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ABSTRACT
The goal of this project is to fabricate iron oxide (ferroxane) ceramics as catalysts for
heterogeneous Fenton reactions, which will ultimately be used in the degradation of nonbiodegradable organic compounds, such as pharmaceuticals, in water. Iron oxide
ceramics were fabricated from carboxylate-FeOOH nanoparticles (Ferroxane). Their
synthesis took place in two steps: (i) synthesis of γ-FeO(OH) (lepidocrocite) from ferrous
chloride; and (ii) ferroxane production from the mineral by reacting it with acetic acid.
Hematite was obtained by sintering ferroxane nanoparticles at 500 Co. Next, ferroxane
nanoparticles were reacted with salts of cobalt and manganese, due to their high reduction
potential, to obtain mixed metal oxide nanoparticles at 10:1, 4:1, and 2:1 Fe:metal ratio.
Ferroxane-derived ceramics and metal doped ferroxane were characterized by particle
size, zeta potential, specific surface area, and chemical composition, which was done by
using Dynamic Light Scattering (DLS), Brunauer–Emmett–Teller (BET), powder X-ray
diffraction (XRD), and Scanning Electron Microscopy images combined with Energy
Dispersive X-ray Spectroscopy (EDS). Size and zeta potential measurements were
conducted in the 3-9 pH range in order to assess modifications introduced by the doping
reactions and obtain the point of zero charge (pzc). Ferroxane, Co doped ferroxane, and
Mn doped ferroxane had pzc at 7.8, 7.3, and 8.2 respectively. Moreover, size remained
mostly unchanged by doping when compared to the pure iron oxide particles (200nm 400nm) for all pHs except the highest, where significant aggregation was observed for
some samples. Ferroxane and hematite had surface areas of 72.47 and 23.24 𝑚𝑚2 /g
respectively. XRD results showed identical peaks to lepidocrocite and hematite, which
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confirmed the synthesis process of those metals. EDS results showed peaks of Co and Mn
in the doped samples, which proves the success of the doping process.
The catalytic activity of hematite and metal doped ferroxane were tested by adding 8g/l
of catalyst, 10 ppm methylene blue (MB), 400 mM H2O2, and UV365 to a reactor, while
measuring the concentration of MB through a spectrophotometer at 665 nm. At pH 7.6,
hematite achieved 100% MB degradation during 2 hours of reaction, while Co doped
ferroxane achieved 80% and and Mn doped ferroxane achieved 40%. However, the
metals doped ferroxane achieved faster degradation compared to hematite during the first
20 minutes. In addition, when the pH was raised to 8.0, Mn doped ferroxane achieved
60% degradation over 2 hours. The following shows potential for greater catalytic
activity of the doped ferroxane by optimizing the pH (close to the pzc) and amount of
H2O2 added. Finally, the catalytic activity of hematite was tested on two antibiotics
commonly found in wastewater: sulfamethazine and Oxytetracycline. Solution
concentration of 1ppm was used. Hematite achieved 80% degradation of sulfamethazine
over two hours, and 100% Oxytetracycline adsorption within 10 minutes.
Future work will involve further characterization of supported particles on surface of
ceramic membranes, and optimization of metal doped ferroxane degradation experiments.
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1 Introduction
Pharmaceuticals are synthetic or natural chemicals that can be found in prescription
medicines or over-the-counter drugs, and drugs used for animals. Pharmaceuticals can
enter water sources through sewage, which transports the waste of individuals and
patients who have used these chemicals, from uncontrolled drug disposal, such discarding
drugs into toilets, and from agricultural runoff. Trace amounts of pharmaceuticals,
reportedly measured in parts per billion or trillion, including antibiotics, hormones, and
mood stabilizers are in our drinking water supplies. Although levels are low,
pharmaceuticals are chemicals of emerging concern to the public because of their
potential health effects on humans and animals even at those low doses.
Antibiotics are commonly used for livestock to promote their growth and to prevent and
treat diseases. Residues of antibiotics were found in livestock’s manure, which is
intended to be used as fertilizer on farm fields. Farm products such as corn, potatoes and
lettuce can absorb antibiotics when manure is applied. Furthermore, the antibiotics may
accumulate, which increases their concentration levels in soil and farm products. This
will result in undesirable health effects on humans, animals and ecosystems, since the
overuse of antibiotics reduces the ability to cure infections and over time certain
antibiotics are rendered ineffective as microorganisms develop resistance through natural
selection.
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Antibiotics are not treatable by biological processes, and therefore, it’s necessary to find
another cost effective method to treat those non-biodegradable compounds. The use of
advanced oxidation processes (AOPs), such as Fenton processes, for the treatment of
non-biodegradable compounds can be an effective way to remove pharmaceuticals from
water streams.
In this project, a novel iron oxide (ferroxane) based nanostructured ceramic membranes
will be synthesized as catalyst for heterogeneous Fenton, which can be used for the
degradation of pharmaceuticals in water. Iron oxides are interesting materials for ceramic
membranes due to their efficient catalytic properties, adsorption properties, low cost and
limited toxicity. However, there are no commercially available iron oxide membranes to
date.
The goal of this project is to fabricate iron oxide (ferroxane) ceramic membranes as
catalysts for heterogeneous Fenton reactions, which will ultimately be used in the
degradation of non-biodegradable organic compounds, such as pharmaceuticals, in water.
This project was developed due the increasing concern about the effect of
pharmaceuticals in water, and the need for effective, economical method for treatment.

2

2 OBJECTIVES
The overall goal of this project is to assess the applicability of a novel iron oxide-based
nanostructured catalyst, fabricated through an environmentally friendly route for
treatment of antibiotics in wastewater by heterogeneous Fenton reaction. The specific
objectives of the project are:
1. To fabricate ferroxane and Mn, Co doped-ferroxane nanoparticles.
2. To characterize the new materials with regard to their particle size, specific
surface area, and chemical composition.
3. To synthesize porous hematite particles from ferroxane nanoparticles.
4. To investigate the degradation rates by heterogeneous Fenton process catalyzed
by Hematite and Mn, Co doped-ferroxane nanoparticles of methylene blue and
two antibiotics, Sulfamethazine and Oxytetracycline, commonly found in
wastewater.
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3 Literature Review
3.1 Iron Oxide
Iron is one of the most abundant elements on earth, mostly existing in the form of iron
oxides. They are used in paints, chemicals sorbents, and catalysts. There are 16 kinds of
iron oxides and hydroxides known to date, and these are listed in Table 3.1 below:
Table 3.1- Natural Occurring Iron Oxides [1]

Class
Iron (II) oxide
Iron(II, III) oxide
Alpha phase Iron (III) oxide
beta phase Iron (III) oxide
gamma phase Iron (III) oxide
epsilon phase Iron (III) oxide
Iron (II) hydroxide
Iron (III) hydroxide
Iron (III) oxide-hydroxide

Name

Formula

Wustite
Magnetite

FeO
Fe2O3
α-Fe2O3
β- Fe2O3
γ- Fe2O3
ε- Fe2O3
Fe(OH)2
Fe(OH)3
α-FeOOH
β-FeOOH
γ-FeOOH
δ-FeOOH
FeOOH·0.4H2O
High Pressure FeOOH
Fe8O8(OH)6(SO) ·nH2O
(FeIIIxFeIIy(OH)3x+2y-z(A-)z)

Maghemite
bernalite
geothite
akaganetite
lepidocrocite
feroxyhyte
ferrihydrite
schwertmannite
green rusts

The iron oxides’ structures are octahedron and are composed of Fe and O/OH. There are
five polymorphs of FeOOH and four of Fe2O3, as seen in Table 3.1. Due to their low
solubility, high stability, and high surface area, iron oxides are very effective sorbents for
a large range of dissolved ions and molecules[1]. The particle size of most natural iron
oxides is less than 200 nm, and most of them can absorb light up to 600 nm, which allows
4

them to play the role of the photocatalysts in chemical reactions[2-4]. The forms of iron
oxides relevant to this research are briefly described below:
•

Lepidocrocite (γ-FeOOH) is orange colored and occurs in rocks, soils, biota, and
rust, and is often the oxidation product of Fe(II). Its structure is based on the cubic
close-packing of anions[4]. The surface area of synthetic Lepidocrocite ranges
from 15 to 260 m2/g[5].

Figure 3.1- Lepidocrocite structure. Red, blue and white dots represent O, Fe and H respectively.

•

Hematite (α-Fe2O3) is the oldest known iron oxide mineral, and it is most
available in rocks and soils. It is red colored and based on a hexagonal closepacking of anions. It is usually the end result of the transformation of iron oxides.
The surface area of synthetic hematite ranges from 2 to 200 m2/g[4].

Figure 3.2- Hematite structure. Red, blue and white dots represent O, Fe and H respectively.
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•

Magnetite (Fe2O3) is a black magnetic form of iron oxide, and it is usually
responsible for the magnetic properties of rocks. It contains both Fe(II) and
Fe(III) and has an inverse spinel structure. The surface area of magnetite ranges
from 4 to 100 m2/g[4, 5].

Figure 3.3- Magnetite structure. Red, blue and white dots represent O, Fe and H respectively.

3.2 Methylene blue
About 15% of the total world production of dyes is lost during the dyeing process and
released in wastewater[6] . Methylene blue is used in dye, paint production and wool
dyeing, microbiology, surgery, diagnostics, and groundwater tracing. The effluent
containing dyes are highly colored, resulting in major environmental problems.
Methylene blue has good mechanical and chemical stability, and resistant to
microbiological degradation due to its complex structure [7]. The chemical structure of
methylene blue, C16H18ClN3S, is shown in figure 3.4 below:

Figure 3.4- Molecular structure of methylene blue dye
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Exposure to methylene blue is considered to be toxic as it was found to cause increase in
heart rate, vomiting, Heinz body formation, corneal injury, bulbar staining, and urine
discoloration[8].
Several methods are used in removing methylene blue: physical methods, mainly
adsorption on various supports, such as activated carbon[6]; biological methods, such as
biodegradation have been proposed, but due to the low biodegradability of methylene
blue, conventional biological waste water treatment processes are not efficient. Chemical
treatment processes (ozonation and chlorination) are more effective[7]. In this paper,
photocatalytic degradation over solid support for degradation of Methylene blue is
proposed.
3.3 Antibiotics: Sulfamethazine and Oxytetracycline
The concern about antibiotic pollution of the environment in water and aquatic
ecosystems is increasing globally. Antibiotics are one of the most important medicines
and are widely used in animal agriculture to prevent diseases and promote growth [9-11].
Residues of antibiotics have been detected in animals manure, which is usually used as
fertilizer for plants growth[12, 13]. When the manure is applied, farm products such as
corn, potatoes and lettuce absorb antibiotics [14]. Over time, the antibiotics accumulate,
creating increasing concentration levels in the soil and plants [13, 15, 16]. This will result
in undesirable health effects on humans, animals, and the ecosystem [17, 18]. The
occurrence of antibiotics in the aquatic environment might promote the selection of
antibiotic resistance genes and antibiotic resistant bacteria [19]. Antibiotics can also
cause asthma and allergies for children[20].
7

Antibiotics are not degradable by biological processes due to their antibacterial nature
[21]. Therefore, chemical approach for degradation of antibiotics is needed. The use of
advanced oxidation processes (AOPs), such as Fenton processes for the treatment of nonbiodegradable compounds can be an effective way to remove antibiotics [22, 23].
Two antibiotics are investigated in this study: sulfamethazine and oxytetracycline.
Sulfamethazine (C12H14N4O2S) is an antibiotic used to treat bronchitis, prostatitis and
urinary tract infections. In laboratory, it is used in disposition and depletion kinetic
studies, and to develop detection techniques for quantification in fluids such as cows’
milk, honey and swine urine. Sulfamethazine has high stability in water due to its
complex molecular structure, which makes it difficult to remove by biological
processes[24].

Figure 3.5- Sulfamethazine structure

Oxytetracycline (C22H24N2O9) is a broad-spectrum antibiotic, active against a wide
variety of bacteria. It is used to treat infections caused by Chlamydia and infections
caused by Mycoplasma organisms (e.g. pneumonia). It is also used to treat acne, due to
its activity against the bacteria on the skin that cause acne. Oxytetracycline is commonly
used in cattle farms for animal growth and disease prevention [25].
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Figure 3.6- Oxytetracycline structure

3.4 Ferroxane derived ceramic membranes
Membrane technology has been extensively researched due to its high efficiency in
removing small contaminates. The treatment process is mostly physical in which
contaminants and colloids are trapped in the small pore spaces of the ceramic
membranes. The benefits of ceramic membranes include high mechanical strength, high
chemical compatibility, high flux, long operational life, high thermal stability, high
hydrophilicity, and potentially lower life cycle cost due to the ease of operation, minimal
maintenance, minimal pretreatment and low chemical and energy demands. The only
potential limitation of ceramic membranes is the high capital cost [26-28].
In multiple studies, iron oxides have been coated on the surface of ceramics to improve
treatment efficiency. An improvement in NOM removal was detected by the adsorption
process; however, the resulting long-term fouling was a concern [29-31]. In addition, the
typical synthesis process of iron oxides produces many environmental pollutants due to
the shape-forming step, which uses a number of binders and solvents (often chlorinated,
such as 1,1,1-trichloroethyline[32]) that are potentially toxic.
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Ferroxane, a novel iron oxide nanoparticle that is synthesized through reacting
lepidocrocite and acetic acid, is proposed in this research as an alternative to traditional
iron oxides. The advantage of using ferroxane is that it is produced in an environmentally
benign matter; no solvents or binders are necessary; hence no toxic byproducts are
produced. Furthermore, ferroxane nanoparticles are produced in an aqueous solution at
70 Co, which makes it more economical compared to other methods of producing iron
oxides that typically require temperatures over 450 Co[4, 30].
In previous studies, ferroxane coated ceramic membranes were proven to be effective in
the removal of arsenic[31] and viruses[33] through adsorption processes. The potential
catalytic capabilities of the ferroxane-derived membranes need to be further investigated,
but they could be useful in degrading recalcitrant organics and non-biodegradable
contaminants, such as pharmaceuticals.
3.5 Fenton Process
The Fenton process is an advanced oxidation process (AOP) typically used in wastewater
treatment plants. Traditional Fenton consists of a reaction between Ferrous/ferric ions and
H2O2 to generate OH radicals that could degrade contaminates[34]. The detailed Fenton
process is shown below (Eq. 1-6). Ferrous ions initiate the decomposition of hydrogen
peroxide, which oxidizes Fe(II) to Fe(III) in acidic conditions, forming the highly oxidant
hydroxyl radical (Eq.1). Next, Fe (III) is reduced back to Fe(II) and hydroperoxyl radicals
are produced (Eq. 2-3). Hydroxyl radicals can be scavenged by Fe(II) (Eq. 4) or H2O2
(Eq. 5). However, the reaction rate is much higher for Eq.(4), hence if the concentration
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of iron is sufficiently high, Eq.(5) is negligible. Contaminants are then oxidized by the
radical species formed according to Eq.(6)[35].
Fe(II) + H2O2 → Fe (III) + OH + OHFe(III) + H2O2 → Fe(II) + HO2 + H+
Fe(III) + O2- → Fe(II) + O2
Fe(II) + OH → OH- + Fe(III)
H2O2 + OH → HO2 + H2O
OH + organics → byproducts + H2O + CO2
(Bold fonts denote radical species)

k= 70 M-1 s-1
k= 0.002-0.01 M-1 s-1
k= 1.2 x 10-6 M-1 s-1
k= 3.2 x 108 M-1 s-1
k= 3.3 x 107 M-1 s-1

Eq. (1)
Eq. (2)
Eq. (3)
Eq. (4)
Eq. (5)
Eq. (6)

Over the years, Fenton reactions have been extensively researched, and it has been
proven experimentally that they are effective in the oxidation of organics[36-39],
pesticides[40-43], dyes[44, 45], and pharmaceuticals[34, 46]. The process may initiate
with either Fe(II) or Fe(III); however, the oxidation reaction of Fe(II) is much faster than
the reduction of Fe(III), and therefore the initial organic degradation rate is slower when
Fe(III) is the source of Fe[47]. Traditional Fenton reactions are performed under acidic
conditions, with pH levels between 2 and 4—the optimum level being 3—and without the
use of UV irradiation. This process is called Homogenous Dark Fenton[48].

The above-described process can be significantly accelerated by irradiance with UV and
visible light; this process is called Homogenous Photo Fenton[36]. The UV light induces
reaction 2 to generate more Fe(II) and OH radicals, resulting in the enhancement of the
overall process[40]. Moreover, photo-Fenton processes are active at a pH near neutral
due to their ability to break ferric complexes formed between the Fe(III) ions and the
partially oxidized organics (ligands) in solution. However, as the organic ligands become
degraded in the process, Fe(OH)3 precipitate will be produced. Similarly to the dark
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Fenton process, sludge is expected to be generated as a by-product of the oxidation, and a
separation unit following the Fenton process is required[49].
This downside is overcome in the heterogeneous Fenton process. The mechanism
involved has not been completely identified, but the following reaction path has been
suggested:
≡ Fe(III)-OH + H2O2 → ≡ Fe(III)-OH-H2O2
≡ Fe(III)-OH-H2O2 → ≡ Fe(II) + H2O + HO2
≡ Fe(II) + H2O2 → ≡ Fe(III)-OH + OH
≡ Fe(III)-OH + HO2 / O2- → ≡ Fe(II) + H2O / OH- + O2

Eq. (7)
Eq. (8)
Eq. (9)
Eq. (10)

where ≡ Fe(X)-OH are iron oxide surface sites

In acidic conditions, homogenous Fenton reactions rely on the dissolved iron species;
however, in neutral conditions, heterogeneous Fenton reactions rely on the surface area of
the precipitated ferric ions[50]. The heterogeneous process has several advantages over
the homogeneous Fenton process: (a) the iron catalyst can be reused indefinitely since it
can easily be removed from the treated water by sedimentation; (b) the process can be
efficiently performed at neutral or slightly basic pH levels; (c) the catalyst can be fixed
into a solid, avoiding the need for the separation step. Similar to the homogeneous Fenton
process, the reaction rates can be enhanced by irradiation with UV light (λ< 365 nm)[44,
51].

In previous studies, micro- or nano-sized iron particles were doped with other metals to
enhance the catalytic activity for heterogeneous Fenton reactions[39, 46, 52-54]. Doped
iron particles showed important increases in catalytic activity due to the higher reduction
potential of metals, such as Mn and Co: H2O2 decomposition rate increased by
12

30%[54]:Fe3++1e- → Fe2+, E0=0.77V; Co3++1e- → Co2+, E0=1.81V; Mn3++1e- → Mn2+ ,
E0=1.49V.
The use of Fenton reactions for the degradation of methylene blue and antibiotics has
been researched in the past and up to 100% removal of contaminates has been achieved.
However, most the methods that have been applied require low pH (2.5-3), and use iron
oxide that has been synthesized using an environmentally harmful method that generates
toxics[7, 55].
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4 Materials and Methods
4.1 Materials Synthesis
4.1.1 Lepidocrocite Synthesis
According to published methods [56], lepidocrocite (γ-FeOOH) nanoparticles were
synthesized from the oxidation of ferrous chloride (FeCl2) under controlled pH
conditions. Using the set up shown in figure 4.1, a 0.2M solution of iron(II) chloride
tetrahydrate (99% Sigma, St. Louis, MO, USA) was prepared in 18mΩ water. Air was
provided throughout the reaction by a diffuser. 0.1M NaOH (Acros, NJ, USA) solution
was used to maintain the reaction pH between 6.7-6.9. while continuous mixed and
aerated for 3 hours. The reaction was stopped when an orange precipitate was obtained.
The orange particles were centrifuged for 8 minutes at 3,500rpm and the supernatant was
discarded.

The product was then purified:

the precipitate was re-suspended and

centrifuged 3 additional times to remove NaCl produced during the oxidation. The
precipitate was finally dried at 50°C in a crystallization dish to yield lepidocrocite
particles.

Figure 4.1- illustration of experimental set up for lepidocrocite synthesis
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4.1.2 Ferroxane synthesis
Ferroxane nanoparticles were produced through reacting the synthesized lepidocrocite
particles with acetic acid [30]. Briefly, 4g of lepidocrocite particles and 5 ml of glacial
acetic acid (Fisher, Nazareth, PA, USA) were added to 100 ml of ultrapure water
(18mΩ), to give a molar ratio of 2:1 (acetic acid to iron). The reaction was maintained at
70 Co while continuously stirred for 3 hours. A reflux condenser was used to keep the
acetic acid in the reaction. Finally, the suspension was centrifuged for 10 minutes at
3,700 rpm to remove unreacted lepidocrocite particles. The supernatant was collected and
dried in the oven at 60°C.
4.1.3 Hematite
Hematite nanoparticles were prepared by sintering at a maximum temperature of 500 C
the ferroxane nanoparticles according to the program described in Table 2 below. The
sintering process was carried out using a high temperature furnace (Vulcan 3-550,
Neytech, USA).
Table 4.1- Sintering process of ferroxane nanoparticles into hematite

Rate of temperature increase
(°C/min)

Temperature Range (°C)

Hold time at maximum
temperature (hours)

1.0

0 - 150

2

1.0

150 - 350

3

1.0

350 - 500

4

15

4.1.4 Ceramic membranes synthesis
Ferroxane nanoparticles were deposited on the surface of the ceramic membrane by using
vacuum filtration. In this process, 150 ml of a 140 mg/l ferroxane solution was filtered
through a ceramic membrane in a Buchner funnel. The ferroxane nanoparticles were
trapped on the surface of the ceramic, while the water was drawn by a vacuum through
the funnel to the bottom of the flask, as shown in figure 4.2 below:

Buchner funnel
Ceramic membrane

Vacuum
Flask

Figure 4.2- Vacuum filtration for deposition of ferroxane nanoparticles on the surface of ceramics

The ceramic membranes were allowed to dry at room temperature for 24 hours before
sintering according to the program shown in Table 4.1.
4.1.5 Doped metals ferroxane synthesis
Ferroxane nanoparticles were doped with Mn and Co following a proposed fabrication
route which is based on mixed metal alumina synthesis [57] and previous experiments
results [58]. The elements were selected based on their reduction potential between their
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cationic oxidation states compared to that of iron: Fe3++1e- → Fe2+, E0=0.77V; Co3++1e→ Co2+, E0=1.81V; Mn3++1e- → Mn2+, E0=1.49V [59].
For each dopant, synthesis at iron to metal molar ratios of 2:1, 4:1, and 10:1 were
considered to determine the degree of substitution attainable by this method. The
synthesis of doped ferroxane nanoparticles was conducted as explained below (all
chemicals are available through Sigma-Aldrich). Ferroxane nanoparticles (1 g.) were
suspended in 200 ml of ultrapure water (18 MΩ) and mixed in a solution of the
corresponding

concentration

of

manganese(II)

acetylacetonate

or

cobalt(II)

acetylacetonate. The reaction was stirred for 24 hours at room temperature and then
centrifuged at 9500 rpm for 8 minutes to separate the solid. The doped-ferroxane
nanoparticles were dried in the oven at 50°C and stored for future use.
4.2 Materials characterization
4.2.1 X-Ray Diffraction (Ultima IV X-Ray Diffractometer—Rigaku, Japan)
X-ray diffraction (XRD) relies on the dual wave/particle nature of X-rays to obtain
information about the structure of crystalline materials. A primary use of the technique is
the identification and characterization of compounds based on their diffraction pattern.
XRD is based on the scattering of the x-rays after hitting the structure’s surface as well as
the constructive interference of the waves that are in phase. Based on the scattering and
the dispersion in space, the crystalline structure will display a certain signature that is
unique. The interaction between the rays and the sample create diffracted rays, which can
be described by Bragg’s law:
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nλ = 2d sinϴ (Equation 4.1)
where n is the order of diffraction, λ is the wave length of the x-ray beam, d is the interplanar distance, and 2ϴ is the angle of diffraction [60].
In this work, XRD was used to analyze lepidocrocite, ferroxane, and hematite in order to
obtain the crystallography of the sample; thus, confirm the identity.
4.2.2 Dynamic Light Scattering (Zetasizer Nano ZS ZEN3600—Malvern, UK)
Dynamic light scattering (DLS) is technique used to determine the size distribution
profile of small particles in suspension. Using a laser, a monochromatic light beam is
shinned onto a solution with spherical particles. The beam hits the surface of the particles
and scatters, which also changes the wavelength of the incoming light. The scattered light
is then collected by a photomultiplier. The resultant intensity that can be observed is the
vectorial sum of the scattering from each of the particles in the suspension.
The intensity of the scattered lights fluctuates due to Brownian motion of the particles.
These fluctuations are correlated, and an auto-correlation function for the intensity of
scattered light can quantify this correlation [61]:

G(τ) = ‹Is(t)Is(t+τ)› (Equation 4.2)
where Is is the scattering intensity, t is time, and τ is the time shift. The usefulness if G(τ)
is that it can be directly related to the particle diffusivity for a dispersion of monodisperse
particles [61]:

𝐺𝐺(𝜏𝜏) = 𝐴𝐴0 + 𝐴𝐴𝑒𝑒 −𝛤𝛤𝛤𝛤
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(Equation 4.3)

where A0 is the background signal, A is an instrument constant, and Γ is the decay
constant. The measured decay constant gives the particle diffusion coefficient, according
to the equation [61]:
Γ = Q2D

(Equation 4.4)

where Q is the magnitude of the scattering wave vector, and D is the particle diffusion
coefficient. When the particle diffusion coefficient is found, particle radius can be found,
assuming spherical shape [61]:

𝑎𝑎 =

𝑘𝑘𝑘𝑘

6𝜋𝜋𝜋𝜋𝜋𝜋

(Equation 4.5)

where a is particle radius, k is the Boltzmann constant, and T is temperature.
In this work, DLS was used to analyze the size of the ferroxane nanoparticles and metal
doped ferroxane nanoparticles. Suspensions of the materials (100 mg/l) were prepared
using ultrapure water (18mΩ). Then, 1 mL of the solutions were put into a plastic
cuvette for analysis. The refractive index for iron oxide is 2.9 and the absorption is 0.3.
4.2.3 Zeta Potential (Zetasizer Nano ZS ZEN3600—Malvern, UK)
Zeta Potential analysis is a method that defines the surface charge of nanoparticles
suspended in liquid media. Generally, most nanoparticles have a surface charge that
attracts opposite charged ions to the nanoparticle surface, resulting in forming a tiny layer
around the nanoparticles. This layer of ions travels with each nanoparticle as it diffuses
throughout the solution. A stable entity is formed between the ions and particles by a
notional boundary within the diffused layer. Ions within this boundary move with the
particle as it moves, but any ions beyond the boundary do not travel with the particle.
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This boundary is called the surface of hydrodynamic shear or slipping plane. The electric
potential at this boundary is known as the Zeta potential of the particles, and has values
that typically range from +100 mV to -100 mV. The magnitude of the zeta potential is
predictive of the colloidal stability. Nanoparticles with Zeta Potential values greater than
+30 mV or less than -30 mV typically have high degrees of stability. Dispersions with a
low zeta potential value will eventually aggregate due to Van Der Waal inter-particle
attractions.
In this work, zeta potential measurements are used to obtain the point of zero charge of
ferroxane and metal doped ferroxane.
4.2.4 Surface Area (Coulter SA3100—Beckman Coulter, USA)
Brunauer, Emmett, and Teller (BET) method is commonly used to determine the surface
area of solid particles from Nitrogen gas adsorption on the surface of the solid. Then the
surface area is estimated using the Langmuir model: a known amount of gas is used to
form a monolayer of gas molecules on a solid, and the occupied area of these adsorbed
molecules makes it possible to estimate the area of the solid.
Before the specific surface area of the sample can be determined, it is necessary to
remove gases and vapors that may have become physically adsorbed onto the surface
after the syntheses and during handling and storage. This process is called outgassing,
and generally involves heating the samples for a period of time in a flow of helium or
nitrogen.
In this work, the BET specific surface area was measured for ferroxane, hematite, and
metal-doped ferroxane nanoparticles. Each sample was outgassed with a helium purge for

20

180 minutes at 300°C prior to acquiring the nitrogen adsorption isotherm. Nitrogen was
used as the adsorbing gas. [62]
4.2.5 Scanning Electron Microscopy (Quanta 650 FEG—FEI, USA)
The scanning electron microscope (SEM) is a characterization technique used to view
and image small-scale materials. SEM uses a focused beam of high-energy electrons to
generate a variety of signals at the surface of solid specimens. The signals emitted by the
electrons and radiation that result from the impact are collected by a detector and
amplified [63]. The result is an enlarged topographic image of the sample. The signals
derived from electron-sample interactions reveal information about the sample’s texture.
In addition, the SEM is also capable of performing analyses on selected point locations
on the sample. This allows the users to semi-quanitiavly determine the chemical
composition of a sample, using Energy-Dispersive X-Ray Spectroscopy (EDS). An EDS
detector separates the x-rays of different elements into an energy spectrum, and EDS
system software is used to determine the type of specific elements in the sample [63].
SEM produces high-resolution images (10 to 100,000 times magnification). In this work,
SEM is used to determine the crystalline structure of hematite and metal-doped ferroxane
nanoparticles. In addition, EDS is used to confirm the success of the doping process by
showing the existence of Mn and Co in the structure of ferroxane. In order to test the
samples, the suspended particles were fixed on metal supports by using carbon tape.
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4.2.6 Spectrophotometer
UV-visible spectrophotometry is a technique that can be applied to the measurement of
concentrations of dissolved compounds, if they absorb light at any wavelength within the
UV or visible spectrum. Spectrophotometer measures the intensity of a light beam before
and after it passes through a sample, and therefore can determine how much light was
absorbed by the chemical compound. Using a calibration curve, this adsorption number
can be converted into concentration in solution. Spectrophotometers use Lambert-Beer
law. Beer-Lambert Law (also known as Beer's Law) states that there is a linear
relationship between the absorbance and the concentration of a sample. Beer's Law is
written as:
A=εlc (Equation 4.6)
Where A is the measure of absorbance (no units), ε is the molar extinction coefficient or
molar absorptivity (or absorption coefficient),l is the path length, and c is the
concentration.
In this work, spectrophotometer is used to measure the concentration of methylene blue
in samples taken at different stages during the Fenton reaction experiments.
4.2.7 High Pressure Liquid Chromatograph
High-pressure liquid chromatography (HPLC) is an analytical technique used to separate,
identify, and quantify different components in a mixture. A sample mixture or analyte in
a solvent (known as the mobile phase) is pumped at high pressure through a column with
chromatographic packing material (stationary phase). The sample is carried by a moving
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carrier gas stream of helium or nitrogen. Each component in the sample interacts slightly
differently with the packing material, causing different flow rates for the different
components, and leading to the separation of the components as they flow out the
column. The time at which a specific analyte emerges from the column is called its
retention time. The retention time measured under particular conditions is an identifying
characteristic of a given analyte.
In this work, HPLC is used to test the degradation rates of Sulfamethazine and
Oxytetracycline during Fenton reactions, and the plot of concentration (C/C0) versus
reaction time (t) will be obtained. The concentrations of oxytetracycline and
sulfamethazine were determined with aShimadzu SCL-10Avp HPLC system with
photodiode array detector. The compounds were separated by a Phenomenex (Torrance,
CA) Kinetex C18 (100mm x 4.6 mm; 2.6 µm particle size) reverse-phase column. The
mobile phase consisted of 0.1% phosphoric acid in water (A) and 100% acetonitrile (B).
The gradient conditions were 0–0.5 min, 2% B; 0.5–7 min, 2–80% (linear gradient) B;
7.0–9.0 min, 80–98% (linear gradient) B; 9.0–10.0 min (linear gradient), 2% B; 10.0–
15.0 min, 2% B at a flow rate of 0.5 ml/min. The Oxytetracycline and Sulfamethazine
were detected and quantified with UV 254 nm.
4.3 Experimental methods
4.3.1. Reactor Set up
Catalytic activity of the prepared samples will be compared in a first instance by their
ability to decompose hydrogen peroxide, the main component in Fenton reactions. All
reactions take place in a 1000 ml glass beaker. Different concentrations of hematite ,
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H2O2, methylene blue, and/or UV365 light are added to 200 ml of water, and the beaker is
set on top of a magnetic stirrer plate in order keep the solution homogenous. Samples are
taken every 10 minutes for the first hour, then every 30 minutes afterwards. The set-up is
shown in figure 4.3.

Figure 4.3- reactor set up

4.3.2 Effect of H2O2 concentration
Optimization of H2O2 concentration was performed by adding 2 g/l of hematite, 10 ppm
of methylene blue, and UV365 to the reactor while varying the concentration of H2O2.
Concentrations tested were 40, 150, 300, and 400 mM. The pH of the solution was kept
constant at 7.6. The concentration of methylene blue was monitored using a
spectrophotometer over the course of 5 hours.
4.3. 3 Effect of UV irradiation
To test the effect of UV irradiation on the degradation of methylene blue, 10 ppm of
methylene blue was added to the reactor, and UV at wavelength of 365nm was set on top
of the reactor as shown in figure 3.1. Samples were taken to measure the concentration of
methylene blue over the course of 5 hours using a spectrophotometer. The pH of the
solution stayed constant at 7.6.
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4.3. 4 Effect of hematite concentration and system optimization
The effect of hematite concentration on the decomposition of hydrogen peroxide and
degradation of methylene blue is tested by adding 400 mM of H2O2 and UV365 to the
reactor, while varying the concentration of hematite. Hematite concentrations of 2, 4, 6,
and 8 g/l are tested. The pH of the solution kept constant at 7.6. Methylene blue
concentration is measured by using a spectrophotometer over the course of 5 hours.
The adsorption capability of hematite is tested by adding 8 g/l of hematite and 10 ppm of
methylene blue to the reactor. The concentration of methylene blue over time is measured
by using a spectrophotometer at 665 nm. Samples are taken over the course of 5 hours.
The effect of hematite concentration on the decomposition of H2O2 without the use of UV
irradiation is measured by the adding 400 mM of H2O2, 8g/l of hematite, and 10 ppm of
methylene blue to the reactor. The concentration of methylene blue is measured over the
course of 5 hours by using a spectrophotometer.
4.3.5 Effect of Mn, Co doped ferroxane
The effect of Mn, Co doped ferroxane, iron to metal ratio 2:1, concentration on the
decomposition of hydrogen peroxide and degradation of methylene blue is tested by
adding 8 g/l of catalyst, 400 mM of H2O2 , 10 ppm methylene blue, and UV365 to the
reactor. The pH of the solution kept constant at 7.6. Methylene blue concentration is
measured by using a spectrophotometer over the course of 2 hours.
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4.4.6 Effect of hematite on antibiotics degradation
The effect of hematite on the degradation of Sulfamethazine and Oxytetracycline is
tested by adding 8 g/l of hematite, 1 ppm antibiotics, 400 mM of H2O2 and UV365 to the
reactor. The pH of the solution stayed constant at 7.6. Samples were taken every 10
minutes for the first hour, then every 30 minutes for the second hour. Antibiotics
concentration were measured using HPLC methods described earlier.
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5 RESULTS AND DISCUSSIONS
5.1 Materials Characterization
5.1.1 X-Ray Diffraction
X-ray diffraction was conducted on ferroxane, magnetite, and hematite to confirm their
identity. Results are shown in figures 5.1-5.3. Figure 5.1 (is the XRD diffractogram for
ferroxane. As ferroxanes are a novel material, there is not a typical XRD diffractogram in
the database that the X-Ray diffractometer used in this work references; however,
ferroxanes are very similar in structure to lepidocrocite, so the blue lines in indicate
typical peaks for lepidocrocite. This result was expected; the synthesis of ferroxane
produces a reduction in size of the iron oxide particles, and should not alter its crystalline
structure lepidocrocite.

Figure 5.1- X-Ray diffraction for ferroxane
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Figure 5.2 is the XRD diffractogram for magnetite. Magnetite was prepared by sintering
ferroxane at 400 Co. The diffractogram confirms that sintering ferroxane at 400 Co
produces magnetite.

Figure 5.2- X-Ray diffraction for magnetite

Figure 5.3 is the XRD diffractogram for hematite. Hematite was prepared by sintering
ferroxane at 500 Co. The results confirm that the sintering process is successful at
producing hematite. It can be seen that the peaks are more organized and sharp for
hematite, while they are wide and less uniform for magnetite, which is an indication of a
closely packed material.
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Figure 5.3- X-Ray diffraction for hematite

5.1.2 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray
Spectroscopy (EDS)
SEM images were taken for the ferroxane and metal doped ferroxane nanoparticles to
observe and compare the surface morphology. However, the pictures were not clear
enough to be presented in this work due to the conductivity of the particles. On the other
hand, there was no difference between the morphology of ferroxane and the doped
ferroxane. This was expected as the doped metals should not alter the structure of iron
oxide.
EDS analysis was performed to confirm the existence of Mn and Co in doped samples.
Results are shown in figures 5.4-5.6. The results in figure 5.4 show the existence of iron
in the sample. In addition, O2, Na, and Cl peaks exist in the sample. That’s expected as
NaCl is used in the synthesis of lepidocrocite (see methodology section), and oxygen is
part of the iron oxide structure (Fe2O3).
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Figure 5.4- Energy-Dispersive X-Ray Spectroscopy (EDS) of Ferroxane

Figures 5.5 and 5.6 show the EDS analysis of Mn doped ferroxane and Co doped
ferroxane, respectively, at molar ratios of 2:1. The analysis shows the existence of Mn
and Co in the samples; hence, this indicates that the doping process is successful.

Figure 5.5- Energy-Dispersive X-Ray Spectroscopy (EDS) of Mn doped ferroxane at 2:1 ratio
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Figure 5.6- Energy-Dispersive X-Ray Spectroscopy (EDS) of Co doped ferroxane at 2:1 ratio

5.1.3 Surface Charge (Zeta Potential)
The surface charge of ferroxane, cobalt doped ferroxane, and manganese doped ferroxane
at molar ratios of Fe to metal of 10:1, 4:1, 2:1 at varying pH levels are shown in figures
5.7-5.8.
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Figure 5.7- zeta potential measurements at varying pH for ferroxane and Mn doped ferroxane at
molar ratios of Fe:Metal of 10:1, 4:1, and 2:1
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Figure 5.8- zeta potential measurements at varying pH for ferroxane and Co doped ferroxane at
molar ratios of Fe:Metal of 10:1, 4:1, and 2:1

As shown in figures, the surface charge of ferroxane becomes less positive as the pH
increases, reaching a point of zero charge (pzc) at pH of 7.8. In literature, lepidocrocite
has a point of zero charge (pzc) ranging from pH 6.7 to pH 7.5; thus, the findings in this
work regarding the zeta potential of ferroxane are accurate. At pH higher than 7.8,
ferroxane has a negative surface charge.
Figure 5.7 is the surface charge measurements for Mn doped ferroxane. At pH 6, the
surface charge of the doped particles becomes more positive as the amount of Mn doped
increases. In addition, the pzc of the doped particles differ from ferroxane particles: 7.2,
7.9, and 8.2 for 10:1, 4:1, and 2:1 ratio respectively. This indicates that the new
synthesized nanoparticles differ from the original material (ferroxane), therefore,
confirming the success of the doping process.
Similar results can be seen with Co doped ferroxane in figure 5.8; however, there’s no
uniform pattern of surface charge change with increasing the amount of Co doped. The
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doped nanoparticles have a pzc at pH 5.7 for 2:1 ratio, while the pzc was not reached for
the other ratios.
Molar ratios of 2:1 will be used for all further experiments as the pzc is reached for Co
doped ferroxane at that ratio, and to ensure the availability of high enough metal
concentration to impact the degradation experiments.
The pzc is critical in this research as it indicates the operating pH values of the
reactor. Methylene blue is a positive organic; therefore, in order to have electrostatic
attraction (van der Waals attraction) in the reaction, the iron surface charge has to be
negative. The negatively charged iron particles attract the positively charged methylene
blue, where it could be removed by adsorption or removed by OH radicals generated
from H2O2 decomposition.
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5.1.4 Dynamic Light Scattering (DLS)
The particle size of ferroxane, cobalt doped ferroxane, and manganese doped ferroxane at
molar ratios of Fe to metal of 10:1, 4:1, 2:1 at varying pH levels are shown in figure 5.95.10.
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Figure 5.9- zeta potential measurements at varying pH for ferroxane and Mn doped ferroxane at
molar ratios of Fe:Metal of 10:1, 4:1, and 2:1
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Figure 5.10- zeta potential measurements at varying pH for ferroxane and Co doped ferroxane at
molar ratios of Fe:Metal of 10:1, 4:1, and 2:1
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The results show that the size of ferroxane nanoparticles at pH 6 is 230 nm. At pH 3
ferroxane has particle size of 190 nm. The decrease in size could be caused by the
particles dissolving at low pH. At pH 9, ferroxane particles have an average size of 3000
nm. The increase in size is caused by particles aggregation at high pH.
Figure 5.9 shows that average particle size of Mn doped ferroxane particles are around
230 nm at pH 6 for all ratios. At pH 9, the particles seem to aggregate rapidly and the size
increases.
Similar results are obtained for Co doped ferroxane in figure 5.10. Average particle size
increases as pH and amount of Co doped increases. However, at 2:1 ratio, particle size is
larger than other ratios.
All particles show significant aggregation at pH values higher than 8; therefore, pH
values above 8 will not be considered to avoid settlement
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5.1.5 Surface Area
The surface area for nanostructured hematite was determined by using the Brunnauer,
Emmett, and Teller method for specific surface area analysis. Determining surface area
is important as it provides information as to the number of adsorption sites available, and
also the amount of surface available for potential catalytic interactions. Table 5.1
summarizes the surface area for ferroxane nanostructured hematite used in this work.
Table 5.1--BET surface area for ferroxane and Hematite

Specific surface area (m2/g)

Material
Ferroxane

72.47 ± 2.01

Hematite

23.24 ± 3.5

These values are in agreement with the surface area of hematite that was reported by
Cornell, surface area of hematite formed by dehydroxylation of lepidocrocite at
temperature < 500 ºC ranges from 2-200 m2/g [4]. In addition, De Angelis and Cortalezzi
[64] reported a specific surface area for hematite of 41.88 ± 5.42 m2/g. Higher surface
area should allow for a greater number of adsorption sites, and greater adsorption.
The results show a decrease in surface area after converting ferroxane to hematite. This
could be caused by the sintering process, as this compacts the materials and creates larger
nanoparticles; hence, reducing the overall surface area.
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5.2 Degradation Experiments
5.2.1 Methylene Blue Experiments
5.2.1.1 Effect of H2O2 concentration
Results from the H2O2 optimization experiment are shown in figure 5.11.
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Figure 5.11- Effect of the concentration of H2O2 on the concentration of MB under the following
conditions: 10 ppm MB, 2 g/l hematite, pH=7.6, UV light 365 nm.

As seen in figure 5.11, methylene blue concentration decreases as the concentration of
H2O2 increases. That’s due to the increase in the amount of hydroxyl radicals generated
from the decomposition of H2O2. Therefore, 400 mM concentration of H2O2 is chosen for
all experiments.
It’s noteworthy that the addition of high concentrations of H2O2 could eventually slow
down the degradation process instead of speeding it. That’s due to the fact that the excess
generated hydroxyl radicals are scavenged by H2O2 (as shown in reaction 5), causing a
decrease in methylene blue degradation. In addition, adding higher concentrations of
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H2O2 increases the cost of treatment, therefore, concentrations higher than 400 mM are
not considered in this research.
5.2.1.2 Effect of hematite concentration and system optimization
The effect of hematite concentration on the degradation of methylene blue is shown in
figure 5.12.
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Figure 5.12- The effect of hematite concentration on the degradation of MB under the following
conditions: 10 ppm MB, 400 mM H2O2, UV365, pH= 7.6.

As shown in figure 5.12, the degradation of methylene blue increases as the concentration
of hematite increases. 100% degradation of methylene could be achieved within 2 hours
of reaction if 8 g/l of hematite is used; however, using 6 g/l, 100% degradation is
achieved after 5 hours of reaction. The addition of higher concentrations of hematite
increases the available surface area of the catalyst that could react with H2O2 to generate
hydroxyl radicals faster.
Reaction kinetics are important for Fenton reactions as the H2O2 will evaporate from the
reaction at long hydraulic retention times (HRTs). In addition, HRTs higher than 2 hours
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are generally considered unrealistic for water treatment processes. Therefore, a
concentration of 8 g/l is used in this research.
The adsorption capability of hematite, and the degradation capability of hematite
combined with H2O2 without the use of UV are tested. The results are shown in figure
5.13. In addition, figure 5.13 shows the degradation of methylene blue naturally without
the addition of iron, H2O2, or UV. Also, the effect of UV irradiation by itself is shown in
the figure as well.
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Figure 5.13- The degradation process of MB for the following experiments: MB alone (control
sample), hematite alone, H2O2 alone, UV365 alone, hematite + H2O2, hematite + H2O2 + UV365. The
reaction conditions are: 10 ppm MB, 400 mM H2O2, 8 g/l hematite, pH= 7.6.

The results show that methylene blue does not degrade naturally, or even with the
addition of UV365, over the course of 5 hours. Also, the degradation of methylene blue by
H2O2 alone over the course of 5 hours is negligible, about 4% degradation. That could be
explained by the slow decomposition rate of H2O2 by itself.
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As shown in the figure 5.13, hematite alone is capable of adsorbing 20% of the
methylene blue concentration within the first 10 minutes of reaction. The adsorption is
caused by the electrostatic attraction between the surface of the hematite particle
(negatively charged at pH 7.6) and the positively charged methylene blue. Adsorption of
methylene blue after 10 minutes is negligible due to decrease in the available surface area
of hematite.
When Hematite and H2O2 are added to the reactor, about 61% removal of methylene blue
occurs over the course of 5 hours. The catalytic activity caused by the iron surface is
increasing the decomposition rate of H2O2, generating more OH radicals (as shown in
Eqs. 7-10). Furthermore, as UV365 is added to the reaction, a 100% removal occurs over
the course of 2 hours. This is caused by the UV light inducing reaction (8) to generate
more Fe(II) and OH radicals. The results show promising capabilities of the photo
induced heterogeneous Fenton process in degrading high concentrations of methylene
blue.

40

5.2.1.3 Effect of Mn, Co doped ferroxane
To test the effect of Mn, Co doped ferroxane, at 2:1 molar ratio, on the degradation of
methylene blue, the pH of each solution is changed to be close or higher than the PZC.
For Co doped ferroxane and Hematite experiments, the pH is set at 7.6 since the PZC.
For Mn doped ferroxane, the pH of the solution is set at 8.0, since the PZC for the
nanoparticles is 8.2. Results of the experiments are shown in figure 5.14.
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Figure 5.14- Effect Mn, Co doped ferroxane vs Hematite on the degradation of methylene blue under the
following conditions: 8 g/l catalyst at Fe: Metal ratio of 2:1, pH 7.6, 10 ppm MB, and UV365. Results from
Mn doped ferroxane experiments at pH 8 are added for comparison.

As shown in figure 5.14, experiments with pH 7.6 for Mn doped ferroxane resulted in
less degradation than ferroxane alone, about 40% compared to 100 % removal. As the pH
was raised to 8 (close the PZC), Mn doped ferroxane nanoparticles achieved 70%
degradation within the first 20 minutes, and then no considerable degradation occurred
after that. This shows the importance of the PZC: if the pH is far below the pzc, strong
electrostatic repulsion between the doped particles and methylene blue causes limited
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degradation, which is caused by both the doped particles and methylene blue being
positively charged at that pH.
Furthermore, the results show that doped nanoparticles have good potential to catalyze
the decomposition rate of H202, since hematite achieved only 40% degradation during the
first 20 minutes, while the Mn doped ferroxane achieved 70%. One possible explanation
for the limited degradation after 20 minutes is the limitation of available OH radicals
due to the scavenging effect of H2O2 on OH radicals (shown in equation 6). The
catalyzed decomposition of H2O2 by Mn doped ferroxane releases high amounts of OH
radicals during a short amount of time, which could be beneficial for the degradation of
methylene blue. On the other hand, due to the large quantity of H2O2 available in the
solution, H2O2 could also be scavenging the released OH radicals, which limits the
availability of H2O2 in the reaction after 20 minutes to complete the degradation process.
Therefore, the system needs to be optimized differently for the metal doped ferroxane
experiments by reducing the amount of H2O2 added to the solution. This will provide
important data that could confirm the hypothesis.
Similar results are noticed for Co doped ferroxane nanoparticles: the nanoparticles
achieved faster degradation than hematite during the first 20 minutes, 58% degradation,
then the degradation rate slowed down afterwards.
Although the metal doped ferroxane nanoparticles did not achieve 100% degradation like
hematite, the results do show the potential of Co and Mn to act as catalysts for Fenton
reactions. Further experiments are needed in order to optimize the parameters and
achieve 100 % degradation.
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5.2.2 Antibiotics degradation
The degradation capability of the optimized Fenton reaction is tested with
Sulfamethazine and Oxytetracycline. The results are shown in figures 5.15 and 5.16.
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Figure 5.15- Degradation of Sulfamethazine at the following conditions: 1 ppm Sulfamethazine, 8 g/l
hematite, 400 mM H2O2, UV365, pH= 7.6

As shown in figure 5.15, 80% of Sulfamethazine is removed over a two hour reaction
period. The degradation rate is fast during the first 10 minutes of the reaction. That’s
caused by the fast generation rate of OH radicals and the high availability of H2O2. After
the first 10 minutes, the reaction rate slows down, possibly due to the H2O2 being highly
consumed during the first 10 minutes, making it a limiting factor in the reaction at later
times. Another possible reason for the reaction slowing down could be the scavenging
effect of H2O2 has on OH radicals, as described previously. Therefore, the high
availability of H2O2 could be a setback in this case. More experimental data is required to
prove this theory.
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Figure 5.16- adsorption of Oxytetracycline at the following conditions: 1 ppm Oxytetracycline, 8 g/l
hematite, pH= 7.6

As shown in figure 5.15, 100% of the Oxytetracycline was adsorbed within 10 minutes of
the reactions, hence the addition of H2O2 and UV light did not show any further removal.
This result is expected, as Oxytetracycline is not as soluble and stable as sulfamethazine,
therefore, it’s easier to remove. Further experiments are needed with higher
concentrations of Oxytetracycline in order to observe the degradation effect of the Fenton
reactions.
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6 CONCLUSIONS
The concern about pharmaceuticals in water is increasing, and effective, economical
treatment methods are needed. Advanced oxidation processes, such as homogenous
Fenton processes, have been used in the past; however, the pitfalls of these processes
make them expensive and ineffective. In this work, ferroxane nanoparticles are used as
catalysts for heterogeneous Fenton reactions in order to overcome the limitations of
traditional homogeneous Fenton processes. In addition, ferroxane nanoparticles are doped
with Co and Mn in efforts to increase the catalytic activity of the particles.
The work presented in this project shows great potential for ferroxane and the metal
doped ferroxane nanoparticles to be used as catalysts for heterogeneous Fenton reactions;
which could be used for the degradation of non-biodegradable compounds such as
methylene blue and pharmaceuticals in water.

45

7 FURTHER STUDIES
More experiments are needed in order to optimize the catalytic activity of metal doped
ferroxane nanoparticles. The experiments will include the optimization of parameters
such as pH, H2O2 and catalyst concentrations. The data in this work showed that there’s a
relationship between the PZC and the degradation rate of the metals. Therefore, the pH of
systems should be optimized around the PZC to avoid electrostatic repulsion.
In addition, the catalytic activity of ferroxane-coated ceramic membranes was not tested
in this work. Future work will involve degradation experiments using the coated
membranes under optimized conditions.
Finally, H2O2 decomposition rate, as it reacts with ferroxane and doped ferroxane
nanoparticles, needs to be measured using a spectrophotometer. This data will provide
valuable information about the catalytic activity of the composites.
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