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Abstract

Heterogeneous photo-Fenton type systems have got considerable fame in the field
of wastewater treatment due to their reusability and appreciable photoactivity within a wide
pH range. The present research investigates the synthesis and structural elucidation of
simple metal oxides (Cu"O, Fe"O, Fe'";03) and iron(11)-doped copper ferrite (Cu'Fe' -
wFe">,04 x = 0, 0.2, 0.4, 0.6, 0.8, 1.0) nanoparticles (NPs) and their photocatalytic

applications for the degradation of methylene blue (MB) and rhodamine B as model dyes.

The NPs were prepared via simple co-precipitation technique and calcination. The
NPs were characterized by using Raman spectroscopy, X-ray diffractometry (XRD),
scanning electron microscopy (SEM) combined with energy dispersive spectroscopy
(EDS), inductively coupled plasma (ICP), Brunauer—-Emmett—Teller (BET), and diffuse
reflectance spectroscopy (DRS). SEM revealed the structural changes from the spherical-
like particles into needle-like fine particles as the consequence of the increasing ratio of
copper(Il) in the ferrites, accompanied by the decrease of the optical band-gap energies
from 2.02 to 1.25 eV. The specific surface areas of these catalysts were in a considerable
correlation with their morphologies. Iron(l1l) doped copper ferrites exhibited an inverse
spinel (instead of spinel) structure: metal ions with +2 charge (Fe?* or Cu?*) were in
octahedral position, while half of the Fe** ions were in tetrahedral one. Inverse spinal
structure does not change during the substitution of Cu?* ions to Fe?* in the iron(l1) doped

copper ferrites. Also, the inverse spinel structure was confirmed by Raman spectra of NPs.

All the simple metal oxides and doped ferrites were applied in heterogeneous
photo-Fenton systems for MB degradation. NP-3 was confirmed to be the most efficient
photocatalyst in the prepared series. Based on these experiments, the optimized reaction
conditions, such as catalyst dosage, hydrogen peroxide concentration, and pH, were
confirmed to be 400 mg/L, 1.76x10"* mol/L, and 7.5, respectively. The UV-visible spectra
of MB were recorded before and after degradation (at optimized conditions) and compared;
the latter one revealed no peak in the UV/visible region, which clearly indicated the
complete degradation of dye from the aqueous medium. It was also confirmed that at
optimized conditions, all doped copper ferrites were photocatalytically active. Also, in the
case of RhB, NP-3 proved to be the most efficient photocatalyst in the series prepared, and
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the optimized reaction conditions, such as catalyst dosage, hydrogen peroxide
concentration, and pH, were determined to be 500 mg/L, 8.88x102 mol/L, and 7.5,

respectively. All doped copper ferrites were active photocatalysts at optimized conditions.

In five-cycle reusability experiments, NP-3 and composite (Cu"O/Fe"O/Fe'";03)
showed increases of the apparent kinetic constant up to the third cycle. While the fourth
and fifth cycles delivered slight decreases of the reaction rate in the case of NP-3, no
significant increase for composite (Cu'"O/Fe"O/Fe'"';03) was observed. Both ICP
measurements and spectrophotometry checked the leaching of metal ions into the solution
phase. It was confirmed that less than 1% of metal ions remained in the aqueous solution
after removing the catalyst.

Based on comparison studies, it can be concluded that NP-3, metal oxide composite
(Cu"o/Fe""'0/Fe!",035) and Cu''O alone have strong degradation potential for recalcitrant
organic compounds. In addition simple metal oxides and all doped copper ferrites revealed
appreciable antibacterial activities against the gram-negative bacterium Vibrio fischeri in

a bioluminescence inhibition assay.
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1. Introduction

Water, a precious resource is vital for the survival of all living organisms. The
growing world population demands industrialization which consumes a large amount of
water supply, ultimately causing water pollution. This is a major threat to our health and
ecosystem and has become a matter of significant concern to society and the economy [1,
2]. Almost all types of water resources are continuously polluted with hazardous
compounds across the globe. The increase in pollution and decreased in energy resources
are the immediate and vital challenges the world faces in the current era. A report,
presented by the United Nations (UN) stated that two-thirds of the world population would
face fresh water shortage until 2025 [3]. The pollutants and wastes from human activities
are discharged into natural water resources, altering water quality and making it unfit for
eco-system, human use, and aquatic life. The major water pollutants are textile dyes,
pigments, finishes, pesticides, herbicides, and heavy inorganic metals such as lead,
mercury, cadmium, chromium [4, 5]. Additionally, the utilization of new potential
pollutants with mutagenic and carcinogenic effects, such as personal care products,
endocrine disrupting compounds, and some medically active compounds, could also appear
in these water bodies. Most of these pollutants are reported to have harmful effects even at
trace amount and compromise human and marine health. The inappropriate disposal of
these pollutants in third-world countries is provoked due to the unreliable conventional

treatment methods [6].

The integral part of the textile industry effluents in water sources are mainly
composed of organic dyes and pigments with an estimated annual production of 450,000
tons globally. Additionally, more than 11% is lost during the dyestuff synthesis, textile
dyeing, and finishing processes [7, 8]. A significant portion of these dyes are noxious,
mutagenic, and potentially carcinogenic and their removal from the industrial effluents is

a significant challenge for environmental researchers [7].

In conventional wastewater treatment processes, the separation of pollutants occurs
via mechanical, physical, chemical and biological methods. The larger particles are
removed from the water suspension in the primary treatment by filtration and subsequently

sent to a secondary treatment facility where the pollutants are removed biologically. The



conventional processes are often not reliable enough for the complete removal of the
mentioned pollutants [7]. In general, filtration and adsorption of pollutants from
wastewater enhance the water quality to a certain extent but produce post-process wastes,
which are pollutant rich, and need further treatments. Additionally, some pollutants found
in the effluents of textile industry wastewaters are recalcitrant and non-biodegradable,

which demands a tertiary treatment process [8].

United States Environmental Protection Agency (USEPA) has imposed strict
regulations to remove these potentially harmful compounds. Thus, researchers have
focused on the advanced oxidation processes (AOPs) [9], which have been applied for
potential tertiary treatments of the mentioned pollutants in various wastewaters. Within the
past few decades, widespread research has been accomplished worldwide as a step in
improving these technologies [9, 10]. Incineration or wet oxidation processes are preferred
for removing high concentrations of organic substances, e.g., with chemical oxygen
demand (COD) of more than 20 g/ml, while for low concentrations of organics, AOPs are
highly recommended. In general, AOPs utilize the in situ produced highly reactive species
(i.e. "OH, H20,, O3, "O27) for complete or partial mineralization of stubborn organic

compounds [11].

Heterogeneous photocatalysis, a class of AOPs, employing semiconductor catalysts
such as, Fe203, TiO2, ZnS, ZnO, and CdS, revealed its applicability in degrading hazardous
organics compounds into carbon dioxide and water [11]. Titanium dioxide (TiO2) has
delivered a better catalytic performance under the UV range (300 nm <A < 390 nm) and
remains stable for several catalytic cycles. However, the major limitation of TiO: is its
lower activity under visible-light irradiation due to its higher band-gap energy [11]. Hence,
the researchers started to explore heterogeneous catalysts which are cheap, easy to operate,
applicable under wide a pH range, consume visible light with better photocatalytic activity,
reusable and easily separable. Many metal oxides based on Cu, Fe, Zn, etc., were explored
to overcome the limitations posed by TiO>. Ferrites belong to the class of heterogeneous
type catalysts which are active under visible light, cost-efficient, easy to operate under a
wide pH range with better photocatalytic performance. Ferrites can be doped with other
elements to increase their photocatalytic performance. Several doped, composite-type, and



undoped ferrites were explored for the photocatalytic degradation of organic dyes,
pigments, and other pollutants. In addition to photoactivity, several ferrites showed

antibacterial activity, too.

Based on these investigations, composite-type and doped ferrites display better
photocatalytic activity than undoped ones. This study aimed to investigate the fabrication
and elucidation of structural peculiarities of iron(Il) doped copper ferrites. Furthermore,
the photocatalytic activity was studied using two model pollutants: methylene blue (MB)
and rhodamine b (RhB). The key features of these catalysts are; (1) easy and cost-efficient
synthesis process, (2) simple reactor configuration, (3) operation at ambient operating
temperature and pressure, (4) complete mineralization of organics into safe compounds
without producing secondary pollution, (5) reusability, (6) easy separation, and (7)

antibacterial/disinfection properties.



2. Literature review

2.1  Nanotechnology

Nanotechnology or nanoscience is considered as one of the vibrant research areas in
material science in the current era. For the first time, the word “nanotechnology” was
introduced by Japanese scientist Norio Taniguchi at the University of Tokyo, Japan [12,
13]. The word “nano” indicates 10 m, which is one-billionth of a meter. The properties
of nanoparticles (NPs) are based on their size, morphology, distribution, and surface area
[14]. During the past decade, at the forefront of science and technologies, the advanced
applications of novel NPs are increasing rapidly. Nanotechnology has played a
revolutionary role in the industrial field, especially the nanomaterials morphological
structures that display significantly unique electronic, chemical, biological, and physical
properties. The morphology, size, composition, shape, and crystallinity of NPs determine
their intrinsic properties. The narrow size distribution of NPs is their fundamental property,

which is needed to achieve a reliable material response [14].

Nanomaterials have extent applicability in catalysis, microelectronics, solar cell,
biosensing, diagnostics, drug delivery, cell imaging and labeling, optoelectronics, single-
electron transistors, surface-enhanced Raman spectroscopy, nonlinear optical devices, and

photonic band-gap materials [15, 16].

2.2 Metal oxide nanoparticles

Metal oxides are considered as materials with large potential in material science,
chemistry, and physics [17, 18]. Many metallic elements can form a large variety of oxide
compounds [19]. Based on their physico-chemical properties, nano-sized metal oxides
offer particular applicability in the industrial sector such as catalysts, ceramics, absorbents,
and sensors [20, 21].

Metal oxides are used for both their redox and acid/base properties in the context
of absorption and catalysis [22]. The key chemical properties of metal oxides necessary
for their utilization as catalysts or absorbents are as follows [19];

Q) oxidation state at surface layers,

(I1)  coordination environment of surface atoms



(1) redox properties

Oxide NPs with s or p valence electrons in their orbitals tend to be more effective
for acid/base catalysis. In contrast, those having d or f valence electrons offer many uses.
In specific reaction conditions, a solid redox catalyst undergoes reduction and re-oxidation

by releasing surface lattice oxygen anions and captivating oxygen from the gas phase [19].

Generally, optical conductivity is considered one of the major properties of metal
oxides which can be determined by absorption and reflectivity measurements [18]. In
nanocrystalline semiconductors, both linear and nonlinear optical properties occur due to
transitions between electron and hole discrete or quantized electronic levels. However, in
light absorption, e.g., the optical band gap and all other electronic transitions existing in
the optical absorption spectrum, and the effective mass theory (EMA) forecasts a r 2
dependence, with a main r~! correction term in the confinement solid regime. At the same
time, free-exciton collision model (FECM) provides an exp(1/r) behaviour. Hence metal
oxide semiconductors would present a first approximation regarding the inverse squared
dependency of optical band-gap energy with the primary particle size. Also, the optical
excitations that showed quantum-size confinement effects concern the excitation of optical
phonons of oxides. In additions, the optical absorption features of metal oxide NPs are

influenced by ‘nonstoichiometry’’ size-dependent defect effects [23].

Metal oxides can display ionic (anionic/cationic) or mixed ionic/electronic
conductivity, which can be influenced by the solid’s nanostructure. Boltzmann statistics
revealed that in a metal oxides the number of electronic charge carriers is a function of the
band-gap energy. The major charge carriers are electrons and/or holes. The introduction of
non-stoichiometry can help to enhance the number of “free” electron-holes of an oxide
[24].

2.3 Advance oxidation processes (AOPS)

AOPs are aqueous phase oxidation methods based on the production of highly
reactive species, such as hydroxyl radicals (*°OH), during the mechanisms resulting in the
degradation of the target pollutant [25] as shown in Equation (1) and Figure 1.



HO- . .
Organics + photocatalyst + hv —  Intermediates — = Mineral acid —» H,0 +CO, (1)

In general, AOPs based chemical wastewater treatments can yield the complete
mineralization of organic pollutants to innocuous products such as water, carbon dioxide
and other simple inorganic compounds [26]. The degradation of non-biodegradable organic
pollutants can produce biodegradable intermediates, which can be easily removed via
secondary biological processes. Main AOPs comprise ultrasound-based electrochemical
processes, UV/visible/solar-light-induced photocatalysis, and chemical oxidation utilizing
some oxidants (O3/H20), producing highly reactive *OH radicals. Moreover, coupled
AOPs, such as photo-Fenton, UV/H202, Os/H202 and UV/Ogz, have been proven to yield
higher removal efficiencies. Chemical oxidants, such as hydrogen peroxide and ozone,

have been intensely studied to degrade recalcitrant species in an aqueous medium [25, 26].
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Figure 1. Schematic representation of the main photochemical reactions producing reactive oxygen
species [25].

2.3.1 Fenton reaction
It is a catalytic reaction of hydrogen peroxide (H20) with iron ions (Fe?*) that mainly
produces hydroxyl (*OH) radicals as the principal oxidizing species (Equation (2)). The

basic Fenton type reaction is as follows [27];

H,0, + Fe?* ——— Fe® + OH™ + *OH )



However, the Fenton process initiated by other metals (Fe3*, Cu?*, Co?") is called
Fenton-like reaction (Equation (3))[28].

H20; + Fe¥* ——— Fe?" + HO,® + H* ©)

Photo-Fenton is the combination of UV/visible/solar light irradiation with Fenton
reagents (hydrogen peroxide and iron ions), which synergistically produce more *OH
radicals. Therefore, the oxidation rate of photo-Fenton process is accelerated compared to
Fenton process. Hydroxyl radicals (oxidation potential (Eo = 2.80 V)) are able to degrade

several potent compounds in industrial and municipal wastewater [29].

Generally, Fenton system is divided into two main categories, i.e., homogeneous and
heterogeneous. In a homogeneous system, the iron species exists in the same phase as the
reactants. Several studies explored the potential application of homogeneous photo-Fenton
system for the treatment of recalcitrant wastewaters with the major limitation of the
formation of large quantity of ferric hydroxide sludge, which is detrimental to our
environment. In addition, large amount of catalyst is lost in sludge. However, strict pH
requirements in the range of 2.8 — 3.5 are also considered as one of the big challenges for
the conventional photo-Fenton system [29, 30].

The heterogeneous photo-Fenton system, where the catalyst (solid) and the reactants
(liquid) exist in different phases, has overcomed some of the major limitations of its
homogeneous counterpart. Especially, its applicability under wide pH range has gained
growing concern in developing novel catalysts. Beside this, no sludge formation,
reusability and easy removal of the catalyst from the aqueous medium are some of its
advantages. However, slower oxidation rate due to presence of small amount of iron
species on the catalyst surface is the major limitation of the heterogeneous system. That’s
why recent researches in this area are focused on the development of new hetero-catalysts
with larger surface area, smaller particle size, and higher photocatalytic efficiencies, being

applicable under wide pH range, reusable and easily separable [31].

2.4 Photocatalysis
In general, photocatalysis can be defined as the combined use of UV or visible light

and a suitable photoactive catalyst in chemical reactions. Several organic compounds can



be degraded or utterly mineralized at the surface of heterogeneous photocatalysts or
oxidized in the solution phase at atmospheric and ambient conditions due to the production
of strong oxidation and reduction sites (Figure 1). This phenomenon occurs when the
photocatalyst surface is irradiated with light at suitable wavelengths. Radicals are formed
in solution, and photo-reaction proceeds, degrading pollutants. Photocatalysis is one of the
most important advanced oxidation technologies. In addition to the oxidative treatment of
wastewater, it also offers applications in the reductive deposition of metals from
wastewater [32, 33].

In chemical reactions, catalysts are defined as compounds, when added to a reaction
mixture, decrease the activation energy and, thus, ultimately increase the reaction rate.
Generally, a catalyst is not used up or irreversibly changed during the reaction process but
reduces the energy needed to approach the reaction transition state. Though, catalysts affect
the reaction kinetics, while the equilibrium state remains unaffected [34]. Photocatalysts
are divided into two categories; homogeneous catalysts and heterogeneous catalysts
(Figure 2). In homogeneous systems, the catalysts exist in the same phase as the reagents
do, while in heterogeneous systems, the catalysts’ phase is different from that of the
reagents [35, 36]. This study is focused on the heterogeneous photo Fenton-system, which
is a sub-category of heterogeneous catalysis. Hence, it will be discussed in detail in the
subsequent section.
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Figure 2. Classification of Advanced Oxidation Processes (AOPs)[37].

2.4.1 Heterogeneous photocatalysis

Heterogeneous photocatalysis can be defined as the acceleration of a photoreaction
in the presence of a solid catalyst [38, 39]. In 1972, the discovery of photochemical splitting
of water into hydrogen and oxygen in the presence of TiO2 by Fujishima and Honda
attracted researcher’s interest in heterogeneous photocatalysis [40]. The recent research on
photocatalysis has focused on using semiconductor photocatalysts to eliminate some
inorganic and organic species from certain systems (aqueous or gas phase) in drinking
water treatment, environmental remediation, and various medical and industrial
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applications [41]. TiO. can oxidize inorganic and organic substrates in water/air via redox
processes. The most prominent properties of TiO., for example, long-term photo-stability
and chemical stability, have widened its practical applications in many commercial
products such as catalysts, drugs, cosmetics, pharmaceuticals, foods, paints, solar cells, and
sunscreens [42]. However, in photocatalysis, band gap is considered one of the key factor.
TiO2 belongs to the class of large band-gap semiconductors and usually exists in rutile (3.0
eV) and anatase (3.2 eV) phases. The photoactivity of TiO2 to UV light has led to its
applications in solar fuel production and environmental remediation [43]. Band-gap
excitation of TiO2 results in charge separation leading to the production of electrons in the
conduction band (CB) and holes in the valence band (VB).

Surface adsorbed species help in scavenging of electrons and holes. Hence, visible-
light-induced photocatalysis can be realized by doping TiO, with other short-band-gap
semiconductors or sensitizing dyes [44]. Conversely, surface deposited materials' catalyst
deactivation or poisoning is another challenge for practical use of TiO2 in wastewater
remediation [45]. TiO2 revealed a quite low visible-light photocatalytic activity. However,
extensive efforts were made to dope TiO> with certain ions such as Fe, Au, Ru, Ag, S, C,
N, etc. [46].

The activation of the degradation process using pure TiO2 needs light at
wavelengths the corresponding energies above the band gap of the active anatase phase of
3.2eV, i.e. A< 387 nm [47]. Unfortunately, though, the solar spectrum contains only 5-8%
UV, which is a considerable limitation. Hence, these catalysts demand artificial
illumination to attain degradation of the organic material in water treatment plants [48].
The researchers' primary objective is to develop more stable, efficient catalysts, by which
photo-reactions can be initiated and proceeded by utilization of naturally available sunlight.
Significant developments have been reported in heterogeneous catalysis driven by visible
light. Thus, the addition of dopants, accurate control of the stoichiometry of the mixed
metal oxides as catalysts, particle size, shape and pore topology are all critical factors [49].

Due to the intrinsic nature of semiconductor oxides (such as, a-Fe203, ZrO2, TiOo,
WOs3, Zn0O, SnO2, M0o0O3) and semiconductor sulfides (such as, WSz, MoS,, CdS, ZnS,
CdSe,), they are applied as potential candidates in catalysis of photo-induced chemical

10



reactions [50-53]. In general, when a photon having energy higher than the semiconductor
bandgap value (Eng), this energy is absorbed, and the electron (e”) is promoted from the
VB into the CB, thus creating a hole (h*) in VB. These light-induced charged particles
contribute to the photocatalytic decomposition processes. The positive charge carrier hole
(h*) facilitates the degradation of organic compounds via generating hydroxyl radicals
(*OH), while the negative electrons (e”) can also promote oxidative degradations via
producing superoxide radicals (*O2). Though, the photo-generated electron-hole pairs can
easily recombine [54]. A photocatalyst must be cost-effective, stable in certain conditions,

least toxic, and highly photoactive for practical applications.

The band-gap energy and band-edge positions of commonly used oxides, such as
ZrO», Fe203, TiO2, ZnO, SnO», and WOs, are sufficiently good (Figure 3). Therefore, they
can be successfully applied in photocatalytic degradation of hazardous compounds due to
their inherently filled VB and empty CB [55].
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Figure 3. Band-gap energy, VB and CB for various semiconductors [55].
2.5  Ferrites

Ferrites are compounds with the general formula AB204, where A and B are metal
ions, formed as powder or ceramic bodies having iron oxides (Fe.Oz and FeQ) as their

crucial constituent [56]. Maghemite (y-Fe2O3) and magnetite (FesO4) are of significant
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interest among ferrites. Based on crystalline structure, ferrites can be classified into: spinel
(MFe204), hexagonal (MFe12019), and garnet (MsFesO12), where M represents one or more
bivalent transition metals (Co, Fe, Zn, Cu, Ni, and Mn). The major advantages of ferrites
are an appropriate band gap capable of absorbing visible light and the spinel crystalline
structure, which enriched the efficiency by providing extra available catalytic sites [57].

The band-gap energies of some of these commonly used ferrites are shown in Table 1.

Table 1. Band gap energies (eV vs. NHE) of commonly used ferrites [58]

Ferrite Band gap (eV) Ferrite Band gap (eV)
CaFe204 1.90 ZnFe204 1.92
MgFe204 2.18 NiFe204 2.19
CoFe204 1.88 CuFe204 1.32

Ferrites gained much interest in visible-light-induced photocatalytic degradation of
contaminants in water and wastewater. The commonly investigated contaminants are
specific dyes and pigments, organic and inorganic compounds, and some bacteria.
Researchers devoted efforts to developing effective visible-light active photocatalysts,
which can utilize the largest portion of the solar spectrum and artificial light energy
sources. Metal oxide composite photocatalysts with two or more components have been
explored to improve photocatalytic performance compared to the individual ones. After
completing of chemical reactions, ferrites, due to their magnetic nature, can be quickly
recovered from the reaction mixture [59]. Both undoped and doped transition ferrites are
potential candidates in many practical and industrial applications such as catalysis [60],
ecological hydrogen production [61], magnetic and electronic devices, treatment of exhaust
gases [62], alkylation reactions [63], oxidative dehydrogenation of hydrocarbons [64],
alcohols and hydrogen peroxide decomposition [65], crude petroleum
hydrodesulphurization [66], oxidation reactions of compounds such as CHa, H2, CO [67]

and chlorobenzene [68], phenol hydroxylation [69], and catalytic combustion of CH4 [70].

In literature, cobalt, zinc, copper, nickel, aluminum, and several mixed-metal
ferrites were investigated in photocatalytic reactions, principally in specific synthesis
processes and degradation of organic compounds. Moreover, ferrites crystallite size,

crystal structure, microstructure, photocatalytic and magnetic properties are strongly
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influenced by synthesis conditions. Cobalt ferrites are usually synthesized in the range of
2 — 50 nm particle sizes, primarily by the co-precipitation method in the presence or
absence of capping agents/surfactants [71]. A recent study reports the successful doping of
manganese metal ion into cobalt ferrites at various concentrations for oxidation of toxic
orange Il dye [72]. Goyal et al. [73] improved the catalytic performance of spinel
nanoferrites CoFe204 and NiFe2O,4 catalysts via doping of Al into their lattice structure.
Moreover, CoFe204 NPs are stable, possess high electron transfer ability and form hetero-

junctions by coupling with other semiconductor materials [74].

Nano-sized undoped or doped nickel ferrites are commonly applied in catalytic
processes. For example, high reactivity of NiFe,O4 NPs are well-known, hence, they serve
as effective metal-doped ferrite catalysts in several industrial processes, for instance, in
water—gas shift reactions [75]. Liang, J. et al. [76] developed nickel ferrite and graphene
oxide (NiFe204-rGO) composite via ball milling method, which served as a visible-light
active photocatalyst and revealed better photocatalytic performance. A study reported by
Iftikhar et al. [77] also proved that the incorporation of rGO in the
Nio.4C00.6Ero.045F€1.9504/rGO nano-composite system delivered a better catalytic activity.
Rahman et al. [78] reported the fabrication of NiCeoosFe19504/rGO nano-composite
photocatalyst, which revealed enormous potential in visible-light induced photocatalytic
applications. Khan et al. [79] presented a comprehensive report on the synthesis of
NiAlxFe2xO4 (0.0 = x < 0.5) NPs and investigated their catalytic activity in visible-light

induced degradation of methylene blue.

Pure spinel zinc ferrite (ZnFe204) and its composites are under scientists focus due
to their remarkable properties and several practical applications [80]. In general, ZnFe,O4
are cost effective [81], less toxic, naturally available in abundance, eco-friendly,
photochemically stable [82], visible-light active with band-gap energy of 1.9 eV [82],
ferromagnetic, and low recombination rate on catalyst surface [83]. Jumeri et al. [84]
prepared ZnFe;04-rGO from FeSO4 and ZnCl as the precursor materials via microwave-
assisted hydrothermal method and investigated the catalytic performance of the composite
material, using H>O»-assisted visible-light induced decomposition of methylene blue in
aqueous medium. Recently, Baynosa et al. [80] fabricated mesoporous ZnFe>O4 NPs and
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ZnFe204-rGO nanocomposite, using water as solvent, and investigated their activity in

solar light induced catalytic degradation of methylene blue.

2.5.1 Copper ferrites

Copper ferrites (CuFe204) are considered one type of the prominent candidates of
spinel ferrites due to their phase transitions, semiconducting properties, tetragonality
variation, electrical switching, magnetic properties, thermal as well as chemical stabilities.
They offer their potential applications in the fields of catalysis, lithium-ion batteries, gas
sensing, bioprocessing, magnetic refrigeration, ferrofluids, recording devices, color
imaging, and bioprocessing [85-87]. In general, CuFe,O4 can crystallize in tetragonal or
cubic symmetry, depending on the synthesis technique. Naseri et al. [88] reported the
fabrication, characterization, and magnetic properties of CuFe>O4 nanoparticles prepared
by the thermal treatment method. CuFe>O4 exhibits several catalytic applications in the
conversion of CO to CO2 [89]. CuFe204 NPs (20 nm) were applied as recyclable
heterogeneous initiators in the synthesis of 1,4-dihydropyridines. They reaction of
substituted aromatic aldehydes, ethyl acetoacetate and ammonium acetate was attained in
ethanol at room temperature, using copper ferrite nano powders. Their major advantages
are cost-effectiveness, easy workup, significantly shorter reaction times, no isomerization
during the reaction, reusability, and high yields of products [56]. Niyaz et al. [90] carried
out the photocatalytic ozonation of organic dyes such as Reactive Red 198 (RR198) and
Reactive Red 120 (RR120), using CuFe204 NPs synthesized via co-precipitation technique.
Goyal et al. [91] explored the fabrication of MFe>O4 (M = Zn, Cu, Ni) via the sol-gel route
and studied their catalytic efficiency for the reduction of nitrophenols in the presence of
NaBHs. They achieved better catalytic performance for CuFe>O4 in comparison to Zn and
Ni ferrites. Zaharieva et al. [85] published the fabrication and characterization of CuFe;O4
nano-structures as photocatalysts and investigated their photocatalytic performance in UV-
light induced degradation of malachite green dye. Kannaujia et al. [92] developed
poly(acrylic acid-acrylamide-methacrylate) incorporated CuFe>Os nanocomposites and

explored their absorption and oxidation properties by using methylene blue.

Doping, immobilization and composite making are under continuous investigation in

environmental remediation for the improvement of pollutant removal properties of the
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catalysts. These techniques can enhance the adsorption capacity of a catalyst and minimize
the recombination rate of the photo-generated electron-hole pairs. Recently, graphitic
carbon nitride, graphene, nitrogen-doped carbon nanotubes, and activated carbon were
mainly explored by researchers as carbon-based support materials for CuFe2O4, which
served as a favourable catalyst in Fenton-like systems based on its large surface area and
capability for electron transfer [93, 94]. Graphene-oxide as well as graphene exhibit large
surface area, excellent mechanical strength, and extraordinary electrical conductivity.
Hence, they are considered as the potential support materials for catalysts [95]. Several
supported copper ferrites such as CuFe204@0OMS-2 [96] have been applied to activate
peroxymonosulphate to oxidize acid orange 7 dye. Zhao et al. [97] explored the visible-
light-induced degradation of methyl orange by using CuFe>O4/AgBr catalyst. Arifin et al.
[98] reported the fabrication of CuFe,O4/TiO> photocatalyst and studied it in visible-light-
induced degradation of methylene blue dye. Recently, Kodasma et al. [94] reported the
synthesis and characterization of CuFe>Os-graphene oxide catalysts and investigated its
catalytic activity using UV-C induced degradation of Reactive Black 5 (RB5). Our research
group synthesized needle-like iron(I1) doped copper ferrites [99] and simple metal oxides
[100] via co-precipitation technique, and investigated their catalytic activity in the photo-
Fenton degradation of Methylene Blue and Rhodamine B. In addition, the efficiencies of
homogeneous and heterogeneous photo-Fenton systems were also compared using
Rhodamine B.

2.5.2 Mixed metal ferrites

Mixed metal ferrites in size ranging from ultrasmall particles (5-8 nm) up to 100
nm or more are commonly used in catalytic applications. Mixed metal ferrite NPs can be
fabricated by various techniques, especially co-precipitation, micro-emulsion, sol-gel and
microwave heating are widely explored [101]. Velinov et al. [56] reported that Cus-
xCoxFe204 (0<x<1) (8-40 nm) ferrites delivered a better catalytic performance in the
oxidation of CH3OH to CO and H> compared to simple CuFe.O4. Wang et al. [102]
explored the fabrication of CoixZnxFe;Os4 (0<x<1) NPs (10.5-14.8 nm) via the
hydrothermal method and studied their catalytic activity in natural-sunlight induced
degradation of methyl blue in aqueous solution. Sathishkumar et al. [103] investigated the
synthesis of CoFe204/TiO2 (150 nm), as well as pure cobalt ferrite CoFe204 (50 nm), via
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co-precipitation technique and explored their photocatalytic activity in visible-light-
induced degradation of reactive red 120 (RR120). Velinov et al. [104] developed Nij-
xZnxFe>04 (x = 0, 0.2, 0.5, 0.8, 1.0) NPs via combination of two techniques such as
chemical precipitation and spark plasma sintering (SPS). Several other mixed metal spinel
ferrites are also explored in literature such as Cui.xCdxFe1xAlxCrixMnxO4 (0<x<1), Mn1-
«CuxFe204 (x= 0, 0.25, 0.5, 0.75, 1.0), Co1xNixFe204 (x= 0, 0.2, 0.4, 0.6), and Ni1-
yZnyFe 04 (y= 1, 0.7, 0.5, 0.3) etc. A very recent study was focused on the synthesis of
CoMnyFe;—x04 (x=0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) for oxidation of water-soluble orange I
dye [72].

2.5.3 Relation between ferrites structure and its catalytic properties

Scientists are in a continuous quest to establish relationships between shape,
structure, surface area, and particle size of ferrite NPs. In addition, the nature and the ratio
of main metal atoms and doping ones are also crucial in the determination of their catalytic
activity. Therefore, the efficiency of ultra-small spinel ferrites (Co, Cu, and Ni) was studied
via UV-Vis spectrophotometry on the degradation of H>O> and by oxidation of methylene
blue [105]. In the H2O degradation study, Co?* revealed to be the key factor in achieving
better efficiency of the catalyst. However, in the case of methylene blue degradation, Cu
ferrites revealed a better catalytic performance. Cubic spinel structure CoFe2O4 NPs (in
size range of 2-6 nm) proved to be active catalysts in the degradation of methylene blue,
using H202 [106]. In another study by Hao et al. [107], 3D flower-like CozxFexOs ferrite
(specific surface area, 163 m?/g) hollow spheres proved an effective catalyst for methylene
blue oxidation using H20. as an oxidizing agent. Dom et al. [57] reported that the
photocatalytic activity of orthorhombic CaFe2Oa, spinel MgFe2O4 and ZnFe2O4 ferrites
NPs, mainly depends on the crystallinity and surface area of the catalyst. Singh et al. [108]
synthesized spherical Ni-doped CoFe204 NPs (4-6 nm), and found that the Cog.sNio.sFe204
(having surface area 154.02 m?/g) delivered the best performance in the reduction of 4-
nitrophenol to 4-aminophenol by using a reducing agent (NaBH.). An increase of the Mn3*
concentration in Co—Zn cubic spinel structure ferrites (Coo.6Zno.4sMnxFe2xOs, x = 0.2, 0.4,
0.6, 0.8 and 1.0) enhanced the degradation rate of methyl orange [109]. Also, increase of
the Cd?* concentration in C0o6Zno.4Cuo.2CdxFe>xOs, x = 0.2, 0.4, 0.6 and 0.8) improved
the photocatalytic degradation of methyl orange, which may be due to a decrease in the
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band-gap energy [110]. In the visible-light-induced degradation of Rhodamine B [111],
pure BFO (BiFeO3) NPs showed lower activity than the composite BFO/y-Fe>Oz, which
may be attributed to the heterojunction structure between BFO and jy-Fe>Os. Recently,
Lassoued and Li [112] explored the influence of Ni addition to spinel NixCoi-

xFe204 catalysts on the decomposition rate of methylene blue (MB).

2.5.4 Applications of ferrites

Exploration of ferrites is becoming important due to their technical and magnetic
properties. They serve as catalysts and adsorbents in biomedical, electronic materials and
wastewater treatment. The primary application areas are briefly discussed below.

2.5.4.1 Antibacterial property of ferrites

Besides catalytic potential, ferrites also exhibit applications in biomedicine [113].
Ferrites have delivered an antimicrobial activity in the composite form having silver, such
as Ag/NiFe:04, Ag/MgFe204, and Ag/ZnFe;04 and Ag/CoFe204 [114]. However, the
composite of NiFe>O4/TiO> revealed high antimicrobial activity under UV irradiation,
which is significantly higher than the application of UV light alone [115]. The production
of hydroxyl radical ("OH) by ferrites is the key to achieve effectiveness against several
bacteria. Li et al. [114] compared the antibacterial properties of Ag/MgFe204 with those
of an antibiotic (streptomycin). The average inhibition zones of the ferrite photocatalyst
are very close to that of the antibiotic (29.3 mm vs. 33.3 mm), which proved that the ferrite
composite also has significant antimicrobial activity.

Samavati A. & Ismail A.F. [116] reported the synthesis and antibacterial properties
of copper-substituted cobalt ferrite (CuxCo1-xFe204), where x = 0.0, 0.3, 0.5, 0.7 and 1.0)
NPs. ZnO particles inhibit both gram-positive and gram-negative bacteria and they are also
effective against high-temperature and high-pressure resistant spores [117]. ZnO NPs in
small size deliver considerable antibacterial activities, and the activity depends on the
concentration and surface area; the larger surface area and higher concentration deliver
better antibacterial activity [118]. However, the particle shape and crystalline structure
have a little effect on the antibacterial activity [119]. Zhang et al. [120] investigated the
antibacterial behaviour of suspensions of ZnO NPs against Escherichia coli bacterial strain.

Several researchers explored the antimicrobial properties of several metals, pure and doped
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metal oxides NPs such as Ag [121], Au [122], Al.O3 [123], ZnO [124], Fe304 [125], and
a-Fe;03 [126].

2.5.4.2 Removal of inorganic pollutants

The removal of inorganic pollutants, especially As®*, As®*, Cr®*, and Pb?* is essential to
safeguard the living organisms from their harmful effects. Some ferrites (MnFe2O4 and
CoFe;04) have adsorptive capacities for As®* and As®*, while MgFe2Oy is effective for the
adsorption of SO [127]. Ferrites can be used as photocatalysts and adsorbents, which
qualify them as potentially effective in water treatments. ZnFe;O4 has been studied as a
photocatalyst in the photodehydrogenation of H»S, which produces eco-friendly H> and
reduces potent greenhouse gas. In addition, CaFe,QOg is effective in the reduction of CO> to
form methanol as the major product. Ferrites alone or in composite form have been

explored as adsorbents and photocatalysts [58].

2.5.4.3 Removal of organic pollutants

Water resources are greatly polluted with organic pollutants in many industrial and
domestic applications. Textile, leather, paper and pharmaceutical industries consume and
pollute water in large amounts. Ferrites are also effective in the degradation of certain
organic dyes, pigments and other potential organic compounds. For example,
BaFe»04/TiO2 and ZnFe>0O4 have been explored in the oxidative degradation of phenol. In
addition, acetaldehyde, methanol, styrene, oxalic acid, ethanol, isopropanol, butenes,
toluene, and trimethylamine have been effectively degraded using ferrites [58]. Several
organic dyes such as methyl orange, methylene blue, rhodamine b, congo red, and reactive

red 127 are usually applied to investigate the photocatalytic efficiency of ferrites.

Methyl orange (MO) dye belongs to the group of azo-dyes [115]. Two benzene rings in
MO dye (Figure 4) are connected by an azo group and having dimethyl amine and a
sulfonic acid group attached to the benzene rings. Ferrites have been explored to degrade
MO dye to determine photocatalytic activity in UV- or visible-light-induced irradiation
[58].
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Methylene blue (MB) is another model compound for organic contaminants, used as a
redox indicator in chemistry and as a stain in biology. In photocatalysis using ferrites, MB
dye undergoes faster degradation. However, the combination of ferrites with other
photocatalysts has synergistic effects of photo-reactions. Therefore, many researchers
reported application of several ferrites alone or in combinations such as AgsVOa/CaFe204,
TiO2/CoFez204, ZnO/CaFe20s, TiO2/Ni-Cu-Zn ferrite, MgFe20s, CaFe20s, ZnFez0s4,
MnFe;04, ZnFe:O4/MWCNTS, ZnFe,O4/MWCNTs + H202, FesOs + H202, and
Fe2.46Ni05404 + H202 for MB degradation [58]. Recently, Luciano et al. [128] investigated
the fabrication of manganese ferrite dispersed over graphene sand composite for methylene

blue photocatalytic degradation.

Rhodamine B (RhB) is a xanthene dye that has frequently been considered to investigate
the degradation potential of ferrites. RhB is potentially toxic and carcinogenic, and
therefore has been banned from use in foods and cosmetics but still used in some textile
industries in underdeveloped countries [129]. Photocatalysis or adsorption techniques are
applied in removing RhB dye, showing high degradation up to 100% in several cases.
Ferrites including ZnFe;Os4, ZnFe>Os/Ag, CoFe20s, TiO2/ZnFe;Os, Ag/Fe304/SiOy,
Agl/Fe304/Si02, Ag-Agl/Fes04/SiO2, BaFe04/SiO2/TiO2 are explored in RhB
degradation [58].

2.5.5 Methods for synthesizing ferrites NPs

Several methods for the synthesis of ferrites have been reported in the literature.
Few well-known among them are co-precipitation, sol-gel and citrate methods, thermal
methods, solid-state reactions, and microemulsion. Each method will be briefly discussed

in the coming section.
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2.5.5.1 Co-precipitation methods

Co-precipitation is a very facile and convenient way to synthesize iron oxide
nanoparticles in a short time with the possibility of large scale production for industrial
applications [130, 131]. Generally, co-precipitation and thermal methods for the
fabrication of ferrites are similar to some extent. In this method, Fe** and other metal salts
are dissolved in water along with or without a surfactant, under stirring and gentle heating
in some cases. The chemical reaction for the synthesis of FesO4 (Equation (4)) by this
technique is as follows [132]:

Fe?* +2Fe** + 8HO —— Fes04+4H0  (4)

The pH of the reaction mixture is increased to achieve precipitated ferrite NPs.
Subsequently, the solid ferrite NPs are filtered and washed with double distilled water
and/or ethanol. The purified NPs are dried at 80 —100°C, powdered by using mortar and
pestle, and then calcined at various temperatures [127, 133-135].

Singh et al. [108] synthesized nickel-doped cobalt ferrite nanoparticles by using
microemulsion method leading to the precipitation of corresponding solid metal
hydroxides. In this method, two stable microemulsion systems were prepared with identical
weight ratios of the four basic constitutive components: sodium dodecyl sulphate, 1-
butanol, n-hexane and water (3.03 : 5.57 : 1.64 : 89.82). Metal salts (in stoichiometric
amounts), i.e., ferric chloride, nickel chloride, and cobalt chloride, were added to the first
microemulsion, and sonicated for 30 min at room temperature. The second microemulsion
was composed of 20 mL 5 M NaOH, which served as a precipitating agent. The two
microemulsion systems were mixed dropwise and stirred for 60 min in air at room
temperature. The as-synthesized solid hydroxide precursor was filtered after washing
several times with absolute ethanol. The filtered product was dried in an oven at 110 °C

and subsequently annealed at 400 °C for 5 hours.

In this study [99], a similar technique was followed with few modifications. Water was
used for making both solutions (I and I1) instead of the four basic constitutive components:
sodium dodecyl sulphate, 1-butanol, n-hexane and water. The sonication and mixing
conditions of both solutions were kept the same as suggested by Singh et al. [108].

However, the filtration of the synthesized material was performed by using centrifugation
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and a re-dispersion process with absolute ethanol (twice) and water (twice). The purified

material was calcined at 400 °C for 4 hours.

2.5.5.2 Thermal methods

Thermal methods of ferrite synthesis are subdivided as solvothermal [136-138],
mechanothermal [139], hydrothermal [140], microwave [141] and seed-hydrothermal
[142]. In these methods, Fe(NOz)3-9H20 or FeCls-6H20 salts and metal salt M-SO4, M-
(NOs3)2, or M-Cl; are dissolved in water or another solvent under stirring, and the pH is
adjusted to 7-12. Then, the mixture is heated in an autoclave for 12—24 h, and subsequently
cooled to room temperature. Finally, the solid material is separated from the mixture by
centrifugation or filtration, washed with water or ethanol, dried at around 85 °C overnight.
However, in the case of mechanothermal methods, the precursor compounds are ground
together in a ball-mill, using the same basic method. In the seed-hydrothermal methods,
metal oxide (M203) seeds are used with the Fe** salt. Both compounds are heated in an
autoclave, and the subsequent steps are the same as mentioned above. These thermal
methods are convenient but still face some limitations, such as larger particle sizes and

impurities in the final products [143].

2.5.5.3 Sol-gel and citrate methods

In sol-gel and citrate methods, the metal and iron precursor materials are added
together along with citric acid, and a gel is formed. In general, the precursor materials are
dissolved in solvents (water/ethanol) under vigorous stirring at pH ~9 (by the addition of
NH4OH as catalyst) until the formation of a gel-like material [144]. The basic chemistry of
the sol-gel process is composed of two steps; hydrolysis (Equations (5) and (6)) and
condensation (Equation (7)) [144, 145]. The hydrolysis completes (replacing all OR groups
by OH (Equation (5)) or stops, while the metal (M) is partially hydrolyzed (M(OR)s-x—
(OH)x). Two such molecules may link together via condensation reaction, producing larger
metal-containing molecules through the process of polymerization. As a result of
polymerization, several hundreds or thousands of monomers make bonds with each other

to form a gel-like material.
M(OR)s + H.O —— HO-M(OR);+ ROH (5)

M(OR)s + 4 H,0O =™  M(OH)s+ 4 ROH (6)
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M(OR)3-OH + HO-M(OR); =™ (OR)sM-O-M(OR)s + H:0  (7)

The basis function of citric acid is the assistance in the uniform distribution of the
metal ions into mixture. Finally, the gel-like material is dried and then sintered/calcined at
variable temperatures and time. To achieve optimum photocatalytic activity, the sintering
time and/or temperature is varied [146-149]. The major drawbacks of the sol-gel method
are high precursor costs, environmental problems (due to organic by-products), complexity
in terms of phase control, and time consuming processes (gelation, drying and heating)
[150].

2.5.5.4 Solid-state reaction methods

In solid-state reaction methods, the powder metal and iron salts are heat treated to
achieve the desired product [151]. For example, to prepare CaFe2Os NPs, iron oxide
(Fe203) and metal salt (CaCO3) powders are evenly mixed and subsequently heated to 1100
°C for 2 h. The synthesis of calcium ferrites takes place through the following reactions
(Equations (8) and (9)) [58]:

CaCOz3 —> CaO + CO» (8)
CaO + Fe;03 —* CaFe204 9

The solid-state reaction methods for the synthesis of nanoparticles are a novel
approach, which owns several pros including simplicity, cost-effectiveness, low
contamination, no solvent consumption, high productivity, and selectivity. The major
limitations of this technique are large particle size, high temperature requirements, and the
production of fine powder needs milling process, which causes contamination. In the
synthesis of Ni—Zn ferrite, the volatilization of zinc at high temperatures results in the
formation of Fe?* ions [150]. To date, metal oxide and ferrites NPs have been fabricated
via this technique. Ceylan et al. [152] reported the synthesis of NiFe.O4 NPs with core/shell
structures via a solid-state reaction method. Recently, using this technique, Huang et al.
[153] also synthesized magnesium and titanium co-substituted M-type barium calcium
hexaferrites BaosCaosFe12-xMgxTixO1g (0.0 <x < 0.5).
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2.5.5.5 Microemulsion methods

The microemulsion method involves the occurrence of co-precipitation in the form
of tiny water droplets surrounded by surfactant species which are distributed in organic
phase. The surfactant was selected on the basis of the natures of the organic or water phase.
The pools of water act as micro-reactors for the synthesis of particles. In addition, the
particle size of the final product is controlled by the pool size. The major advantages of the
microemulsion technique are control over particle surface morphology, designing the
structure, properties and application of the final products, one-step synthesis and
stabilization of the particles, low degree of particle agglomeration [154]. Beside these
advantages, there are several limitations of this method, such as large amount solvent
consumption and also difficulties in scaling up the process [150]. Das et al. [154]
synthesized pure nanosized BiFeOs powders by sonochemical and microemulsion
methods. Abraime et al. [155] reported the development of cobalt ferrite nanopowders by
using four techniques such as co-precipitation, sol-gel, sol-gel autocombustion and

microemulsion.

After investigating most of the techniques for ferrites synthesis, co-precipitation
method was used in this research. This method is facile and more convenient for large-

scale production in industrial applications.

2.6 Photocatalytic reactors

Designing an effective photocatalytic reactor is the most challenging task in
photocatalysis. The first step is the activation of the semiconductor material to initiate the
reaction, which mainly depends on the radiation power of the energy source. A well
illuminated reactor is the one with uniform distribution of light, good flow channeling to
reduce the dead volume and high mixing. In this study, a photocatalytic reactor (laboratory
scale) was designed, where the catalyst was in the suspended form, which provides higher
photocatalytic activity. However, designing a reactor for large-scale industrial applications
is a difficult task. The type of semiconductor catalyst, geometry of the reactor, energy
source and the operating conditions are key points to design a photocatalytic reactor [156-
158].
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2.6.1 Structure of photocatalytic reactors in water remediation
A photocatalytic reactor designed for water treatment applications must have the

following features [159]:

» Provide the possibility to use appropriate UV/Vis or solar radiation as energy
source to excite the photocatalyst applied.

» The light source can be distributed evenly inside the reactor or applied externally
to the system [160].

» The semiconductor catalyst can be either in suspended or immobilized form
[161].

» Provide good flow channeling to minimize the dead volume.

» Deliver high mixing in order to minimize mass transfer resistance of pollutant to

reach the activated catalyst surface.

2.6.2 Suspended and immobilized photocatalytic systems
A suspended photocatalytic reactor is the one where a catalyst is in the suspended
form in the system, which provides larger photocatalytic activity, while in the immobilized

reactor the catalyst is stationary.

In literature, several reactors patented are suspended (slurry) reactors type and
classical annular form [158]. Hence, majority of the kinetic studies are focused on the
experimental data generated in suspended type photoreactors. The major pros of suspended
type photoreactors are uniform catalyst distribution with low pressure drop, a high
photocatalytic surface area to reactor volume and low mass transfer limitation. Though, the
need for post process treatment (i.e. the removal of solid catalyst from the solution) and
assessing of the light scattering in the suspended medium are the crucial drawbacks of such
a system [159].

In the immobilized photocatalytic systems, the overall performance of a photo-
reactor is reduced due the mass transfer limitations and less catalyst irradiated area.
Nevertheless, the major pros of the system are, provision of a continuous process,
eliminating the need for catalyst separation and post treatment. Some suitable support
materials such as fiberglass sheets can significantly improve mass transfer limitation of the

system due to its higher surface area. Glass fibers are used to prepare fiberglass sheets. In
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general, glass fiber is formed from melts and manufactured in various compositions by
changing the amount of raw materials like sand for silica, clay for alumina, calcite for
calcium oxide, and colemanite for boron oxide. The glass fibers can be molded into
different kind of fiberglass plates, sheets, and strands [161].

Recently, the researchers explored the efficiency of reactors utilizing solar radiation
as energy source. Still, majority of photocatalytic reactors systems using solar irradiations

are suspended (slurry) type [162].

2.6.3 Key operational parameters of a suspended photocatalytic reactor

The degradation rates of the organic contaminants and the overall efficiency of the
photocatalytic system highly depend upon several key operational parameters, which rule
the kinetics of light induced mineralization and disinfection. This section will briefly

discuss these operational parameters.

2.6.3.1  Catalyst dosage

In a true heterogeneous catalytic regime, the catalyst concentration in the
photocatalytic wastewater treatment system greatly affects the overall efficiency of the
photocatalytic process, where the amount of catalyst is directly proportional to the overall
photocatalytic reaction rate [163]. However, this linear dependency is true until certain
limit, beyond which the reaction rate starts to become independent of the catalyst
concentration. Above the saturation level, the increase in the catalyst concentration leads
to a high turbidity state, decreasing the absorption coefficient of light photon [164, 165].
Turbidity is the optical characteristic of water and is a measurement of the amount of light
that is scattered by colloidal or particulate materials in the water; the higher the intensity
of scattered light, the higher the turbidity. Most of the related research works reported the
catalyst dosage in the range of 0.1 to 1.0 g/L [166, 167]. The excess catalyst particles can
act as light screens, thus reduce the surface area of particles exposed to light and finally
the photocatalytic performance is significantly decreased. Hence, a photoreactor should be
operated below the saturation level of photocatalyst to ensure efficient absorption of the
photons which induce the photocatalytic reactions [48].
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Figure 5. Design of a suspended (slurry) type photocatalytic reactor [168]

2.6.3.2  Temperature

Literature reported several studies focused on the relationship between the
efficiency of a photocatalytic reaction and the reaction temperature [169, 170]. Some
studies reported that an increase in reaction temperature (>80 °C) during photocatalysis
promoted the recombination of charge carriers and also disfavored, the adsorption of
organics onto the catalyst surface [163]. The dissolved oxygen in a reaction mixture is
highly affected by the temperature. An increase in the temperature decreases the dissolved
oxygen, and ultimately inhibits the photocatalytic activity (by reducing the number of
reactive oxygen species) [163]. Malato et al. [171] reported that the optimum reaction

temperature for photo-mineralization should be in the range of 20-80 °C.

2.6.3.3 pH
The interpretation of pH effects on the efficiency of the dye photodegradation
process is a very difficult task [172]. The charge on the catalyst surface, the degree of
aggregation in the dye and the positions of the conduction and valence bands are highly
influenced by the pH. In the case of TiO,, a change in the operating pH alter the surface
charge of the catalyst [48, 173]. The better adsorption capacity of ferrite NPs for both
anions and cations makes them an important candidate in the fabrication of photocatalytic

materials. When the pH of the solution is below their (ferrites) pH of point zero charge
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(pHpzc), they are positively charged and adsorb anions. However, when the solution pH >
PHpzc, the catalyst is negatively charged and favors cation adsorption. Some well-known
ferrites, such as nickel ferrite, cobalt ferrite, copper ferrite, and manganese ferrite, revealed
pHpzc Of 7.7, 6.6, 6.7 and 6.8, respectively [174]. It was reported that bismuth ferrite
BiFeOs (BFO) had a strong photocatalytic activity for methylene blue at alkaline pH 11 to
12, while in acidic medium the activity was negligible [175]. On the other hand, Soltani
and Entizari [176] reported the photocatalytic degradation of RhB by using bismuth ferrite
nanoparticles and revealed that the surface charge of catalyst changes with pH alterations.
If the solution pH > pHpzc (PHpzc = 7) of bismuth ferrite, the excess hydroxyl groups (OH")
compete with COO~ of the RhB dye in binding with —N* group. This phenomenon
decreases the aggregation of RhB molecules. At basic conditions, the solid catalyst is
negatively charged and repels the negatively charged COO™ groups on the dye. Hence, a
decreasing trend in the photocatalytic activity was observed. Similar effect of pH on the
photo-Fenton degradation of RhB was observed in our study. But we witnessed an abrupt
increase in the photocatalytic activity at pH > 11 due to the potential deprotonation of
hydrogen peroxide (pKa = 11.75). On the other hand, pH effects can also be related to the
dye specifications. The protonation or deprotonation of the dye can change its adsorption
characteristics and redox activity [177]. Thus, in the photocatalytic wastewater treatment
process, appropriate pH control schemes in a wide pH range should be implemented, which
effectively promotes the photocatalytic reaction.

2.6.3.4  Dissolved oxygen (DO)

The formation of reactive oxygen species (ROS), the stabilization of radical
intermediates, and their mineralization are some roles attributed to dissolved oxygen.
Shirayama et al. [178] reported the negative effect of DO on the photocatalysis reaction
and they found a higher degradation rate of chlorinated hydrocarbons in the absence of
DO. Also, in the photocatalytic system, the dissolved oxygen did not significantly affect
the adsorption on the surface of catalyst but played a key role in the photocatalytic reaction
to assure enough electron scavengers present to trap the excited conduction-band electron
from recombination [173]. Wang and Hong (2000) [179] established that the presence of
DO could also help to induce the cleavage mechanism for aromatic rings in organic
pollutants. Thus, DO plays a very important role in certain photocatalytic systems.

27



2.6.3.5  Concentration of contaminants

The photocatalytic reaction rate directly depends on the concentration of water
contaminant present in the reactor [180]. Under similar circumstances, an increase in the
initial concentration of the contaminants demands longer irradiation time needed to reach
complete mineralization or disinfection. Saquib and Muneer [181] reported that extremely
high concentration of organic contaminants could saturate the surface of TiO> catalyst and
decreased the photonic efficiency finally resulted in photocatalyst deactivation. Higher
concentration of contaminants in the medium decreases the number of available active sites
on the catalyst surface, which is highly covered by contaminant ions. Niyaz [182] reported
that an increase in initial dye (Reactive Red 198 and Reactive Red 120) concentration in
the range of 100 — 250 mg/L inhibited the degradation process using manganese ferrite and
zinc ferrite [183]. This phenomenon may be attributed to the formation of intermediates
during the photodegradation, which interferes with the parental contaminant molecules. A
recent study focused on the application of aluminum doped cobalt ferrites [184] revealed a

decrease in MB degradation percentage as a consequence of increase in dye concentration.

2.6.3.6  Wavelength of energy source and its intensity

The potential photochemical effects of the wavelength of energy sources can
influence the photocatalytic reaction rate, depending on the photocatalysts type, band-gap
energy, crystalline phase and state of doping. Several photocatalysts that are usually used
have wide band gaps (>3.1 eV) and utilize a small portion of solar light. The amount of
solar energy that reaches the Earth’s surface as ultraviolet (UV), visible, and infrared (IR)
irradiation are 5%, 46%, and 49%,respectively (Figure 6) [185]. Due to the wide band gap
of TiO2 (3.03 eV in rutile and 3.18 eV in anatase phase), it can absorb only a small portion
of solar spectrum [186]. However, doping of TiO2 reduces the band-gap energy, which
helps effectively absorb visible light. Unlike TiOg, ferrites can effectively utilize visible
light due to their lower band-gap energies. Beside wavelength, the light intensity is also
very crucial to proceed an efficient photocatalytic reaction. In general, high intensity light
is required for getting higher-rate reactions [48]. This effect was confirmed by using visible
light bulbs (100 and 200 W) in the photocatalytic degradation of MB, using aluminum
doped cobalt ferrites [184]. Several studies reported an enhancement of the rate of
degradation of dyes as the light intensity was increased.
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Figure 6. Solar spectrum representing the proportion of UV, visible and IR radiations [187]

2.7 Research objective

Literature reported over 10,000 dye species commercially available for textile,
food, and leather industries. Wastes from these industries contain extremely colored
species, which are toxic to humans and marine ecosystems. Methylene blue
(methylthioninium chloride), a cationic dye in nature, first synthesized in 1876 for its
application in clinical medicine. Furthermore, it exhibits numerous uses in the field of
textile dyeing/printing, biology and chemistry; and a long-term contact can cause
hypertension, vomiting, nausea and anemia [188]. Albert et al. [189] reported potential
life-threatening toxicity of methylene blue in premature infants. There are hundreds of
other organic hazardous compounds, such as congo red, rhodamine b, and several azo dyes,
which are used in various textile industries. The removal of these organic compounds is

crucial for the safety of living organisms.

In the Research Group of Environmental and Inorganic Photochemistry, at the
University of Pannonia, several methods, such as doping, composite making, and
immobilization, were explored to enhance the photocatalytic activity of various
semiconductor photocatalysts. During my research work, 1 aimed to develop iron(Il) doped
copper ferrites as novel heterogeneous photocatalysts by using simple precipitation and
calcination technique, to examine their structural and morphological properties, and to

investigate their applicability in a lab scale photocatalytic reactor for the treatment of
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recalcitrant organic compounds in a heterogeneous photo-Fenton system. Methylene blue

(MB) and Rhodamine B (RhB) were applied as model organic compounds (Figure 7).

The effect of change in the composition of Cu'xFe' 1 Fe''204 (where x = 0.0, 0.2,
0.4, 0.6, 0.8, and 1.0) on the structural, morphological, optical, photocatalytic, and
antibacterial properties were established. For the purpose of comparison of structural and
photocatalytic results, simple metal oxides (Fe'O, Fe'",03, Cu'"'O) of the individual metal

salts (Fe?" Fe®" and Cu?*) were also prepared using similar experimental conditions.

The theoretical and experimental composition of catalysts were studied and
compared. Also, the potential leaching of metal ions from the catalyst surface to the
aqueous medium were studied by ICP measurements and spectrophotometry. The particle
size, surface morphology, specific surface area, and band-gap energy of the catalysts were
determined by DLS, SEM, BET, and DRS measurements, respectively. XRD, Raman,
EDS, and ICP techniques were also applied in the characterization of the synthesized

catalysts.

Preliminary photocatalytic experiments were performed and the individual effects
of visible light, the oxidant, and the catalyst in the system were determined. The potential
adsorption of dyes on the catalyst surface were also investigated. The reaction conditions,
such as catalyst dosage, oxidant concentration, and pH, were optimized using both model
dyes. The reaction kinetic models were determined during the degradation processes. The
degradation efficiencies of doped copper ferrites and simple metal oxides were compared.
In addition, the photocatalytic performances of these metal oxides were checked in
composite form (Cu"O/Fe"0/Fe'",03), too.

The reusabilities of doped ferrites and simple metal oxide composite were also
explored during five experimental cycles. The stability of the catalysts in the aqueous

medium was investigated by ICP measurements.

Finally, the antibacterial properties of the metal oxides and doped ferrites were
checked against gram negative bacteria Vibrio fischeri in the bioluminescence inhibition

assay.
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3. Materials and Methods
3.1 Materials

The major precursor materials used for synthesis of ferrite NPs were metal salts
such as, ferric chloride hexahydrate (98%), ammonium iron(ll) sulfate hexahydrate
(>95%), and anhydrous copper(ll) sulfate (>95%). Sodium hydroxide (99%) was used as
precipitating agent during the synthesis of NPs. The NPs were purified by using ethanol
(absolute, 99.8%) and double distilled water. The model organic compounds applied for
the evaluation of photocatalytic efficiency of NPs were methlyene blue (>95%) and
rhodamine b (>95%). Hydrogen peroxide (30% w/w) was added as a Fenton reagent to the
heterogeneous photocatalytic system. Sodium hydroxide (99%) or hydrochloric acid
(>95%) were used for the adjustment of pH during photocatalysis. All reagents were

obtained from Sigma-Aldrich (Budapest, Hungary) and used without further purification.

3.2 Fabrication of simple metal oxide and ferrite NPs

First of all, simple metal oxide NPs were prepared in the composition shown in
Table 2. Then iron(l1)-doped copper ferrite Cu''xyFe' 1-xFe'"'204 NPs (where x = 0.0, 0.2,
0.4, 0.6, 0.8, 1.0) were synthesized. A simple co-precipitation technique (Figure 8) was
applied for the fabrication of NPs as recommended by Singh et al. [108]. In this technique,
solution | was prepared by adding precursor metal salts (Fe(NH4)2(SOa4)2:6H20,
FeClz-6H20, and CuS0Og)) in the composition given in Table 2 to 20 mL distilled water and
sonicated for 30 min at room temperature. 5 M NaOH was applied as solution 11 (20 mL).
Both solutions (I and Il) were mixed together dropwise under continuous stirring for 60
min. The theoretical stoichiometric compositions of all the catalysts fabricated are
indicated in Table 2.

After the formation of dark precipitates, the mixture was centrifuged to separate the
precipitates. Next, the obtained precipitates were purified by using absolute ethanol (twice)
and double distilled water (twice). Centrifugal filtration method was applied for the
purification of precipitates, which is principally a centrifugation (at 5500 rpm for 10 min
under ambient conditions) and re-dispersion process (for 3 min). The purified solid
hydroxides, as precursors, were dried in an oven at 110 °C for 60 min, and powdered by

using mortar and pestle. The dried powdered form of NPs were calcined at 400 °C for 4 h.
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The calcined form of NPs (Figure 9) were studied for structural elucidation and
photocatalytic applications in heterogeneous photo-Fenton systems. All doped copper

ferrites and simple metal oxides were also prepared in similar ways (Figure 8).

The synthesis process of metal oxides and doped ferrites can be explained as

follows:

In the first step, hydroxides, such as Cu(OH). (Equation (10)), Fe(OH)s (Equation
(12)), and Fe(OH)2 (Equation (14)), are formed and precipitated, which are subsequently
heated to form Cu''O (Equation (11)), Fe'',03 (Equation (13)), and Fe''O (Equation (15)).
After drying and calcination, the final oxides are formed. Similarly, iron(11)-doped copper
ferrites in the series were prepared by the systematic alteration of Cu'O and Fe'O as shown
in Equation (16).

CuSOs + 2 NaOH <> Cu(OH); + Na2S04 (10)
Cu(OH); <= Cu"O + H.01 (11)
FeCls +3 NaOH <> Fe(OH); + 3 NaCl (12)
Fe(OH); <> Fe'',03 + 3 H,01 (13)

Fe''(NH4)2(SO4)2 + 4 NaOH <> Fe(OH)2 + 2 NH4OH + 2 Na2SO4 (14)

Fe(OH), <> Fe''0 + H,01 (15)

Cu'lFe' 1xFe'">04 = xCu"0.(1-x)Fe"0.1Fe",03 (16)

Table 2. Theoretical stoichiometric compositions of the solutions used in the synthesis of oxide
and iron(I1) doped copper ferrite NPs

Type of NPs Solution | Solution 11
CuSO4 (g) Fe(NH4)2(S04)2.6H20 (g)  FeCls.6H20 (g)
Cu'o 0.798 - -

Fe''O - 1.961 -
Feszs - - 2.703
NP-1 - 1.961 2.703
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NP-2 0.160 1.569 2.703 5M NaOH
NP-3 0.319 1.176 2.703
NP-4 0.479 0.784 2.703
NP-5 0.479 0.392 2.703
NP-6 0.798 - 2.703
Solution | Solution Il
omdstle | | SMNeOH
water 20 ml

Dropwise mixed
and stirred for 60
min Formed dark

precipitate

U

Separated and washed

using centrifugal
filtration

1!

Dried at 110°C and
ground into powder
form

it

r(

Calcined at 400 °C
for 4 hours

.

U

-

Cu"O nanoparticles

Figure 8. Flow chart representing the steps of Cu'"O NPs synthesis using a simple co-precipitation

technique
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Simple metal oxides

Figure 9. Dark powdered catalysts obtained after calcination process as results of co-precipitation
and calcination process

Calcination temperature plays a key role in the surface morphology and catalytic
properties of the catalysts. In order to reveal the effect of calcination temperature, we have
synthesized NP-3 at different calcination temperatures (150, 200, 250, 300, 350, 400, 450,
500, 550 °C).

3.3  Experimental composition of NPs

The calcined forms of NPs from the series of doped copper ferrites were checked
to confirm the complete precipitation of metal ions during the synthesis. The total amounts
of the metal ions weighed in were successfully precipitated in NaOH excess during the
synthesis process. The above claim was confirmed by the very low values of the solubility
product constants (Ksp) regarding the corresponding hydroxides [190]:

Fe(OH). 8.00x10%6 M3

Fe(OH)s 2.79x10% M*
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Cu(OH); 2.20x10°20 M3

On the basis of these Ksp values, the theoretical concentrations in the solution phase were,

Fe(OH), 3.20x10°" M
Fe(OH)s 2.23x10 M
Cu(OH) 8.80x102%2 M

Besides, no formation of hydroxo complexes occur in these systems.

3.4 Characterization of NPs
3.4.1 Inductively coupled plasma (ICP) measurements

A Perkin Elmer Optima 2000 DV equipment (Perkin Elmer Inc., Waltham, MA,
USA) was applied to determine the experimental Cu/Fe ratios of the prepared catalysts
(after calcination). Inductively coupled optical emission spectrometry (ICP-OES) were
used to analyze the concentration of metal ions in the samples. The standard solutions (1
g/L) were prepared for each metal according to Merck standard solutions, and diluted soon
before use. The solid catalysts were dissolved in a 10-mL flask containing the mixture of
conc. HCI (1.72 mL) and conc. HNOs (0.46 mL). Then double distilled water was added
to get a total 10-mL solution in the flask. Calibration curves were constructed using the
linear regression method. Copper (Cu) and iron (Fe) were monitored at the wavelengths
327.393 and 238.204 nm, respectively.

3.4.2  X-ray diffraction (XRD) measurements

A Philips PW 3710 type powder diffractometer (Philips Analytical B.V., Almelo,
Netherlands) with a graphite diffracted-beam monochromator and CuK, radiation (A =
0.1541 nm) generated at 50 kV and 40 mA was used to measure the X-ray diffraction
(XRD) patterns of the simple metal oxide and Cu'\xFe'1-Fe'"';04 NPs. Continuous scan
mode with 0.02°/sec scanning rate was followed in the measurement of all the samples.
The data collections and evaluations were carried out with an X’Pert Data Collector (v.:
2.0e) and an X’Pert High Score Plus software. (v.: 2.2e (2.2.5), PAN analytical B.V.,
Almelo, Netherlands).
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Debye-Scherrer equation (Equation (17)) was used to calculate the average

crystallite size of simple oxide and ferrite NPs.

0941
b= [cosO (17)

where D represents the crystallite size, 4 is the wavelength (0.1541 nm) of the X-ray
source, and £ can be obtained from the experimental peak width (FWHM) of the average

of three most intense peaks, and @ is the XRD peak position.

3.4.3  Determination of specific surface areas

The Brunauer-Emmett-Teller (BET) method was applied to determine the specific
surface area of the catalyst. In this method, a Micromeritics ASAP 2000 type instrument
(Micromeritics Instrument Corporation, Norcross, GA, USA) was used to measure N>
adsorption/desorption isotherms, from which the specific surface areas could be

determined. In each case, 1 g sample was previously outgassed in vacuum at 160 °C.

3.4.4  Raman spectroscopic measurements

A Bruker RFS 100/S FT — Raman spectrometer (Bruker Corporation, Billerica,
MA, USA) equipped with a liquid N2 cooled Ge-diode detector and a Nd:YAG laser (1064
nm, operated at 150 mW) was used for the Raman spectroscopic measurements of metal
oxides and ferrites. Raman spectra of the samples were obtained by the co-addition of 512

scans with a resolution of 2 cm™.

3.4.5  Scanning electron microscopy (SEM)

The surface morphology of the sample was recorded by using a Thermo
Scientific™ scanning electron microscope (Thermo Fisher Scientific Inc., Waltham, MA,
USA). The sample was ground manually in an agate mortar. The obtained fine-ground
sample was fixed to a well-known cylindrical aluminum sample holder with an electrically
conductive double-sided adhesive tape. The excess particles were removed from the
surface of the sample holder with compressed air. The equipment (an APREO S model)
was used with beam current in the range 0.80-1.60 mA, accelerating voltage of 20 kV and

a low vacuum secondary electron detector.
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3.4.6  Energy dispersive X-ray spectroscopy (EDS)

An EDAX AMETEK (Mahwah, NJ, USA) spectrometer equipped with an octane
detector using TEAM™ software (v. 4.5, EDAX AMETEK Inc., Mahwah, NJ, USA) was
used for recording the spectra and for the subsequent EDX spectral analysis of the uncoated
samples. Generally conductive taps or films are used for coating material before EDX
analysis. These taps or films may give rise to different inconveniences, such as sample
alteration and absorption of soft X-rays emitted by the sample, generation of undesired
characteristic photons within the conducting material and attenuation and deviation of
primary electrons. That’s why uncoated samples were used in this study for EDX

investigations.

3.4.7  Measurement of particle size distribution (PSD)
For the measurement of particle size distribution (PSD), a dynamic light scattering
equipment, Zetasizer NanoZS (Malvern Instruments Ltd, Malvern, Worcestershire, U.K.)

was employed.

3.4.8  Diffuse reflectance spectroscopy (DRS)

A Perkin Elmer LS50 B spectrofluorometer (PerkinElmer Inc., Waltham, USA)
was applied to record the scattering spectra of the samples in a solid phase at a wavelength
range of 250-600 nm. The obtained spectra were used to determine the band-gap energy of
the samples. In this DRS equipment, barium sulfate was used as the reference (lo) to
measure the reflectance (R) (Equation (18)). After the calculation of reflectance (R), the
values are inserted in the Kubelka-Munk function (Equation (19)) [191]. Finally, the values
must be presented depending on the excitation energy (in eV = electron volt), the cross-
section point of the extrapolated linear portion of the curve on to X-axis will give the band-

gap energy (eV) for the powder sample.
R=— (18)

A-R? (19)
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3.5  Assessment of Photocatalytic Activity

3.5.1 Energy source and photo-reactor configuration
The energy source and photo-reactor configuration are key components of a
photocatalytic system. An Optonica SP1275 LED lamp (GU10, 7 W, 400 Lm, 6000 K,
Optonica LED, Sofia, Bulgaria) was applied as the potential energy source for the visible-
light induced photocatalytic reactions. All reactions were performed in a 1-cm pathlength
quartz cuvette fitted directly inside an S600 diode-array spectrophotometer (Figure 10A)

at room temperature (252 °C). In all cases, the total volume of the reaction mixture in the

quartz cuvette was 3 ml.

Reaction mixture = MB + NPs + H,0,

from the cuvette

Spectrophotometer \\ Visible LED
adjusted at 10 cm —>
4cm

Magnetic pellet €——

@ —> Magnetic stirrer

Figure 10. Configuration of the photocatalytic reactor fitted directly inside an S600
spectrophotometer (A), schematic representation of the photocatalytic reaction showing the stirring
mechanism and visible light irradiation (B).

3.5.2  Photocatalytic experiments using methylene blue as model compound

In all photocatalytic experiments, some conditions were kept constant such as MB
concentration (1.5 x 107> mol/L), reaction time (140 min), and reaction temperature (2542
°C). In the first step, control experiments were designed to check the possible self-
degradation of MB in dark and in visible-light induced degradation. The stability of MB in
dark and its photosensitivity to visible light was confirmed from the previously published
reports [159, 192]. Keeping these reports in mind, we investigated the reaction rate of
visible-light induced self-degradation of MB. Next, the reaction rate of the photo-Fenton
reaction was measured, where hydrogen peroxide (H.O2) was added to the reaction mixture
in the concentration (0.01 M) recommended in related photo-Fenton studies [108].
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In the subsequent step, a heterogeneous photo-Fenton system was developed
applying Cu'.4Fe'lo sFe'"',04 (abbreviated as NP-3) in the concentration of 22.73 mg/L for
MB degradation. To achieve adsorption/desorption equilibrium, the catalyst and MB
mixture was stirred by using a magnetic stirrer in a dark place for 30 min. Then, 3 ml of
the mixture was put into the quartz cuvette and the initial pH was checked before the
addition of oxidant (H.O2 as Fenton reagent). The cuvette containing the reaction mixture
was adjusted in the sample holder of the S600 spectrophotometer and stirred continuously.
A magnetic stirrer was fixed below the photoreactor (cuvette) and a small magnetic pellet
was added to the reaction mixture inside the cuvette to carry out stirring (Figure 10B).
Commercial H2O:> in the above mentioned concentration was added and the window for

visible light was opened to initiate the photo-Fenton reaction.

During photocatalysis, the absorption spectra were recorded continuously
throughout the experiment (140 min). The reaction rates, using simple metal oxides and
iron(I1)-doped copper ferrites, were investigated. Furthermore, the effects of NPs dosage,
H20> concentration, and pH on the MB degradation were also explored. Finally, the

stability and reusability of NPs in this heterogeneous photo-Fenton system were studied.

Beer-Lambert law was followed in the calculation of the absorbance at specific time

interval for each photocatalytic experiment (Equation (20)).
Al,t == Slctf (20)

In Equation (20), the absorbance as the function of wavelength (1) and time (t), is
represented by the symbol A, the molar absorbance of dye as the function of wavelength is
symbolized as ¢ (M~ cm™), the dye concentration (M) as the function of time during the
photolysis in the solution is represented as ¢, and the pathlength of the quartz cuvette as ¢

(cm). The unit of wavelength (1) is nm and time (t) is s.

From the changes in the absorbance, dA/dt (1/s), observed at all intervals during the
allocated experiment time (140 min), the reaction rate (dc/dt) was calculated. The dA/dt
(1/s), can be calculated from the slope (m) of the degradation absorption curve (A vs. t,
Equation (21)).
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dA
de _ d¢ (21)

dt ¢4
It can also be declared on the basis of spectral changes observed after the complete
photo-Fenton degradation of MB (see later in Section 4.3.5) that the intermediates and end-
products have no major absorption peaks in the UV and visible range. Therefore, the
decrease of absorbances at maximum wavelength Amax (665 nm for MB) could be used for
the determination of reaction rate. The molar absorbance (€) of MB, measured in this study,
was 89171 M~ cm™, which is close to the value (95000 Mt cm™) [193] reported in the
literature. However, baseline problems in the recorded spectra were observed as a result of
scattering caused by addition of solid catalysts into the reaction mixture. These baseline
problems were eradicated by applying linear baseline corrections during the determination

of the reaction rate.

3.5.3  Photocatalytic experiments using rhodamine b as model compound
The reactor configuration for RhB was the same as applied in MB photocatalytic
reactions. The concentration of RhB (1.75x10 mol/L), reaction time (140 min), and

reaction temperature (252 °C) were kept constant throughout RhB photocatalysis.

In the case of RhB, too, control experiments were performed prior to addition of
the NPs to system. In the first step, the potential self-degradation of RhB in dark and photo-
induced degradation was investigated, and the reaction rates were determined. In the next
step, a photo-Fenton system was compiled, where H.O> was added in the concentration
(0.176 M). The catalyst Cu'o.4Fe'06Fe'"'204 (abbreviated as NP-3) in the concentration
of 400 mg/L was added to the mixture and stirred for 30 min to ensure a good dispersion
of NP-3 and to eliminate the effect of surface adsorption of RhB on the catalyst during the

photo-degradation. The reaction rates in each case were determined and compared.

Furthermore, the process variables investigated were the catalyst dosage (80 to 800
mg/L), hydrogen peroxide concentration (2.19x102 mol/L to 3.04x10°* mol/L), and pH (2
to 12). Meanwhile, the original pH of the total aqueous solution was in the range of 7.5 to
8.0. The pH was adjusted by adding HCI or NaOH before starting the photocatalytic

experiment.
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The total degradation of RhB was confirmed (see later in Section 4.4.5) on the basis
of UV/visible spectra obtained after photocatalysis. The intermediates and end-products of
the RhB photo-Fenton degradation exhibit no significant bands in the UV and visible
ranges of the spectrum. Thus, the reaction rate of RhB degradation can be determined from
the main absorption peak Amax (554 nm for RhB). The molar absorbance (g) of RhB,
measured in this study, was 91866 M ! cm™?, which is close to the value (88000 Mt cm™)
[194] published in the literature. The baseline problems occurred in the recorded spectra as
a consequence of NPs addition to system was solved by using linear baseline corrections

during the determination of the reaction rate.

3.6  Investigating the stability of catalysts

In a heterogeneous catalytic system, the leaching of metal ions from the catalyst
surface into the reaction mixture is a crucial point to consider. Here too, ICP measurements
and spectrophotometry were applied to investigate the possible leaching of metal ions
during the irradiation. In the MB photodegradation using NP-3 catalyst, under optimum
reaction conditions, suitable ligands (such as SCN- for Fe** or phenanthroline for Fe?* and
Cu?*) were applied for the spectrophotometric analysis. Their detection limits were 4.8 x
107" M, 9.0 x 107" M, and 3.3 x 10" M, taken 0.01 as minimum detectable absorbance.
After the removal of the dispersed catalyst from the solution, the total release of metal ions

was observed much below 1%.

This phenomenon was confirmed by ICP measurements, too. Applying 400 mg/L
catalyst, the concentrations of the dissolved iron and copper were 672.5 + 28.4 ug/L and
175 + 9.8 ug/L respectively. These values correspond to 0.272 + 0.011% and 0.404 +
0.023% respectively.

3.7 Investigating the reusability of catalysts

After the synthesis of a stable catalyst, scientists discover its reusability for few
cycles in heterogeneous Fenton system. At the optimum reaction conditions, a five-step
experiment was designed to investigate the reusability of NP-3 (doped copper ferrite) and
simple oxide composite (Fe''O/Cu"O/Fe'';03). When in the first cycle, the MB in the
cuvette was completely degraded, the photo-reactor system was placed in dark for 12 hours

to achieve the total decay of residual hydrogen peroxide. In the second cycle, the same
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amount of fresh MB and H»O, were added to the cuvette containing catalyst, and the
reaction was started again for the same period of time. Similar procedure was repeated for
five cycles. The reaction rate (apparent kinetic constant) was recorded for each cycle and

compared.

3.8  Total organic carbon (TOC) measurements

Total organic carbon is considered as a key technique to investigate the degradation
performance of a system. The total organic carbon (TOC) of samples was determined by
using a TOC analyzer (Shimadzu, model TOC-L). The instrument was operated at 680 °C

furnace temperature and 20 mL sample injection.

In this research, TOC measurements were performed after photodegradation of MB
at optimized conditions. However, TOC investigation was not practically performed
parallel to the spectrophotometry due to the too small volume of solution (3 mL) used in

the photoreactor (cuvette).

3.9  Antimicrobial assessments

Luminoskan Ascent luminometer (Thermo Scientific) was applied for the
measurement of antibacterial property of simple metal oxide and doped NPs in the Vibrio
fischeri bioluminescence inhibition assay. According to the manufacturer (Hach Lange
Co., Germany) recommendations, a gram negative test specimen Vibrio fischeri (NRRL-
B-11177) suspension was prepared. The life-span of the test specimen was 4 h after

reconstitution. The same test protocol was followed as reported in literature [195].

During the evaluation, the results obtained from 2 parallel measurements were

averaged and then the relative inhibition; (%) was calculated by using Equation (22):

L I -1
Relative inhibition,(%) = <2rel®” sample® , 10 (22)
Icontrol(t)

where lcontroiry 1S the emission intensity of the control samples and lsamplety = the

emission intensity of the test samples.
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4. Results and discussions

4.1 Assessment of the experimental Cu/Fe ratios in the synthesized catalysts

Cu/Fe ratios in the final products (after calcination) determined by ICP
measurements also confirmed the precipitation of metal salts. The details about theoretical
and experimental Cu/Fe ratios and the deviation (%) are given in Table 3. It is obvious that
the deviations (%) in all cases are within 5%.

Table 3. Comparison of theoretical and experimental Cu/Fe ratios of the catalysts prepared

Cu'yFe' 1 Fe",04 Xx=0.2 x=04 x=06 x=08 x=1

Sample name NP-2 NP-3 NP-4 NP-5 NP-6
Theoretical Cu/Fe ratio 0.071 0.154 0.250 0.364  0.500
Experimental Cu/Fe ratio* 0.068 0.148 0.244 0.353  0.479
Deviation (%) 4.22 3.90 2.40 3.02 4.20

*Determined by inductively coupled plasma (ICP) measurements

4.2 Characterization of simple metal oxides and iron(l1) doped copper ferrites NPs
4.2.1 Particle size distribution (PSD)

In the structural elucidation of catalysts, the particle size distribution was used to
confirm that the NPs were under sub-micrometer size. NP-3 was investigated for the
particle size analysis, being in the middle of the series of six doped ferrites. It is obvious
from Figure 11 that our catalysts were primarily in the range of 70-200 nm. These
nanometer-size particles were favorable for their photocatalytic applications as

nanodispersions.
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Figure 11. Particle size distribution of Cu'.4Fe'"osFe"',04 (NP-3)

4.2.2 X-ray diffraction (XRD) measurements

The XRD patterns of the prepared metal oxides and iron(ll)-doped copper ferrites
are shown in Figure 12. The octahedral positions in this arrangement are occupied by the
metal ions with +2 charge such as, Fe?* or Cu?*. However, the major part of the metal ions
with +3 charge (Fe®) can be found in tetrahedral configuration [196]. Also, this
arrangement remains consistent during the substitution of Cu?* ions to Fe?*in the iron(ll)

doped copper ferrites.

A very slight change was observed in the main peak at about 35 deg (20) in the
XRD diffractograms (Figure 12): 35.6 deg in Fe2Os (hematite) for the crystal plane with
(110) Miller indices, 35.4 deg in Fe3O4 (magnetite, x = 0 NP-1) for (311) crystal plane,
35.9 in CuFe204 (copper ferrite, x = 1 NP-6) for (211) crystal plane, 35.5 deg in Cu''O
(tenorite) for (002) crystal plane. The positions of few common peaks change slightly
stronger (shift) at about 58 and 63 deg, owing to the small difference in the size of the metal
ions: iron(ll) ions have 77 pm ionic radius in tetrahedral, and 92 pm in octahedral
coordination geometry, while copper(ll) 71, and 87 pm, respectively [197]. Already in the
diffractogram of magnetite, new peaks appeared compared to that of hematite, as the
consequence of the presence of metal ions with +2 oxidation state in the ferrite structure:
at 30 and 43 deg. These peaks can be observed and assigned in the diffractograms of all
nanoparticles, mainly in those of NP-1, NP-5 and NP-6, but their intensities were low in
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NPs 2-4, however, totally missed from Fe''';03 and Cu"O. This phenomenon may confirm

the significant structural changes in the composites compared to the simple metal oxides.

On the basis of the XRD evaluation, our Fe''O sample contained not only wiistite
fraction, but maghemite, too, as the consequence of the potential partial oxidation of Fe?*

ions to Fe** during the calcination.

There are several peaks in Figure 12 (at 24, 33, 41, 49, 64 deg), which belong to
hematite (red dashed line) without the possible assignment to the magnetite. This means
that a partially separated hematite fraction is in NPs 1-4 with a decreasing ratio, together
with the increase of the Cu?* content. However, tenorite (blue dashed line) did not compose
a distinct fraction in a significant measure, not even in NP-6. The main XRD peaks in
doped copper ferrites, on the basis of miller indices and their respective positions, are in
considerable agreement with the standard data (JCPDS card no: 34-0425) for inverse
spinels [198]. In addition, the XRD peaks of Cu''O, Fe'",03, and Fe3O4 were indexed with
JCPDS card no: 41-0254 [199], JCPDS card no: 33-0664 [200], and JCPDS card no: 19-
0629 [201], respectively.

In the diffractogram of Fe'",O3 (Figure 12), small peaks (at 28.9, 31.6, 45.4 deg)
were observed, which belong to NaCl impurity, according to JCPDS card no: 78-0751
[202]. However, these peaks were absent in the XRD patterns of other oxides and doped

ferrites.

The average crystallite size of the Cu"O nanoparticle was found to be 18.85 nm
(Figure 13). However, in the case of Fe'!;O3, the crystallite size was 36.84 nm and the main
characteristic XRD peaks were in line with the characteristic XRD pattern of hematite with
some traces of magnetite. The average crystallite size of Fe''O was 37.06 nm and, on the
basis of the XRD evaluation, our Fe''O sample contained not only wiistite fraction as
previously indicated. However, doped copper ferrites revealed slightly decreasing trend in

the average crystallite size with the increase of the Cu?* and decrease of the Fe?*content.

The effect of calcination temperature on XRD patterns of NP-3 synthesized under
different calcination temperature are shown in Figure 14. No significant changes in the

peaks positions were observed with increase in calcination temperature. The inverse spinel
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structure of ferrites remains throughout the series. Although, the intensity of the peaks
increased with increase in calcination temperature, which indicates increase in the
crystallinity of the material. The increase in the intensity of hematite peaks (at 24, 33, 41,
49, 64 deg) and tenorite peak (at 39 deg) represents the formation of separate phases at

higher calcination temperature (Figure 14).

= : — e =
| : iy g b
& -8 I 2 o
el : -
i E§ gl 1l 1}
L : A o . Cu'Fe",0,
I: : : A c‘:-‘”a.sFeHD.zFemzod
> ? i [
= ' i
G ! : : I
S : ; : :
1] ‘ ! : \
- | | '
£ : ! '
Q i : '
2 i . ]
- ! H '
= ; H ]
T ; !
= | :
: Cit"y Fe'y gFe", 0,
N =
: N T CY
: - R S
A N_T AA_FeERO
T 8
70

20 (degree)

Figure 12. X-ray diffraction (XRD) diffractograms of iron(ll) doped copper ferrites compared to
those of the simple oxides of the given metal ions. The characteristic Miller indices indicated for
the compounds the standards of which were earlier studied by XRD are taken from the International

Centre for Diffraction Data.
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Figure 13. Comparison of the average crystallite size of simple metal oxides and copper doped
ferrites
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Figure 14. X-ray diffraction (XRD) diffractograms of NP-3, synthesized with increase in the
calcination temperature. The characteristic Miller indices indicated of the standard compounds are
taken from the International Centre for Diffraction Data.
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4.2.3 Raman measurements

The Raman spectra of metal oxides and doped copper ferrites are given in Figure
15. The vibrations under 600 cm™ correspond to the M—O bonds at the octahedral sphere
[203]. Only one band belongs to the metal ions with tetrahedral coordination sphere: the
symmetric stretching at 610 cm™ (vs(M—0), Eq symmetry). The frequency (wavenumber)
of this band slightly changes during the insertion of Cu?" ion into the crystal structure as
the consequence of the previously mentioned difference in the size of the metal ions.
Similar spectral changes can be observed in the case of the antisymmetric bending (das(M—
0), A1g symmetry) at 500 cm™, and the symmetric bendings (8s(M-0), Eq symmetry) at
410 and 295 cm™ for metal ions with an octahedral coordination sphere [204]. However,
the position of the band at 225 cm™ does not change during the Cu?* insertion, rather, its
intensity decreases, then totally disappears up to NP-4 (x = 0.6), similar to several peaks in
the XRD diffractograms (Figure 15). This antisymmetric bending belongs to the Fe''-O
bonds in the partly separated hematite fraction. The further peaks under 200 cm™ are the
signals of non-assigned external vibration modes. The intensities of these bands strongly
increase together with the Cu?* ratio. Also, the Raman spectra of NPs confirm the inverse

spinel structure [198].
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Figure 15. Raman spectra of iron(Il) doped copper ferrites compared to those of the simple oxides
of the given metal ions.

4.2.4 Scanning electron microscopy (SEM) measurements

The surface morphologies of simple metal oxides and NP-3 are shown in Figure
16A — D. Figure 16A revealed that Cu'"O exhibited bead-like uniform structure connected
together in threads. Cu''O in the form of nanowires, nano sheets, nano ribbons, nano leaves
nano rods, and flower-like and grass-like nanoparticles have already been reported [205].
Bead-like Cu''O prepared in this study showed a morphology totally different from those
of these materials. Fe'"';O3 showed rod-like structure with some hexagonal crystals (Figure
16B). Fe'',03 in the form of nano husk, nano rods, nano cubes, and porous spheres were
previously explored [206]. Fe''O possessed pallet-like structure (Figure 16C). However,
earlier researches reported Fe''O in the form of nanowires and nanocubes. Though, NP-3
had needle-like units, embedded into clusters (Figure 16D), which is different from the
already published spherical structure of copper ferrite [207]. From SEM investigations it

is clear that Cu""O and NP-3 had very uniform structures.
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Figure 16. Scanning electron microscopy (SEM) images of synthesized catalysts: (A) Cu"O, (B)
Fe'',03, (C) Fe"O and (D) NP-3

SEM images of the synthesized catalysts (Cu'yFe'1Fe"204) NPs at various
concentrations of metal salts (where x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) are shown in Figure
17A-F. Figure 17A revealed about NP-1 (x = 0) small agglomerated nanostructures, which
were totally different from the others in the series of the six NPs prepared. As a
consequence of increasing Cu?* ratio (x), the structure of NPs significantly changed from
spherical to needle-like, embedded into clusters, in the case of NP-2 (x = 0.2, Figure 17B)
and NP-3 (x = 0.4, Figure 17C). NP-4 (x = 0.6, Figure 17D) formed larger needles on the
surface, while NP-5 (x = 0.8, Figure 17E) and NP-6 (x = 1, Figure 17F) in their deeper,
hexagonal crystals originating from a secondary nucleation.
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Figure 17. Scanning electron microscopy (SEM) images of Cu'xFe"1.Fe""204: (A) x = 0 NP-1,
(B) x = 0.2 NP-2, (C) x = 0.4 NP-3, (D) X = 0.6 NP-4, (E) x = 0.8 NP-5, (F) x = 1 NP-6 ferrites.

The effect of calcination temperature on the surface morphology of NP-3 was
investigated as shown in Figure 18A-F. At lower calcination temperatures ranging from
150 to 300°C, the needle-like morphology of NP-3 was not clearly visible (Figure 18A &
B). However, at around 450 °C (Figure 18C), this needle-like morphology occurred which
can also be seen in catalysts synthesized at 550 °C (Figure 18D).
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Figure 18. Scanning electron microscopy (SEM) images of NP-3 catalyst synthesized under
different calcination temperatures: (A) 150 °C (B) 300 °C (C) 450 °C and (D) 550 °C.

4.2.5 Energy dispersive x-ray (EDX) spectroscopy measurements

The EDX analysis of simple metal oxide NPs was carried out along with SEM in
scan mode (the area of measurement is 1.358 square millimeters and the duration is 120 s)
giving average intensity values for the constituents. From Figure 19A, it was observed that
Cu"O indicated characteristic peaks of Cu K,, Cu K, Cu Lg, O, and C, and contained no
significant impurities. Fe''>O3 showed peaks of Fe K., Fe Kp, Fe L, O, and C. More
significant Na and CI peaks were observed in the EDS spectrum of Fe'';O3 (Figure 19B).
Fe''O indicated peaks of Fe K,, Fe Kg, Fe L,, C and O, also showing slightly lower peaks
of Na and CI (Figure 19C).

The EDX spectral analysis of Cu'\xFe' 1xFe'"'204 NPs was also carried out along
with SEM in scan mode giving average intensity values for the constituents. NP-1 (x = 0,
Figure 20A) showed the major characteristic peaks of Fe K., Fe Kg, Fe L, and O, while
smaller peaks of Na and CI were also observed. NP-3 (x = 0.4, Figure 20B) displayed the
same characteristic peaks as well as the characteristic bands of Cu: K., Kg, and L,. More
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significant Na and CI peaks were observed in the EDX spectrum of NP-5 (x = 0.8, Figure
20C), the SEM image of which also revealed the presence of NaCl cubic crystals. The
dominant impurities in the NPs were Na and Cl, originating from FeClz and NaOH applied

for all precipitation reactions, and some traces of sulfur (SO4>~ anion of other metal salts),

aluminum, silicon, and manganese (accompanying metal ions of iron salts) were also

observed.
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Figure 19. EDX spectra (recorded in scan mode) for simple metal oxide NPs (A) Cu"O (B) Fe'",0s3,
(C) Fe"O and (D) NP-3
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Figure 20. EDX spectra (recorded in scan mode) of doped ferrites (Cu'Fe' 1-gFe'"'204): (A) x =0
NP-1 (B) x = 0.4 NP-3 and (C) x = 0.8 NP-5.

Additionally, we have made a comparison of the EDX spectral results in spot mode,
regarding the NP-5 catalyst, the SEM image of which displayed distinct needle-like and
cubic crystals (see Figure 17E). The EDX spectral results for the spot containing the cubic
structure (Figure 21A) displayed more intense peaks characteristic of Cl, especially at
about 2.6 keV, while for that containing mostly needle-like structure (Figure 21B) more
intense characteristic peaks of Fe (see at 6.3 keV) and Cu (see at 8 keV) are shown.
Compared these EDX spectra to that regarding NP-5 but taken in scan mode (Figure 20C),
it is clearly seen that the latter is a mixture of the previous two, indicating that this catalyst,
in accordance with its SEM image, involves both structures. The cubic crystal is mainly
composed of NaCl, which can be seen from the intense peaks in Figure 21A, while Fe, Cu,
O, S and Al peaks were also present. On the other hand, the needle-like crystals revealed

Fe, Cu, O, Al, S and low intensity Na and CI peaks.
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Figure 21. EDX spectra (recorded in spot mode) of the NP-5 catalyst (Cu"xFe" 1-xFe'"'204, x=0.8),
regarding the spot on cubic (A) and needle-like (B) structure.

The effect of calcination temperature on the EDS spectra of NP-3 synthesized under
different calcination temperature are shown in Figure 22A-D. The major characteristic
peaks of Fe: Ka, KB, La, Cu: Ka, KB, La, and O Ka were observed with different intensities
in all samples. Na, Cl, Al, S, Mn, Si and other accompanying metal ions were also observed
in all samples prepared at different calcination temperatures. The increase in calcination
temperature revealed an increase in the intensity of Fe, Cu, O and CI peaks, which can be
attributed to the increase in the formation of separate phases (Cu"O, Fe"',03 and NaCl) in
the structure of doped ferrites. This phenomenon was confirmed by XRD investigations,
too.
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Figure 22. EDX spectra (recorded in scan mode) of doped ferrites NP-3 under different calcination
temperatures: (A) 300 °C (B) 450 °C (C) 500 °C and (D) 550 °C.

4.2.6 Determination of specific surface areas

Since the activity of a heterogeneous (solid-phase) catalyst is frequently related to

its specific surface area, this property of the prepared iron(ll1)-doped copper ferrites was

also determined by the BET method from N, adsorption/desorption isotherms.

As the results indicate (Table 4), the specific surface areas of these catalysts are in

a considerable correlation with their morphology. The catalysts consisting of mostly

spherical and small needle-like structures (as NP1, NP-2, and NP-3) have significantly

lower surface areas than those characterized by larger needles (NP-4, NP-5, and NP-6).
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Table 4. Specific surface areas (BET) of the catalysts prepared.

Cu"Fe'"uyFe",0, x=0 x=0.2 x=0.4 x=06 x=08 x=1
(NP-1) (NP-2) (NP-3) (NP-4) (NP-5) (NP-6)

Specific surface area
(BET) / m? g! 11.1 20.8 26.0 62.7 64.1 59.3

4.2.7 Diffuse reflectance spectroscopy (DRS) measurements

The whole series of six NPs and simple metal oxides were analyzed for the band-
gap energy (Eng) by utilization of the Kubelka-Munk function derived from the DRS
spectrum. Figure 23 presents the determination of Eng of NP-3. As shown in Figure 24, an
increase in the Cu?*: Fe?* ratio resulted in lower band-gap energies. NP-1 (x = 0) showed
higher Epg of 2.02 eV (613 nm), while NP-6 (x = 1) lower Epgof 1.25 eV (995nm).

25
20 -
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f(R)

10 |

Energy / eV

Figure 23. Kulbelka-Munk function for determination of the band-gap energy (Eng) of NP-3.

It means that copper ferrites may be able to harvest the energy of near infrared light
in a photocatalytic system, too. The Eng values of the simple metal oxides are in good
accordance with those of the doped samples. Comparing our values to those published
earlier, in the cases of both simple oxides (such as Fe20s, 2.0 eV [208] and Cu''O, 1.2 eV
[209]) and copper ferrites (2.12 to 1.90 eV for 0 to 8% Cu content [204]), the corresponding

band-gap energies were also in agreement.
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Figure 24. Band-gap energies (Eng) of iron (1) doped copper ferrite NPs as the function of
Cu?*content for comparison to those of the simple metal oxides. The Epq results of simple metal
oxide NPs (Cu"O, Fe"O, and Fe'';0s) are also added for comparison.
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4.3 Evaluation of photocatalytic activity of Cu''xFe''axFe'"204 NPs for MB
degradation

First of all, the potential self-degradation of MB with and without light (in dark)
was checked (Table 5). In accordance with our results, earlier observations in the literature
[159, 192] also confirmed that MB is stable in the dark, but photosensitive to visible light.
The reaction rate for this photo-induced self-degradation of MB was determined in our
work, compared to that of the photocatalytic reaction, in which H.O> was used as an
oxidant with the concentration of (0.01 M) suggested in similar experiments published in
the literature [108]. The self-degradation of MB was ignored in subsequent studies. The
presence of NP-3 significantly improved the reaction rate of MB degradation presented in
terms of relative efficiency (Table 5), which is much higher as compared to control
experiment (MB + H20O. + Light). These reactions conditions were applied in similar
studies.

Table 5. Control experiments for MB degradation. Concentrations: MB = 1.5 x 107° mol/L, NP-3
=22.73 mg/L, H,02=1.01 x 102 mol/L, temperature = 25+2 °C and irradiation time = 140 min.

. . Relative degradation
Experiment Reaction rate (M/s) efficiency (%)
MB + NPs + Light 1.24 x 10710 41.8
MB + Light 1.13 x 10720 38.3
MB + H20> 258 x 101 8.7
MB + NPs + H202 4.37x 10711 14.8
MB + H202 + Light 2 95 x 1010 100 (control experiment used
' as basis for comparison)
MB + NPs + H,0, + Light  3.96 x 107%° 133.9

Figure 25 shows the spectra change during the irradiation for the system containing
NP-3 (x = 0.4). The decay at Amax=665 nm (inset of Figure 25) suggests a pseudo-first-
order kinetics. The logarithmic version of this plot (Figure 26) seems to confirm this
expectation. However, its slight deviation from the linear function indicates the complex
character of this heterogeneous process. Hence, the initial rates were used for the

determination of the apparent rate constants.
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Figure 27 reveals that in the range x = 0.2-0.8 the doped ferrite NPs showed higher
rate constants as compared to the control experiment; while x = 0 (NP-1 magnetite), and x
= 1 (NP-6 undoped copper ferrite) showed no remarkable change with respect to the

control. The same trend was also reported in the literature for nickel doped cobalt ferrites

NPs [108].
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Figure 25. Spectral change during Methylene Blue degradation in photocatalytic system containing
NP-3 (x = 0.4). The inset shows the absorbance vs. time plot at 665 nm. Concentrations: MB = 1.5
x 1075 mol/L, NP-3 = 22.73 mg/L, initial pH = 7.5, H,0, = 1.01 x 102 mol/L, temperature = 25+2
°C and irradiation time = 140 min.
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Figure 26. The logarithm of the absorbance at Amax=665 nm vs. time plot for the degradation of MB
(see the inset of Fig. 25).
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Figure 27. Photocatalytic efficiency in terms of apparent kinetic constant (compared to the control
experiment) depending on the Cu®":Fe?* ratio in Cu'wFe'1xFe'"'204. Concentrations were
suggested by Singh et al. [108]: MB = 1.5 x 107° mol/L, NPs = 22.73 mg/L, initial pH = 7.5, H,0,
=1.01 x 1072 mol/L, temperature = 25+2 °C and irradiation time = 140 min.
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This phenomenon may originate from the fruitful combination of the structures and
catalytic features of the two separated metal ferrites at given ratios. The increase of Cu?*
and decrease of Fe** concentrations were observed to be useful to achieve higher
photocatalytic performance. SEM images revealed that x = 0.2 (NP-2) and x = 0.4 (NP-3)
had small needle-like crystals. A special crystalline structure may be a determining factors
of higher catalytic efficiency. Based upon this first experimental series and SEM-EDS
analysis, NP-3 was selected for the further investigation of three important parameters of
our heterogeneous photo-Fenton system. Notably, the specific surface area of NP-3 is
significantly lower than those of the catalysts consisting of larger needle-like crystals,
indicating that this property is not crucial in the respect of their activity. Such an
observation is not unusual regarding heterogeneous photocatalyst, in the case of which
other (e.g., electronic or special morphologic) features are more determining.

4.3.1 Effect of Cu''o4Fe'osFe!"'2,04 dosage on MB degradation

The NPs dosage was varied in the range of 0-800 mg/L as shown in Figure 28. It
was observed that the increase in the NP-3 dosage from 0-400 mg/L showed a significant
improvement in the reaction rate constant of MB degradation. This enhancement can be
attributed to the higher number of active sites available for heterogeneous Fenton reactions
and more photons absorbed by the catalyst particles [210]. Above 400 mg/L NPs
concentration, the rate constants of degradation leveled off, due to the limited generation
of hydroxyl radicals as a consequence of the increased turbidity of the reaction mixture,
which could obstruct visible light irradiation [164]. Hence, the optimum dosage of 400

mg/L NPs was used for the further photocatalytic experiments [210].
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Figure 28. Effect of NP-3 (x = 0.4) concentration on the reaction rate constant of degradation.
Concentrations: MB = 1.5 x 10°° mol/L, conc. of H.O, = 1.01 x 1072 mol/L, initial pH = 7.5,
temperature = 2512 °C and irradiation time = 140 min.

4.3.2 Effect of H2O, concentration on MB degradation

The effect of H,O> on the photocatalytic degradation of MB without NPs is shown
in Figure 29. The values of this initial rate vs. hydrogen peroxide concentration plot were
taken as references for comparison with the corresponding values obtained in the presence
of catalysts. As shown in Figure 30, the rate constant of degradation gradually increased

upon enhancing the H2O> concentration in the range of 0.01-0.18 M.
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Figure 29. Effect of H,O, concentration on the reaction rate constant of MB degradation in the

absence of NP. Concentrations: MB = 1.5x10° mol/L, temperature = 25+2 °C and irradiation time
= 140 min.
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Figure 30. Effect of H,O, concentration on the reaction rate constant of MB degradation.
Concentrations: NP-3 = 400 mg/L, MB = 1.5 x 10°° mol/L, initial pH = 7.5, temperature = 2542
°C and irradiation time = 140 min.

It can be attributed to the production of higher amount of hydroxyl radicals at higher
concentration of H2O2. The value of 0.2 mol/L used to be the upper limit for the
concentration of H2O- in the industrial applications because further increase resulted in
scavenging effect on hydroxyl radicals [211]. Notably, our experiments in an extended
concentration range indicated a maximum efficiency at 0.26 M. Nevertheless, 0.176 M

H20, was used for the further experiments, not to exceed the 0.2 M limit.

4.3.3 Effect of pH on MB degradation

Interestingly, this heterogeneous photo-Fenton system was found to be more
efficient at neutral and alkaline pH as compared to conventional Fenton systems, which
used to work better at lower pH. The rate constants of extensively studied experiments
were summarized in Figure 31. At pH < 3, the protonation of MB may cause the decrease
of the reaction rate. Above pH 9, deprotonation of hydrogen peroxide takes place (pKa=
11.75), resulting in the formation of the more reactive HO,™ species. At much higher pHs,
neither the irradiation (photo-Fenton), nor the presence of metal ions (Fenton) are

necessary for the effective formation of *OH radicals.
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Figure 31. Effect of pH on the rate constant of MB degradation. Concentrations: NP-3 = 400 mg/L,
conc. of MB = 1.5 x 107° mol/L, conc. of H,0,=1.76 x 10~* mol/L, temperature = 25+2 °C and
irradiation time = 140 min.

4.3.4 Summarizing the optimized photocatalytic conditions for MB

For the initial conditions of our experiments (Figures 25 and 27), we used the
already published data in the literature, suggested by Singh et al. [108]. Then the potential
effects of the reactants’ concentration were revealed on the reaction rate of the
photocatalytic degradation of methylene blue (Figures 28, 30 — 31). These optimized
conditions differed from the initially used ones, therefore the quality of our NPs, that is,
the Cu?* ratio in Cu'«Fe'\«xFe",04 was investigated again at these optimized
concentrations (Figure 32) and compared with the control. The efficiencies in Figure 32
are much higher than those in Figure 27. Hence, our whole series of doped NPs are active
photocatalysts for MB degradation and our optimized concentrations are more effective.
At these new conditions, NP-2 (x = 0.2) and NP-3 (x = 0.4) proved to be the best

photocatalysts under heterogeneous photo-Fenton system (Figure 32).
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Figure 32. Relative degradation efficiency (compared to the photodegradation of MB without
catalysts (control)) depending on the ratio Cu®:Fe?* in Cu'Fe"xFe",04 at the optimized
concentrations: MB = 1.5 x 10° mol/L, NPs = 400 mg/L, initial pH = 7.5, H,0,= 1.76 x 10!
mol/L, temperature = 252 °C and irradiation time = 140 min.

Although, according to the literature, 400 °C was used as the calcination
temperature in the syntheses of the several catalysts, after determination of the optimized
application conditions for NP-3, a preliminary series of experiments regarding the effect
of the calcination temperature on the activity of NP-3 was also carried out. The results
indicated that above 250 °C (Figure 33) the activity just slightly depends on the calcination

temperature, and the maximum is about 300 °C.
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Figure 33. Effect of the calcination temperature of the NP-3 (x=0.4) catalyst on the apparent kinetic
constant of MB degradation. Concentrations: NP-3 = 400 mg/L, MB = 1.5x10"° mol/L, conc. of
H,0, = 1.76x10* mol/L, and irradiation time = 140 min.

4.3.5 MB degradation mechanism

The possible mechanism for the formation of the reactive oxygen species in the
presence of Cu'xFe'1Fe'"'204 NPs can be expressed as given below (Equations (23)—
(28)). When a photon having energy (hv) equal to or higher than the band gap of the
semiconductor photocatalyst is absorbed, an electron is promoted from the filled valence
band of the semiconductor material into the vacant conduction band, creating a hole (h™)
in the valence band. This production of electron hole pair (¢™-h*) promotes further reactions
in the photocatalytic system.

Fe(Il) + H2O2 — Fe(lll) + *OH + OH™ (23)
Fe(l11) + H202 — Fe(ll) + *OOH + H* (24)
H20; +e — *OH + OH~ (25)
H20 + h*— H" + *OH. (26)

lonization of water under photocatalytic system:
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Figure 34. Schematic diagram for the degradation mechanism of organic pollutants in
heterogeneous photo-Fenton system.

The possible mechanism of the degradation of organic pollutants in Cu'xFe' -
»Fe!'',04 based pollutants in heterogeneous photo-Fenton system is shown in Figure 34.

The above claim was further confirmed by the UV-visible spectra of MB obtained
before and after photo-Fenton degradation of MB at optimized conditions (Figure 35). MB
contains three characteristic peaks at 665, 612 and 292 nm as shown in UV-visible
spectrum. In some cases MB can be reduced to leuco-methylene blue (Amax = 256, 322 nm)
[175] and MBH2" (Amax = 232 nm) [175, 212] which are colourless and stable in aqueous
medium. Thus, in this photocatalytic system using NP-3 (doped copper ferrite) as catalyst,
we observed that MB was totally degraded during the 140 min irradiation, showing no
peaks in ultraviolet and visible range. The photo-reactor images obtained before (Figure
36A) and after (Figure 36B) photocatalysis also confirmed the complete removal of MB

resulting in clear solution after the removal of solid catalysts (Figure 36C).

For further confirmation, TOC measurements were performed during MB
photodegradation at optimized conditions. It was observed that during first hour of MB

photocatalysis around 60% of TOC was removed (Figure 37). However, no further
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decrease in TOC values was observed with increase in photocatalysis time. Hence, it was
concluded that MB has been degraded to smaller weight products having no peaks in UV

and visible region of spectrum.
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Figure 35. (A) Methylene blue spectrum, (B) UV/visible spectrum obtained after MB degradation
using NP-3 (Cu'o4Fe'6Fe'",04), Concentrations: MB = 1.5x10° mol/L, NPs = 400 mg/L, initial
pH = 7.5, H,0,= 1.76x10! mol/L, temperature = 25+2 °C, and time = 140 min.

Figure 36. Visual representation of MB before and after photo-Fenton degradation in the photo-
reactor (cuvette). (A) Mixture of MB + NP-3 before photocatalysis, (B) MB + NP-3 after
photocatalysis and (C) clear solution obtained after separation of solid catalyst from (B).
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Figure 37. Measurements of total organic carbon (TOC) during MB photocatalysis at optimized
conditions

4.4 Evaluation of Photocatalytic Activity of Cu''wFe''1xFe''204 NPs for RhB
degradation

In step |, the potential self-degradation of RhB in light was checked (Table 6). In
the next experiment for RhB degradation, we used H>O- as oxidant reagent (step Il) in the
concentration (0.176 M) optimized in our MB experiments (see Section 4.3.4).
Subsequently, the combined effect of RhB + NP-3 + H,O> (step 111) were studied. Then
RhB degradation was checked in the presence of light and H2O2 and this experiment was
used as base for comparing results (step IV). After that the effect of presence of
nanoparticles (e.g. NP-3) was checked, as heterogeneous photocatalyst. It was observed
that NPs in the reaction (RhB + NPs + H20: + Light) have significantly improved the
reaction rate of RhB degradation which can be seen from the higher relative degradation

efficiency (346%) in comparison to other control experiments (step V).
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Table 6. Control experiments for RhB degradation. Concentrations: RhB = 1.75x10° mol/L, NP-
3 =400 mg/L, H,0, = 1.76x10* mol/L, pH = 7.5, temperature = 25+2 °C, and irradiation time =
140 min.

Step No Experiment Reaction rate (M/sec) Relative degradation
efficiency (%)

I RhB + Light 9.77x10 41

I RhB + H0, 1.70x100 69

" RhB + H,0, + NPs 1.90x100 55

v RhB + H,0; + Light 3.26x1010 100 (control experiment

used as a basis for
comparison)
Vv RhB + NPs + H,O, + 6.06x10° 346
Light

After the control experiments, the efficiency of six doped ferrites nanoparticles
were investigated. Figure 38 shows the detailed spectra obtained during photocatalytic
degradation experiment and the decrease in the absorbance of RhB at Amax=554 nm (inset
of Figure 38) using NP-3. The experimental data are well fitted to the regression line which
can be observed from R? value 0.998 (inset Figure 38). The decay at 554 nm (inset of
Figure 38) suggests a pseudo-first-order kinetics, which was confirmed by the logarithmic

version of this plot (Figure 39).

Figure 40 revealed that all doped ferrite NPs in the series Cu'xFe' 1-xFe'"204 (x =
0.0-1.0) delivered higher apparent kinetic constant values in the RhB degradation as
compared to the control experiment; while NP-2 and NP-3 showed outstanding
photocatalytic performance in this heterogeneous photo-Fenton type system. The increase
in Cu?* and decrease in Fe?* concentrations was observed to be useful in getting higher
photocatalytic performance. In addition, all types of doped copper ferrites Cu''xFe' -
»Fe!',04 in the range of x=0.0-1.0 are effective catalysts in the case of RhB. The higher
apparent kinetic constant values obtained using NP-2 and NP-3 may be attributed to the
small needle like crystalline structure together with larger specific surface area. On the
basis of this first experimental series, NP-3 (x=0.4) was selected for the further
investigation of three important determinants such as catalyst dosage, hydrogen peroxide

concentration and pH of heterogeneous photo-Fenton system.
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Figure 38. Spectral change during Rhodamine B degradation in photocatalytic system containing
NP-3 (x = 0.4). The inset shows the absorbance vs. time plot at Amax=554 nm. Concentrations: RhB
=1.75x10°mol/L, NP-3 = 400 mg/L, initial pH = 7.5, H,O,=1.76x10" mol/L, temperature = 25+2
°C and irradiation time =140 min.
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Figure 39. The logarithm of the absorbance at Amax=554 nm vs. time plot for the degradation of
RhB (see the inset of Fig. 38).
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Figure 40. Photocatalytic efficiency depending on the ratio Cu?:Fe?" in Cu'yFe"Fe";04.
Concentrations: RhB = 1.75x10° mol/L, NPs = 400 mg/L, initial pH = 7.5, temperature = 25+2 °C,
irradiation time = 140 min, and H,O, = 1.76x10 mol/L

4.4.1 Effect of catalyst dosage

The NPs dosage was varied in the range of 0-800 mg/L as shown in Figure 41. It
was observed that an increase in the NP-3 dosage from 0-500 mg/L showed significant
improvement in the rate constant of degradation of RhB. This enhancement in the
degradation efficiency can be attributed to the higher number of available active sites for
heterogeneous photo-Fenton system [213]. However, increasing the NPs dosage above 500
mg/L delivered slight decrease in the rate constant of degradation, similarly to the
degradation of MB. As | described in the subchapter 4.3.1. Effect of Cu''o4Fe''s6Fe'",04
dosage on MB degradation, this decrease may be attributed to the limited generation of
hydroxyl radicals at higher NPs concentration. Also, higher NPs concentration can increase
the reaction turbidity which would obstruct visible light irradiation [214]. Hence, the

optimum dosage of 500 mg/L NPs was used for the further photocatalytic reactions of RhB.
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Figure 41. Effect of NP-3 (Cu'o4Fe"ogFe"'20s) concentration on the RhB degradation.
Concentrations: RhB = 1.75x10° mol/L, conc. of H,O, = 1.76x10"* mol/L, irradiation time = 140
min, temperature = 25+2 °C, and initial pH = 7.5.

4.4.2 Effect of hydrogen peroxide concentration

At first, the effect of H2O. concentration on the photocatalytic degradation of RhB
without NPs was investigated as shown in Figure 42. The concentration of H.O, was
increased from 4.46x102 mol/L to 6.67x10 mol/L. The apparent Kinetic constant values
indicate that the reaction rate was enhanced by increasing H2O2 up to 3.45x10 mol/L.
However, after this point a slight decrease in the apparent Kinetic constant was observed.
The excess amount of H2O2 could act as ‘OH scavenger producing less reactive HO'
instead of "OH [213-215].

The second experimental series was focused on checking the effect of increase in
H.02 concentration from 2.19x107 to 3.04 x10 mol/L in the presence of NPs (Figure 43).
A significant improvement in the reaction apparent constant and relative rate of
degradation was observed with increase in the H>02 concentration up to 8.88x102 mol/L.
Further increase in H20O2 was not helpful in enhancing the reaction rate significantly, and
the same phenomenon was reported earlier [215, 216]. Thus, H.O> concentration 8.88%10
2 mol/L was used as optimum in further photocatalytic experiments of RhB for better
results and cost-effectiveness. In addition, it was confirmed that NPs have significantly

enhanced the reaction rate in terms of apparent kinetic constant.
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Figure 42. Effect of H,O. concentration on the RhB degradation in the absence of NPs.
Concentrations: RhB = 1.75x10° mol/L, irradiation time = 140 min, temperature = 25+2 °C, and
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Figure 43. Effect of H.O, concentration on the RhB degradation in the presence of NPs.
Concentrations: RhB = 1.75x107° mol/L, NP-3 = 500 mg/L, irradiation time = 140 min, temperature
=25+2 °C, and initial pH = 7.5.
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4.4.3 Effect of pH

The surface-charge-properties of the photocatalyst and the ionic species present in
the photocatalytic reactor are greatly influenced by the pH. Also, the photodegradation
efficiency of the dye is affected by the ionic species and the surface-charges of
photocatalyst in the solution. For this purpose, two experimental series were designed to
study the effect of pH on visible-light induced degradation of RhB. In the first series, pH
was varied from 3.8 — 12.1 using constant concentrations of RhB and H20- in the absence
of NPs developing a homogeneous system. Remarkably, neutral and alkaline pHs were

found to be more effective in this system for RhB degradation (Figure 44).

In addition, the presence and absence of H.0O2 were also investigated at higher pH
values (around pH 12), which can be seen from the last two points in Figure 44. It was
observed that hydrogen peroxide was able to produce more reactive species (HO2") at
higher pH value (pKa = 11.75) due to deprotonating effect, promoting faster RhB
degradation.

On the basis of Figure 44, we have determined the individual (apparent) kinetic
constants (at these conditions) for the differently protonated forms of peroxide:
1.9x107° st for H,0, and 6.2x10** s’ for HO,~. Deprotonation results in a 32-times increase
of the degradation effect.

Moreover, the effect of pH in the presence of NPs (Figure 45) revealed that neutral
or near alkaline pH could be applied as optimum during this type of reactions. The best
apparent Kinetic constant was observed at pH 7.8. However, further increase in pH resulted
in a slight decrease of the reaction rate. Soltani et al. [176] reported that in the bismuth
ferrites photocatalysis the pH can alter the charge state of RhB in reaction mixture. Also,
at high pH values, RhB aggregates as a result of the excessive concentration of OH™ ions,
which can compete with COO™ in binding with —N*. Besides, the surface of the solid
bismuth ferrite catalyst is negatively charged, which repels the RhB due to presence of
ionic COO™ groups in basic conditions. Thus, the degradation efficiency is decreased on
the surface of photocatalyst [176]. Similar phenomenon was observed in our case, using
doped copper ferrites. On the basis of Figures 44 and 45, we were able to identify the partly
hydroxylated forms of metal ions ([Fe'"'(OH).]*, [Cu"(OH)]*) for this local maximum of
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Figure 45 at about pH=7.8. This means that the partly hydroxylated metal ions can react
with H20,, resulting in the ~14-times increase of the apparent kinetic constant (2.7x10% s
! compared to 1.9x10° st for H,02 without NPs).

In addition, the effect of light, hydrogen peroxide, NPs at approximately constant
pH is illustrated in Table 7. Photo-induced RhB degradation at pH 12.1, in the absence of
hydrogen peroxide and NP-3 revealed a very low reaction rate (step 1). In step 2, hydrogen
peroxide was added in the absence of light and NP-3 at pH 11.9 delivered a faster reaction
rate. Step 3 representing a heterogeneous Fenton system resulted in a much faster reaction
rate. A photo-induced heterogeneous Fenton system shown in step 4, revealed the best
reaction rate for RhB.

It was confirmed that the catalyst Cu'(o4Fe'0eFe"'204 can overcome the
disadvantage of a narrow pH range of conventional photo-Fenton process. Based on these
experimental series, the Cu'o.4)Fe''oeFe'"204 catalyst can be applied as a promising

candidate for the degradation of various recalcitrant dyes under a wide pH range.

Table 7. Comparison of reaction rate during RhB degradation at pH around 12 under different
experimental conditions

Step Light Hydrogen NP-3 pH initial pH Apparent Comparison

No peroxide  (mg/L) (adding final kinetic with basis
(mol/L) 15 yL 1M constant _
NaOH) (1/s) reaction (%)
1 visible 0 0 12.1 11.7 2.64x10° 12
2 no 8.88x10% 0 11.9 11.0 1.62x10 749
3 no 8.88x102 500 11.9 11.3 2.72x10* 1256
4 visible 8.88x102 500 11.9 11.2 3.55%x10 1642
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irradiation time = 140 min, and conc. of H,O, = 8.88x10-2 mol/L
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4.4.4 Summarizing the optimized conditions for RhB degradation

Finally, the photocatalytic performance of all six iron (11) doped copper ferrites NPs
(NP-1 to NP-6) were investigated at optimized conditions (Figure 46) and compared with
control. It was observed that all NPs were active photocatalysts and NP-3 among them
delivered the highest relative degradation efficiency (1331%) followed by NP-2 (950%).
Thus, all NPs in the series can be potentially applied in environmental remediation of

organic compounds.
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Figure 46. Relative degradation efficiency (compared to the photodegradation of RhB without
catalysts (control)), depending on the ratio Cu?":Fe?* in Cu'"Fe'q.xFe'">,04 at the optimized
conditions; concentrations: RhB = 1.75 x 10~° mol/L, NPs = 500 mg/L, initial pH = 7.5, irradiation
time = 140 min, temperature = 25+2 °C, and H,O, = 8.88x10 mol/L.

4.45 Degradation mechanism for RhB

A very simple schematic mechanism is proposed for RhB degradation which can
be explained with reference to the fact that the production of reactive species during
photolysis, namely, *OH, h*, and *O", oxidize RhB molecules to intermediates having
lower molecular weight. In general, the active species attack the central carbon atom in
RhB chemical structure. Then the active species attack the intermediates produced in the

previous step, producing smaller open ring compounds. Subsequently, the smaller ring
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compounds are mineralized to water and carbon dioxide [175] (Figure 47). It can be
observed from UV/visible spectra (Figure 48A) that RhB have prominent peaks at 554, 262
and 358 nm. After photocatalysis (Figure 48B) no significant peaks were observed either
in visible or in UV region which confirmed the complete mineralization of RhB. The photo-
reactor images obtained before (Figure 49A) and after (Figure 49B) photocatalysis also
confirmed the complete removal of RhB resulting in clear solution after the removal of

solid catalysts (Figure 49C) by using centrifugal filtration technique.
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Figure 47. Rhodamine B degradation reaction proposed pathways, using iron (1) doped copper
ferrites under visible light irradiation [217].
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Figure 48. (A) Rhodamine B spectrum, (B) UV/visible spectrum obtained after RhB degradation
using NP-3 (Cu'.4Fe'ly sFe'"',04), Concentrations: NPs = 500 mg/L, H.O, = 8.88x102 mol/L, RhB
= 1.75x10° mol/L, initial pH = 7.5, temperature = 25+2 °C, and irradiation time = 140 min.

Figure 49. Visual representation of RhB before and after photo-Fenton degradation in the photo-
reactor (cuvette). (A) Mixture of RhB + NP-3 before photocatalysis, (B) RhB + NP-3 after
photocatalysis and (C) clear solution obtained after separation of solid catalyst from (B).

4.5 Comparison of the photocatalytic performance of simple metal oxides, doped
(NP-3) and metal oxides composite
In this experimental series, the photocatalytic performance of synthesized metal
oxides, iron(11) doped copper ferrite (NP-3) and the composite of simple metal oxides (in
the same ratio Cu"O/Fe""O/Fe"';03) were compared by using MB (Figure 50). NP-3
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exhibited the highest degradation efficiency, followed by metal oxides composite. The best
degradation efficiency of NP-3 using MB; may originate from the fruitful combination of
the structures and catalytic features of the two metal ferrites at given ratios. A special
crystalline structure may be a determining factors of higher catalytic efficiency. The higher
reaction rate in the case of Cu''O can be attributed to the smaller crystallite size, lower
band-gap energy, and highly crystalline structure. Both Fe'';03 and Fe""O NPs rendered
lower degradation efficiencies in comparison to Cu''O, NP-3, and metal oxides composite
(Cu"o/Fe!'0/Fe!",03), which may be attributed to a high degree of agglomeration and

comparatively larger crystallite sizes.
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Figure 50. Comparison of apparent kinetic constants of Fe'"O, Fe'',0; Cu"O, NP-3
(Cu".4Fe"o6Fe",04), and (Cu"O/Fe"0/ Fe'',03) composite. Concentrations: MB = 1.5x10°° mol/L,
NPs = 400 mg/L, irradiation time = 140 min, temperature = 25+2 °C, and H,O, = 1.76x10"* mol/L

Next, the heterogeneous photo-Fenton degradation of RhB was investigated by
using metal oxides, doped ferrite (NP-3) and metal oxide composite (Cu"O/Fe""O/Fe'"';03)
NPs. Figure 51 revealed that almost 100% of RhB was degraded by using Cu""O within
half of the applied experimental time. Cu"O revealed the best photocatalytic performance
followed by metal oxide composite (Cu"O/Fe'"O/Fe'";03), and NP-3, as the consequence
of smaller crystallite size, band gap energies and low degree of agglomeration. The same

photodegradation trend was observed in the case of MB. However, the use of Cu'"O in
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photo-Fenton degradation of RhB was the most effective, what can suggest that, in this

case, the low band-gap energy may be the determining factor in the efficiency.
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Figure 51. Comparison of apparent kinetic constants of Fe'"O, Fe'',0; Cu"O, NP-3
(Cu"o4Fe"s6Fe",04), and (Cu"O/Fe"O/Fe'"';,03) composite in the photodegradation of RhB.
Concentrations: RhB = 1.75x107° mol/L, NPs = 400 mg/L, irradiation time = 140 min, temperature
= 25+2 °C, and H20, = 1.76x10"* mol/L

4.6 Reusability of NPs

The reusability of doped ferrite (NP-3) and metal oxide composite
(Cu"o/Fe"'O/Fe!",05) was investigated for 5 cycles under the similar experimental
conditions. It was observed that the degradation efficiency (i.e., the rate constant) increased
until the third cycle in the case of NP-3 (Figure 52) which can be assessed from increased
in apparent kinetic constant values. Its value did not change in the fourth cycle, while
indicated some decrease in the fifth one. Most of the researchers reported a small decrease
in the reaction rate after each cycle, but this heterogeneous Fenton system behaved quite
differently, with a significant increase of the efficiency up to the fourth cycle. This
phenomenon suggests that the use of the catalyst increases the accessibility of the active
sites on the particle surface.
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In the case of metal oxide composite (Cu"O/Fe"O/Fe"';03) almost the same trend
(Figure 53) was observed as NP-3, which proved that this composite too, is applicable for
several cycles in a heterogeneous system.
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Figure 52. The effect of the reuse of the NP-3 catalyst on the relative efficiency the MB degradation.
Concentrations: NP-3 = 400 mg/L, conc. of MB = 1.5 x 10°° mol/L, pH = 7.5, time = 140 min,
temperature = 25+2 °C, and conc. of H,0,=1.76 x 10t mol/L.
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Figure 53. The effect of the reuse of (Cu"O/Fe"O/Fe'';03) composite catalyst on the relative
efficiency the MB degradation. Conc. of composite = 400 mg/L, conc. of MB = 1.5x107° mol/L,
temperature = 25+2 °C, time = 140 min, and conc. of H,O,= 1.76x10* mol/L.
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4.7 Antimicrobial results

The bacterial inhibition (%) of doped copper ferrites against gram negative Vibrio
fischeri in the bioluminescence assay are illustrated in Figure 54. The inhibition (%) of
bacteria in the presence of doped nanoparticles with various copper (Cu') and iron (Fe')
concentrations revealed that all doped copper ferrites showed sufficient antibacterial
activity. In our research, higher Cu" content proved to be useful in achieving improved
antibacterial activity. The same trend in bacterial inhibition against Gram-negative
Escherichia coli was observed with copper-substituted cobalt ferrite nanoparticles

synthesized by co-precipitation method [116].

In general, Cu'' possesses the ability to interrupt cell function in several ways.
Hence, the ability of microorganisms to develop resistance against Cu' is remarkably
reduced. The attachment of Cu" ions to the microorganism surface plays key role in
antibacterial activity [218]. The ions from the surface of doped copper ferrites, especially
Cu", are absorbed onto the cell wall of bacteria, causing damage its cell membrane in two
possible ways i.e. altering enzyme functions or solidifying protein structures. Thus, the
presence of copper ferrites in the bacterial growth medium causes bacteria to become
immobilized and inactivated which inhibits further bacterial replication processes

ultimately causing cell death [219].

In our study, a mechanism is proposed, according to which doped copper ferrites
are attached (Figure 55) to the cell wall of Vibrio fischeri, and causing damage to the
bacterial replication process. The bacterial inhibition in all cases is around 60%, which
confirms the potential application of doped copper ferrites in antibacterial developments.
However, in the literature, copper-silver ferrite nanoparticles revealed very similar

antibacterial activity against gram negative and gram positive bacteria [220].

Simple metal oxides revealed almost the same effects to bacteria in
bioluminescence inhibition assay (Figure 56). Thus, simple metal oxides and doped copper

ferrites have the potential to inhibit the growth of bacteria.
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Figure 54. Comparison of bacterial inhibition percentage of doped copper ferrites against gram

negative Vibrio fischeri

- 9 ° .
(A) Sl Nanoparticles (B) Attached nanoparticles to cell wall

Ribosome - Ribosome

Celll M embrane Celll M embrane

5 - 3 Bioluminescence -
(Glow in the Dark Powde . y : (Glow in the Dark Powd

Flagella Flagella

Figure 55. Proposed mechanism for the attachment of nanoparticles to Vibrio fischeri. (A)
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5. New scientific results
A) The synthesis of iron(Il)-doped copper ferrites NPs with alteration of the ratio of
Cu?" and Fe?" in the composition given as Cu' Fe' 1 Fe'"204 (where x = 0.0, 0.2,
0.4, 0.6, 0.8, 1.0 for NP-1, NP-2, NP-3, NP-4, NP-5 and NP-6, respectively) via
simple co-precipitation technique as novel heterogeneous Fenton catalysts were
characterized and their photocatalytic applications were investigated. Simple metal
oxides (Fe"O, Cu'"O, and Fe",03) were also prepared to compare their

corresponding features to those of the doped ferrites.

1) The particle size investigation confirmed that NPs were of submicrometer
size, predominantly in the 70-200 nm range, which was favorable for the

preparation of homogeneous aqueous dispersions.

) XRD confirmed that NPs exhibit inverse spinel structure: metal ions with
+2 charge (Fe?* or Cu?*) are in octahedral position, while the half of the
Fe®* ions are in tetrahedral one. This structure does not change during the
substitution of Cu(ll) ions to Fe(ll) in the iron(l1)-doped copper ferrites.
This is confirmed by the very slight change in the main peak at about 35

deg (20) in the XRD diffractograms. The Raman spectra of NPs also
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1)

V)

confirmed the inverse spinel structure. The vibrations under 600 cm™
correspond to the M-O bonds at the octahedral sphere. Only one band
belongs to the metal ions with tetrahedral coordination sphere—the
symmetric stretching at 610 cm™ (vs(M—0), Eq symmetry).

SEM confirmed the morphological changes occurred as a consequence of
increasing Cu?* ratio (x), the structure of NPs significantly changed from
spherical (NP-1) to needle-like, embedded into clusters, in the case of NP-
2 and NP-3. NP-4 formed larger needles on the surface, while NP-5 and NP-
6 have some needle like crystals along with hexagonal crystals originating
from a secondary nucleation. The EDS confirmed that major part of NPs
were composed of Fe, Cu, and O, while some impurities in the form of Na

and Cl were also present in some cases.

An increase in the Cu?*: Fe?* ratio resulted in lower band-gap energies. NP-
1 showed higher Epg of 2.02 eV (613 nm), while NP-6 much lower Epg of
1.25 eV (995 nm). It confirmed that copper ferrites may be able to harvest
the energy of near infrared light in a photocatalytic system, too.

B) After successful structure elucidation of NPs, | investigated the photocatalytic

performance of doped and simple metal oxide NPs, using two organic model

compounds; Methylene blue (MB) and Rhodamine B (RhB) in photo-Fenton

systems.

1)

1)

In the case of MB, the efficiency of six doped copper ferrites were analyzed
at various reaction conditions. NP-3 proved to be the most efficient
photocatalyst in the series studied. On the basis of the experiment, the
optimized values for the reaction conditions such as catalyst dosage,
hydrogen peroxide concentration, and pH were determined to be 400 mg/L,
1.76x10 mol/L, and 7.5, respectively. The total disappearance of the UV-
visible spectra of MB confirmed the complete removal of the dye from the
aqueous medium.

Also, in the case of RhB, NP-3 proved to be the most efficient photocatalyst

in the series studied. The optimized values of the reaction conditions such
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as catalyst dosage, hydrogen peroxide concentration, and pH were
determined to be 500 mg/L, 8.88x102 mol/L, and 7.5, respectively.

C) To confirm the reusability and stability of catalysts at optimized reaction
conditions, | checked NP-3 from the series of doped metal ferrites and simple metal
oxide composite (Fe'"O, Cu"O, and Fe';03) for reusability in photocatalytic
applications.

1) Under five cycles of reusability experimental series, NP-3 and the
composite (Fe''O, Cu"O, and Fe''';03) showed an increase in the reaction
rate up to the third cycle, as the consequence of the potential degradation of
initial impurities on the active sites of photocatalysts. A slight decrease in
the fourth and fifth cycles could be attributed to the loss of the catalyst
between the cycles.

1) The leaching of metal ions into the solution was lower than 1%, confirmed
by ICP and spectrophotometric measurements.

D) To compare the photocatalytic performance of simple metal oxides, doped (NP-3)
and the composite of the metal oxides (Fe''O, Cu"O, and Fe';03), all these
catalysts were applied in photo-Fenton system under similar reaction conditions,
using MB and RhB as model compounds.

) Using MB as model compound, the following sequence for reaction rate
was observed: NP-3 > (Fe''O, Cu"O, and Fe'';03) > Cu''O > Fe'',05 >
Fe''O. This decreasing tendency may be attributed to higher degree of
agglomeration and comparatively larger crystallite sizes.

) A similar sequence was observed for the use of RhB as model compound:
cu'o > (Fe'"0, cu"O, and Fe'';03) > NP-3 > Fe'',03 > Fe!'O. The small
differences may originate from the lower band-gap energy and highly
crystalline structure.

1)  On the basis of comparison studies, it can be confidently concluded that NP-
3, composite of metal oxides (Fe''O, Cu"O, Fe"",03) and Cu"O alone have
strong degradation potential for organic compounds.

E) The antimicrobial activity of doped copper ferrites and simple metal oxides were

investigated in a bioluminescence inhibition assay. It was proved that all simple
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metal oxides and all doped copper ferrites exhibited more than 60% antimicrobial
property against the gram negative bacterium Vibrio fischeri in the
bioluminescence inhibition assay.

On the basis of the above mentioned scientific results, it can be concluded that the

CU”(x)Fe”(l-x)Fe”l

204 nanoparticles as novel heterogeneous Fenton catalysts prepared in
this work showed significant activities in the photodegradation of Methylene Blue and
Rhodamine B dyes. The increasing ratio of Cu?* (x) in the iron(I1)-doped ferrites resulted
in the decrease of the band-gap energy and the crystal size. Cu'o4Fe'osFe"'204 (NP-3)
proved to be the most active photocatalyst in the series of six NPs, partly due to its
transition structure containing both spherical and small needle-like particles. At the
optimized conditions, the efficiencies for MB and RhB degradation were several times
higher in the presence of photocatalysts than that in their absence. Also, the metal oxide
composite (Cu''O/Fe''0/Fe'",03) and Cu"O alone showed strong degradation potential for
both model compounds at optimized conditions. Contrary to other heterogeneous Fenton
systems, our catalysts exhibit higher efficiencies at neutral and alkaline pH, as well as
better reusability and stability. In addition, simple metal oxides and doped ferrite (NP-3)
exhibit enough antimicrobial property against the gram negative bacterium Vibrio fischeri
in the bioluminescence inhibition assay. Our results unambiguously indicate that this type
of NPs can be used in heterogeneous photo-Fenton systems to efficiently remove toxic

organic compounds from wastewaters.
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