263 24.253 -0.0167 -8.0331 4.8049 17.478
9.46 10.522 23.945 2.0131 -4.0151 6.5079 15.534
9.48 11.893 24.27 2.4713 -0.2864 6.5403 12.621
9.5 9.9438 24.367 2.9988 0.3139 9.2272 7.9305
9.52 8.6497 22" 512 -0.4818 -1.6477 9.9248 5.0461
9.54 10.664 23.396 -1.3668 -2.2454 8.6731 3.1761
9.56 10.108 25.42 -2.1238 -2.665 9.045 3.4689
9.58 8.8595 26.164 -1.5421 -4.1789 9.6176 2.4589
9.6 6.9911 25.006 0.1336 -7.3971 7.8203 1.9925
9.62 4.7593 28.536 -0.2328 -8.3877 6.4129 3.3918
9.64 3.9784 30.154 0.0954 -6.507 5.0614 3.9379
9.66 4.1467 28.697 0.9573 -7.5102 5.1059 5.3226
9.68 4.0663 29.938 0.6563 -5.9575 2.9041 7.7819
9.7 47184 27.279 0.2295 -5.524 1.4691 9.2905
9.72 6.3662 27.6 0.5624 -6.0052 1.9028 10.374
9.74 7.3071 23.56 -0.0169 -6.0514 1.4519 9.803
9.76 6.9526 24.491 -0.0718 -4.8669 2.1639 12.178
9.78 8.0056 25.86 -1.5341 -2.0057 3.3517 9.9817
9.8 8.2625 23.766 -3.1966 -0.2854 3.5965 8.7494
9.82 5.2697 24.088 -5.9941 -2.0278 5.9556 8.3266
9.84 6.4955 25.291 -8.3973 -1.2671 6.3737 7.5708
9.86 8.6324 27.224 -7.7025 -0.0588 8.3397 7.2404
9.88 7.5422 26.108 -7.2759 -0.6415 9.0596 7.2241
9.9 6.2156 27.838 -4.6407 -0.9564 9.4414 5.4475
9.92 4.688 26.67 -5.8836 -1.895 9.5552 4.8115
9.94 0.3811 26.212 -5.2647 -3.5966 7.8963 3.6537
9.96 04114 25.801 -5.013 -4.1759 8.2634 2.0885
9.98 1.8511 28.541 -4.045 -5.6978 7.1612 1.0077
10 2.189 29.496 -4.0417 -5.5958 6.2274 0.6897
10.02 3.1666 29.542 -2.2633 -7.1609 5.1374 -0.2058
10.04 3.6694 31.225 -0.6571 -6.4953 4.3631 1.6709
10.06 2.7738 34.667 -1.0715 -6.9487 3.554 4.4096
10.08 4.9759 35.368 -1.5558 -6.8618 1.9851 6.1992
10.1 5.9161 35.148 -3.6056 -5.3244 0.9447 5.9252
10.12 5.8403 31.378 -4.713 -5.7018 -0.7179 6.8258
10.14 5.4753 33.519 -6.2836 -7.932 -0.6669 7.9321
10.16 8.9668 33.626 -6.7076 -6.6108 -1.7112 7.6218
10.18 8.5562 34.13 -4.6846 -4.3654 -1.6871 9.3995
10.2 7.9401 33.016 -4.9205 -4.394 -1.455 7.9154
10.22 7.004 34.557 -4.9694 -2.7397 1.0729 7.2437
10.24 5.7509 32.124 -6.6055 -3.3223 2.3686 6.1121
10.26 4.7041 32.346 -5.2682 -4.2127 2.685 4.6165
10.28 5.5632 33.238 -6.1681 -3.1047 4.6907 3.4319
10.3 5.2974 36.996 -6.9369 -1.6606 5.4973 1.9204
10.32 5.566 40.637 -6.4661 -2.3729 7.2885 1.6177
10.34 4.6508 41.481 -7.2046 -2.5509 6.4064 0.7404
10.36 3.8458 40.296 -7.5179 -0.2939 6.9837 2.88

10.38 3.0583 39.542 -7.1303 -0.4068 6.3332 4.219
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Table A-16 Intensity at various 20 of adsorbents from XRD (cont.)

20 Bentonite Chitosan CCB CCB-EGDE CCB-ECH CCB-GLA
10.4 44182 35.155 -6.1842 0.0175 5.78 2.1693
10.42 3.4488 36.138 -5.4413 -0.5503 5.937 3.4708
10.44 3.986 32.745 -4.0657 -0.8904 4.1758 3.0925
10.46 4.5189 34.521 -3.5805 -2.0185 3.2703 3.0437
10.48 5.3386 8,7 VL -2.506 -0.6124 2.4652 2.3771
10.5 5.6959 39.863 1.0496 0.4363 1.3735 3.2505
10.52 4.0829 39.612 1.0119 -1.7085 1.5307 0.5648
10.54 3.8558 38.747 1.9042 -1.2665 1.036 1.1746
10.56 4.0919 Sl 2.2466 -2.8415 1.4898 1.3895
10.58 4.5497 38.494 2.1227 -3.6037 0.1184 1.3518
10.6 3.9786 38.041 0.3064 -4.0237 0.1878 1.1266
10.62 5.1679 36.742 -1.227 -1.9281 1.5651 2.2278
10.64 5.8297 40.41 -2.6416 -1.7999 1.2965 3.6276
10.66 6.6977 39.715 -4.0117 -1.119 3.0695 1.9172
10.68 8.2922 36.519 -3.8264 0.5356 6.5929 3.5581
10.7 8.7091 32.597 -4.126 1.5944 6.9815 4.869
10.72 9.7749 33.179 -3.991 1.596 9.7707 4.6239
10.74 9.7003 33.663 -3.8239 1.432 9.6819 5.3926
10.76 10.485 32.86 -4.1138 2.5948 9.9782 4.884
10.78 11.012 34.994 -5.6658 0.5393 10.629 4.2002
10.8 11.002 35.72 -6.6778 1.501 9.5532 5.0906
10.82 10.929 38.17 -6.0324 0.0154 7.3209 4.3661
10.84 8.9753 39.453 -7.6427 -2.7874 7.0465 2.6988
10.86 8.6708 39.002 -7.6389 -3.7589 5.7765 3.1009
10.88 9.1887 40.769 -6.1879 -5.4997 5.2602 3.4609
10.9 7.0521 43 877 -4.5592 -6.6351 2.6274 1.875
10.92 6.6822 44.412 -4.8148 -7.255 2.2931 2.6154
10.94 5.7649 42.746 -4.4407 -6.7985 1.8239 3.4625
10.96 3.5577 46.896 -4.0686 -6.3001 0.5077 3.2222
10.98 2.9742 46.992 -2.2216 -6.7692 2.2361 1.301

11 0.9864 43.979 -1.9431 -5.0539 3.3744 3.3045
11.02 0.5228 40.536 -1.5211 -3.1977 3.4552 2.8573
11.04 0.815 42.934 -0.2093 -1.3306 5.1998 2.4083
11.06 -0.0108 41.203 0.1129 0.1233 5.0386 0.4535
11.08 0.9606 38.062 -0.282 1.4891 4.1666 0.6693
11.1 1.6008 36.39 -0.6106 0.7543 3.3051 -0.478
11.12 3.0939 31.961 -1.7493 2.0924 2.1477 0.9525
11.14 4.6268 31.855 -1.8094 -0.2088 2.9637 -0.9273
11.16 5.7113 30.28 -2.9613 -0.5826 4.7067 -0.4818
11.18 7.3138 30.459 -2.5485 -0.2954 4.4448 -0.8764
11.2 9.2364 32.113 -2.6391 -0.3657 4.4906 -0.8301
11.22 9.8571 31.596 -3.3416 -0.9049 2.9588 -1.7392
11.24 11.646 29.244 -3.7365 -1.7613 1.9236 -1.3614
11.26 11.278 26.624 -3.4955 -2.0249 1.5244 0.1127
11.28 11.549 27.779 -6.1109 -2.2341 2.0955 -0.1631
11.3 10.475 29.667 -4.784 -1.7637 3.3335 0.5438
11.32 9.8219 30.067 -4.1804 -0.3628 4.8731 2.6545
11.34 10.353 30.202 -3.4951 -0.2049 4.609 3.6644
11.36 8.6815 31.441 -3.4154 0.6233 4.1109 4.8304
11.38 8.1328 31.1 -4.1922 0.6173 3.9546 3.4808
11.4 8.5055 29.853 -4.5313 1.2414 3.1618 4.3085
11.42 7.2239 28.774 -4.3119 -0.3991 3.5035 3.0602
11.44 8.0835 28.285 -5.822 -0.6727 5.3634 5.5668

11.46 8.9976 32.677 -6.0523 0.3712 6.3268 4.8059
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Table A-16 Intensity at various 20 of adsorbents from XRD (cont.)

20 Bentonite Chitosan CCB CCB-EGDE CCB-ECH CCB-GLA
11.48 8.4493 31.494 -6.6344 0.7882 7.598 5.5977
11.5 8.8286 29.75 -6.9213 2.1201 7.1676 4.2436
11.52 9.3275 28.787 -7.6156 3.1534 7.1194 3.8722
11.54 9.6085 25.956 -6.3386 3.5784 5.93 1.545
11.56 9.2568 Wil 50 -5.8098 3.5964 5.1103 -0.5208
11.58 7.8018 18.967 -5.4191 2.4984 4.3383 -0.358
11.6 7.553 16.886 -3.8136 3.1357 5.2023 -1.6579
11.62 4.557 13.903 -1.1791 3.205 5.696 -2.5287
11.64 3.1604 8.5528 -0.9428 2.18 4.4762 -1.0347
11.66 1.9577 4.3342 -1.3678 -1.2645 3.2816 -0.301
11.68 1.2708 2.1016 -1.2716 -1.3327 2.113 -0.3527
11.7 0.9513 33132 -2.3476 -1.811 1.6477 -1.0161
11.72 0.5376 3.2106 -2.3976 -3.4363 0.3079 -1.4862
11.74 0.7049 3.9701 -2.6602 -4.7813 0.1029 -2.1686
11.76 1.6202 9.2822 -2.7884 -5.5272 1.0282 -0.6577
11.78 3.8626 11.651 -4.064 -5.7978 0.0098 -0.4365
11.8 4.1347 12.047 -4.5893 =73 ) 6 1.1397 1.4022
11.82 5.1.280 12.206 -4.9245 -6.1833 0.6912 1.2298
11.84 6.8613 14.332 -5.9397 £S5 50 0.6052 2.5015
11.86 7.3746 14.103 -7.4987 -5.0371 1.1865 0.8952
11.88 6.8278 11.412 -7.5858 -5.347 2.7602 0.7082
11.9 7.5153 11.868 -6.5122 -5.4912 2.8484 1.3709
11.92 7.1303 8.851 -4.5675 -3.4046 6.3464 1.23
11.94 6.9671 3.7585 -4.9312 -3.6879 7.687 1.4619
11.96 6.3073 1.8409 -4.399 -4.66 9.6453 3.045
11.98 6.018 0.1229 -2.4168 -5.2342 11.026 3.6201

12 5.6439 1.3538 -1.5974 -2.3114 10.916 4.3699
12.02 47918 1.7689 -1.9843 -1.6129 12.587 47372
12.04 5.0624 0.0368 -0.8499 -2.0026 12.665 2.5114
12.06 5.6662 -0.0591 0.1494 -1.3195 12.369 2.9526
12.08 4.8571 0.8403 0.9982 -1.6409 11.119 3.0886
12.1 5.7187 2.0074 1.1608 -0.9514 11.16 2.6779
12.12 385 4.1482 2.2101 0.3466 10.844 2.3274
12.14 2.8842 2.0149 1.3255 0.9 9.9221 0.7368
12.16 5.0519 1.0162 -0.1523 1.3746 8.2864 0.1784
12.18 6.7076 -0.7705 -1.0314 2.7766 8.7232 -0.3817
12.2 7.5603 2.6363 -0.0023 3.6817 8.6906 -1.4822
12.22 8.7957 5.9982 0.347 2.6256 7.3621 0.8891
12.24 7.8813 5.4389 0.3351 4.7166 9.843 2.6302
12.26 9.3126 4.8749 -0.9109 4.8867 9.644 6.1931
12.28 9.4702 6.8759 0.1446 5.6652 9.5423 7.2496
12.3 8.2861 7.448 -0.1362 7.1605 8.3489 10.4
12.32 8.491 6.5851 -1.131 8.2457 7.9773 12.007
12.34 9.4903 3.7237 -2.1773 8.0817 7.4614 12.687
12.36 9.3647 1.2786 -1.1884 7.6036 7.7363 11.857
12.38 9.8045 1.0331 -1.4428 7.0745 6.415 13.66
12.4 7.9335 -0.2944 -1.5816 7.5471 6.324 13.065
12.42 6.5381 -4.0787 -0.9266 7.2008 6.3427 12.082
12.44 5.5564 -6.3042 -1.3912 8.3639 5.7651 12.558
12.46 7.9977 -9.3548 -0.9475 6.7144 6.0525 10.942
12.48 11.042 -10.909 1.3518 6.3637 6.4465 10.937
12.5 12.524 -11.56 3.1415 5.2283 7.4951 12.439
12.52 13.321 -7.4791 5.6103 4.0605 6.9226 11.502

12.54 14.996 -10.694 6.2785 3.0151 7.7539 13.087
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Table A-16 Intensity at various 20 of adsorbents from XRD (cont.)

20 Bentonite Chitosan CCB CCB-EGDE CCB-ECH CCB-GLA
12.56 16.788 -10.31 6.759 4.9589 8.1251 14.447
12.58 17.206 -9.2836 8.3335 6.2511 7.5968 16.604
12.6 18.352 -8.5405 10.572 7.2229 8.243 17.121
12.62 17.381 -11.876 11.635 6.8125 9.7419 19.761
12.64 18.729 -13.195 12.076 5.9517 10.347 19.888
12.66 18.719 -12.842 12.594 5.9872 10.991 20.673
12.68 17.234 -12.989 12.663 5913 12.897 20.781
12.7 16.798 -11.479 9.0342 79116 14.472 20.373
12.72 15.499 -11.202 8.3537 10.351 15.219 19.202
12.74 14.618 -9.9017 7.2533 11.338 14.632 17.611
12.76 14.311 -7.7487 8.021 13.691 16.893 15.439
12.78 13.031 -5.232 8.1706 12.442 17.882 11.149
12.8 13.14 -5.494 7.1759 12.595 17.494 10.206
12.82 12.282 -4.9031 5.8232 12.179 16.096 7.7441
12.84 11.596 -2.9082 5.8123 12.725 14.723 3.095
12.86 10.773 271255 4.2576 13.002 14.011 0.0509
12.88 9.2113 -0.8954 2.9208 12.945 11.363 -0.7101
12.9 7.85 -0.6329 2.675 12.427 11.592 -2.3986
12.92 7.749 -3.4525 1.8111 10.019 10.878 -1.0796
12.94 5.9649 -6.9735 3.1032 6.6784 9.7221 -0.4527
12.96 4.0409 -5.8148 0.9723 4.2462 6.9238 0.4078
12.98 2.8429 -6.5124 -0.4484 0.6052 5.3807 1.9785

13 0.0921 -7:1 -3.0569 1.0214 2.9535 2.2379
13.02 0.1297 -6.7914 -4.048 0.9254 42117 3.3345
13.04 -0.0369 -7.5464 -2.3569 -0.2463 1.6198 3.5099
13.06 -0.2757 -5.1791 -2.4015 -0.98 2.1252 2.7268
13.08 -2.0513 -4.8165 -1.3056 -1.3249 3.9414 2.7965
13.1 -2.605 -3.0406 -2.4593 -2.0367 5.341 1.4929
13.12 -1.1895 -6.2571 -3.584 -2.3567 4.9585 1.2774
13.14 -1.0321 -4.6423 -3.6641 -2.0312 4.469 0.7814
13.16 -1.2324 -3.3729 -3.2168 -0.9888 5.7176 -1.0538
13.18 0.2965 -2.2846 -2.7931 0.7301 7.0665 -0.2561
13.2 0.9733 -1.1576 -4.3155 1.7076 7.4632 -0.7852
13.22 2.6512 -1.3821 -3.7935 1.1202 9.6784 -1.7402
13.24 2.9021 -4.2924 -5.6295 -0.9795 8.4554 -0.0592
13.26 2.3778 -3.3127 -5.876 -3.4894 8.2367 -1.7484
13.28 1.4438 -4.0343 -6.9139 -4.6168 6.5951 -0.3557
13.3 1.0286 -3.5562 -7.8671 -7.4174 7.7845 1.5924
13.32 0.4173 -4.151 -7.8736 -4.5523 7.2198 1.8424
13.34 1.455 -3.5059 -6.724 -4.1593 8.7028 2.1783
13.36 3.0643 -3.9769 -7.115 -3.4767 8.9672 1.7745
13.38 3.1058 -1.4465 -5.8361 -3.0308 8.2206 1.8243
13.4 2.4806 -0.7009 -4.3239 -2.6793 8.2926 2.7473
13.42 2.3619 -0.9631 -4.3522 -3.4717 9.4587 1.6199
13.44 2.9541 -1.5334 -3.9986 -3.12 6.4706 0.9398
13.46 2.5452 0.2878 -1.8265 -1.4199 4.6317 2.3349
13.48 1.8596 -2.5303 -1.5263 0.3932 3.8254 1.7958
13.5 3.2441 -3.9693 -1.5593 1.5888 3.0903 0.8644
13.52 3.7357 -7.4996 -2.9751 0.7613 1.1876 0.9407
13.54 3.2602 -9.3999 -2.3463 -1.0058 -0.5513 1.725
13.56 4.4709 -10.841 -2.6173 -3.2325 -2.763 1.2712
13.58 3.9095 -9.2054 -2.1565 -2.4267 -2.0185 1.596
13.6 3.1024 -9.3181 -2.6697 -2.9598 -1.4791 3.6393

13.62 3.1239 -7.0515 -4.0796 -3.1321 1.7317 4.3568
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Table A-16 Intensity at various 20 of adsorbents from XRD (cont.)

20 Bentonite Chitosan CCB CCB-EGDE CCB-ECH CCB-GLA
13.64 42927 -6.9846 -4.0085 -1.2563 1.8442 3.0231
13.66 3.8134 -6.8419 -4.6142 0.0979 3.1114 2.1243
13.68 4.3577 -4.8309 -5.7079 0.7199 3.5049 1.2298

13.7 3.7305 -2.9763 -3.494 1.6006 3.7624 0.9992
13.72 3.6069 =085V -3.4027 1.421 6.9161 0.9651
13.74 3.4944 -0%&/[3S -3.3505 -0.1347 7.9033 0.635

13.76 4.0805 -0.7875 -2.3529 0.2679 6.5319 -0.8981
13.78 4.3496 -3.0322 -0.1962 0.9322 7.4931 -0.2936
13.8 4.3638 -6.876 -0.3696 -0.9437 7.8982 -1.6413
13.82 5.069 -10.142 -2.1239 -1.1461 10.345 -2.8763
13.84 4.774 -10.336 -1.1619 -2.545 11.536 -0.243
13.86 3.9927 -12.637 -1.0779 -3.8835 11.898 -0.1471
13.88 4.7625 -12.685 -2.064 -5.1924 13.916 1.6158
13.9 4.8678 -11.822 -2.3833 -3.8837 14.891 4.0333
13.92 3.1523 -11.137 -3.881 -3.6754 15.362 5.0589
13.94 2.1229 -8.9763 -3.7986 -2.7628 15.442 45162
13.96 0.7482 -11.554 -3.3806 -1.9816 13.65 4.2534
13.98 -0.6927 -11.877 -2.8655 -1.1462 11.284 4.0973

14 -1.3941 -10.006 -2.6001 -0.7054 8.9445 4.5586
14.02 -2.2058 -12.416 -1.643 -1.5633 7.751 4.1172
14.04 -2.2248 -13.418 -0.5145 -3.3514 3.7662 5.1013
14.06 -0.8293 -10.465 -0.1465 -4.4073 0.9671 6.127
14.08 0.7518 -8.0369 1.4797 -3.285 -0.9633 49311

14.1 2.445 -4.9013 1.621 -3.2974 -0.3478 6.4331
14.12 2.0628 -4.7209 0.9492 -5.7446 0.6954 5.9241
14.14 1.3048 -4.282 -0.4211 -5.537 4.1754 5.0078
14.16 0.8831 1207 =1 a9, -6.3835 5.9625 6.1485
14.18 1.6151 -1.3131 -2.0778 -6.0766 5.9982 8.1605
14.2 1.1044 -0.1422 -3.2093 -3.8331 8.85 9.3132
14.22 2.1993 1.6989 -2.061 -1.1545 9.2125 7.4177
14.24 0.1384 2.9192 -5.215 0.8012 11.038 6.3904
14.26 -0.0198 1.4506 -4.5536 2.5264 9.9775 3.8443
14.28 -0.6497 -3.2827 -4.7269 2.3028 10.307 3.6617
14.3 0.0599 -4.897 -3.93 2.3532 8.8232 2.561
14.32 -0.2411 -7.1506 -4.3239 2.173 8.0129 1.8425
14.34 -0.0973 -9.7247 -4.6825 0.0719 6.2503 1.438
14.36 1.8409 -9.9474 -5.1081 -1.5105 4.362 3.3722
14.38 3.5829 -7.5526 -5.0001 -2.7724 5.6762 4.4874
14.4 5.8842 -5.6207 -4.2964 -4.299 5.9731 5.0126
14.42 7.4536 -6.1981 -4.8888 -4.9322 6.1661 5.7527
14.44 7.5792 -6.4241 -4.7215 -7.6351 7.6204 4.4181
14.46 6.8862 -6.1193 -2.7048 -7.0759 9.1503 4.1075
14.48 6.4986 -2.3455 -3.0181 -6.6823 9.6783 5.3206
14.5 7.7941 -2.1616 -2.1755 -6.2096 8.1086 6.5647
14.52 6.3361 -4.0597 -2.954 -4.3979 8.6206 4.751
14.54 6.0255 -1.526 -2.072 -4.0582 8.9234 4.297
14.56 5.3639 -2.4026 -4.3002 -2.3329 8.8714 2.7546
14.58 3.5154 -5.9898 -3.2857 0.5518 9.1829 2.6587
14.6 1.836 -6.4516 -2.8831 0.8004 8.2666 1.8614
14.62 1.4619 -4.011 -0.9994 2.9485 8.6086 2.3742
14.64 0.9722 -3.7795 -0.3251 3.4853 8.4688 3.1697
14.66 0.6949 -1.9087 -0.3184 3.7852 8.962 3.9715
14.68 0.7539 -1.1881 -0.0845 3.7494 10.472 4.1794

14.7 0.2266 0.2863 1.4633 2.0557 11.311 2.8045
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Table A-16 Intensity at various 20 of adsorbents from XRD (cont.)

20 Bentonite Chitosan CCB CCB-EGDE CCB-ECH CCB-GLA
14.72 -0.082 0.6012 0.2846 -0.4258 11.136 2.5066
14.74 0.4874 2.1715 -0.5554 -0.237 9.4983 2.0273
14.76 -0.0712 3.2015 0.0237 -2.0589 9.4745 2.0973
14.78 0.0563 3914 1.9105 -2.0246 9.9351 2.2894
14.8 1.2601 5.2101 -0.217 -2.7504 9.8705 2.3962
14.82 3.6515 1.3003 -0.7861 -3.9513 8.0086 2.8108
14.84 3.5712 1.4198 -2.1032 -4.7759 7.1974 3.7902
14.86 4.9201 0.8566 -0.8557 -5.8992 8.7156 4.4153
14.88 5.9521 -2.9435 -0.8857 -7.8166 7.4178 3.4859
14.9 5.3482 -3.6183 0.8502 -7.4343 8.3814 4.173
14.92 6.0403 -2.4557 1.7606 -7.3197 8.306 3.1792
14.94 7.4062 -0.6259 3.3966 -6.1167 10.625 3.5192
14.96 8.802 0.0846 5.6438 -5.5623 12.249 1.9255
14.98 8.4225 0.4281 7.4029 -5.1394 13.177 -0.065

15 8.1534 -0.2485 8.1229 -4.3805 13.772 -1.981




Table A-17 N, adsorption-desorption analysis data of bentonite

N, adsorption

N, desorption

relative volume adsorbed relative volume adsorbed

pressure (cm’/g) pressure (cm’/g)
0.005576803 15.6672 0.994244809 88.9664
0.006798229 16.3439 0.9500416 79.7371
0.008735181 17.2277 0.891551554 74.5935
0.010125891 17.643 0.838732113 70.7862
0.014549222 18.6626 0.801670811 68.1865
0.020396582 19.5269 0.750459249 64.661
0.024687242 20.0018 0.700266185 61.283
0.030067154 20.5123 0.650394356 57.9818
0.035282406 20.9253 0.600230531 54.7975
0.040257019 21.2866 0.550302531 51.8121
0.045148551 21.6209 0.502798388 47.8487
0.050260818 21.9407 0.447572446 34.1088
0.055025742 22.2146 0.398326659 32.3561
0.060161855 22.5052 0.33411257 30.7382
0.06525541 22.7767 0.301706635 29.9397
0.070224384 23.0302 0.250466027 28.6542
0.075216604 23.2632 0.200350732 27.3658
0.080208098 23.4794 0.150649237 25.9086
0.085195705 23.7032 0.100464317 24.1805
0.090202135 239143 0.090249335 23.7632
0.095221851 24.1042 0.080253491 23.34
0.100270513 24.2941 0.070335826 22.8693
0.147487561 25.9266 0.060229548 22.3566
0.20109512 27.5421 0.050375736 21.7899
0.25163561 28.9098 0.040209995 21.1403
0.302418663 30.1788 0.030316873 20.3587
0.350248996 31.3102 0.020440861 19.3251
0.400058208 32.5169 0.010001246 17.3183
0.45037823 33.7154
0.500333408 34.9039
0.550314747 36.0854
0.600240341 37.3132
0.650150761 38.6374
0.700175859 40.1444
0.750030336 41.9462
0.79995293 44213
0.84958992 47.3156
0.89858703 52.2253
0.945668847 61.6224
0.994244809 88.9664

Analysis Bath: 77.24 K
Sample Weight: 0.2034 g
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Table A-18 N adsorption-desorption analysis data of CCB beads

N, adsorption N, desorption
relative volume adsorbed relative volume adsorbed
pressure (cm’/g) pressure (cm’/g)
0.006341615 8.5379 0.984975161 40.1652
0.007641984 8.8171 0.938698485 36.3666
0.009837473 9.1626 0.884818465 34.3448
0.011319906 9.3459 0.833080799 33.1416
0.01517137 9.708 0.801051126 32.5217
0.020092779 10.067 0.749894872 31.6912
0.025214425 10.3629 0.699978654 30.9915
0.030187308 10.6011 0.649981924 30.3281
0.035142071 10.8082 0.599824428 29.7048
0.040223892 11.0017 0.549896532 29.099
0.045308877 11.1935 0.501429749 27.7744
0.050341026 11.3616 0.451715889 17.5044
0.055116333 11.5132 0.400436479 16.5077
0.060326144 11.6688 0.331937008 15.7102
0.065271425 11.8084 0.281466423 15.1229
0.070291657 11.9424 0.249988077 14.7318
0.075220067 12.064 0.199818046 14.1606
0.08027304 12.1815 0.150363172 13.4949
0.085358116 12.2957 0.100210594 12.7053
0.09031529 12.4056 0.09007965 12.5069
0.09521631 12.5146 0.080174534 12.2987
0.100350447 12.6228 0.070237187 12.0775
0.148766669 13.4668 0.060290886 11.8377
0.200633533 14.2666 0.050303502 11.5751
0.251048763 14.9439 0.040266625 11.2673
0.301254216 15.5856 0.030379867 10.8909
0.350062396 16.1789 0.020267037 10.3732
0.400106707 16.7523 0.010407152 9.5586
0.449920998 17.3059
0.499925146 17.8491
0.549755358 18.3976
0.599707711 18.9788
0.649689997 19.6158
0.699532712 20.3451
0.749444047 21.2128
0.799226703 22.3091
0.848848178 23.88
0.898203635 26.4074

0.9464574 31.2085
0.984975161 40.1652

Analysis Bath: 77.24 K
Sample Weight: 0.2081 g
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Table A-19 N, adsorption-desorption analysis data of CCB-ECH beads

N, adsorption N, desorption
relative volume adsorbed relative volume adsorbed
pressure (cm’/g) pressure (cm’/g)

0.010876662 7.1455 0.983886875 39.114
0.016608105 7.5793 0.939426276 34.9742
0.022640196 7.8901 0.885321222 32.7383
0.028552465 8.1238 0.833561244 31.3307
0.034412251 8.3286 0.800975416 30.5814
0.040131847 8.5089 0.749930649 29.5865
0.045317302 8.6671 0.700339506 28.7856
0.050276223 8.8058 0.650642489 27.9676
0.05517953 8.9368 0.600200516 27.1647
0.060320982 9.0645 0.550365135 26.3855
0.065285056 9.1815 0.501261416 25.1765
0.070212113 9.2939 0.452510232 14.9456
0.075264749 9.4011 0.39868753 13.8456
0.080350133 9.5047 0.332487004 13.0111
0.085321788 9.6032 0.282045799 12.4058
0.090364952 9.7018 0.250384935 12.0173
0.09535212 9.7886 0.200198049 11.4682
0.100320672 9.8791 0.150694424 10.8342
0.149080918 10.5888 0.100291143 10.1105
0.200565852 11.2852 0.090262062 9.9248
0.250819658 11.8879 0.080308871 9.7378
0.301054653 12.4871 0.0703636 9.5417
0.350899767 13.0729 0.060289058 9.3322
0.400210848 13.6449 0.050288597 9.102
0.450174015 14.2138 0.040239117 8.8408
0.500171265 14.7953 0.030286191 8.5391
0.550105058 15.3843 0.020402009 8.1043
0.60001692 16.017 0.010302401 7.399
0.650080656 16.71

0.699928341 17.4997

0.749869285 18.4537

0.799748353 19.6849

0.849480833 21.3993

0.89887839 24.0924

0.946949148 29.2336

0.983886875 39.114

Analysis Bath: 77.24 K
Sample Weight: 0.2110 g



114

Table A-20 N, adsorption-desorption analysis data of CCB-EGDE beads

N, adsorption N, desorption
relative volume adsorbed relative volume adsorbed
pressure (cm’/g) pressure (cm’/g)

0.022626861 3.584 0.985843582 23.9029
0.028874324 3.7219 0.93945335 20.2936
0.034574835 3.8731 0.885441075 18.655
0.03543766 3.8987 0.83418958 17.6237
0.040542729 3.9948 0.802118906 17.0795
0.045330528 4.0765 0.751359906 16.3391
0.050406648 4.1564 0.701285824 15.7444
0.055426257 4.2343 0.651590648 15.0692
0.060560425 4.3075 0.600750386 14.489
0.065610825 4.3786 0.551359743 13.9452
0.070635443 4.4449 0.500599188 13.2879
0.075530034 4.5083 0.448306585 8.2728
0.080641523 4.5723 0.398747384 7.6076
0.085705289 4.629 0.331823909 7.0437
0.090740482 4.6885 0.281423067 6.6296
0.09575482 4.7506 0.250339096 6.3589
0.100668475 4.8316 0.200034473 6.0142
0.149746686 5.2538 0.150636027 5.606
0.200484572 5.6859 0.100047836 5.1794
0.250522132 6.055 0.090409791 5.0341
0.30067051 6.4331 0.080068948 4.9086
0.350768039 6.8086 0.070392277 4.7862
0.400396162 7.2277 0.060351362 4.6549
0.450748836 7.565 0.050185377 4.5117
0.500212394 7.959 0.040241221 4.3514
0.550713023 8.3574 0.030265457 4.1602
0.600491393 8.7821 0.020294921 3.8925
0.650587591 9.2571 0.010263213 3.4659
0.700709065 9.7736
0.750658844 10.3726
0.800727939 11.1126
0.850648111 12.1255
0.900458985 13.7031
0.949168736 16.8574
0.985843582 23.9029

Analysis Bath: 77.24 K
Sample Weight: 0.2047 g
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Table A-21 N, adsorption-desorption analysis data of CCB-GLA beads

N, adsorption N, desorption
relative volume adsorbed relative volume adsorbed
pressure (cm’/g) pressure (cm’/g)

0.035286984 2.631 0.98632333 18.1045
0.046186988 2.7288 0.937311192 15.1402
0.057738461 2.8235 0.884247903 13.6972
0.0604525 2.8227 0.83325555 12.7836
0.074874467 2.9159 0.801313278 12.2906
0.086525041 2.9854 0.75062963 11.6232
0.090396864 3.0091 0.700681419 11.0237
0.095463969 3.0617 0.650676035 10.4544
0.100439817 3.0752 0.600452333 9.9749
0.150088614 3.4076 0.550942678 9.4054
0.200560793 3.7417 0.500453336 8.7662
0.250773144 4.0139 0.455814567 5.4783
0.301092179 4.3049 0.400141511 4.8591
0.351077498 4.6114 0.331654394 4.3534
0.400317058 4.9003 0.281389718 3.9808
0.450218556 5.2048 0.250374583 3.7562
0.500272888 5.5139 0.200267855 3.4463
0.550319952 5.835 0.150451629 3.0775
0.600274945 6.1701 0.093941202 2.6086
0.650384409 6.5209 0.07707128 2.4435
0.7002669 6.9293 0.060135576 2.264
0.750327354 7.4101 0.051469412 2.1545
0.800214107 8.0244 0.042948921 2.0498
0.85019602 8.8663 0.034467553 1.948
0.899922115 10.1449 0.030297229 1.8696
0.948894242 12.6468 0.019884812 1.6642
0.98632333 18.1045 0.010062763 1.3266

Analysis Bath: 77.24 K
Sample Weight: 0.2134 g
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Table A-22 N, adsorption-desorption analysis data of chitosan

N, adsorption N, desorption
relative volume adsorbed relative volume adsorbed
pressure (cm’/g) pressure (cm’/g)

0.03255068 0.3496 0.988504847 3.5265
0.040506162 0.389 0.935162705 1.8346
0.052014594 0.4357 0.882490508 1.5174
0.054841164 0.4568 0.832162798 1.3861
0.060417121 0.4847 0.78190658 1.3172
0.065429127 0.5095 0.731856813 1.2648
0.07041786 0.534 0.681817492 1.2337
0.075394194 0.5575 0.631695751 1.2129
0.080485709 0.5776 0.581600155 1.2019
0.085352289 0.6005 0.531568369 1.1865
0.090409746 0.6179 0.481495151 1NI§Z72,
0.095506412 0.638 0.431412865 1.1606
0.100480552 0.6572 0.381313482 1.142

0.150510205 0.757 0.331185566 1.1186
0.200671919 0.8676 0.281211565 1.0828
0.250745664 0.9277 0.230977743 1.0568
0.300878294 0.9881 0.180892179 1.0153
0.350892071 1.0419 0.150668567 0.9783
0.400984298 1.0914 0.100453102 0.9137
0.451110846 1.1357 0.090482667 0.912

0.52064136 1.1661 0.068413418 0.8744
0.569731905 1.1938 0.060197501 0.8534
0.619769248 1.2078 0.050270419 0.8312
0.669681332 1.225 0.040229396 0.807

0.719742376 1.2463 0.030242519 0.7786
0.769738375 1.2737 0.020160663 0.731

0.819673787 1.3214 0.010112757 0.673

0.850634182 1.3748

0.900667032 1.4881

0.950462928 1.817

0.988504847 3.5265

Analysis Bath: 77.24 K
Sample Weight: 0.2014 g
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Characteristics Bentonite CCB CCB-ECH CCB-EGDE CCB-GLA Chitosan
AREA
BET surface area, m’/g 94.2834 48.8102 38.9610 20.1799 13.4493 3.4052
Langmuir surface area, m*/g 131.0743 67.8313 55.6219 29.6267 20.5144 5.6443
Micropore area, m*/g 22.9400 12.3473 7.5967 0.5733 0.8528 -1.2141
BJH adsorption cumulative surface area of pores 52.1062 25.6921 24.3469 15.5014 12.0161 2.4659
between 17.000000 and 3000.000000 A diameter, m*/g
BJH desorption cumulative surface area of pores 87.2026 45.7160 46.5520 25.1927 18.6102 1.3582
between 17.000000 and 3000.000000 A diameter, m*/g
VOLUME
Micorpore volume, cm’/g 0.011298 0.006066 0.003706 0.000197 -0.000493 -0.000706
BJH adsorption cumulative surface area of pores 0.116089 0.050426 0.052867 0.034424 0.027070 0.005134
between 17.000000 and 3000.000000 A diameter, cm’/g
BJH desorption cumulative surface area of pores 0.131154 0.057841 0.060482 0.036432 0.027482 0.004422
between 17.000000 and 3000.000000 A diameter, cm’/g
PORE SIZE
Average pore diameter (4V/A by BET), nm 5.83828 5.09136 6.21149 7.32869 8.32878 6.40757
BJH adsorption average pore diameter (4V/A), nm 8.91175 7.85076 8.68556 8.88294 9.01110 8.32838
BJH desorption average pore diameter (4V/A), nm 6.01607 5.06053 5.19695 5.78454 5.90696 13.02190

L11


nkam
Typewritten Text
117


118

Appendix B
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Fig. B-1 Thermodynamic equilibrium diagram of Cu (Ayres, Davis, and Gietka,

1994; Vaclavikova and Gallios, 2006)
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Fig. B-2 Speciation diagram for the Cu(II)-H,O system (Doyle, and Liu, 2003; Wang,
Li, and Sun, 2009)




Table B-1 pH of Cu *" solution before and after adsorption by adsorbent beads at different contact time

Contact time 100 pH- pH- 500 pH- pH- 1000 pH- pH- 2000 pH- pH-
(min) mg/L solution Diagram mg/L solution Diagram mg/L solution Diagram mg/L solution Diagram
CCB-EGDE
0 100 4.81 5.30 500 4.63 4.9 1000 4.55 4.7 2000 4.46 4.55
30 0.68 6.04 6.35 27.05 4.80 §55 141.33 432 5.15 693.80 4.44 4.83
60 0.27 5.92 6.50 8.13 4.96 5.85 113.03 4.36 5.30 652.93 4.40 4.83
120 0.05 6.13 7.20 3.77 4.86 6.00 57.20 4.35 5.35 571.80 4.33 4.85
240 0.05 6.47 7.20 1.53 5.80 5.99 45.33 4.48 5.43 567.93 4.36 4.86
360 0.05 6.26 7.20 2.03 4.89 6.10 40.20 4.33 5.44 587.87 431 4.86
720 0.03 6.55 7.25 0.68 5.82 6.45 41.50 4.21 5.45 549.40 4.07 4.86
1440 0.06 6.79 7.18 1.40 6.31 6.35 23.13 4.33 5.68 534.40 4.14 4.86
CCB-ECH
0 100 4.81 5.30 500 4.63 4.9 1000 4.55 4.7 2000 4.46 4.55
30 1.77 5.9 6.50 38.13 4.5 5.45 175.72 4.1 5.20 728.27 4.2 4.82
60 0.27 6.1 7.20 10.19 5.0 5.85 150.57 4.3 5.22 719.60 4.3 4.82
120 0.06 6.1 7.45 14.54 5.2 5.80 112.02 4.5 5.30 690.00 4.4 4.83
240 0.04 6.1 7.46 1.43 4.7 6.35 77.03 4.8 5.40 633.93 4.4 4.85
360 0.04 6.1 7.46 1.62 5.9 6.34 69.60 4.6 5.40 615.87 43 4.85
720 0.03 6.2 7.46 0.36 6.0 6.50 54.48 43 5.40 567.53 4.5 4.86
1440 0.03 6.3 7.46 0.26 5.9 6.50 42.32 4.5 4.25 547.80 4.5 4.86
CCB-GLA
0 100 4.81 5.30 500 4.63 4.9 1000 4.55 4.7 2000 4.46 4.55
30 41.64 4.21 5.45 303.17 4.07 5.00 686.17 4.06 4.83 1526.40 4.01 4.60
60 35.20 431 5.50 294.47 4.14 5.00 662.67 4.09 4.84 1508.20 4.10 4.60
120 3443 4.35 5.50 300.33 4.14 5.00 685.83 4.10 4.83 1534.20 4.05 4.60
240 31.28 438 5.60 279.40 4.16 5.05 665.17 4.09 4.84 1527.33 4.08 4.60
360 30.77 4.40 5.60 278.00 4.25 5.05 629.50 4.15 4.85 1513.33 4.11 4.60
720 27.71 4.43 5.61 259.43 4.22 5.05 623.50 4.14 4.85 1427.80 4.11 4.63
1440 26.94 4.48 5.60 245.07 4.24 5.05 612.00 4.19 4.85 1375.33 4.18 4.64

119

611


nkam
Typewritten Text
119


Table B-2 pH of Cu ** solution after adsorption by CCB-EGDE
beads packed column

Flow through Cu”" conc.

Contact time (min) (mg/L) pH
0 0.0000 8.27
2 0.0000 8.29
4 0.0000 7.68
6 0.0000 7.87
8 0.0000 7.54
10 0.0020 7.35
12 0.0000 7.54
14 0.0000 7.54
16 0.0000 TSN
18 0.0000 7.53
20 0.0000 7.40
22 0.0000 6.71
24 0.0000 6.70
26 0.0000 6.69
28 0.0000 6.78
30 0.0000 6.81
32 0.1840 6.65
34 10.7000 6.68
36 51.4100 6.60
38 90.1000 6.50
40 104.6000 6.01
42 137.3500 5.28
44 147.2500 5.23
46 179.7000 4.87
48 176.5000 4.74
50 190.5000 4.59
52 232.4000 4.57
54 256.1000 4.94
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Appendix C

U.S. Environmental Protection Agency
Ground Water & Drinking Water
Consumer Factsheet on: COPPER

Copper 1s a metal found in natural deposits on ores containing other
elements. It is widely used in household plumbing materials.

In 1974, Congress passed the Safe Drinking Water Act. This law
requires EPA to determine safe levels of chemicals in drinking water which do or may
cause health problems. These non-enforceable levels, based solely on possible health
risks and exposure, are called Maximum Contaminant Level Goals.

The MCLG for copper has been set at 1.3 parts per million (ppm)
because EPA believes this level of protection would not cause any of the potential
health problems described below.

Since copper contamination generally occurs from corrosion of
household copper pipes, it cannot be directly detected or removed by the water
system. Instead, EPA is requiring water systems to control the corrosiveness of their
water if the level of copper at home taps exceeds an Action Level.

The Action Level for copper has also been set at 1.3 ppm because EPA
believes, given present technology and resources, this is the lowest level to which
water systems can reasonably be required to control this contaminant should it occur
in drinking water at their customers home taps.

These drinking water standards and the regulation for ensuring these
standards are met, are call National Primary Drinking Water Regulations. All public
water supplies must abide by these regulations.

Short- and long-term effects: Copper is an essential nutrient, required
by the body in very small amounts. However, EPA has found copper to potentially
cause the following health effects when people are exposed to it at levels above the
Action Level. Short periods of exposure can cause gastrointestinal disturbance,
including nausea and vomiting. Use of water that exceeds the Action Level over

many years could cause liver or kidney damage. People with Wilsons disease may be
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more sensitive than others to the effect of copper contamination and should consult
their health care provide.

Drinking Water Standards:

MCLG: 1.3 ppm

Action level: 1.3 ppm



123

Pollution Control Department (PCD)
Water Quality Standards: Copper

Drinking Water Quality Standard
Maximum Acceptable Concentration: 1.0 mg/dm’
Maximum Allowable Concentration: 1.5 mg/dm’
Source: Notification of the Ministry of Industry, No. 322, B.E. 2521 (1978), issue
under the Industrial Products Standards Act B.E. 2511 (1968), published in
the Royal Gazette, Vol. 95, Part 68 dated July 4, B.E. 2521 (1978

Bottled Drinking Water Quality Standard
Maximum Allowable Concentration: 1.0 mg/L
Source: Notification of the Ministry of Public Health, No. 61 B.E. 2524 (1981),
issued under the Food Act B.E. 2522 (1979), published in the Royal Gazette,
Vol. 98, Part 157 (Special Issue), dated September 24, B.E. 2524 (1981).

Ground Water Quality Standards for Drinking Purposes
Suitable Allowance: <= 1.0 mg/L
Maximum Allowable: 1.5 mg/L
Source: Notification of the Ministry of Industry, No. 4, B.E. 2521 (1978), issued
under the Ground Water Act B.E. 2520 (1977), published in the Royal
Gazette, Vol. 95, Part 66, dated June 27, B.E. 2521 (1978).
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