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In this work, a new composite sponge of chitosan, nanocellulose, and MIL-53(Fe)
metal-organic-framework were synthesized and applied for As(ll) and As(V) removal.
Nanocellulose with an average size of 4335 + 41.0 nm were prepared and used. The
octahedron crystalline MIL-53(Fe) was successfully synthesized. The nanocellulose was mixed
with chitosan and MIL-53(Fe) before crosslinking and freeze-drying. The obtained materials
were characterized by Fourier transform infrared spectroscopy, nitrogen adsorption, scanning
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CHAPTER 1
INTRODUCTION

1.1 Statement of the problem

Economic progress and industrial expansion have all contributed to heavy
metal contamination in the environment in recent decades, particularly hazardous
metals like arsenic. Arsenic contamination in water sources has aroused global

concerns due to its high toxicity and danger to the ecosystems in the long term [1-3].

Arsenic (As) is known as metalloid element that is strongly carcinogenic to
human, and commonly found in natural water and industrial wastewater. Arsenic
exists in both organic and inorganic forms and the inorganic arsenic is more
poisonous than the organic species. The most prevailing types of inorganic arsenic in
aqueous system are As(lll) known as arsenite and As(V) also known as arsenate which

displays in oxyanions forms [4, 5].

Mostly, the source of arsenic contamination in the environment comes from
human activities such as mining, metallurgy, tanning, petroleum refining, and other
manufacturing [6, 7]. The level of arsenic in the effluent from these processes should
be controlled to prevent the contamination in the environmental resources. The
World Health Organization (WHO) and the U.S. Environmental Protection Agency
(USEPA) limit the level of arsenic in drinking water to 10 pg/L [8]. For industrial
effluent, the Pollution Control Department of Thailand (PCD) states that the arsenic

concentration should not exceed 0.25 mg/L [9].

Several water treatment approaches are used for arsenic removal including
oxidation, co-precipitation, ion-exchange, membrane technologies, electrochemical,
and adsorption [8, 10, 11]. Adsorption is one of the most popular used techniques

for eliminating arsenic from water due to its easy operation and effectiveness. Many



types of sorbents have been studied for arsenic adsorption such as activated carbon,
alumina, metal oxides, and natural sorbents [12-16]. Recently, biopolymers such as
chitosan has gained much attention from researchers for the application in many

fields including as adsorbents for arsenic removal [17-19].

Chitosan (CS) is a low cost and plentiful biopolymer that has unique structure
bearing amine (-NH,) groups, suitable for heavy metals adsorption [20-22]. Moreover,
to improve its adsorption efficiency, chitosan has been fabricated in a sponge form
with interesting properties including a higher porosity, a larger specific surface area,
and better adsorption, compared to its original form [23]. However, the application of
chitosan sponge is limited by its low stability in aqueous phase and poor mechanical
property. To overcome these shortcomings, the chitosan sorbents reinforced with
various modifier/fillers (e.g. cellulose) have been developed to suit its practical

applications [24-28].

In this work, a chitosan sponge reinforced with nanocellulose was fabricated
and applied for arsenic removal. The nanocellulose was chosen as the reinforcement
filler due to its hish mechanical strength and eco-friendly. Additionally, to enhance
the efficiency in arsenic removal, chitosan-nanocellulose (CS-NC) composite was
modified with a metal-organic frameworks (MOFs), MIL-53(Fe). In general, MOFs have
been demonstrated to have good adsorption capacity for heavy metal with
interesting properties such as high specific surface area and adjustable functionality
[29, 30]. The MIL-53(Fe) is a class of MOFs that contains Fe(lll) ions as metal centers
that is low toxic and has affinity towards arsenic coordination. Furthermore, it is

stable in water and easy to synthesize [31, 32].



1.2 Objectives of the thesis

The objectives of this work are to synthesize the chitosan-nanocellulose (CS-
NC) composite sponge modified with the metal-organic framework MIL-53(Fe) and

use in arsenite and arsenate adsorption.

1.3 Scope of the thesis

At the beginning of this work, the nanocellulose (NC) was synthesized from
crystalline microcellulose and characterized by dynamic light scattering (DLS),
transmission electron microscope (TEM), and Fourier transform infrared spectroscopy
(FT-IR). The metal-organic framework MIL-53(Fe) was synthesized by solvothermal
method and characterized by X-ray diffraction spectroscopy (XRD), Fourier transform
infrared spectroscopy (FT-IR), N, adsorption, and scanning electron microscopy (SEM).
After that, the nanocellulose and MIL-53(Fe) were used to prepare CS-NC-MIL-53(Fe)
composites sponge by freeze-drying method. The parameters affecting the CS-NC-
MIL-53(Fe) preparation were investigated and optimized. The final CS-NC-MIL-53(Fe)
composites sponge was characterized for its surface area and morphology by N,

adsorption, and scanning electron microscopy, respectively.

For the adsorption study, factors affecting the As(lll) and As(V) removal by CS-
NC-MIL-53(Fe) adsorbent such as initial pH of arsenic solution, contact time, initial
concentration, and interfering ions were investigated to find the optimum conditions.
Finally, the composite material was used to adsorb arsenic in real water samples.
The concentrations of the arsenic in solutions were determined by inductively

coupled plasma - optical emission spectrometer (ICP-OES).

1.4 The benefits of this thesis

To obtain a chitosan-nanocellulose composite sorbent that has a potential

for arsenic removal from water.



CHAPTER 2

THEORY AND LITERATURE REVIEW

2.1 Arsenic

Arsenic (As) is a metalloid element of the earth’s crust, widely distributed in
the environment including air, water, and land. It is a highly toxic chemical that leads
to severe consequences on human and animal health. Arsenic can be released to
water resources from both the natural causes and human activities. For the natural
processes, arsenic is released from the rocks and volcanic rocks through weathering
and microbial activities. On the other hand, human activities such as mining,
metallurgy, tanning, petroleum refining, and other manufacturing processes are
dominant routes to cause arsenic contamination in the environment which is a global

concern [4-7].

2.1.1 Chemical properties of arsenic in water

In the aqueous environment, arsenic mostly exists in two oxidation states, +3
and +5 which appear as soluble oxyanion arsenic in inorganic forms. Inorganic arsenic,
arsenite (+3) and arsenate (+5) are more commonly found in water, hereinafter
referred to as As(lll) and As(V), respectively. As(lll) is the predominant form under
reducing conditions, whereas As(V) is the dominant stable form in oxygenated water.
The species of As(lll) and As(V) can be in their protonated/deprotonated forms
depending on the redox potential and pH of an aqueous environment. The
dissociation and pK, values are present in Figure 2.1. The distribution of As(lll) and
As(V) species at different solution pH are shown in Figure 2.2. For As(V), it is solely in
the form of Hs;AsO, and AsO,” at pH < 2 and > 12, respectively. Meanwhile, the

forms of H,AsOg, HAsO,%, and their mixtures are found in the pH range of 3-11. For



As(lll), most form is uncharged species like Hs;AsOs;, while the negatively charged

species of As(lll) (H,AsO5, HAsO5%, AsO5”) are present at pH higher than 8 [4, 8, 33].

H;AsOy —>

-H* -H" -H-

H,AsQ, —————> HAsO2* ———> AsO,"

pKa=2.1 pKa=6.7 pKa=112

HAsO; ——> HAsO; ——> HAsO" —— 5 AsO,*

pKa=09.1 pKa=12.1 pKa=134

Figure 2.1 Dissociation reaction of As(V) and As(lll) species.
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Figure 2.2 The distribution of (a) As (V) and (b) As(lll) species

at different pH values [8].



2.1.2 Toxicity of arsenic

Arsenic is a toxic element that causes adverse effect on human and animal
health. Contamination of arsenic in water resource caused by industrial activity is one
of the most common routes. Although a small intake of arsenic helps to maintain
the immune system activity in human, an exposure to high dose arsenic is fatal.
Moreover, inorganic arsenic is more toxic than the organic species and As(lll) and As(V)
are both human carcinogens, according to the International Agency for Research on
Cancer (IARC). It may cause skin, liver, lungs, kidney, and urinary bladder cancers.
Furthermore, long-term consumption ~of arsenic-contaminated water causes
cardiovascular and gastrointestinal diseases, skin pigmentation, central nervous
system damage, lack of appetite, diabetes, muscle weakness, etc. [4, 7, 33]. To
prevent the arsenic contamination, controlling arsenic level in industrial effluent is
mandatory. Therefore, both the World Health Organization (WHO) and the United
States Environmental Protection Agency (USEPA) set the limit of arsenic level in
drinking water to 10 pg/L [8]. For industrial wastewater, the Pollution Control
Department of Thailand (PCD) has set a maximum allowed level of arsenic to 0.25
me/L [9]. The methods for removing arsenic from contaminated water are described

in the next section.

2.1.3 Technologies for arsenic removal

To remove arsenic from contaminated water, several water treatment
techniques have been applied such as oxidation, co-precipitation, ion-exchange,
membrane technologies, electrochemical, and adsorption. Adsorption is one of the
most popular techniques used due to its several advantages including use of less

additional chemicals, ease of operation, and effectiveness [8, 10, 11].



2.2 Adsorbent

An adsorbent is a solid substance used to remove contaminants from liquid
or gas through different interactions on the surface of solid material. The adsorbents
are particularly significant in the adsorption process because they affect the removal
efficiency. The material physical and chemical properties such as mechanical
strength, porosity, surface area, and chemical functional groups determine the
efficiency of the adsorbent in the adsorption process. Many types of adsorbents have
been studied for arsenic removal including activated carbon, alumina, metal oxides,

and natural materials [5, 12-16].

Nowadays, bio-based sorbents have gained much attention for water
treatment and arsenic removal due to their low cost, cost-effectiveness, and non-
toxicity [8, 33, 34]. In this work, a composite derived from biomasses (i.e. chitosan
and cellulose) was fabricated for removing arsenic. Its performance was further

enhanced by adding a metal organic framework.

2.2.1 Chitosan

Chitosan (CS) is a biopolymer derived from waste seafood shells. It is low cost,
non-toxic, biodegradable, biocompatible, and eco-friendly. it has been applied in
many fields including medical and environmental applications. Chitosan is a
hydrophilic material bearing hydroxyl (-OH) and amine (-NH,) functional groups on
the polymer chains as shown in Figure 2.3. These functional groups act as active sites
for the modification and serve for coordination and electrostatic interaction with
targeted metal ions. For example, under acidic condition, the protonated amine
groups of chitosan have shown good affinity toward anions including anionic arsenic
species [17-22, 33]. However, chitosan can be dissolved in aqueous media under
acidic or basic conditions, limiting its application. Hence, many researches have been

carried out to improve the physical and mechanical properties of chitosan.
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Figure 2.3 The structure of chitosan [35].

2.2.2 Modification of chitosan for arsenic removal

For the application of chitosan for water treatment, different approaches for
chitosan modification have been done to improve its mechanical strength, stability in
water, and the adsorption capacity (Figure 2.4). Chitosan can be modified by
blending/compositing, crosslinking, and grafting with other polymers or chemicals to
improve its mechanical strength and stability. The chitosan blending can be done by
mixing chitosan with other polymers or chemicals under suitable conditions. For the
adsorption purpose, a variety of modifier/fillers were used in the blending with
chitosan including magnetite, zero-valent iron, cellulose, etc. Meanwhile, the
crosslink technique can be performed using chemicals like slutaraldehyde as
crosslinking agent. However, the crosslinking with aldehyde reduces the number of
free amino groups for adsorption. For the grafting technique, a chemical initiator or
radiation-induced procedure is required to start the grafting process. Furthermore,
various parameters such as grafting route and reaction temperature have to be

controlled [33, 36, 37].
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Figure 2.4 Modification of chitosan for removal of arsenate [8].

Alternatively, the physical properties of chitosan can be improved by physical
alterations. Typically, commercial chitosan is in flakes or powder form that possesses
low surface area and low porosity. The usage of the chitosan of these forms without
modification may encounter clog or difficulty in solid separation from aqueous
solution. Hence, chitosan has been used in different forms to overcome the problem
and one of alternatives is to fabricate chitosan in sponge form. Chitosan in sponge
structure can be obtained by freeze-drying method. It possesses a higher porosity,
larger specific surface area, and good water uptake, showing high potential for
adsorption application. With this porous structure, it increases arsenic mobility in the
adsorbent, boosting the adsorption rate [23-28, 33]. Nevertheless, pure chitosan
sponge has poor mechanical property and water stability when used as adsorbent in
aqueous solution. Thus, to improve the mechanical properties and water stability of
the chitosan sponge, it should be combined with other polymers or chemicals

through blending/compositing, crosslinking, and grafting methods [8].

The blending technique and sponge fabrication were chosen in this work to
produce chitosan adsorbent due to their simple operation. Nanocellulose and metal-

organic frameworks (MOFs) were blended with chitosan prior to sponge formation to
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enhance its mechanical strength and the adsorption capacity. The unique properties

of these fillers are described in the next section.

Cellulose/nanocellulose

Cellulose is a low cost and eco-friendly material that can be extracted from
different bio-sources. Nanocellulose is typically produced from cellulose by acid
hydrolysis, enzymatic hydrolysis, and mechanical process. The properties of
nanocellulose include low density, large surface area, and high strength. Thus,
cellulose and nanocellulose are often used to reinforce chitosan material to improve
the mechanical strength. Furthermore, cellulose/nanocellulose contains hydroxyl
(-OH) geroups in their structure (Figure 2.5) that can form hydrogen bonding with
amine groups in chitosan [25-27]. This interaction would result in a homogenous

distribution of nanocellulose in chitosan matrix.
_ P _
OH
] Q HO ot
HO o o)
CH
| OH 4,

Figure 2.5 The structure of cellulose.

Metal-organic framework

Metal-organic frameworks (MOFs) are crystalline porous materials synthesized
through the coordination of metal ions/clusters with organic ligands to create
framework as simply shown in Figure 2.6. MOFs have received a lot of attention in
many fields including adsorption due to its good adsorption capacity for heavy metal,
high specific surface area, and adjustable functionality [29, 30]. The Material Institute

of Lavoisier (MIL) MOF, MIL-53(Fe), were used to produce a composite in this work to
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enhance the adsorption capacity toward arsenic species. The high-valent irons (Fe**)
and terephthalic acid were used as metal ion center and organic ligand, respectively.
The MIL-53(Fe) has a good chemical resistance, water stability, and it is easy to
synthesize [31, 32, 38]. More importantly, it is a low toxic material as the metal
centers of MIL-53 are iron [32]. Typically, MIL-53(Fe) framework was synthesized by
solvothermal process as shown in Figure 2.7 [39]. The chemical structure of

MIL-53(Fe) is presented in Figure 2.8 [40].

Organic Metal ions
linker or clusters

1,4-BDC FeCl;-6H,0 MIL-53(Fe)

Figure 2.7 Synthesis of MIL-53(Fe) framework [39].
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Figure 2.8 The chemical structure of MIL-53(Fe) [40].

2.3 Adsorption

Adsorption is a process that involves the accumulation of analytes (in liquid
or gas phase) on the surface of an insoluble solid material which is called mass
transfer process. The analyte that deposits on the surface is referred to an adsorbate,
whereas the solid material as an adsorbent. According to the interaction types and
forces between adsorbate and adsorbent, adsorption process can be divided into

two types including physisorption and chemisorption [41-43].

Physisorption (physical adsorption)

Physisorption is the physical interaction between the molecules of adsorbate
and the surface of adsorbents via Van der Waals force attraction or electrostatic
interaction. This interaction between the adsorbent surface and adsorbate is non-
specific and the adsorption may occur as multiple layers adsorption on the surface. It
has low adsorption heat and has low binding energy between adsorbent and

adsorbate.
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Chemisorption (chemical adsorption)

Chemisorption of the adsorbate occurs through the formation of chemical
bond between the adsorbate and functional groups on the adsorbent. The
interaction is stronger than the force of Van der Waals. This would occur on the
adsorbent surface bearing active sites specific to the adsorbate. Therefore, the
adsorbate molecules/ions adsorb on the surface only at these specific active sites
and they are restricted from the migration due to high binding energy and heat of
adsorption. Consequently, the adsorption occurs in monolayer regime and the

process is irreversible.

2.3.1 Adsorption kinetics

Adsorption kinetics is used to evaluate the performance and to describe the
adsorption behavior of the adsorbent. Moreover, the kinetics study is also used to
design and develop the adsorption system. For the kinetic models, pseudo—first
order and pseudo-second order are widely used for predicting the adsorption

mechanism and calculating the kinetic parameters [43-45].
Pseudo-first order kinetic model

The pseudo-first order model is based on the amount of adsorbate on
adsorbent at equilibrium and defined time. The model can be described by the

equation 2.1 and after integration, a linear equation 2.2 is obtained,

d
—£= ki(qe — q0) (2.1)

k
log(ge — q¢) = log qe — 75t (2.2)

where g, is the amount of analyte adsorbed at equilibrium (mg/g),
q: is the amount of analyte adsorbed at specific time (mg/g),
k, is the rate constant of pseudo-first order adsorption (min™),

t is adsorption time (min).
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The value of ki and g, can be calculated from the slope and intercept of
the linear plotting of log(q, — q;) versus time, respectively. If the g cq; values are
close to the values observed from the experiment (qexp), it indicates that the

kinetics of the studied adsorption process follows this kinetic model.

Pseudo-second order kinetic model

The pseudo-second order model assumes that the adsorption occurs
through chemical adsorption. In this case, the adsorption rate is independent to
concentration of adsorbate but it is dependent to the amount adsorbate on the
adsorbent. The rate equation of the pseudo-second order model is given in equation

2.3 and the linear relationship is shown in equation 2.4,

d
f = ky(qe — Qt)z (2.3)
t) LIRG

t
= 4 — (2.4)
ac ka3 de

where g, is the amount of analyte adsorbed at equilibrium (mg/g),
q: is the amounts of analyte adsorbed at time (mg/g),
k, is the rate constant of pseudo-second order adsorption (g¢/mg.min),

t is time (min).

From the linear plotting of t/q; against time, the qecq and k, value are

obtained from the slope and intercept, respectively.

2.3.2 Adsorption isotherms

Adsorption isotherms are used to describe the adsorption behavior at
equilibrium. It involves the amount of adsorbate on adsorbent surface observed at
equilibrium when the initial concentration is varied at constant temperature and pH.

The isotherms were plot with between g, and C,. Moreover, the information of
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these studies can be applied to design the treatment system. Different isotherm
models are often applied to the experimental data to describe the adsorption
behavior at equilibrium such as Langmuir, Freundlich, Temkin, and Dubinin and

Radushkevich (DR) model [43, 45-51].

Langmuir isotherm

The Langmuir isotherm was developed by considering the interaction on the
interface of solid-liquid phase. The adsorption mechanism is based on several
assumptions including (i) the adsorbent has a homogeneous surface, suggesting that
all active sites have relatively equivalent affinity towards the adsorbate and hence
equivalent adsorption energy, (i) the adsorption of the analyte occurs as monolayer
on the surface, and (iii) the adsorption takes place at specific sites without the
interaction between adsorbate ions/molecules on the surface. The Langmuir

isotherm is shown in equation 2.5. The linear form is also demonstrated in equation

2.6,
bC
q = Im—e (2.5)
1+ bC,
C 1 C
£ =_—+ = (2.6)
q bam dm

where C, is the equilibrium concentration of analyte in aqueous solution (mg/L or
mol/L),
q is the amount of analyte adsorbed on the adsorbent at equilibrium (me/g
or mol/g),
qm is the maximum amount of analyte adsorbed or the maximum adsorption
capacity of the adsorbent (mg/g or mol/g),

b is Langmuir constant related to the affinity of binding sites (L/mg or L/mol).
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The value of g,, and b are obtained from the slope and intercept of the
linear plot of C,/q against C,. In addition, the essential feature of Langmuir isotherm

can be shown in term of separation factor constant (R} ) as follows [49].

1
Ri= 15 (2.7)

C; is the initial concentration of arsenic in aqueous solution (mg/L). The
parameter R; determines the type of the isotherm and the meaning of R}, value is

presented in Table 2.1.

Table 2.1 The R; values and corresponding type of isotherm

R; value Type of isotherm
R, > 1 Unfavorable
R, =1 Linear

0<R; <1 Favorable
R, =0 Irreversible

Freundlich isotherm

The Freundlich isotherm model can be used to describe the adsorptions on
the surface bearing various active sites or heterogeneous surface, according to the
assumption that the adsorption sites have different binding affinity toward the
adsorbate and hence, different binding energies. In addition, the adsorption may
occur as multilayer adsorption and reversible. The Freundlich equation and its linear

form are expressed in equation 2.8, and 2.9, respectively,
q= KeC'" (2.8)
logq = log Ky + %logCe (2.9)

where K is Freundlich constant related to adsorption capacity (meg/g or mol/g),

n is Freundlich constant related to adsorption intensity.
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The linear equation obtained by plotting between logq versus log C, can be
used to calculate the K and n from the intercept and slope, respectively. When the

value n parameter is higher than 1, it indicates that the sorption is favorable [45, 48].

Temkin isotherm

Temkin adsorption isotherm is used to describe the interactions between
adsorbate and adsorbent that involve the heat of adsorption of molecules in the
layer of adsorbate. It assumes that the heat of adsorption of all molecules decreases
linearly when the surface of adsorbent is covered due to the adsorbate-adsorbent
interactions. It also assumes a uniform distribution of binding energies up to some
maximum binding energy. The linear form of Temkin model is shown in equation

2.10,

qe = %ZlnA + Rb—Tln Ce (2.10)

where R is gas constant (8.31 J/mol K),
T is absolute temperature (K),
b is Temkin constant related to the heat of sorption (J/mol)

A is Temkin isotherm equilibrium binding constant (L/g).

The A and b parameters can be determined from linear plotting of g, versus

InC,.

Dubinin and Radushkevich isotherm

Dubinin-Radushkevich  (DR) model is applied to describe adsorption
mechanism with a Gaussian energy distribution on heterogeneous surfaces. It is
dependent on temperature. Typically, the model is used to determine type of

adsorption between physical and chemical adsorption of analyte with its adsorption
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energy, calculated from the isotherm plot. The Dubinin-Radushkevich (DR) isotherm is

expressed in equation 2.11.
Ing, = Ing,, — p&* (2.11)

The adsorption potential or Polanyi potential (€) can be calculated following

equation 2.12. B is DR constant related the adsorption free energy (E) (mol%/J).

£ = RTIn(1+ =) (2.12)
E=— (2.13)
- & ,

The linear equation was obtained by plotting In q, against €2. The value of
adsorption energy (E) can be used to determine the type of adsorption process as

listed in Table 2.2.

Table 2.2 The E values that associate with the type of adsorption process [51]

Value of E (KJ/mol) Type of adsorption process
E <8 Physisorption
E =8-16 lon-exchange
E =16-20 Chemisorption

2.4 Literature review

For arsenic removal from water by adsorption process, many types of
material have been used. Among the available adsorbents for arsenic, biosorbents
like chitosan have gained much attention due to its low cost, non-toxicity,
biodegradability, and eco-friendly. Chitosan has been demonstrated as adsorbents
for metal ions removal from aqueous solution due to the presence of amine groups
on its structure. Herein, we focus on the removal of arsenic in water by chitosan as

discussed as follows.
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Gérente and coworkers [20] studied the removal of arsenate ions from
contaminated water using chitosan flakes to observe the mechanism of adsorption. It
was found that chitosan could adsorb arsenate through electrostatic attraction
between positively charged amines on chitosan and anionic arsenate, which was a
spontaneous reaction. The capacity of chitosan for arsenate adsorption was 1.37

mg/g at pH 5. The adsorption process fitted to Langmuir isotherm.

Kwok and coworkers [21] investigated the use of chitosan flakes and
nanochitosan powders for removing arsenite and arsenate from aqueous solutions.
The results showed that the capacity of chitosan for arsenite and arsenate
adsorption at equilibrium was around 0.5 mg/g¢ and 5 mg/g, respectively. While the
capacity of nanochitosan for arsenite and arsenate adsorption was 6.1 mg/g and 13
me/g, respectively. The initial pH was 6 and 4 for arsenite and arsenate adsorption,
respectively. The capacities of both adsorbents for arsenate adsorption are higher
than arsenite because arsenite existed in a neutral form, causing a lack of attraction
on adsorption sites through electrostatic interaction. The nanochitosan powder
showed a higher adsorption capacity because of its higher surface area, compared to

chitosan flakes.

In addition, Kwok and coworkers [22] also studied the adsorption mechanism
using chitosan flakes and nanochitosan powder for removing arsenate. The
experiment results showed that the protonated amine groups of chitosan were
observed in the pH range of 3.50-5.50 and the pH showed effect on the adsorption
capacity. The interaction between the anionic arsenate and chitosan occurred via
electrostatic attraction. From these results, the chitosan in form of flake or powder

can remove arsenic from aqueous solution, but it has a low adsorption capacity.

From the review, it was found that the use of chitosan still has several
drawbacks such as low stability in water, poor mechanical properties, low surface

area, and low porosity. For chitosan in form of powder or flake, it causes clog or



20

difficulty in material separation from aqueous solution. Thereby, different chitosan
composites have been fabricated to enhance its mechanical strength and the
adsorption capacity and to suite their practical application. Several research are

summarized hereafter as examples.

Charpentier and coworkers [33] prepared nanocomposite of chitosan and
carboxymethylchitosan modified with magnetic nanoparticle for adsorption of Cu?*,
Pb?*, and Zn?* from contaminated water. The results showed that the capacity of the
composites for metal ions adsorption was higher than that of chitosan-based
adsorbent. The maximum adsorption capacity of the modified chitosan according to
Langmuir isotherm was 141 mg/g for Pb*", 123 mg/g for Cu?*, and 88 mg/g Zn*'.
Whereas the capacity of modified carboxymethylchitosan according to Freundlich

isotherm was 243 mg/g for Pb*, 232 mg/g Cu?*, 131 mg/g Zn*".

Su and coworkers [37] fabricated the zero-valent iron (nZVI)/chitosan
composite foams (ICCFs) by freeze-drying method for removal of inorganic arsenic in
water. It was found that the ICCFs exhibited porous structure with good mechanical
property. The presence of zero-valent iron in the porous material improved the
adsorption capacity to 114.9 mg/g for As(lll) and 86.87 mg/g for As(V) at pH 6. The
adsorption kinetics of As(lll) and As(V) on ICCFs fitted well to the pseudo-second
order and their isotherms followed Langmuir model. Furthermore, the performance
of ICCFs on arsenic removal could be attributed to both its porous structure of

chitosan and nZVI as active site for arsenic interaction.

Salih and coworkers [36] prepared a composite adsorbent by modifying
chitosan with diatomite for removal of As(lll) and As(V). The results indicated that the
adsorption capacity of the material was enhanced with the maximum adsorption
capacities of 87.81 mg/g and 44.07 mg/g for As(lll) and As(V), respectively. These

adsorptions could fit to Langmuir isotherm and pseudo-second order models.
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Zhange and coworkers [25] fabricated an adsorbent for oil separation by
incorporating nanofibrillated cellulose (NFC) into chitosan (CS) matrix through freeze-
drying method. The CS/NFC adsorbent showed good mechanical performance due to
the reinforcement of chitosan network structure with of NFC. Moreover, this material

was stable in water and remained intact after being soaked for 30 days.

Abdul Khalil H.P.S and coworkers [26] collected and discussed about the
properties and applications of the chitosan-cellulose/nanocellulose composites. It
was found that the poor mechanical and thermal properties of chitosan have limited
its applications. Thereby, the blending of chitosan with cellulose/nanocellulose
could improve their mechanical properties. In addition, the cellulose/nanocellulose
as reinforcement filler is eco-friendly. After blending, the composite can be used in

many applications.

Geng and coworkers [27] prepared the composite of chitosan with different
cellulose contents to observe the mechanical properties. The results showed that
the chitosan composite had good mechanical properties, resulted from small
amount of cellulose added to reinforce. This phenomenon could be explained by
the interaction between chitosan and cellulose through H-bond formation and the

cellulose could be dispersed homogeneously in chitosan matrix.

Zhang and coworkers [28] modified chitosan with cellulose, then crosslinked
with glutaraldehyde. The sponge was obtained after freeze-dried and used for
mercury(ll) ions removal from aqueous solution. It was found that the
chitosan/cellulose composite sponge (CCS) could adsorb He(ll) ions rapidly and
selectively. Besides, the CCS was easily separated from water compared with

particulate or powder adsorbent. The adsorption capacity of 495 mg/g was obtained.

Chitosan/cellulose sponge has been demonstrated as a promising material for
the adsorption application. Moreover, MOFs have received a lot of attention as

material for arsenic adsorption. However, using MOFs may encounter the difficulty in
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solid separation from water due to its small particle size. Herein, we used MIL-53(Fe)
(MIL = Material Institute of Lavoisier) as a modifier in the chitosan/cellulose sponge
due to its good chemical resistance, water stability, and ease of synthesis. The
method of MIL-53(Fe) synthesis was investigated by Du and coworkers [31] and Yu

and coworkers [32].

Furthermore, Vu and coworkers [38] synthesized MIL-53(Fe) using Fe>" ions as
the metal centers and terephthalic acid as organic ligands via solvothermal method
for arsenic removal from aqueous solution. The results showed that the MIL-53(Fe)
was successfully applied to remove arsenate from solution with the maximum
adsorption capacity of 21.27 mg/g at pH < 6.9. The adsorption occurred through the
complex formation of Fe-O-As as Lewis acid-base interaction between an anionic
ligand of arsenate and the Fe®" cations in the MIL-53(Fe). These adsorptions could fit

with Langmuir isotherm and pseudo-second order models.

In this work, we are interested in the preparation of chitosan sponge
reinforced with nanocellulose and modified with MIL-53(Fe) to improve the efficiency

in arsenic removal.



CHAPTER 3

EXPERIMENTALS

3.1 Instruments

Table 3.1 List of analytical instruments

Instruments Manufacturing/Models

Zetasizer Nano ZS (DLS) Malvern

Fourier-transform infrared spectrometer (FT-IR)  [Thermo Scientific/Nicolet iS50

X-ray diffractometer (XRD) Rigaku/Smartlab

Transmission electron microscopy (TEM) JOEL/JEM-2100

Scanning electron microscope (SEM) JEOL/IT-100

Surface area analyzer BEL Japan/BELSORP-mini
Inductively coupled plasma-optical emission Thermo Scientific/iCAP 6000 Series

spectrometer (ICP-OES)

Centrifuge Cence/L500

Refrigerator Mitsubishi/MR-F36J-GY
Freeze-dryer LABCONCO

Teflon-line stainless-steel autoclave PARR/Acid digest vess 125 mL
Oven Memmert/UM 500

Vacuum pump Millipore

Sonicator Ultrasonic steri-cleaner

pH meter Mettler TOLEDO/FiveEasy Plus

Shaker Ratek/Orbital mixer incubator
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All chemicals used in this research were of analytical grade and listed in

Table 3.2.

Table 3.2 List of chemicals

Chemicals

Supplier

1,4-Benzenedicarboxylic acid (H,BDC)

Merck

Acetic acid (CH,COOH)

Merck

Acetone

RCI Labscan Limited

Arsenic standard solution

Merck

Cellulose microcrystalline (CMC)

Sigma-aldrich

Chitosan (CS)

Sigma-aldrich

Dimethylformamide (DMF)

RCI Labscan Limited

Ethanol

RCI Labscan Limited

Glutaraldehyde (GLU)

Sigma-aldrich

Hydrochloric acid (HCL)

Sigma-aldrich

Iron (Ill) chloride (FeCl,)

Sigma-aldrich

Iron standard solution (1000 mg/L)

Merck

Magnesium sulfate (MgSO,)

Fisher Scientific

Manganese (II) chloride (MnCl,.4H,0)

Kemaus

Mix metal standard solution
(Sb, As, Be, Cd, Ca, Cr, Co, Cu, Fe, Pb, Li, Mg, Mn, Mo, Ni, P,
Se, Sr, TL, Sn, 100 mg/L of all chemicals)

Merck

N,N’-methylene bisacrylamide (MBA)

Sigma-aldrich

Nitric acid (HNO,)

Merck

Sodium (meta) arsenite (AsNaO,)

Sigma-aldrich

Sodium arsenate dibasic heptahydrate (HAsNaO,.7H,0)

Sigma-aldrich

Sodium hydrogen phosphate heptahydrate (Na,HPO,.7H,0)

Panreac
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Table 3.2 List of chemicals (continued)

Chemicals Supplier
Sodium hydroxide (NaOH) Merck
Sodium sulfate (Na,SO,) Ajax Finechem
Urea Merck

3.3 Methodology

3.3.1 Preparation of nanocellulose

Nanocellulose (NC) was synthesized from cellulose microcrystalline (CMC)
powder by following the method reported by Shankar and Rhim [52] as described in
Figure 3.1. The CMC powder (2 ¢) was dispersed in 48 mL of a solution containing 7%
(w/w) NaOH and 14% (w/w) urea. The mixture was stirred at room temperature for a
specific time before being frozen at -20°C for another 2 h. After the mixture
temperature reached room temperature, it was stirred for 10 min using a magnetic
stirrer at 800 rpm. Then, the cellulose was washed with milli-Q water to eliminate
excessive urea and NaOH, and separated by centrifugation at 3000 rpm for 10 min.
The product was washed repeatedly until the pH of the runoff was around 7. After
being freeze-dried, the nanocellulose powder was obtained. The effect of reaction

time (1 - 4 h) was investigated.

Cellulose (CMC
NaOH/ & &= (=)
Urea o
= -
~ G :
] » = » [
o] - ce]
Stir 800 rpm, Frozen -20°C, 2 h Add Milli-Q
1,2,3,and4h water and sfir
Centrifuged and washed
Nanocellulose (NC) Freeze-Dry 24 h with Milli-Q water
powder

Figure 3.1 Schematic illustration of the synthesis of nanocellulose.
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3.3.2 Synthesis of MIL-53(Fe) metal-organic framework

MIL-53(Fe) was prepared using the typical solvothermal process according to
the previous work of Nguyen and co-workers [39]. FeCl, (1.35 ¢) and H,BDC (0.83 ¢)
were dissolved in 25 mL of DMF, stirred for 30 min at room temperature, and
transferred to a Teflon-line stainless-steel autoclave. The mixture was heated at
150°C for 6 h. After being left to cool down to room temperature, the solid was
filtered and washed with 50% EtOH multiple times. Finally, the light orange powder
was dried in an oven at 80°C for 12 h as presented in Figure 3.2 and stored in a

desiccator for later use.

FeCly/DMF &, &G——=
%2- terephthalic acid

2 L) o o (
Auteclave Fillrate and dried MIL-53(Fe)
4 hat150°C at 80°C

Figure 3.2 Schematic illustration of the synthesis of MIL-53(Fe)

metal-organic framework.

3.3.3 Preparation of chitosan-nanocellulose composite material

For the preparation of CS-NC composite material, parameters affecting the
sponge fabrication, the mechanical properties, and stability in water of the material
such as chitosan (CS) content, nanocellulose (NC) content, amount of crosslinkers

like glutaraldehyde (GLU) and N, N’-methylenebisacrylamide (MBA) were optimized.

Preliminary study

In this work, the CS was used as the main matrix to fabricate a sponge
material for arsenic removal. CS was dissolved in 10 mL of 1% (v/v) acetic acid with
various content at 0.5, 1.0, 1.5, 2.0, or 2.5% (w/w) to find the maximum content of CS

that could be dissolved in this condition. The 2.0% (w/w) CS was used to fabricate
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the sponge and glutaraldehyde (GLU) was added into the CS solution, stirred for 20
min, weighted in a vial approximately 1 ¢ each and freeze-dried.

The effect of glutaraldehyde (GLU) concentration for crosslinking the CS was
studied as shown in Table 3.3. The mechanical properties and stability in water of

the obtained CS sponge was observed.

Table 3.3 The different glutaraldehyde concentration used in CS sponge preparation

Chitosan (% w/w) Glutaraldehyde (% v/v)
0.5
1
2 3
5
10

Fabrication of chitosan-nanocellulose composite

Chitosan-nanocellulose composite (CS-NC) was prepared as presented in
Figure 2.3. Firstly, a solution of CS and a NC suspension were prepared separately in
1% acetic acid solution. Secondly, CS solution and NC suspension were mixed and
immediately stirred for 2 h to form a creamy homogeneous solution. Afterward, MBA
crosslinker powder (if used) was added to the mixture, stirred for 20 min, and further
sonicated for 30 min. Subsequently, 200 pL of GLU solution (if used) was put into the
CS-NC solution dropwise under vigorous stirring. To acquire the mixture final weight
of 20 g, an appropriate amount of 1% acetic acid solution was added. Then, the
mixture was weighted in a vial approximately 1 ¢ each and freeze-dried. The product

in the vials were collected and kept for further use.
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N.N'-methylenebisacrylamide (MBA)

1% Glutaraldehyde
Nanocellulose (NC) in
acetic acid

(O JH = I

O(bElzl

Chitosan (CS) in Stired Transfered to C5-NC
acetic acid was vial and material
stimed freeze-dried

Figure 3.3 Schematic illustration of the synthesis of CS-NC composite.

The effect of N, N’-methylenebisacrylamide (MBA) concentration and GLU
addition in CS-NC composite were studied using different conditions as presented in
Table 3.4 (Entry 1 — 4). After curing, the obtained materials were tested for their
stability in water, water uptake ratio, and mechanical properties and compared. The

curing time was also observed.

Table 3.4 The different NC content reinforce in CS porous material

Entry Chitosan (% Nanocellulose MBA (% Glutaraldehyde
w/w) (% w/w) wW/w) (% v/v)
1 2 2 - 1
2 2 2 0.6 -
3 2 2 1.2 -
q 2 2 0.6 1
5 2 1 0.6 1

Effect of nanocellulose content

For investigating the effect of nanocellulose (NC) content for the CS-NC
sponge preparation, the amount of NC was varied as 1 and 2 % as shown in Table
3.4 (Entry 4-5). After freeze-drying, the obtained materials were immediately tested

for their stability in water and mechanical properties.
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3.3.4 Preparation of CS-NC-MIL-53(Fe) composite

Effect of MIL-53(Fe) content

In the preparation of the CS-NC-MIL-53(Fe) composite (Figure 3.4), the
mixture of 2 % CS and 1 % NC was prepared as described previously in the synthesis
of the CS-NC composite. MIL-53(Fe) of specific amount was added into the CS-NC
mixture to get a MIL-53(Fe) concentration of 0.5, 1.5, or 2.5% (w/w) and stirred for 2 h.
An orange homogeneous suspension was obtained. Then, 0.6% (w/w) MBA powder
and 200 pL of 1% GLU solution were added into the mixture before its final weight
was adjusted to 20 g with 1% acetic acid solution. At this point, an orange viscous
liquid suspension was obtained. the mixture was weighted in a vial approximately 1 ¢
each and freeze-dried. The final products were washed with milli-Q water, rinsed
with acetone to eliminate any remaining starting substances, and left to dry at room
temperature. The obtained materials were tested for their stability in water and

mechanical properties.

N,N'-methylenebisacrylamide (MBA) ? 1% Glutaraldehyde
‘o

Nanocellulose (NC) Tn
ti id
aceficac MIL-53(Fe)

(D('.ri=|

Chitosan (CS) in Transfered to CS-NC-MIL-53(Fe)
acetic acid was vial and material
stired freeze-dried

Figure 3.4 Schematic illustration of the synthesis of CS-NC-MIL-53(Fe) composite.

3.4 Characterization

The material characterization was performed to assert the success of the
synthesis of the nanocellulose (NC), MIL-53(Fe), and the composites. Several

techniques were used as described below.



30

3.4.1 Characterization of nanocellulose

The size and morphology of nanocellulose (NC) were determined by
dispersing the material in milli-Q water before an analysis by dynamic light scattering
(DLS) and transmission electron microscopy (TEM), respectively. To detect the
functional groups on the materials, the samples were analyzed by Fourier transforms

infrared spectrometry (FT-IR).

3.4.2 Characterization of MIL-53(Fe)

The crystalline structure and the functional group of MIL-53(Fe) were
observed by powder X-ray diffraction (XRD) and FT-IR, respectively. Nitrogen
adsorption by the materials was carried out to determine the surface area. The

morphology of MIL-53(Fe) was observed by scanning electron microscope (SEM).

3.4.3 Characterization of composites
The unmodified and modified CS-NC composite were characterized by FT-IR,
SEM, and nitrogen adsorption. The details of each technique are described as

follows.

Fourier-transform infrared spectrometry
The functional groups on the CS-NC and CS-NC-MIL-53(Fe) composite
materials were characterized by a FT-IR. The FT-IR spectra were recorded from 400 to

4000 cm™ in attenuated total reflectance (ATR) mode.

Scanning electron microscopy
The surface morphology of the unmodified and modified composite materials
was monitored by SEM. The samples were cross-sectioned and coated with Au

before the analysis.

Surface area analysis
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The surface area and pore size of the composite materials were
determined by nitrogen adsorption analysis, and the adsorption data were fitted to

Brunauer-Emmett-Teller (BET) model.

Energy dispersive X-ray spectroscopy (EDX) and elemental mapping

analysis

The elemental composition of the CS-NC-MIL-53(Fe) adsorbent was
determined by energy dispersive X-ray spectroscopy (EDX) and the distribution of

elements on the material surface was observed by elemental mappins.

3.5 Water uptake study

The water uptake ability of the composite materials was evaluated. The dried
composite materials were weighed and then, immersed in DI water for 180 min at
room temperature. The wet weight of the sponge was determined by blotting the
sponge with tissue paper to remove water adsorb on the surface and weighed
immediately on an analytical balance. Then, the water uptake ratio of sponges in
water calculated as follows:

Wi—Wy

Water uptake ratio = W (3.1)

(o]
where W, is the weight of dried sponge (mg),

W, is the weight of wet sponge at time (mg).
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3.6 Adsorption study

The adsorption of arsenic in aqueous solutions by the composite material
was studied. In this research, a piece of adsorbent (ca. 40 mg) was added into 20 mL
of the solution containing As(lll) or As(V) and shaken at 100 rpm for 12 h. The
concentration of As(lll) or As(V) solution before and after the adsorption was
determined by an inductively coupled plasma optical emission spectrometer
(ICP-OES). The adsorption capacity (g, meg/g) and the efficiency of the composite
material for arsenic removal were calculated using equations 3.2 and 3.3,

respectively;

_ (Gi-=Cp
q=——"X Vv (3.2)

¢i-C
Removal (%) = =2 x 100 (3.3)
1
where C; is the initial concentration of arsenic in solution (mg/L),
C¢ is the final concentration of arsenic in solution (mg/L),
m is the mass of composite material used in the adsorption (g),

V s the volume of arsenic solution (L).

Furthermore, the arsenic standard solution (1000 mg/L) was used to prepare
arsenic standard solutions of desired concentrations by diluting the solution with
milli-Q water. The arsenic stock solutions for the adsorption experiments were freshly
prepared by dissolving a specific amount of AsNaO, or HAsNaO,.7H,0 in milli-Q
water. And the nitric acid solution (1 %v/v) was prepared by direct diluting the

concentrated solution (65%) in milli-Q water for ICP-OES analysis.

3.6.1 Effect of initial pH of the arsenic solution

The effect of initial solution pH on arsenic adsorption efficiency of composite
material was investigated in a pH range from 3 to 11. The initial concentration of
arsenic was 40 mg/L and the contact time of 12 h was adopted. The initial pH of the

solutions was adjusted to the desired value using HCl or NaOH solution.
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3.6.2 Effect of contact time

The effect of contact time on arsenic adsorption by composite material was
investigated using a piece of adsorbent and 20 mL of the arsenic solution having
an initial pH was 9 for As(lll) and As(V). The initial concentration used was 40 mg/L
for As(ll) and As(V). The contact time was varied in the range of 0.5

to 15 h.

3.6.3 Effect of initial concentration (Adsorption isotherm)

The adsorption  experiments were performed under controlled
temperature at 25°C. The initial concentration of the arsenic solution was varied in
the range of 5-50 mg/L and 20-175 mg/L for As(lll) and As(V), respectively. The initial
of pH solutions was 9 and contact time was fixed to 12 h. The obtained data were fit
to the Langmuir, Freundlich, Temkin, and Dubinin and radushkevich (DR) isotherm

model to study the adsorption behavior of the materials.

3.6.4 Effect of interfering ions

The effect of anions, cations, and heavy metal ions other than As(lll) and As(V)
was studied in a binary mixture system. For each mixture, it contained 0.4 mM As(lll)
or 0.8 mM As(V) and other individual species. The ions studied included PO,* and
SO, as anion, Na,SO, and MgSQy as salts of different cations, and Cr(VI), Mn(ll), Fe(llD),
Ni(ll), Cudll), Zn(ll), Cd(l), and Pb(ll) as heavy metal ions. The concentration of the
studied interfering ions was 0.4 or 4.0 mM for the adsorption of As(lll) and 0.8 or 8.0
mM for the adsorption of As(V).

3.7 Application to real water sample

The real wastewater sample used in this study was collected from a

petroleum refining industry at Rayong province (Thailand). Before use in this
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experiment, the wastewater was analyzed for the concentration of total arsenic by

ICP-OES and the pH was also measured.

The sample solution from the first source had the pH and arsenic
concentration about 9.2 and 4.09 mg/L, respectively. Meanwhile, the second source
sample had the pH value of 6.8 and arsenic concentration of about 736.02 mg/L.
The sample that contained high concentration of arsenic was diluted with
milli-Q water 20 times and adjusted sample pH to 9. The CS-NC-MIL-53(Fe)
composite materials were used to remove the arsenic in 20 mL of wastewater
with a contact time of 12 h. Moreover, different doses of adsorbent
(1, 2, and 3 pieces) were added in the sample water to adsorb arsenic.

Afterward, the residual concentrations of arsenic in two sources were determined.



CHAPTER 4
RESULTS AND DISCUSSION

4.1 Preparation and characterization of nanocellulose

In the nanocellulose (NC) preparation, the reaction time for size reducing
from crystalline microcellulose (CMC) to NC was optimized. The obtained

nanocellulose from different conditions were characterized by DLS, TEM, and FT-IR.

4.1.1 Effect of time

In this process, the preparation of NC particles from CMC was carried out
using NaOH/urea solution with different reaction time ranging from 1 h to 4 h under
continuous stirring at 800 rpm. After freeze-drying, the final product was obtained as
white and lightweight powder. The impact of time in the NC preparation was

observed using dynamic light scattering for size determination.

4.1.2 Characterization of nanocellulose

Dynamic light scattering (DLS)

The results of DLS analysis could reveal the average particle size and the
polydispersity index (PDI) of NC obtained as presented in Table 4.1 and Figure 4.1.
The NC particles size was smaller with increasing time and low PDI values was
observed (0.3-0.6). It suggested that an inter- and intra-hydrogen bonds between
cellulose molecules were destroyed resulting in the reduction of particle size with
low particles size distribution (PDI < 0.7) [53-56]. Consequently, the specific surface
area and water sorption of cellulose increased, which was suitable for the composite
preparation. Although the stirring time was prolonged from 2 h to 4 h, the sizes were

still_around 400 nm and not remarkably changed. Therefore, the time for NC
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preparation from CMC of 2 h was chosen to save time as it was sufficient for

producing NC of desired size.

Table 4.1 Size and PDI of NC particles obtained using different magnetic stirring

times
Time (h) Size (nm) PDI
1 540.4 £ 9.5 0.583
2 4335 + 41.0 0.442
3 414.7 + 38.7 0.407
a 3714 + 159 0.359
600
500 A
400
€
£ 300
I
(%]
200
100
0
1 2 3 i
Time (h)

Figure 4.1 The effect of time for NC preparation on the obtained NC size

Transmission electron microscopy (TEM)

To observe the morphological structure of the NC obtained, the dispersed NC

was analyzed by the TEM as shown in Figure 4.2.
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Figure 4.2 TEM images of the prepared NC.

The images show that the prepared NC were in spherical shape with the size
in the range of 135.8 — 177.8 nm. The particle sizes measured by TEM and DLS
methods were remarkably different. This is because the TEM determined the physical
size of particles in their dried form, while the DLS analyzed the particles dispersed in
an aqueous solution. As NC is highly hydrophilic and it would swell in water, hence,

their particles size determined by DLS method was likely to be larger.

Fourier transform infrared (FT-IR) spectroscopy

The functional groups present in CMC and synthesized NC were studied by

FT-IR as shown in Figure 4.3. The IR spectra were recorded using ATR mode.
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Figure 4.3 FT-IR spectra of CMC and NC.

The main characteristic peaks are listed in Table 4.2, which corresponded to
the chemical structure of cellulose. It was reported that the change in the crystalline
structure of cellulose leads to a disappearance or a reduction in intensity of certain
FT-IR peaks of the crystalline domains of cellulose [57]. In this study, the results
showed that the intensity of the peak at 1429 cm™ of the NC crystalline was
significantly lower than that of CMC. Owing to a destruction of hydrogen bonds in the
synthesis process, the crystallinity decreases [54-56]. All the characterization results

confirmed that NC was obtained.

Table 4.2 The main characteristic peaks and assigned functional groups of NC

observed by FT-IR

Wavenumber (cm™) Functional group
3389 -OH stretching
2890 C-H stretching
1429 -CH, bending
1053 C-O-C stretching
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4.2 Synthesis and characterization of metal-organic framework MIL-53(Fe)

MIL-53(Fe), used to modify the nanocellulose-chitosan composite, was
synthesized by using the method proposed by Nguyen and co-workers [39]. The

obtained materials were characterized by XRD, FT-IR, surface area analysis, and SEM.
X-ray diffraction (XRD)

X-ray diffraction was used to characterize the crystallinity of the obtained
MIL-53(Fe). The XRD pattern of MIL-53(Fe) is shown in Figure 4.4. The material
showed a highly crystalline structure with main diffraction peaks at 9.4°, 12.58°, 18.84°,
and 21.98°. The results of the prepared MOF agreed well with those of MIL-53(Fe)

observed in the previous work [49, 50].

o
9.4

o
18.84

Intensity (a.u.)

5 10 15 20 25 30 35 40

2 Theta (degree)

Figure 4.4 XRD pattern of the prepared MIL-53(Fe) metal-organic framework.
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Fourier transform infrared (FT-IR)

The FT-IR spectra of MIL-53(Fe) is displayed in Figure 4.5 and several
characteristic peaks and the expected functional groups of MIL-53(Fe) are listed in
Table 4.3. The characteristic coordination between Fe** cation and -OOC-C¢H,-COO-
carboxylate anions of the ligand in the structure of MIL-53(Fe) was confirmed by Fe-O
stretching located at 522 cm™ [38, 40]. The other signals belonged to the
terephthalic acid ligand were observed at 1660, 1588, 1382, and 748 cm?, reflecting
the presence of the aromatic group and dicarboxylic linker. These characterization

results revealed that MIL-53(Fe) crystal was obtained.

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Figure 4.5 FT-IR spectra of MIL-53(Fe) metal-organic framework.

Table 4.3 The main characteristic peaks and assigned functional groups of

MIL-53(Fe) observed by FT-IR

Wavenumber (cm™) Functional group
1660 C=0
1588 Asymmetric C-O
1382 Symmetric C-O
748 C-H bending
522 Fe-O stretching
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Surface area analysis

The specific surface area of as-prepared MIL-53(Fe) was determined by N,
adsorption - desorption isotherms at 77 K and the results are shown in Figure 4.6.
The N, adsorption - desorption curves displayed an intermediate mode between
type | and IV isotherms, which corresponded to the adsorption inside micropores and
mesopores, respectively [38]. The Brunauer-Emmett-Teller (BET) surface area and
total pore volume of the MIL-53(Fe) were calculated to be 22.139 m? ¢ and 0.036
cm® g1, The results revealed that the prepared MIL-53(Fe) was not a porous material,

and hence it exhibited low specific surface area [58, 59].
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Figure 4.6 Nitrogen adsorption — desorption isotherm of MIL-53(Fe).
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Scanning electron microscope (SEM)

The morphology and size of the as-synthesized MIL-53(Fe) were observed by
SEM as shown in Figure 4.7. The MIL-53(Fe) frameworks exhibited the octahedron-like
crystalline structures of different sizes. The surface of MIL-53(Fe) crystals displayed

smooth surface, which is consistent with that reported in the literature [38, 39].

SED 15.0kVWD10mmP.C.50 HV  x5,000 S5pym T m— SED 15.0kVWD10mmP.C.50 HV  x10,000 1pm e
Sample 0000 Feb 25, 2022 Sample 0000 Feb 25, 2022

Figure 4.7 SEM image of MIL-53(Fe).

The results from all the characterization techniques confirmed the successful
synthesis of MIL-53(Fe). The MIL-53(Fe) was further used in the modification of

chitosan-nanocellulose composite material for removing arsenic in aqueous solutions.

4.3 Preparation of chitosan-nanocellulose composite material and

characterization

In the synthesis of chitosan-nanocellulose composite material, the factors
that affected the sponge fabrication, including chitosan (CS) concentration,
nanocellulose (NC) content, and amount of crosslinker i.e. glutaraldehyde (GLU) and
N, N’-methylenebisacrylamide (MBA) were optimized regarding the mechanical

properties and stability in water of the obtained sponge.
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4.3.1 Preliminary study

The CS content in the composite would affect the mechanical properties,
water stability, and adsorption properties of the composite. The amine groups (-NH,)
on the CS chain were active sites for arsenic adsorption, enhancing the adsorption
efficiency of the composite. In this experiment, CS was dissolved in 1% (v/v) acetic
acid solution with different CS content varied as 0.5, 1.0, 1.5, 2.0, and 2.5% (w/w). It
was found that the solutions containing CS up to 2.0% (w/w) were homogeneous
and CS were completely dissolved, while heterogeneous mixture was obtained in the
preparation of 2.5% (w/w) CS due to an incomplete dissolution of CS. Therefore, the
maximum CS concentration (2.0% w/w) was used to prepare the material due to the

high amine (-NH,) content for arsenic adsorption.

In the fabrication of CS sponge, glutaraldehyde (GLU) is commonly used as
crosslinker to connect the chain of CS to improve the mechanical properties and
stability in water without material deformation. By using 2% (w/w) chitosan, the
concentration of GLU was varied in a range from 0.5 — 10% (v/v) (Table 4.4). The
crosslinking was performed by adding 200 pL of GLU into 20 mL of the CS solution
under vigorous stirring before transferring the mixture to vials for freeze-drying. Then,
stability in water test was carried out with the obtained materials to find a suitable

GLU concentration for future use in the CS-NC composite preparation.

Table 4.4 The effect of glutaraldehyde concentration in CS sponge preparation

Chitosan | Glutaral- Liquid mixture CS sponge Stability in
(% w/w) | dehyde appearance appearance water
(% v/v)

2CS-0.5GLU 2CS-0.5GLU 2CS-0.5GLU
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2CS-1GLU

2CS-5GLU

1
2CS-1GLU

3
2CS-3GLU

5
2CS-5GLU 2CS-5GLU

10 -
2CS-10GLU

To fabricate a sponge from CS, the CS should be partially crosslinked to

improve the mechanical properties and stability in water. From the results, it was

found that the CS solution color turned darker yellow by increasing the

glutaraldehyde concentration. However, the CS solution formed a gel after adding

10% (v/v) GLU, indicating that a high degree of crosslinking occurred. On the other

hand, by using 0.5, 1, 3 and 5% (v/v) GLU, CS sponge could be beautifully formed.

The CS sponges crosslinked with 3 and 5% (v/v) GLU demonstrated a good stability

in water. However, these materials were rarely swelled in water and easily broken
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when squeezed. This could be explained by a relatively high degree of crosslinking
occurred under these conditions, resulting in @ more rigid structure, a relatively low
free amine (-NH,) groups left on the polymer, and hence, less hydrophilicity.
In contrast, by using 0.5 and 1% (v/v) GLU, the materials were stable in water with
a good swelling. Moreover, these materials exhibited a good mechanical property as
evidenced by physical testing by pinching and squeezing. When soaking both sponges
for a long time (> 12 h), it swelled more, risking of breaking, especially the sponge
with 0.5% (v/v) GLU due to lower degree of crosslinking. Although, the GLU
crosslinker could improve the stability of CS composite material in water,
the material did not show good mechanical properties. Therefore, NC was further
added into the CS to improve the mechanical properties of the material with
and without using 1 %(v/v) GLU. The effect of cellulose crosslinker (i.e. N, N’-
methylenebisacrylamide, MBA) was also investigated in the formation of CS-NC

composite.

4.3.2 Formation of CS-NC composite sponge

In this study, 2% (w/w) CS concentration was chosen to fabricate the sponge
and blended with NC of the same concentration (2 % w/w) to reinforce the material
and improve the mechanical properties. The effect of crosslinkers addition and
crosslinkers content were investigated. 1% GLU was adopted from the previous study,
while the MBA concentration was varied from 0 — 1.2%. The results are shown in
Table 4.5. The materials were named after the components used in the synthesis
including their concentrations. The stability of materials in water was tested by
immersing the material in water for 12 h and then the physical appearance,

mechanical properties, and water uptake ratio (at 180 min) were observed.

From our preliminary study, the composite sponge 2CS-2NC without using any

crosslinkers required a curing time of 2 months to be stable in water. Otherwise, it
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broke when immersed immediately in water after freeze-drying. To overcome these

drawbacks, MBA and GLU crosslinkers were required. The investigations started with

using each crosslinker in the composite sponge fabrication, and then compared to

the combination of the crosslinkers.

Table 4.5 The condition for fabrication of CS-NC composite material and material

properties
CS-NC MBA GLU Material | Water uptake ratio Observed
(% w/w) | (% w/w) | (% v/V) curing (180 min) properties
time
- 1 - 39.94
0.6 - 5 days 30.40
2% CS
2 % NC
1.2 - 5 days 27.52
0.6 1 - 24.70

2CS-2NC-0.6MBA-
1GLU
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It was found that the CS-NC composite obtained by using only GLU
crosslinker showed good stability in water after freeze-drying and good mechanical
properties resulted from NC reinforcement. The material showed high water uptake,
probably due to the structure that could adsorb a lot of water. Nevertheless, this

structure flexibility still needed to be improved.

Meanwhile, sole MBA crosslinker was used to improve the composite
mechanical properties instead of GLU and was investigated to maintain the amine
groups on CS as active sites for arsenic removal. In this case, MBA was mixed with CS-
NC solution to obtain an MBA concentration of 0.6 or 1.2% (w/w) without GLU
addition. The results showed that the 2CS-2NC-0.6MBA and 2CS-2NC-1.2MBA
composites were not ready for the immediate use after freeze-drying, they had to be
cured for 5 days for the structure to be stable in water. However, by using MBA, the
curing time decreased from 2 months to 5 days. Moreover, the properties of
materials prepared with 0.6 and 1.2% (w/w) MBA were not remarkably different, but
the material with 0.6% (w/w) MBA had slightly higher water uptake ratio. This
observation may be explained by the presence of hydrophilic chitosan as the main
matrix of the composite. It should be noticed that the water uptake by the materials
crosslinked with MBA was lower than that crosslinked with GLU. The composite
material structures were denser when the NC in the composite were crosslinked with
MBA. However, the requirement of curing time was the major drawback of this
condition and therefore, GLU was further used in combination with MBA to fabricate

CS-NC composites.

In the last condition, 1% w/w GLU and 0.6% w/w MBA were added to
crosslink 2% CS and 2% NC in the composite fabrication. The 2CS-2NC-0.6MBA-1GLU
material exhibited good mechanical properties and its form restored rapidly after
being squeezed due to a good flexibility. The phenomenon may be resulted from
the suitable degree of crosslinking that interconnected the network of CS chain

incorporated with crosslinked NC to give rise to network elasticity and strength.
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Moreover, the efficiency of 2CS-2NC-1GLU and 2CS-2NC-0.6MBA-1GLU composite in
arsenate removal was examined as shown in Figure 4.8. Both composite materials
showed similar arsenate removal efficiency, indicating that the addition of MBA did
not affect the arsenic removal as it depended on amine groups of CS. It also
revealed that the difference in water uptake of these two materials did not affect
their adsorption ability. Thus, this condition with MBA addition was further applied to

fabricate CS-NC composite sponge.

100

80

%Removal

40 4 29.07 29.52

2CS-2NC-1GLU 2CS-2NC-0.6MBA-1GLU

Figure 4.8 Efficiency of arsenate removal by 2CS-2NC-1GLU composite compared to
2CS-2NC-0.6MBA-1GLU (initial concentration of 20 mg/L As(V), pH 5, 12 h).

4.3.3 Effect of nanocellulose content

In this study, NC was added into the composite to enhance the mechanical
strength by reinforcement. However, high content of NC would lead to a dense
structure and hence, suitable content of NC should be used. In this experiment, NC
were mixed with chitosan solution to obtain a NC concentration of 1 or 2 % w/w.
Then MBA was added and followed by GLU to crosslink NC and CS before freeze-
drying. Their water stability and ability in arsenate adsorption were investigated as

presented in Table 4.6 and Figure 4.9, respectively.



Table 4.6 The effect of NC content on the property of CS-NC composite sponge
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Stability in water

Chitosan | Nanocellulose MBA Glutaraldehyde
(% w/w) (% w/w) (% w/w) (% v/v)
1
2 0.6 1
2

2CS-2NC-1GLU

From the experiment, it was found that all the materials were stable in water.

The composite materials were kept in water for 12 h, these materials had a good

water stability, good swelling, good mechanical property, which was clearly

evidenced as it restored the original form quickly after being squeezed. For the effect

of NC content, both of conditions did not clearly show difference in the strength of

material. When the materials were used to adsorb arsenate, the results indicated

that the different amount of NC in the composites did not affect arsenate adsorption.

As NC may interact with CS through hydrogen bonding, hence, there was plenty of

amine groups available as active sites in the composite for anionic arsenate

adsorption. Therefore, 2CS-INC condition was chosen to economize on starting

material usage.
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Figure 4.9 Efficiency of arsenate removal by 2CS-1INC and 2CS-2NC composite(initial

concentration of 40 mg/L As(V), pH 5, 12 h).

4.3.4 Characterization of CS-NC composite

Fourier-transform infrared spectroscopy (FT-IR)

The FT-IR technique was used to characterize the CS-NC composite material
compared with pure CS and NC as shown in Figure 4.10. The results of CS-NC
composite material analysis showed a broad characteristic peak at 3350 cm™,
attributed to the -OH and -NH, stretching vibrations, which were the characteristic
peaks of NC and CS. The peak at 1655 cm™ was related to the C=O stretching
vibration of amide-I (-(NHCOCH,) of CS. In this region, the formation of C=N bond from
the crosslinking reaction between -NH, groups of CS and -CHO groups of GLU in the
composite material was also observed [28]. The peak at 1540 cm™ was assigned to
the N-H bending vibrations from -NH, groups of CS component. In addition, other
characteristic peaks at around 2847 cm™, 1381 cm™, and 1025 cm™, belonged to the
C-H stretching, -CH, bending, and asymmetric stretching of C-O-C bridge, respectively
[60, 61]. These results demonstrated that the CS-NC composite material was

successfully synthesized.
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Figure 4.10 FT-IR spectra of CS-NC composite material compared with
pure CS and NC.

Surface area analysis

The specific surface area of the fabricated CS-NC composite material was
investigated by nitrogen adsorption analysis and compared with CS powder and CS

porous material. The results are shown in Table 4.7.

Table 4.7 Surface area of materials

Material Surface area (m?/g)
CS powder 3.21
CS porous material 8.67
CS-NC porous material 5.96

The results showed an increasing specific surface area in CS porous material
compared to CS powder due to the porosity of the material obtained by freeze-

drying method. For the CS-NC composite material, the surface area declined to 5.96
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m?/g probably due to the distribution of NC particles in the structure, lowering the

porosity of CS-NC composite.
Scanning electron microscopy (SEM)

The analysis of the cross-section CS-NC composite material by SEM revealed
some features about the texture and morphology of the material as shown in Figure
4.11. These images showed a porous structure with different pore sizes in the range
of micrometer-diameter, which may be caused by the irregular growth of ice crystal
during the freeze-drying process leading to the formation of porous structures.
By comparing the CS and CS-NC composite materials, CS-NC composite material had
slightly larger pores. The NC component in the composite would interact with CS
through H-bonding and hence distribute homogenously throughout the composite
material. Consequently, the pore formation in the composite obtained after freeze-
drying process were different from that of pure CS. The surface CS material were
smooth, while the image of CS-NC composite revealed some particles deposited on
the surface, which were probably the NC particles (Figure 4.11c, d). The results from
FT-IR, surface area analysis, and SEM confirmed the successful synthesis of the CS-NC

composite material.
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Figure 4.11 SEM images of (a, b) CS sponge and (c, d) CS-NC composite material.

4.4 Preparation of CS-NC-MIL-53(Fe) composite material and characterization

The most suitable conditions for the fabrication of CS-NC composite material
were adopted in this study. The composites were further modified with MIL-53(Fe) to
improve the adsorption capacity toward arsenic species. The materials were prepared

and characterized as followed.

4.4.1 Effect of MIL-53(Fe) content

In this process, the CS-NC composite mixture was prepared following above-
mentioned condition. The MIL-53(Fe) solid was added into the composite mixture
with different MIL-53(Fe) contents as 0.5, 1.5, or 2.5 % (w/w) of the system as
presented in Table 4.8. It was observed that the composite materials color turned to

darker apricot with increasing MIL-53(Fe) content. The CS-NC composite with 0.5 and
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1.5% (w/w) MIL-53(Fe) were stable in water and showed good mechanical property

after soaking for 15 h as the example in Figure 4.12. However, the composite

prepared with a high content of MIL-53(Fe) as 2.5 %(w/w) deformed due to an

excessive amount of MIL-53(Fe) in chitosan matrix that caused easy breakage.

Therefore, the conditions of 0.5 and 1.5% (w/w) MIL-53(Fe) for the CS-NC composite

preparation were further used.

Table 4.8 The component conditions of CS-NC-MIL-53(Fe) materials and its

properties
MIL- Physical Stability in
CS NC Glu MBA
53(Fe) appearance water
(%w/w) | (Yow/w) | (%v/v) | (Yow/w)
(Yow/w)
0.5
2CS-1NC-
0.5 MIL-53(Fe)
2 1 1 0.6 1.5
2CS-1NC-
1.5 MIL-53(Fe)
2.5 -

2CS-1NC-
2.5 MIL-53(Fe)




55

Figure 4.12 The mechanical property test of 2CS-1NC-1.5MIL-53(Fe)

when immersed in water.

The 2CS-1NC-0.5MIL-53(Fe) and 2CS-1NC-1.5MIL-53(Fe) composites clearly
exhibited higher efficiency in arsenic removal than CS-NC composite as shown in
Figure 4.13. Since the MIL-53(Fe) crystals acted as the adsorptive site of arsenic
through coordination. The removal efficiency of arsenic increased up to 69.30 and
98.24% for As(lll) and As(V), respectively with increasing the amount of MIL-53(Fe) to
1.5% (w/w). The results suggested that the increasing arsenic removal caused from
collaboration between active sites of CS and MIL-53(Fe). As the results, the suitable

weight ratio for the composite preparation was 2CS: INC: 1.5MIL-53(Fe).
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Figure 4.13 Efficiency of arsenic removal by 2CS-1NC, 2CS-1NC-0.5MIL-53(Fe), and
2CS-1NC-1.5MIL-53(Fe) composite (40 mg/L for As(lll) and As(V), pH 5, 12 h).

4.4.2 Characterization

Surface area analysis

The specific surface area of CS-NC-MIL-53(Fe) composite was determined by
nitrogen adsorption. The result indicated that the surface area of CS-NC-MIL-53(Fe)
increased from 5.96 m? ¢! of CS-NC composite to 8.70 m? ¢*, implying that the
MIL-53(Fe) crystals had an important role for enhancing the specific surface area of

composite material.

Scanning electron microscopy (SEM)

The morphology of CS-NC-MIL-53(Fe) composite material was measured by

SEM. The surface and cross-sectional morphology of the composite are presented in
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Figure 4.14. A highly porous structure with different pore sizes was observed. The

pores were filled with NC particles and the crystals of MIL-53(Fe).
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Figure 4.14 The cross-sectional SEM images of CS-NC-MIL-53(Fe).

Energy dispersive X-ray spectroscopy (EDX) and elemental mapping

analysis

The elemental mapping was used to observe the distribution of Fe, O, and C
on the CS-NC-MIL-53(Fe) surface. The results shown in Figure 4.15 indicated that
MIL-53(Fe) particles were dispersed homogeneously on the surface of the composite
material as confirmed by the distribution of Fe. Homogeneous distribution of C and O
could be observed throughout the surface of the composite. The EDX spectrum of
CS-NC-MIL-53(Fe) also revealed the presence of Fe, O, and C, corresponding to
elemental mapping results (Table 4.9). Carbon and oxygen were found in large

content due to the CS and NC component in the composite.

Table 4.9 Elemental composition of CS-NC-MIL-53(Fe) porous material

Element Composition (%)
Carbon (C) 48.33
Oxygen (O) 33.99

Iron (Fe) 17.68
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Figure 4.15 (a) SEM image, elemental mapping of (b) C, (c) O, and (d) Fe, and

(e) corresponding EDX of CS-NC-MIL-53(Fe).

The results from the surface area, SEM, EDX, and elemental mapping analysis

confirmed the successful modification of CS-NC composite material with MIL-53(Fe).

The CS-NC-MIL-53(Fe) was further used in the adsorption of As(lll) and As(V) in

aqueous solutions.
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4.5 Adsorption study

By designing this adsorptive material, the expected adsorption mechanisms
were the interaction between anionic As(lll) and As(V) species and protonated amine
groups on CS chain via electrostatic attraction [20-22]. For the MIL-53(Fe) in the
adsorbent, the Fe>* cation of MIL-53 could form complex with arsenic through the

Lewis acid — base interaction [38].

4.5.1 Effect of initial pH of the arsenic solution

As shown in Figure 4.16, the effect of initial pH in the range of 3 to 11 on the
removal of As(ll) and As(V) by CS-NC-MIL-53(Fe) adsorbent were demonstrated.
The results show that the pH in this range did not affect the efficiency in As(V)
removal. As(V) species in solution of this pH range appeared in its anionic forms as
H,AsOy, HAsO,%, and AsO,>. Under acidic condition, these species could be removed
from solution via electrostatic interaction with the protonated amine groups (-NH;")
of CS component. In addition, Fe*" in the MIL-53 frameworks (Lewis acid) would
strongly interact with these anionic ligands of As(V) (Lewis base), donating a pair of
electrons to the Fe*. On the other hand, at high pH, the amine groups of chitosan
were in its neutral form (pK, = 6.5) [62] and would interact with anionic arsenic
species through Lewis acid-base interaction. It was observed that the final pH of all
the solution was in a range of 3.5-6.3. As the CS-NC-MIL-53(Fe) adsorbent was
prepared in acidic condition, it was likely that the materials contained acid that was
released to the solution causing the pH of solution gradually reverse to acid. During
the change of solution pH, various interactions described previously probably
occurred, leading to the adsorption of As(V) onto the material. Therefore,

CS-NC-MIL-53(Fe) sorbent could be used in a wide pH range for As(V) adsorption.

Meanwhile, the As(lll) removal increased with increasing the initial pH of the

solution. In solution having pH below 7, As(lll) existing as HzAsOs; would not interact
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with protonated amine of CS in the sorbent, and only coordination with Fe** in the
MIL-53 frameworks attributed to As(lll) removal. In addition, when raised the solution
pH higher than 7, the amine group existed in its neutral form and could also interact
with the As(lll) in form of H,AsO5 and HAsOs* through Lewis acid-base interaction.
Hence, the removal of As(lll) removal efficiency increased in raising the solution pH.
Thus, the removal of As(lll) by this adsorbent should be performed in basic condition.
The CS-NC-MIL-53(Fe) exhibited the highest removal efficiency at pH 11 and pH 5-9
for As(ll) and As(V), respectively. The further experiment for As(lll) and As(V)

adsorption was performed in solution with initial pH of 9.
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Figure 4.16 Effect of pH on the removal of the As(lll) and As(V) by
CS-NC-MIL-53(Fe).

4.5.2 Effect of contact time

In this experiment, the effect of contact time on the arsenic adsorbed on
CS-NC-MIL-53(Fe) composite at 25°C was studied in the range of 0.5 to 15 h (Figure
4.17). The results indicated that the adsorption of both As(lll) and As(V) occurred

slowly and reached the equilibrium after 6 h. The low adsorption rate could be
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explained by the dense structure of adsorbent as the MIL-53(Fe) distributed inside

the pores of the composite material. The mass transfer of arsenic ions from bulk

solution to the pores inside the material for further adsorption was likely to be slow,

compared to highly porous materials.
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Figure 4.17 Effect of contact time on the adsorption of As(lll) and As(V) by CS-NC-

MIL-53(Fe) (initial concentration of 40 mg/L for As(lll) and As(V)).

4.5.3 Adsorption kinetics

To investigate the adsorption kinetics for further understanding the adsorption

behavior, the adsorption data of As(lll) and As(V) from previous experiment (4.5.2)

were fitted to pseudo-first-order and pseudo-second-order kinetic models. The

equations of these two models are expressed in equation 4.1 [45] and 4.2 [44],

respectively. The variable g and @ is the amount of arsenic adsorbed at

equilibrium (mg/g) and at time t (min), respectively. ki and Kk, is the rate constant

of the pseudo-first order adsorption (min™) and the pseudo-second order adsorption

(g/mg.min), respectively. The k4 and k, could be calculated from the slope and the

intercept of the linear plots, respectively.
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kq

log(qe — qr) = log qe — 5555t (4.1)

t 1

t
= + — (4.2)
ar k202 de

The results of As(lll) and As(V) adsorption were fitted to the linear form
following the two kinetic models as presented in Figure 4.18 - 4.19 and Table 4.10.
The adsorption kinetics of As(lll) and As(V) could not be explained by pseudo-first
order model as the plot did not give linear relationship. In addition, the calculated
adsorption capacity at equilibrium (qe ¢q;) of both As(lll) and As(V) from the linear
plot did not correspond with the adsorption capacity at equilibrium observed in the
experiment (e exp)- On the other hand, the adsorption kinetics of As(lll) and As(V)
followed the pseudo-second order kinetic model as the correlation coefficients (R?)
of linear regression were 0.984 and 0.999, respectively. The g cq; Were also close to

Qe exp, demonstrating that the kinetic model fitted well to the experimental data.

As the adsorption kinetics of As(lll) and As(V) on the CS-NC-MIL-53(Fe)
composite followed the pseudo-second order model, it suggested, as the hypothesis
of the model, that the adsorption may occur through chemisorption. In this case, the
expected mechanism was the complex formation between oxyanions of arsenic and

adsorptive sites (Fe**) on the adsorbent.
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Figure 4.18 Linear plot of (a) pseudo-first order and (b) pseudo-second order kinetic

model for the adsorption of As(lll) on CS-NC-MIL-53(Fe) composite adsorbent.
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Figure 4.19 Linear plot of (a) pseudo-first order and (b) pseudo-second order kinetic

model for the adsorption of As(V) on CS-NC-MIL-53(Fe) composite adsorbent.
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Table 4.10 The kinetics parameter and constants for the adsorption of As(lll) and

As(V) on CS-NC-MIL-53(Fe) composite

Pseudo-first order model Pseudo-second order
qe,exp . 4 . 3
Metal (mg/® Linear ecal | ki x 10 R Linear Jecal | kyx 10 R?
equation | (mg/g) | (min™) equation | (mg/g) | (g/mg.min)
y=-0.0013x y=0.2115x
As(llN) 5.18 2.31 5.64 0.312 4.73 12.10 0.984
+ 0.3636 + 3.0496
y=-0.0024x y=0.0565x
As(V) | 1548 18.0 10.42 0.337 17.70 1.20 0.999
+ 1.2557 + 3.3981

4.5.4 Adsorption isotherms

The adsorption behavior of As(lll) and As(V) onto CS-NC-MIL-53(Fe) at
equilibrium can be described by the adsorption isotherm studies. In this experiment,
a piece of CS-NC-MIL-53(Fe) (40 mg) was used in the adsorption of As(lll) and As(V) in
solutions (20 mL) containing different concentrations of As(lll) and As(V) from 5 to 50
meg/L and 20 to 175 me/L, respectively, with the initial pH value of 9. The contact
time was fixed at 12 h to ensure that the equilibrium was reached and the
experiment was performed at 25°C. The experimental data of As(ll) and As(V)
adsorption at equilibrium were fitted with the Langmuir, Freundlich, Temkin, and

Dubinin-Radushkevich (DR) isotherm models.

The Langmuir isotherm was used to describe a monolayer adsorption on the
specific or homogeneous surface of adsorbent where each active site adsorbs only
one molecule or ion. The Langmuir adsorption isotherm equation is shown in

equation 4.3 [46];

Cc 1 C
L= — 4 e (4.3)
de bam dm

C, is the equilibrium concentration of arsenic in aqueous solution (mg/L), g,
and ¢,, is the amount of arsenic adsorbed at equilibrium (mg/g) and maximum
adsorption capacity of arsenic (mg/g), respectively. The constant b is Langmuir

constant related to the affinity of binding sites (L/mg). From the equation 4.3, the
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value of g, and b are obtained from the slope and intercept of the linear equation

obtained by plotting C,/q, against C,.

The Freundlich isotherm model can be used to describe the adsorptions on
active sites of various affinity or heterogeneous surface. In addition, the adsorption
on the adsorbent may occur as multilayer or monolayer regime. The isotherm

equation is expressed as follows [47].
logq, = log Kp + %logCe (4.4)

Kr is Freundlich constant related to adsorption capacity (mg/g) and n is
Freundlich constant related to adsorption intensity. From equation 4.5, Kr and n can
be determined from the linear plotting of log g, versus logC,.

Temkin isotherm model is used to indirectly describe adsorbate interactions
in the adsorption process that is related to the heat of adsorption. The linear

equation of Temkin isotherm is expressed following equation 4.5 [47, 501.
Qe = %lnA + Rb—TlnCe (4.5)

R is gas constant (8.31 J/mol K) and T is absolute temperature (K). The
constant b and A is the constant related to the heat of sorption (J/mol) and Temkin
isotherm constant (L/g), respectively. The value of A and b can be determined from
the linear plot of g, versus In C,.

Dubinin-Radushkevich (DR) isotherm is applied to express adsorption
mechanism with energy distribution on heterogeneous surfaces that is related to the
adsorption energy. The equation of Dubinin-Radushkevich isotherm is expressed as

followed [47].

Ing, = Ing,, — P> (4.6)

£ = RTIn(1+ ) (4.7)

E=— (4.8)
e '
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f is DR constant related the adsorption free energy (E) (mol%/J%), while £ is Polanyi
potential. From the equation 4.6, a linear equation was obtained by plotting In g,
against 82, where €2 is based on temperature, gas constant, and equilibrium
concentration. The value of g,, and B were obtained from the intercept and slope

of the linear equation.

As shown in Figure 4.20, the results demonstrated that the adsorption of both
As(lll) and As(V) on CS-NC-MIL-53(Fe) shown as the amount adsorbed at equilibrium
(qe) increased with increasing the initial concentration and gradually reached
relatively constant values. These results indicated the saturation of arsenic on the
solid surface, with no further adsorption despite increasing solution concentration.
The experimental data were used in the linear plots following the linear form of
Langmuir, Freundlich, Temkin, and Dubinin and Radushkevich (DR) models (Figure
421 - 4.24). The parameters of these isotherms for As(lll) and As(V) adsorption

calculated from curve fitting are listed in Table 4.11.
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Figure 4.20 Adsorption isotherms of As(lll) and As(V) on CS-NC-MIL-53(Fe).
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Figure 4.21 Langmuir isotherm plot of As(lll) and As(V) adsorption on
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Figure 4.22 Freundlich isotherm plot of As(lll) and As(V) adsorption on
CS-NC-MIL-53(Fe).
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Table 4.11 Parameters of the applied adsorption isotherm models

Isotherm models

As(lll)

As(V)

Qe exp (ME/S)

7.46

36.66

Langmuir isotherm

Linear equation

y=0.1172x + 0.8398

y=0.0272x + 0.0353

Qum (Mg/2) 8.53 36.76
b (L/mg) 0.14 0.77
R, 0.125 - 0.588 0.007 - 0.061
R’ 0.981 0.999

Freundlich isotherm

Linear equation

y=0.448x + 0.1986

y=0.1858x + 1.2677

Ke (Mg/g) 1.58 18.52
n 223 5.38
R? 0.980 0.926

Temkin isotherm

Linear equation

y=1.7661x + 0.8285

y=4.1472x + 20.091

A (L/9) 1.599 127.7
b (kJ/mol) 1.403 0.598
R’ 0.983 0.985

Dubinin-Radushkevich isotherm

Linear equation

y=-1.6206x — 2.26

y=-0.4932x - 0.7363

B (mol*/kJ?) 1.6206 0.4932
E (kJ/mol) 0.56 1.01
R? 0.991 0.987

The results as shown in Table 4.11, indicated that the adsorption of As(lll) and

As(V) on CS-NC-MIL-53(Fe) could be described by the Langmuir model (R? > 0.98).

The obtained calculated maximum adsorption capacities (q,,,) were also close to the

values observed in the experiments (g exp); indicating the good fitting of the model

to the experimental data. Therefore, the adsorption of As(lll) and As(V) on

CS-NC-MIL-53(Fe), as in the hypothesis of Langmuir isotherm, occurred as monolayer

adsorption. Moreover, the calculated R values were in the range of 0 < Ry < 1,
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indicating that the adsorption of As(lll) and As(V) on the composite sorbent were
favorable [46, 49]. In the Freundlich model plot, the correlation coefficients (R?)
obtained were high for both As(lll) and As(V), which may be explained by the
adsorption of arsenic on heterogeneous active sites which were amine groups and
MIL-53(Fe) in the composite material. However, considering the constants related to
the adsorption capacity, the adsorption of As(lll) and As(V) could be better described

by Langmuir model.

According to the Temkin model, the heat (b) of As(lll) and As(V) adsorption
process was estimated to be 1.403 and 0.598 kJ/mol, respectively, indicating an
endothermal adsorption processes. Moreover, the adsorption free energy (E) of As(lll)
and As(V) calculated from the DR model was 0.56 and 1.01 kJ/mol, respectively. The
E values fell in the range of the physical adsorption (E < 8 kJ/mol). It might be
explained that mixed adsorption mechanisms (i.e. electrostatic interaction or
physisorption and coordination or chemisorption) occurred on the composite, and
therefore, the obtained E values were likely to be the average value of these

mechanisms [51].

From all the results, it could be confirmed that the adsorption process
occurred as a monolayer of arsenic species on the specific active sites on adsorbent
and possibly took place through electrostatic interaction and coordination

mechanism.

The performance and the adsorption capacity of CS-NC-MIL-53(Fe) for As(lll)
and As(V) adsorption were compared to other materials previously reported as
shown in Table 4.12. The prepared CS-NC-MIL-53(Fe) adsorbent in this work has
satisfactory adsorption capacity for As(lll) and As(V) with shorter contact time. The
material can be used in a wide pH range for As(V) removal, while it can be used to

adsorb As(lll) in basic solution to get the best performance.
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Table 4.12 Comparison of the As(lll) and As(V) adsorption capacity of different

adsorbents
Adsorbent Arsenic | Adsorption capacity | pH | Time | Reference
species (mg/g) (h)
ZrO,-immobilized As(ll) 32.3
5 240 [46]
alginate beads As(V) 28.5
MIL-100(Fe) modified
bacterial cellulose As(Ill) 4.8 - 72 [63]
nanocomposite
As(II) 32.90
UiO-66/PAN nanofibers 7 24 [64]
As(V) 4a2.17
PG/MOF composite
As(V) 180 5 24 [65]
nanofibers
Chitosan-
nanocellulose As(lD 8.53 9
composite modified 12 | This work

(CS-NC-MIL-53(Fe))

4.5.5 Effect of potential interfering ions

Typically, As(lll) or As(V) coexists with other ions in natural water and

wastewater that may competitively adsorb on CS-NC-MIL-53(Fe)

adsorbent.

Considering the properties of CS-NC-MIL-53(Fe) adsorbent, the amine groups of

chitosan could be protonated under acidic conditions and acted as active sites for

anionic species such as sulfate and phosphate. On the other hand, under basic

conditions, the amine groups are present in a neutral form that can form complex

with other heavy metal ions (transition metal ions) via Lewis acid-base interaction.

Meanwhile, the Fe®* cations (Lewis acid) in MIL-53(Fe) can interact with ligands (Lewis
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base) such as sulfate and phosphate. Therefore, the influence of these interfering

ions were investigated.

In this experiment, the effect of anions (SO, and PO,”), cations (Na* and
Mg®"), and heavy metal ions (CrO,*, Mn?*, Fe**, Ni**, Cu?*, Zn**, Cd**, and Pb**) were
examined using the concentration equal to 0.4 mM As(lll) and 0.8 mM As(V) and 10
times higher in binary mixtures system. The solution initial pH was adjusted to 9 and
contact time was fixed to 12 h. By adjusting to pH 9, most heavy metal ions (Mn?*,
Fe®, Ni#*, Cu®*, Zn?*, Cd*, and Pb*") precipitated from solution, and hence, only the
binary mixtures with CrO,* were used in this study. The results are shown in Table

4.13.

Table 4.13 Effect of interfering ions on the adsorption of As(lll) and As(V) by CS-NC-
MIL-53(Fe)

As(llN* As(V)*
Interfering Adsorption Adsorption
Concentration Concentration
ions capacity capacity
of salt (mM) of salt (mM)
(mg/g) (mg/g)
Blank - 4.30 £ 0.15 - 27.61 £ 0.70
0.4 Hod ¢ G bR 0.8 23.11 + 1.07
Nast4
4.0 5.29 + 0.36 8.0 22.37 +0.14
0.4 3.00 + 0.08 0.8 21.68 + 0.34
Na,HPO,
4.0 2.39 + 0.07 8.0 10.04 + 0.12
0.4 4.07 + 0.13 0.8 23.39 + 0.02
Mg504
4.0 494 + 0.74 8.0 22.80 + 1.66
0.4 11.09 + 0.27 0.8 24.17 + 0.43
chrO4
4.0 S 8.0 R

*The concentration of As(lll) and As(V) were 0.4 and 0.8 mM, respectively.

**Not performed
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For the effect of anions, the presence of SO,% had slight effects on As(lll) and
As(V) adsorption in most cases, as the adsorbed amount of As(lll) and As(V) slightly
decreased. On the other hand, the adsorption capacity for As(lll) and As(V) was
remarkably reduced by the presence of PO,” especially at the high concentration.
These anions could compete with arsenite and arsenate for the adsorption through
both electrostatic attraction and complex formation with Fe**. However, the
materials still showed good affinity towards As(lll) and As(V), despite the presence of
these interfering anions 10 times higher. Interestingly, the presence of SO,* at high

concentration enhanced the adsorption of As(lll).

In the case of Na,SO4 and MgSO, salts in arsenic solutions, there was no
significant difference in adsorption capacity of both As(lll) and As(V) when the type of
salts changed at 95% confidence level. Hence, the type of cations did not show

interfering effect and it agreed well with the adsorption mechanism.

For the effect of CrO,%, it showed a slight effect on As(V) adsorption, likely
through competitive interaction with both amine g¢roups and Fe(lll) centers.
Surprisingly, it enhanced the adsorption of As(lll) on the materials. The effect of high
concentration CrO,* was not investigated because it is a rare case to find this level of

Cr(V1) in the water sources containing arsenic, either natural water or wastewater.

4.6 Application to real water sample

The CS-NC-MIL-53(Fe) composite was applied to remove arsenic in real water
samples. In this work, wastewater samples from a petroleum refining industry
(Thailand) were collected and used in the adsorption experiments. The first source of
wastewater had a low concentration (4.09 mg/L) of total arsenic with basic pH
(pH 9.2), while the second source had a high arsenic concentration (736.02 mg/L)

with the pH of 6.8. Thus, the second source waste was diluted 20 times and adjusted
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the pH to 9. The adsorption experiments were performed by using 1, 2, or 3 pieces

of CS-NC-MIL-53(Fe) composite in 20 mL of samples with the contact time of 12 h.

As shown in Figure 4.25, a piece of adsorbent could remove 93.95% of arsenic
in the first wastewater source to reduce the arsenic concentration to lower than 0.25
mg/L. For the second source, the removal efficiency increased from 51.52 to 68.78 %
with increasing the amount of CS-NC-MIL-53(Fe) material. These results confirmed
that the CS-NC-MIL-53(Fe) composite material can be applied to remove arsenic in

the real water samples.
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Figure 4.25 The removal of arsenic in wastewater sample by
CS-NC-MIL-53(Fe) material (initial arsenic concentration of sourcel and source?2

was 4.09 and 32.17 mg/L, respectively).



CHAPTER 5
CONCLUSIONS

Nanocellulose particles and MIL-53(Fe) metal-organic frameworks were
synthesized and used to prepare a composite material. The nanocellulose exhibited
the spherical shape with an average size in the range of 135.8 — 177.8 nm, while the
MIL-53(Fe) showed the octahedron crystalline structure. A new CS-NC-MIL-53(Fe)
composite sponge was successfully fabricated by mixing chitosan, nanocellulose, and
MIL-53(Fe), crosslinking with glutaraldehyde and N, N’-methylenebisacrylamide, and
freeze-drying. The MIL-53(Fe) was added to enhance the adsorption efficiency. The
morphology of the composite displayed a highly porous structure with a uniform
distribution of nanocellulose and MIL-53(Fe) inside the pores. The composite sponge
had good mechanical property due to the reinforcement by nanocellulose and
therefore, it showed a good stability in water. The effect of NC and MIL-53(Fe)
content were investigated, and the conditions for preparing the composite sponge
were optimized. The most suitable weight ratio for the composite preparation was

2CS: INC: 1.5MIL-53(Fe).

In the adsorption study, the CS-NC-MIL-53(Fe) composite was used to remove
As(lll) and As(V) in aqueous solutions. The effect of initial pH of arsenic solution,
contact time, initial concentration, and potential interfering ions were investigated.
The adsorption behavior and suitable conditions for removing As(lll) and As(V) in
solution by CS-NC-MIL-53(Fe) composite are listed in Table 5.1. The adsorption
occurred as monolayer on the surface of CS-NC-MIL-53(Fe) via the electrostatic
interaction with protonated amine groups on chitosan and coordination with Fe(lll) in
MIL-53(Fe). It was observed that the capacity of the material for As(V) adsorption was
greater than that of As(lll). However, the adsorption of arsenic could be interfered by

the presence of SO, and PO,> in the solution. These anions could competitively



r

interact with amine groups of chitosan through electrostatic interaction and their

chemical structure are also similar to arsenite and arsenate anion.

The application of the material to treat wastewater from a petroleum refining
industry was demonstrated. The results showed that the CS-NC-MIL-53(Fe) composite

could remove arsenic in a real wastewater matrix with a good efficiency.

Table 5.1 The adsorption behavior of As(lll) and As(V) on the CS-NC-MIL-53(Fe)

Adsorption behavior
Parameter
As(I11) As(V)
Initial pH of solution 9-11 3-11
Contact time 6 h 6 h
Kinetic model Pseudo-second order Pseudo-second order
Adsorption isotherm Langmuir isotherm Langmuir isotherm
Maximum adsorption
8.53 mg/g 36.76 mg/g
capacity
Adsorption heat
1.403 kJ/mol 0.598 kJ/mol
(from Temkin isotherm)
S04 (weak) SO4% (weak)
Interfering ions
PO,” (strong) PO, (strong)

Suggestion for future work

- The reusability of the materials as well as the stability in a long run treatment
should be investigated.

- Because the CS-NC-MIL-53(Fe) has amine groups (-NH,), the adsorbent may be
applied to remove other heavy metal ions in other types of wastewaters to
expand their application.

- Due to the presence of electron acceptor site as iron in the MIL-53 on the

adsorbent, the composite may be applied for phosphate removal from water.
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