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ABSTRACT

Hexavalent chromium (Cr (V1)) is a wastewater pollutant which causes detrimental
health effects to the surrounding organisms. Cr (VI) removal by adsorption is
commonly applied due to its cost-effectiveness and reusability to reduce this
wastewater pollution problem. Hematite (a-Fe,03) is an adsorbent with good Cr (V1)
removal properties. To enhance the Cr (VI) removal properties, a-Fe, 03 nanoporous-
nanorod structure with high surface-to-volume ratio was produced on iron foil
substrate. The nanopores and nanorods were produced by anodization and
hydrothermal methods, respectively. Both nanopore and nanorod growth were
followed by annealing post-treatment. The annealing after nanopore growth was
performed at 200-500 °C for 0.5 h to determine the suitable annealing temperature for
fabrication of nanoporous-nanorod structure. The crystallinity of nanopores increased
with increasing annealing temperature. Temperature of >300 °C showed formation of
crystalline a- Fe,03 nanopores and resulted in successful formation of a-Fe,05
nanoporous-nanorod structure. Sample annealed at 500 °C showed the best Cr removal

efficiency of 96.90% in 30 min due to high crystallinity and high amount of nanopores.
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CHAPTER 1

INTRODUCTION

1.1 Research background

Technology advancement has led to increasing rates of global
industrialization. Water which is one of the essential resources for living
organisms has been contaminated by harmful chemicals from manufacturing
industry due to lack of proper containment or processing of industrial waste.
Toxic heavy metals such as hexavalent chromium (Cr (V1)) which could cause
respiratory and digestive complications are one of the largest issues faced in this
contaminated water source problem. As such, various researches have been
conducted to resolve this growing problem and minimize the Cr (V1) pollution
by searching for wastewater treatment methods.

Among various chromium removal methods, one of the promising and
cost-effective method is the adsorption process. The adsorption process is a
method often used for removing metals from wastewater. Fe, 05 is one of the
most abundant minerals on earth in the form of hematite (a-Fe,03) with good
Cr (VI) adsorption capability. As such, research on Fe,05 is constantly being
focused with the aim of enhancing its Cr (V1) removal efficiency by combining
with other elements or through morphology alteration (Li et al., 2019; Chew et
al., 2019; Jiang et al., 2020).

Adsorption process can be improved by increasing the surface of an
absorbent, which allows more surface exposed to the adsorbate (heavy metals).
The surface can be increased by producing the adsorbent in nano-size, which
then improves the efficiency of the adsorbent. Fe,O; has been produced in
various nanostructures such as nanopores, nanorods, and nanoplates. The
increased surface on nano-sized Fe,05 has shown to enhance its adsorption

capability on heavy metals.



1.2 Problem statement

Many researches have reported on the growth of Fe, 05 nanopores using
anodization method and nanorods using hydrothermal method. However, these
researches focused on the growth of either nanopores or nanorods only. By
combining both nanopores and nanorods into one structure, it could provide
more surface exposed to the heavy metals for adsorption process.

Annealing is one of the key process that would affect the crystallinity,
chemical, physical, and phase transformation of iron oxide (Rozana et al., 2016).
It is a necessary process to transform undesired phases of Fe such as Iron (111)
oxide-hydroxide (FeEOOH) into Fe,05. As such, investigation of the effects of
annealing process on the nanopores and nanorods is important to produce the

Fe, 05 nanoporous-nanorod structure.

1.3 Objectives

The objectives of this work are:

I. To determine the suitable annealing temperature of nanoporous substrate
for producing Fe, 05 nanoporous-nanorod film.

ii. To investigate the morphological and structural properties of Fe,04
nanoporous-nanorod film.

iii. To correlate the morphological and structural properties of Fe,04

nanoporous-nanorod film with their chromium removal efficiency.



14 Report outline

Chapter 1 shows the general introduction of the project. Chapter 2
discusses the literature review of the related works which includes (i) chromium,
its pollution in the environment, and methods to remove it especially the
adsorption method, (ii) iron oxide nanostructures and its role in Cr removal, and
(iii) synthesis methods for formation of iron oxide nanostructures. Chapter 3
explains the experimental details and the analyses conducted for characterization
of the samples. Chapter 4 provides results and discussion on the morphological
and structural properties of the nanoporous-nanorod samples to the Cr removal
efficiency. Chapter 5 ends the report with conclusions and several future

recommendations for this work.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter discusses the background and fundamentals of chromium
(Cn), its pollution in the environment, and the methods to remove it. Cr removal
through adsorption will be the main focus in removal methods. Next, discussion
on the iron oxide nanostructures which includes nanopores and nanorods are
discussed in detail in this chapter. Lastly, the synthesis methods for these
nanostructures which include anodization, hydrothermal treatment, and

annealing post-treatment are discussed in the final part of this chapter.

2.2 Chromium

Cris a hard, steel grey metallic element under the heavy metal category.
It is the sixth most abundant element in the form of chromite ore (FeCr,0,)
found in the earth’s crust. Cr is heavily used in various industries such as
electroplating, leather tanning, and painting. It is used in these industries due to
its excellent properties against oxidation and corrosion, for heat-resistant
applications, as a catalyst (Yu, 2008; Sueker, 2005). As such, Cr is an
indispensable chemical in the current society.

Cr can be found in all phases of the environment (soil, water, and air) and
exists in oxidation states ranging from -2 to +6. In this range, the most stable
states of Cr are elemental chromium (Cr?), trivalent chromium (Cr (111) or Cr3*+),
and hexavalent chromium (Cr (V1) or Cr®*). Among these stable states, Cr (111)
is the most stable and is more commonly found in naturally occurring conditions
whereas Cr (V1) is often the result of industrial pollution. However, Cr (VI) can
also be found naturally in the form of crocoite ore (PBCr0O,). The equilibrium
state of Cr is subjected to the geochemical conditions of the environment and is
dependent on the reduction-oxidation (redox) potential (Eh) and pH value as
shown in Figure 2.1 (Sueker, 2005).
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Figure 2.1: Eh-pH diagram for Cr (Sueker, 2005)

Cr provides both benefits and negative effects depending on the state it
is in. Cr (I11) is an essential dietary nutrient for maintaining efficient metabolism
for glucose, lipid, and protein in the human body and to prevent diabetes,
infertility, and cardiovascular disease. However, excessive intake can also lead
to detrimental health effects (Sueker, 2005; Yu, 2008). On the other hand, Cr
(V1) is known as a Group A carcinogen and is extremely detrimental to the
human body, causing various adverse effects such as skin irritation, airway
irritation and obstruction, and gene mutation (Shanker, 2019; DesMarias and
Costa, 2019).

With the increasing usage of Cr in various industry and hence the
increase in Cr (V1) pollution, the equilibrium state of Cr has moved more toward
Cr (V1) in the environment, entering the human body undetected through various
means such as ingesting agricultural products (crops or animal) as shown in
Figure 2.2. As such, Cr (VI) pollution in the environment via industrial
wastewater is a growing problem at an alarming rate in the current society,
causing major detrimental effects to the general population through

contamination of food sources.



Urban and . :
Municipal Industrial Waste Ferm Weste "and Forest Fire
Waste
[
Sewage, Landfill and Sludge Atmospheric
' Dumps Particulate Emission
/—’ @
Topsoil and Subsurface Rivers, Streams Suspension,
o -n?cﬁggﬁ'gﬁ"nm . ﬁfﬂ;ﬂ‘.?ﬁ - Sedimentation and
I I il | A et
Micro-organisms) Aquatic Flora and Fauna) DEpOSItIDr‘I
n s
Both Cr(lll) and Cr{VI) undergo one or more
of these processes: oxidation, reduction and
interconversion (Chemical); absorption,
adsorption, leaching and percolation (Physical)
Ground Water
Contamination
Y
Agricultural Crops and :

Forest \Vegetation

Dairy, Meat, Poultry
and Fishery

Y

Human Entry

Industrial Warker
Occupational Hazard J—— g

Direct Entry

Figure 2.2: Pathway of Cr to the human body (Shanker, 2019)

2.3 Hexavalent chromium removal methods

There are various researches on Cr (VI) removal methods from
wastewater which have gained attention recently such as electrocoagulation,
chemical coagulation, ion exchange, and adsorption (GracePavithra et al., 2019).
Each method comes with different strengths and weaknesses. For example, Cr
removal through electrocoagulation is an efficient method which utilizes a
constant current power supply and an appropriate sacrificial anode to separate
the Cr contaminant from an aqueous medium by decreasing Cr (V1) to Cr (1)
in the form of Cr(OH)5, which is an insoluble sludge formed at the base of the
electrocoagulation cell, allowing for quick removal of Cr post-process. However,
this method has a relatively high operating cost due to the usage of constant
current power supply and replacement of sacrificial anodes after each use
(Hamdan and El-Naas, 2014).



2.3.1  Adsorption

Adsorption is a surface-based technique that causes an adhesion process
via surface contact between an adsorbent and the targeted compound known as
an adsorbate in the aqueous solution. The adsorption process can be divided into
two types of interaction which are physisorption and chemisorption.
Physisorption works by using weak and reversible van der Waals forces to bond
the adsorbate to the adsorbent whereas chemisorption involves the transfer of
electrons between the open surface of the adsorbent with the adsorbate in the
solution to effectively bond the adsorbent to the adsorbate.

In general, for an adsorbent to have high adsorption capabilities for
effective removal of hazardous pollutants for water treatment purposes, it
requires a high surface area with active sites, chemical and thermal stability,
unique morphology, and good mechanical strength. The adsorption process is
known for its cost-effectiveness due to its relatively fast and simple
manufacturing process and reusability. Hence, it is the most commonly practiced
method for the removal of both organic and inorganic hazardous pollutants from

wastewater.

2.3.2  Comparison of adsorbents in Cr (V1) removal capacities

There is a wide range of adsorbents used in Cr (VI) removal and is
commonly classified based on the material source and type. This classification
includes but is not limited to metal-based nanostructured, activated carbon-based
nanomaterial, polymer-based nanomaterial, and natural-based low-cost
adsorbent. A comparison of various adsorbents and their Cr adsorption capacities

are tabulated as per Table 2.1.



Table 2.1: Comparison of various adsorbents and their Cr (V1) removal
capacities (Islam et al., 2019; Pakade et al., 2019)

Adsorbent Initial Dosage Cr Adsorption
Concentration | (g/L) Capacity (mg/g)
(mg/L)

Activated Carbon 10-500 0.5 49

Amberlite Polymer 50 5 1.5

(synthetic polymer)

Aluminum-lanthanum 200 2 49.8

mixed oxyhydroxide

(ALMOH)

Graphene oxide/ 50 0.05 211

polyamidoamine

dendrimers

(GO/PAMAMS)

composites

Mesoporous silica 50 1.4 50.51

embedded with

magnetite nanoparticles
lonic solid impregnated 1200 4 266.67

phosphate chitosan

While the performance of adsorbents is generally evaluated based on
their adsorption capacities, the wide range of Cr solution conditions used in the
various researches causes complexity in the comparison. Variables such as pH,
Cr dosage and density in solution, temperature, adsorption time, and adsorption

percentage cause difficulty in comparing the adsorbent performance.



2.4 Iron oxide

Iron oxides are widespread compounds that can be found in nature and
can be easily synthesized. In nature, iron oxide can be found abundance in both
land and aquatic environment. Due to its abundance, iron metal and iron oxides
are commonly used for various industrial applications and scientific research.
There are three forms of compounds which are composed of iron and oxygen
namely oxides, hydroxides, and oxide-hydroxides depending on whether iron
(Fe) is composed together with O and/or OH. Iron oxides can be found in the
forms of FeO, Fe,0;, and Fe;0, . Among them, Fe,O; is the most
thermodynamically stable iron oxide in the form of hematite (a-Fe,03) with
adsorption compatibility to Cr (V1) as an adsorbent (Cornell and Schwertmann,
2003; Singh et al., 1993).

2.4.1  Fundamentals of iron (I11) oxide

Hematite is non-toxic and environmentally friendly, making it a good
option for water treatment purposes. Hematite crystalline structure is of the
rhombohedral system under space group R3C. This space structure has the Fe3*
cations arranged in a hexagonal shape with close-packed 0%~ anions, forming
pairs of Fe(0)¢ in an octahedral shape as shown in Figure 2.3 (Adegoke et al.,
2014; Cornell and Schwertmann, 2003; Parkinson, 2016). At room temperature,
hematite is weakly ferromagnetic and can phase transition into an
antiferromagnetic state with increasing temperature (Cornell and Schwertmann,
2003).

Figure 2.3: Crystalline structure of hematite (Parkinson, 2016)
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2.4.2  lron oxide nanostructures

In the context of adsorption, altering the structure of a material in the
nanoscale provides several key benefits to adsorption capability which includes:
i) increased surface-to-volume ratio, ii) increased mechanical strength.

The classification of nanostructures can be divided into four categories
which include zero-dimensional (0-D), one-dimensional (1-D), two-dimensional
(2-D), and three-dimensional (3-D). This categorizing of nanostructures is based
on the number of dimensions that are more than 100 nm. For example, zero-
dimension nanostructures are particles with sizes within a range of 1 nm to 100
nm known as nanoparticles. Metal-based nanoparticles due to the change in both
their physical and chemical properties in comparison to their bulk material are
often utilized for the production of analytical tools.

Among the four categories, 1-D nanostructures, in particular, are often
the target of research due to their wide range of uses in various fields and
enhanced properties compared to their bulk material. Also, various studies are
conducted on the synthesis of 1-D nanostructures and occasionally 2-D
nanostructures on their base materials to further discover compatibility for new
applications in various fields (Rafique et al., 2020). One such application that
has bloomed in the field of research is the adsorption capabilities of
nanostructured materials due to their enhanced surface area in the nanoscale. For
example, the synthesis and morphology of nanorods, nanopores, and nanowires
are often the target of research for this application.
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2.4.2.1 Nanoporous iron oxide

Porous metal oxides can be synthesized through various methods.
However, anodization has been heavily relied on for the formation of porous
structure due to their simplicity, low cost, and high control factor. Also, the
porous structure via anodization is capable of forming pore sizes in the nanoscale
as shown in Figure 2.4 and Figure 2.5. Depending on the anodization conditions,
pore sizes can be increased through increased voltage. However, this comes at
the cost of a less orderly surface and increased damage to the porous structure.
Also, an insufficient supply of voltage would cause the surface of the pores to

be covered and non-homogenous (Martin-Gonzalez et al., 2020).

Figure 2.4: SEM images of nanoporous iron oxide anodized with 10 V to 40 V
(Martin-Gonzalez et al., 2020)
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Figure 2.5: SEM images of nanoporous iron oxide anodized with 50 V to 80 V
(Martin-Gonzalez et al., 2020)

While porous structure during the first anodization is less order than other
methods of forming a porous structure on a metal substrate, two-step anodization
can also be applied for fabricating highly ordered porous structure if required.
The general process for the two-step anodization is shown in Figure 2.6. This
method utilizes the first anodization followed by chemical etching to remove the
oxide layer, resulting in aluminum with concave structures which serves as pre-
nucleation points during the second anodization (Stepniowski et al., 2011).
However, this two-step anodization method has not been applied for iron oxide.
Hence, the experimental conditions to produce highly ordered porous iron oxide
is insufficient.
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Figure 2.6: Schematic diagram of self-organized pre-patterning of aluminum
for the formation of highly ordered anodic aluminum oxide (Stepniowski and
Salerno, 2014)

2.4.2.2 lron oxide nanorods and nanowires

Nanorods or nanowires are the formations of 1-D whisker-like
nanostructures on the surface of the nanomaterial. This nanorod structure is
mainly synthesized via two possible methods which are hydrothermal growth or
thermal oxidation process. Both methods can be applied to substrate type
adsorbents.

Comparing hydrothermal and thermal oxidation methods based on
nanorod sizes, the hydrothermal method has been reported to produce nanorods
with diameters 13 nm to 250 nm as shown in Figure 2.7 and Figure 2.8
(Carvalho-Jr et al., 2019; Chew et al., 2019). Similarly, the thermal oxidation
method has been reported to produce nanowires or nanosheets with a thickness
of 50 nm to 70 nm and width ranging from 50 nm to 150 nm (Budiman et al.,
2016). As such, both methods provide very similar results with the hydrothermal

method producing a slightly larger range of nanorod sizes.
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Figure 2.7: Low magnification SEM images of annealed samples after
hydrothermally synthesized for (a) 6, (b) 9, (c) 12, and (d) 15 hours (Chew et
al., 2019)

Figure 2.8: TEM images with different magnification in bright field of hematite
nanorod thermal treated at 1073 K (Carvalho-Jr et al., 2019)

Aside from the nanorod size, hydrothermal and thermal oxidation
methods have both their advantage and disadvantages on the synthesis process.
Thermal oxidation requires a furnace for heating to high temperatures of between

300 °C to 800 °C with controlled conditions of water vapor through the use of a
compressor nebulizer during the heating process. To produce nanorods/
nanowires on the surface of the substrate instead of nanosheets, thermal

oxidation must be conducted above 570 °C.
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On the other hand, the hydrothermal method requires the adsorbent to be
placed in an autoclave, immersed in a hydrothermal solution, and heated between

100 °C to 120 °C in an oven for several hours. Once hydrothermal is complete,

nanorods in the form of FeOOH is formed. To transform the amorphous hydrated
iron oxide phase (FEOOH) to a crystalline hematite phase («a-Fe,03), an

annealing post-treatment process is required.

2.4.3  Synthesis methods of iron oxide nanostructures

The formation of crystal nanostructure and morphology of a material is
dependent on the synthesis method. There are several common methods used to
prepare iron oxide nanostructures. In this work, two synthesis methods including
their annealing post-treatment process are discussed. The two synthesis methods
are anodization and hydrothermal process for the formation of nanopores and

nanorods, respectively.

2.4.3.1 Anodization

Electrochemical anodization is a process capable of constructing
nanoporous metal oxide layers on metal surfaces and has been of interest by
researchers since the 1970s. The anodization process which creates a metal oxide
layer has a wide range of applications such as providing corrosion protection,
wear resistance, and colorization of metals and alloys. Also, anodization is a
relatively low cost and simple process, making it a common process used in the
manufacturing industry.

Anodization of iron foil to construct self-organizing nanoporous iron (I11)
oxide was first synthesized by Prakasam et al. (2006) using a glycerol-based
solution. From the research, it was found that with increasing anodization
voltage from 40 V to 90 V, the average pore size increased from 50 nm to 150
nm. To form the nanoporous structure, ammonium fluoride (NH,F) was used to
supply fluoride ions in the electrolyte, promoting the rate of chemical dissolution
and hence the pit formation process as shown in Figure 2.9. This pit formation
produces an FeF; amorphous shell which then requires the presence of water to
remove the amorphous shell from the nanopores (Martin-Gonzalez et al., 2020;
Rozana et al., 2016).
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Figure 2.9: Stages in the formation of the nanoporous oxide film on iron by

anodization process in fluoride-ethylene glycol electrolyte (Rozana et al.,
2016)

Lucas-Granados et al. (2020) studied the effect of anodization time and
stirring conditions to determine optimum conditions for optimal morphology of
iron oxide. It was found that hydrodynamic conditions would provide a more
homogenous porous surface. An anodization period of more than 15 min showed
collapsing of nanotubes in both static and hydrodynamic conditions whereas
insufficient anodization time (e.g. 5 min) would cause the porous layer to be

compact with some areas having almost no nanopores as shown in Figure 2.10.
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The anodization process is conducted by using an electrolytic cell. Two
electrodes are immersed in an electrolyte with the iron foil or rod substrate as
the anode and a platinum foil or rod as the cathode. For the electrolyte, recent
researches used ethylene glycol-based solution with ammonium fluoride and
distilled water. A suitable electric potential is then applied to the electrolytic cell
for a set period for the formation of porous Fe,05. A wide range of Fe, 05 pore
size due to varying anodization conditions has been reported. The average pore
diameter range between 33 nm to 250 nm, with an iron oxide thickness layer
between 500 nm to 950 nm (Lucas-Granados et al., 2020; Martin-Gonzalez et
al., 2020; Prakasam et al., 2006).
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Figure 2.10: FESEM cross section images of samples anodized under (a, ¢, e,
g, 1) static and (b, d, f, h, j) hydrodynamic conditions for (a, b) 5 min, (¢, d) 10
min, and (e, f) 15 min (Lucas-Granados et al., 2020)
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2.4.3.2 Hydrothermal process

The hydrothermal process has been widely used for the synthesis and
growth of crystal structures. This process first gained attention for its application
on growing quartz crystals in a hydrothermal solution in steel autoclaves placed
under a determined temperature and pressure condition (Byrappa et al., 2015).
In recent studies, the hydrothermal process has been studied for its application
on the growth of metal oxides and metal oxide-hydroxides nanostructures.

For the formation of iron oxide-hydroxide or hydrated iron oxide
nanostructures, some of the commonly hydrothermal solutions used include iron
(1) chloride hexahydrate (FeCl; - 6H,0) or iron (lll) nitrate nonahydrate
(Fe(NO3)3 - 9H,0) mixed with potassium (or sodium) hydroxide and distilled
water. These hydrothermal solution aims to provide Fe3* and OH~ ions to
produce iron (111) hydroxide (Fe(OH);) precipitate, which will then forming
a FeOOH nanorods (as shown in Figure 2.11) on the substrate through assisted
conditions with pressure above 1 atmospheric pressure and heating between

100°C to 120°C (Ou et al., 2008; Chew et al., 2019). The chemical reactions

from the preparation of the hydrothermal solution to the formation of « FeOOH

nanorods are shown in the Equations 2.1 and 2.2 (Iwasaki et al., 2012).

Fe3* + 30H™ - Fe(OH), (Equation 2.1)
Fe(OH); = a FeOOH + H,0 (Equation 2.2)

Figure 2.11: (a) The low-magnification SEM image of the as-prepared a-

FeOOH nanowires. (b) The high-magnification SEM image of the as-prepared
a-FeOOH nanowires (Ou et al., 2008)
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The hydrothermal conditions such as the solution, temperature, and
process time are the determining factors on the size and length of the nanorods.
However, the majority of researches of the nanorods from the hydrothermal
processes are shown with the effect of different annealing post-treatment
conditions which can cause further growth of nanorods. Table 2.2 shows a
summary of some hydrothermal solutions used for the formation of FeOOH or

Fe, 05 nanorods with different sizes.

Table 2.2: Comparison of different hydrothermal conditions and resultant
nanorod sizes (Chew et al., 2019; Ou et al., 2008; Carvalho-Jr et al., 2019)

Hydrothermal Conditions Phase and Morphology | Nanorod size
Hydrothermal solution Time | Temp. Dia. | Length
(h) °C) (nm) | (nm)

4.859 Fe(NO3);-9H,0 6 100 a FeOOH nanowires 80 1200
+2.73g KOH + 10 mi DI

0.25 M FeCl; - 6H,0 + 8 | 6-15 100 a FeOOH nanorods | 50to -

M KOH + DI on Fe foil substrate 250
0.015 M FeCl; + 0.1 M 6 100 B FeOOH nanorods, 125 | 100 to
NaNO;+ HCI + DI a Fe, 03 powder 150

2.4.3.3 Annealing for post-treatment

After anodization and hydrothermal process, the iron oxide substrate has
an amorphous and hydrated state. Annealing post-treatment process is required
to transform the substrate from an amorphous to crystalline phase, removing
water molecules and impurities in the process.

After anodization, the anodic Fe,05 film is in an amorphous and
hydrated state. It contains contamination of a small amount of impurities caused
by the electrolyte solution (Rozana et al., 2016; Martin-Gonzalez et al., 2020).
Annealing is required to remove these impurities and transform the amorphous
phase. However, annealing post-treatment can also lead to growth and
deformation in the nanostructure. Rozana et al. (2016) conducted annealing on
nanoporous iron oxide film in nitrogen to prevent oxidation of the underlying

iron layer, further thickening of porous structure, and growth of the surface oxide



21

layer. Different annealing temperatures between 300 °C to 900 °C were

conducted onto the porous iron oxide samples for 2 h. Based on XRD results

(Figure 2.12), it was found that 300 °C was still amorphous. Also, it was found

that nanoporous structure can only be retained for samples annealed below <

450 °C and increasing temperatures causes increasing deformation of the

nanoporous structure as shown in Figure 2.13. This deformation of the nanopores
Is not desirable due to the reduction of the active surface area of the iron oxide,
possibly reducing its adsorption properties, defeating the purpose of forming

nanoporous structures on the Fe foil substrate (Rozana et al., 2016).
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Figure 2.12: XRD patterns of nanoporous anodic iron oxide films annealed at
various temperatures in nitrogen: (a) non-annealed (anodized only) and 300°C
(b) 450-900 °C (Rozana et al., 2016)
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(e)
Figure 2.13: FESEM images of iron oxide films annealed for 2 h at different
temperatures in nitrogen: (a) as-anodized, (b) 300, (c) 450, (d) 500, (e) 600,
and (f) 900 °C (Rozana et al., 2016)
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Similarly, after the hydrothermal process, the resultant nanorods will be
in the form of amorphous FeOOH. To ensure that the nanorods do not react with
the Cr (V1) solution during the adsorption process, phase transformation of the
amorphous FeOOH to crystalline Fe, 05 is required. Carvalho-Jr et al. (2019)
studied the effect of varying annealing conditions at temperatures 390 °C to
850 °C for hydrothermally grown hematite nanorods. The results showed that
even at 390 °C, samples had completely transformed into crystalline Fe,0;.
Based on the XRD results, a further increase in annealing temperature also
resulted in further growth of the Fe, 05 as shown in Figure 2.14. However, in
consideration for the sequential process of growing porous structure, annealing
with higher temperatures (>450 °C) would lead to possible damage to the
nanoporous structure and hence is not ideal. Also, Chew et al. (2019) annealed
the hydrothermally treated samples at 300 °C for 2 h and was able to obtain the
desired results on the formation of Fe, 05 nanorods with majority of Fe peak due

to the iron foil substrate as shown in Figure 2.15.
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Figure 2.14: XRD patterns of iron oxide nanorods displaying phase

transformation (Carvalho-Jr et al., 2019)



24

»(200)

Intensity (eps)

9 (110)
»(110)

(220

2 g g = =
= N g Z = !
H e ™ om ™ L
) “w\" e
T T T
20 30 40 50 60 70 80

Figure 2.15: XRD pattern of annealed sample after hydrothermally synthesized
for 12 h (Chew et al., 2019)

2.4.4  Effect of pH value in chromium removal efficiency

Pradhan et al. (2017) explained that Cr is more commonly found as Cr
(1) in the environment. However, the form in the environment is subjected to
the pH level of the environment and can be affected by industrial waste or
industrial processes to produce Cr (V1) through oxidation. Depending on the Eh
and pH values, different states of Cr can be found. Also, in increasing alkaline
conditions, Cr (111) easily oxidized into Cr (V1) whereas, in acidic conditions, Cr
(111) becomes very stable. In addition to this, once Cr (V1) is reduced to Cr (111),
Cr (111) solubility in water reduces as pH increases. Mortazavian et al. (2018)
found that these conversion characteristics played a key role in the reaction rate
for reduction and adsorption methods for Cr (V1) removal. In their research on
the adsorption capability of activated carbon impregnated by zero-valent iron
nanoparticles (AC/NZVI) and activated carbon (AC), a similar trend can be seen
whereby Cr (V1) efficiency removal reduction was observed with increasing pH
levels. Figure 2.16 shows experimental results in which both AC and AC/NZVI
show reducing efficiency on Cr (VI) removal with increasing pH levels. It was
found that, for AC, the removal efficiency of Cr (V1) was 63% to 10% to 0% for
pH levels 4, 7, and 10, respectively with similar efficiency reducing trend for
AC/NZVI (Mortazavian et al., 2018). Figure 2.17 shows another separate
research on the effects of pH value to the efficiency of Cr (VI) adsorption by
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activated carbon coated a Fe, 03 which showed a similar reducing efficiency
trend with increasing pH levels (Li et al., 2019). As such, it can be concluded
that an acidic medium is necessary to ensure optimum effectiveness of Cr (VI)
removal method, particularly for activated carbon and metal oxide related
adsorbents (Li et al., 2019; Mortazavian et al., 2018; Chew et al., 2019).
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Figure 2.16: AC and AC/NZVI Cr removal efficiency (%) comparison against
pH value (Mortazavian et al., 2018)
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Figure 2.17: Effect of pH on Cr(VI) adsorption removal method via Fe2O3 (Li
etal., 2019)
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2.5 Summary of literature review

Hematite (a-Fe,05) as a base material has adsorption compatibility for
Cr removal. Fe, 05 nanopores and nanorods were found to be possessing good
Cr removal efficiency. To further enhance the adsorption capacity of Fe,0s,
nanopores and nanorods can be produced on the same substrate through

synthesis processes of anodization, hydrothermal, and annealing post-treatment.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

In this chapter, the methodology for the preparation of nanoporous-
nanorod iron oxide film is discussed. The iron oxide nanopores were first
synthesized on iron foil substrate via anodization method. Next, the nanoporous
iron oxide was annealed in nitrogen gas at various temperatures to transform the
amorphous nanopores into a crystalline structure Hydrothermal reaction was
then conducted on the nanoporous iron oxide substrates for the growth of
amorphous FEOOH nanorods. A final annealing post-treatment process was then
performed to transform FeOOH to Fe, 05 nanorods. After sample preparation,
the correlation between the chromium removal efficiency, morphological, and
structural properties of the samples were studied. The parameters of the sample
preparation processes are shown in Table 3.1. Also, an overview and flow of the

sample preparation and analysis is shown in Figure 3.1.

Table 3.1: Parameters of sample preparation

Method Substrate Parameters

Anodization Iron foil Voltage ;50 V
Time : 15 min
Anode : Iron foil
Cathode : Platinum foil

Electrolyte : 100 ml of 97% vV ethylene glycol
solution + 0.1 M ammonia fluoride (NH4F)
Annealing post- | Nanoporous Temperature : 200, 300, 400, and 500 °C

treatment for | iron oxide foil | Time :05h
anodization Gas : Nitrogen
Hydrothermal Nanoporous Temperature : 120 °C
iron oxide foil | Time :4h
Solution : 025 M of Iron (1) Chloride

Hexahydrate (FeCl;-6H,0) + 10 M potassium
hydroxide (KOH) + 20 ml distilled water
Second Stage | Nanoporous- | Temperature : 300 °C

annealing post- | nanorod iron | Time :2h

treatment process | oxide foil Gas : Nitrogen
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Figure 3.1: Overview and flow of sample preparation and analysis
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3.2 Experimental details

The experimental works were divided into four sections: (i) anodization
on iron foil substrate, (ii) annealing post-treatment on nanoporous iron oxide (iii)
hydrothermal process on nanoporous iron oxide substrate, and (iv) second stage
annealing post-treatment process.
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3.2.1  Anodization process on iron foil substrate

To produce the nanoporous Fe2Os, iron foil with 99.5% purity by Nilaco
Corporation was used as the base material. The iron foil was first cut to size with
1 cm (width) x 4 cm (length). Prior to the anodization process, the iron foil was
cleaned ultrasonically with acetone, ethanol, and distilled water for 5 min each.
The sample was also polished using 2000-grit sandpaper to remove the oxide
layer on the iron foil before the anodization process. Anodization was carried
out using a conventional two-electrode setup whereby the iron foil was used as
the anode and platinum foil as the cathode. The process was performed at 50 V
for 15 min in the electrolyte containing 100 ml of 97% YV ethylene glycol
solution with 0.1 M NH4F as shown in Figure 3.2 and Figure 3.3. 3 cm of the
foil length was immersed in the electrolyte during anodization. The electrolyte
was stirred during anodization to promote uniform ionic distribution and allowed
NH4F to dissolve completely in the electrolyte. After the anodization process,
the sample was ultrasonicated in acetone for 20 seconds and dried to remove any

remaining electrolyte on the anodic iron foil sample.

50 V DC Supply
|
Fe foil (anode) ‘ |
Platinum foil (cathode)
100 ml of 97% YV ethylene
glycol solution with 0.1 M
ammonium fluoride (NH4F) Magnetic
as electrolyte \ stirrer
RN < >
30mm

Figure 3.2: Schematic diagram of the iron foil anodization process
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Figure 3.3: Setup of anodization process

3.2.2  Annealing post-treatment for anodization
After the anodization process was completed, an annealing post-
treatment process was conducted to transform the amorphous nanopores into a

crystalline state. Different annealing temperatures of 200, 300, 400, and 500 °C

were performed to study the effect of annealing on the samples. The annealing
process was conducted in nitrogen to prevent the thickening of pore walls and

oxide barrier.

3.2.3  Hydrothermal process on nanoporous iron oxide substrate

After the anodization and first annealing post-treatment process, the
hydrothermal process was conducted to grow FeOOH nanorods on the samples.
The hydrothermal solution was prepared by mixing 0.25 M of FeCl; - 6H,0 with
10 M KOH and 20 ml of distilled water. The hydrothermal solution and
fabricated sample were then placed into a Teflon-lined autoclave and heated at

120 °C for 4 h using an oven as shown in Figure 3.4 and Figure 3.5. After the

hydrothermal process, the samples were dried in an oven at 90 °C for 30 min.
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0.25 M FeCl3-6H>0 +

10 M KOH + DI autoclave

Substrate —

Figure 3.4: Schematic diagram of hydrothermal reaction to grow FeOOH

nanorods

Figure 3.5: Substrate and hydrothermal solution placed inside Teflon-lined

autoclave

3.2.4  Second stage annealing post-treatment process
The second annealing was conducted to transform the amorphous
FeOOH nanorods to crystalline Fe,0; nanorods (Chew et al., 2019). The

samples were annealed at 300 °C for 2 h in nitrogen gas as shown in Figure 3.6.

Figure 3.6: Nanoporous-nanorod iron oxide foil after second stage annealing
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3.3 Sample characterization

The morphological analysis was performed throughout the fabrication
process to determine the sequential effect from the previous processes. After the
fabrication of the nanoporous-nanorod iron oxide foil, characterization was
performed to study the structural and Cr adsorption efficiency of the samples.
The characterization analysis is divided into three parts based on their properties,
which are morphological analysis, structural analysis, and chromium adsorption

efficiency.

3.3.1  Morphological analysis

The morphology of samples were observed using a scanning electron
microscope (SEM) system (Hitachi S-3400N). The surface and cross-sectional
morphologies of the sample were observed by placing the samples on a sample
holder using carbon tape. SEM analyses of the samples were conducted

throughout each treatment process to study the progressive differences.

3.3.2  Structural analysis

For the structural analysis, the fabricated samples were analyzed via X-
ray diffractometer (Shidmazu XRD-6000) which utilizes X-ray diffraction
(XRD) technology to determine the composition of the samples. The scanning

range of the sample was performed at a range with 26 = 20-80°.

3.3.3  Hexavalent chromium adsorption efficiency

The analysis on Cr (VI) adsorption efficiency involves two parts which
are: (i) the preparation of Cr (V1) solution and (ii) Cr (V1) adsorption test. In part
(i), the preparation process of 100 ml of 10 mg/L Cr (V1) solution with optimum
condition of pH 2 for chromium adsorption test is discussed. In part (ii), the
process of collecting aliquot solution during Cr (VI) adsorption test and

diphenyl-carbazide colorimetric analysis method are discussed.



33

3.3.3.1 Preparation of chromium (V1) solution

The Cr (VI) stock solution was first prepared to conduct the Cr (VI)
adsorption test. The concentration of Cr (V1) stock solution is 10 ppm (parts per
million) which is equivalent to 10 mg/L. This concentration is achieved by
dissolving potassium dichromate (K,Cr,0-) with distilled water. For 1 L of Cr
(V1) solution, 10 mg of Cr is required. Using weight ratio of Cr in K,Cr,0-, the

amount of K,Cr,0- can be determined using Equation 3.1 and 3.2.

10 mgofCr _ 2X molar mass of Cr (Equation 3.1)
wt K,Cr,0- " molar mass of K5Cr,0-
294.185 i
WEK,Cr0, =10mg X ——— (Equation 3.2)

~wt K,Cr,0, =28.29 mg or 0.02829 g of K,Cr,0,

However, since 0.02829 g of K,Cr, 0 is difficult to be weighed, the Cr
(V1) solution was first prepared in higher concentration as shown in Figure 3.7.
First, 1 L of 100 mg/L Cr (VI) solution was prepared by using 0.2829 g of
K,Cr,0,. Next, 100 ml of the 100 mg/L Cr (V1) solution was diluted with
distilled water to obtain 1 L of 10 mg/L Cr (V1) solution.

3

Figure 3.7: Preparation of 100 mg/L (left) and 10 mg/L (right) of Cr (VI)

solution in volumetric flasks
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After the preparation of 10 mg/L Cr (V1) solution, 100 ml of 10 mg/L Cr
(VI) was transferred into a conical flask. As discussed in Section 2.4.4, the
adsorption efficiency increases with decreasing pH conditions. Hence, to achieve
a pH of 2, approximately 35 pL of concentrated sulphuric acid (H,SO,) was
added into the Cr (V1) solution. A pH indicator paper was used to verify the pH

level of the solution as shown in Figure 3.8.

Figure 3.8: pH indicator test to verify the pH 2 condition in Cr (V1) solution

3.3.3.2 Chromium adsorption test and analysis

Prior to the Cr (VI) adsorption test, 2.5 ml of aliquot solution was first
collected from the 100 ml of 10 mg/L Cr (V1) solution using a micropipette and
placed into a centrifugal tube. Next, 1 cm x 1 cm size of the fabricated samples
were placed into the conical flask containing the Cr (V1) solution. The conical
flasks were placed onto an orbital shaker and shaked at 150 rpm for 30 min as
shown in Figure 3.9. 2.5 ml of aliquot solution was collected every 5 min. The
Cr (VI) removal efficiency test was also conducted on a bare iron foil as a

reference point.
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Figure 3.9: Chromium adsorption test by using orbital shaker

After adsorption test, the diphenyl-carbazide colorimetric method was
used to analyze the adsorption efficiency of the fabricated samples. The 1,5-
diphenyl-carbazide solution was composed of 0.05 g of diphenyl-carbazide
powder dissolved in 10 ml acetone. 35 uL of the 1,5-diphenyl-carbazide solution
was added to each collected aliquot sample. The amount of diphenyl-carbazide
solution used was determined through trial and error such that the initial aliquot
sample would not reach saturated condition during ultraviolet-visible (UV-vis)
test. The sample was then hand-shaken to ensure a complete mixing of the
solution as shown in Figure 3.10. The colorization of the solution decreased with

decreasing Cr (V1) amount in the solution.

Figure 3.10: Addition of 35 pL 1,5-diphenyl-carbazide solution to each aliquot
sample in centrifugal tube



36

After that, the solutions were transferred into plastic cuvettes for UV-vis
test as shown in Figure 3.11. Distilled water was used as the spectroscopy blank
reference. The samples were scanned by the UV-vis spectrophotometer (Cary
100 Agilent) at a wavelength range of 440 to 640 nm. The absorbance level at
wavelength 540 nm was referred to determine the Cr (V1) removal efficiency.

e -

Figure 3.11: Aliguot sample and spectroscopy blank in plastic cuvette for UV-

vis spectrophotometry analysis



37

CHAPTER 4

RESULTS AND DISCUSSION
4.1 Introduction
This chapter is divided into three main parts according to the type of analysis
which are morphological analysis (SEM), structural analysis (XRD), and chromium
removal efficiency test. The nanostructure change caused by the various processes
during the sample preparation stage is also discussed in the morphological analysis

section.

4.2 Morphological Analysis

The morphological changes to the iron oxide nanopores and nanorods of
samples were observed using SEM and are presented in four sections according to the
process similar to Section 3.2 which are (i) anodization process of iron foil substrate,
(i) annealing post-treatment for anodization, (iii) hydrothermal process on nanoporous

iron oxide substrate, and (iv) second stage annealing post-treatment process.

4.2.1  Anodization process on iron foil substrate

The nanoporous iron oxide layer was formed via anodization of the Fe foil. The
anodization process was conducted at 50 V for 15 min in the electrolyte containing
100 ml of 97% YV ethylene glycol solution with 0.1 M NH4F. After the anodization
process, the sample was rinsed with distilled water to remove the electrolyte from the
sample surface. However, the nanoporous structure was covered with web-like
structure and impurities after rinsing as shown in Figure 4.1a. To remove this web-like
structure and impurities, the samples were sonicated in acetone for 5, 10, and 20 s as
shown in Figure 4.1b-d. Sonication for 20 s shows effective cleaning results whereby
the web-like structure and impurities have been removed. With that, all subsequent
samples were sonicated in acetone for 20 s after the anodization process. Figure 4.2a-
d shows the surface morphology after anodization from high to low magnification.

Pore diameter size and wall thickness of 20-56 nm and 18-54 nm were produced.
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5.00um UTAR-SEM 5.00kV 5.8mm x10.0k SE

UTAR-SEM5.00kV:5.8mm x10 0k SE

UTAR-SEM 5.00kV 5. 8mm:x10.0k SE

Figure 4.1: Cleaning of anodized nanoporous samples by (a) rinsing with distilled

water and sonication in acetone for (b) 5, (c) 10, and (d) 20 s

UTAR-SEM 5:00kV 5.8mm x30.0k SE

UTAR-SEM 5.00KY §.8mm x10.0k SE

Figure 4.2: SEM images of iron foil after anodization process: (a) 30kx, (b) 15kx, (c)

10kx, and (d) 5kx magnification
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4.2.2  Annealing post-treatment for anodization

After anodization, the nanoporous iron oxide foil was then annealed at 200,
300, 400, and 500 °C for 0.5 h in nitrogen to increase the crystallinity of the
nanoporous structure and prevent soluble amorphous structures to dissolve in the
hydrothermal solution during the hydrothermal process. One sample was left as an as-
anodized sample for reference. The surface morphologies of the annealed nanoporous
iron oxide samples are shown in high (30kx) and low magnification (5kx) in Figure

4.3 and Figure 4.4, respectively. The samples annealed at 200 and 400 °C had pore

wall thicknesses of 21-69 nm and 27-88 nm, respectively, showing a slight increase in

wall thickness with increasing temperature. However, annealing at 300 °C showed a

larger pore wall thickness of 38-117 nm and a shrinking of pore diameters in

comparison to annealing at 400 °C. Also, a slight thickening of the barrier layer caused

by the presence and reaction with air can be observed. Fabricated samples annealed at

500 °C also showed similar properties which are oxidation of underlying iron,

thickening of barrier layer, and growth of surface oxide (Rozana et al., 2016).

Figure 4.3: SEM images at high magnification (30kx) of nanoporous iron oxide
annealed at (a) 200, (b) 300, (c) 400, and (d) 500 °C
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Figure 4.4: SEM images at low magnification (5kx) of nanoporous iron oxide
annealed at (a) 200, (b) 300, (c) 400, and (d) 500 °C

4.2.3  Hydrothermal process on nanoporous iron oxide substrate

After the annealed nanoporous iron oxide samples were prepared,
hydrothermal process was conducted to grow FeOOH nanorods on it. The
hydrothermal solution contains 0.25 M of FeCl; - 6H,0 with 10 M KOH and 20 ml of
distilled water. The hydrothermal process was performed at 120 °C for 4 h. For ease
of sample referencing, abbreviated names were given to samples as shown in Table
4.1.
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Table 4.1: Abbreviated names of samples formed by hydrothermal process on

nanoporous iron oxide foil

Nanoporous iron oxide foil Hydrothermal process on nanoporous

iron oxide foil (abbreviated names)

As-anodized An-HT
Annealed at 200 °C An-200-HT
Annealed at 300 °C An-300-HT
Annealed at 400 °C An-400-HT
Annealed at 500 °C An-500-HT

The morphologies of FeEOOH nanorods grown on nanoporous iron oxide via
hydrothermal process are shown in Figure 4.5 (5kx magnification) and Figure 4.6
(10kx magnification). An-HT shows collapse and deformation of the nanoporous
structure with nano/microplate structures with thickness 80-234 nm as shown in Figure
4.6(b). This is likely due to the dissolution of amorphous nanopores in the
hydrothermal solution. Similarly, An-200-HT shows the collapse of the nanoporous
structure. However, An-200-HT no longer shows the presence of microplate structures
and deformation of the sample surface. Nanorods were also successfully grown on the
surface. On the other hand, An-300-HT, An-400-HT, and An-500-HT show increasing
amount of nanoporous structure that can be retained after the hydrothermal process as
shown in Figure 4.6f-j. This result shows the crystallinity of nanoporous structure
increased with increasing annealing temperatures. The retaining of nanoporous
structure layer allows the formation of nanorods on top of it and thus forming
nanoporous-nanorod structure. Also, small concentrated patches of nanowires were

observed on the samples.
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Figure 4.5: SEM images at 5kx magnification of (a) An-HT, (b) An-200-HT, (c) An-
300-HT, (d) An-400-HT, and () An-500-HT
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Figure 4.6: SEM images at 10kx magnification of (a-b) An-HT, (c-d) An-200-HT, (e-
f) An-300-HT, (g-h) An-400-HT, and (i-j) An-500-HT. Images (b), (d), (f), (h), and

(j) are cross-sectional views
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4.2.4  Second stage annealing post-treatment process
After the hydrothermal process, the second stage annealing post-treatment

process was performed at temperature 300 °C for 2 h to transform the nanorods into

Fe,0; phase. SEM images of annealed An-500-HT are shown in Figure 4.7. The
nanorods had diameters of 46-117 nm and length of 0.32-0.91 um. The nanoporous

structure was found to have a pore diameter of 44-152 nm.

'UTAR-,SE‘?\/I'.‘S:OD_I_(\{' 5.8mm x5.00K ; UTAR-SEM 5.00kV 6.3mm x5.00k SE
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Figure 4.7: SEM images of annealed An-500-HT at magnifications of (a-b) 5kx (c-d)
10kx, and (e-f) 15kx. Images (b), (d), and (f) are cross-sectional views
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4.3 Structural analysis

XRD analysis was performed on samples of An-200-HT, An-300-HT, An-400-
HT, and An-500-HT after second stage annealing post-treatment process as shown in
Figure 4.8. The annealed An-200-HT shows the presence of FeOOH (ICDD no. 18-
0639) and FeO (ICDD no. 49-1447) in addition to a-Fe, 05 (ICDD no. 33-0664). The
formation of FeOOH and FeO is likely due to the low temperature (200 °C) of the
annealing process. The FeOOH and FeO transformed into a-Fe,05; (ICDD no. 33-
0664) at higher temperatures. This transformation can be observed on An-300-HT,
An-400-HT, and An-500-HT. The hematite o-Fe,05 are shown at (104), (110), and
(214) planes. Based on Figure 4.8b-d, a transition from the (104) plane to (110) and
(214) planes can be observed with increasing annealing temperatures. The peak
intensities of a-Fe,05 (110) and (214) planes increased with increasing annealing
temperatures, showing the increase of a-Fe, 05 crystallinity with increasing annealing

temperatures.

B FeO 00-049-1447 X FeOOH 00-018-0639 @ a-Fe203 00-033-0664 A Fe 00-006-0696
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Figure 4.8: XRD patterns of samples (a) An-200-HT, (b) An-300-HT, (¢) An-400-HT,

and (d) An-500-HT after second stage annealing post-treatment process
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4.4 Cr (VI) removal test

After the fabrication of samples, Cr (VI) removal test was performed by
placing 1 cm x 1 cm of sample into 100 ml of 10 ppm Cr (VI) solution and shaked at
150 rpm on an orbital shaker. The Cr (VI) removal test was also performed on bare
iron foil for comparison. The Cr (VI) removal test was performed for 30 min and
aliquot solution was collected every 5 min to measure the Cr (VI) removal amount.
1,5-diphenyl-carbazide test was conducted to measure removal efficiency. The
removal efficiency was calculated based on Equation 4.1, where Cr,, is the absorbance
value of the solution at initial time and Cr, is the absorbance value at a certain time at
wavelength 540 nm.

ro—Cry

Cr (V1) Removal Efficiency = <22=°" x 100% (Equation 4.1)

Cro

Table 4.2 shows the Cr (VI) removal efficiency of bare iron foil and the
fabricated samples. Figure 4.9 shows the curve of Cr (VI) removal efficiency vs. time.
All samples achieved higher removal efficiency than bare iron foil, which was only
40.88% after 30 min. The removal efficiency of samples increased with increasing first
annealing temperatures, with the annealed An-500-HT sample achieved the highest
removal efficiency of 96.90% in 30 min. The increase of removal efficiency is due to
the formation of nanoporous-nanorod structure (Figure 4.7). The amount of nanopores
in nanoporous-nanorod structure increased with increasing first annealing temperature,
resulted in larger iron oxide surface for the interaction with Cr (V). Also, it is due to
the transformation of FeOOH and FeO into a-Fe, 05 phase as seen in XRD analysis
(Figure 4.8). The XRD pattern for An-500-HT showed highest a-Fe, 05 peak intensity
with reference to Fe peak. The increased crystallinity of the nanoporous layer while
retaining its nanostructure likely allowed better growth rate of the nanorods in the
second stage hydrothermal process, hence increasing the overall presence of a-Fe, 05
nanostructures as seen in the morphological and structural analysis results. With that,
An-500-HT achieved the highest removal efficiency due to the highest o-Fe,05

surface and crystallinity.



47

Table 4.2: Cr (V1) removal efficiency of bare iron foil and fabricated samples over

30 min
time (min) 0 5 10 15 20 25 30
> . .
= Bareiron foil |, 025| 6.85| 13.81| 27.04| 35.65| 40.88
=
b= ANn-HT 0.00 | 13.82| 20.25| 2758 | 4054 | 39.81| 48.18
g AN-200-HT 0.00 | 27.85| 38.15| 4456 | 54.73 | 57.16 | 62.43
e
S An-300-HT 0.00 | 26.60| 29.13| 36.42 | 4734 | 56.48 | 63.58
S | An-400-HT 0.00 | 3331| 4599 | 59.65| 69.33| 81.08| 83.63
. 500
O & [ An-500-HT 0.00 | 60.58 | 64.99| 85.44| 90.47 | 9559 | 96.90
100%
90%
g 80%
>
S 70%
Q
S 60%
= so%
3
£ 40%
&
E 30%
s
S 20%
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Figure 4.9: Cr (VI) removal efficiency curves of bare iron foil and fabricated samples

over 30 min

In addition, during the Cr (V1) removal test, some oxide layers peeled off from
An-HT and An-200-HT samples. This is likely caused by the presence of FeO or
FeOOH on the samples (as seen in Figure 4.10) that had reacted with the Cr (VI)
solution. Also, this peeled off powder may increase the total surface of iron oxide
within the chromium solution. This led to An-200-HT to have higher Cr (V1) removal

efficiency than An-300-HT at the early stage between 0 to 20 min as seen in Figure
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4.9. However, peeled off iron oxide powder is not recommended as it requires further
filtration process to remove the chromium-adsorbed iron oxide powder from

wastewater.

Figure 4.10: Photo images of annealed (a) An-HT and (b) An-200-HT

Based on Section 2.4.3.3, the best chromium removal efficiency was initially
expected to be from the An-400-HT sample. An-500-HT was expected to have
deformed nanoporous structure. However, by reducing the annealing time from 2 h to
0.5 h, the annealing time allowed sufficient time to induce crystallinity without
deforming the a-Fe, 05 nanoporous structure. It is likely that by further annealing to

600 °C, deformation of nanoporous structure will begin to occur, causing lesser a-

Fe,05 surface for chromium adsorption process, hence reducing the chromium
removal efficiency. Also, An-300-HT and An-400-HT show a more linear adsorption
rate compared to An-500-HT which shows a high initial adsorption with a decreasing
rate trend. This is possibly caused by the crystalline growth orientation of a-Fe, 05 in
the (110) instead of (104) direction which affected the uptake kinematics (Hirai et al.,
2014).
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4.5 Summary

The morphological analysis, structural analysis, and Cr (V1) removal test were
conducted on the fabricated samples. While annealing resulted in grain growth of
nanopores despite being annealed in nitrogen gas, the crystallinity of nanoporous
structure increased with increasing annealing temperature, which resulted in increasing
amount of nanoporous structure that can be retained after the nanorod growth via
hydrothermal process. The increase in crystallinity provided better conditions for the
growth of a-Fe,05 nanorods and hence the increased total o-Fe,05; surface. A
minimum annealing temperature of 300 °C after the anodization process is required
for the transformation of amorphous into crystalline a-Fe, 05 nanopores and to prevent
reaction of the samples with the Cr (V1) solution caused by the presence of FeO or
FeOOH which is not desirable during the practical application of chromium adsorption
process.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Nanoporous-nanorod iron oxide structure was successfully grown for the first
time by using anodization process for nanopores followed by hydrothermal process for
nanorods with annealing post-treatments after each process. Annealing post-treatment
process with temperature > 300 °C after anodization is essential in order to prevent the
amorphous structure from dissolving in the hydrothermal solution. The increasing
annealing temperature increased the crystallinity of nanoporous structure which
resulted in the increasing amount of nanporous structure that can be retained after
hydrothermal process. In this work, the sample annealed at 500 °C during first
annealing process (An-500-HT) had the highest amount of a-Fe, 05 nanostructures
and crystallinity. It showed the highest Cr (V1) removal efficiency by removing 96.90%
of Cr (VI) in 30 min. The sample had 46-117 nm nanorod diameter, 0.32-0.91 um
nanorod length, and 44-152 nm pore diameter.

5.2 Recommendations for future work
Based on current work, the following recommendations are suggested for

future research work:

I. Tuning of anodization conditions or two-step anodization for highly ordered
nanoporous structure for fabrication of nanoporous-nanorod a-Fe, 05 structure.

ii. Desorption process for reusability study of nanoporous-nanorod o-Fe,05
structure.

iii. Adsorption test for other heavy metals (i.e. lead, cadmium, arsenic) and effect

of competitive adsorption behavior by nanoporous-nanorod a-Fe, 05 structure.
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