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PART 1: GENERAL INTRODUCTION
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Water is a crucial resource for humanity and water pollution is one of the biggest challenges
in developed and developing countries worldwide. Pharmaceutical contamination has been
detected in the aquatic environment at various concentrations. Cefixime as one of the B-
lactam antibiotics was observed in different water supplies. Conventional treatment is
typically based on biological technology that cannot effectively remove antibiotics such as
cefixime due to its complex structure.

The common types of energy production make environmental problems that put in danger
the quality of life and natural ecosystems. Sun is a suitable alternative energy source for
helping to solve environmental problems. Iran is located in the Middle East and is in a
favorable position for solar energy reception because of the vast deserts and high altitudes.
The number of sunny days in two-thirds of Iran is more than 300 per year. The estimated
energy potential of total solar radiation is about 1800-2200 kWh/m? per year. The annual
average of sunshine in Iran is 3200 h and it differs in the wide latitudinal range. The highest
solar radiation value is in central Iran which can be well recommended as having large
potential for solar applications.

Several advanced techniques were used for wastewater treatment containing antibiotics like
adsorption, membrane filtration, flocculation, and Advanced Oxidation Processes (AOPs).
Among different AOPs, solar photocatalysis has raised great attention during the last decades
due to the effective utilization of abundant and free natural solar radiation as the source of
photons. Solar photocatalysis using wide-gap semiconductors (TiO2, ZnO, etc.) is based on the
collection of high energy short wavelength photons (UV radiation) to promote
photoreactions. Photocatalyzed AOP is a good alternative method for pharmaceutical
treatment that involves the generation of hydroxyl radical (*OH). The most known catalysts
for this application with commercially available, photochemically stable, high chemical
stability, mineralization of hazardous contaminants, the capability of using natural solar UV
energy, and superior redux ability is titanium dioxide. The powder form of TiO; in the
photocatalytic process requires a filtration step. However, nowadays it is forbidden for
example by European Union directives to add to the surface waters the nanoparticles that
constitute by themselves a new category of pollutant. A solution to this problem is to produce
nanostructured photocatalysts stabilized on the surface of immobile surfaces permitting the
recovery of the photocatalysts after use and preventing their diffusion in the water.
Therefore, an immobilized catalyst on a substrate can eliminate the costly separation section.

Plasma-enhanced chemical vapor deposition (PECVD) can facilitate the deposition of TiO;
films on a substrate in one step by controlling photocatalyst composition and structure by
plasma deposition parameters. The capability of using natural solar UV energy in
photocatalysis can reduce the cost associated with UV radiation production. The usage of
solar radiation can be interesting as the source of UV radiation due to the high electricity
demand for UV lamps.
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The objective of the thesis was to investigate the application of the solar photocatalysis
process for the degradation of cefixime as pharmaceutical contamination in water by
employing TiO; plasma deposited films. The films of TiO; were deposited on glass beads with
the fluidized bed plasma-enhanced chemical vapor deposition method. The effect of plasma
operating parameters including oxygen flow rate, deposition time, and Ti concentration in
precursor solution on physicochemical properties of coated TiO; films have been studied.
Crystalline phase and size, TiO; composition, surface morphology, and roughness can be
reflected from X-ray diffraction, Raman spectroscopy, X-ray photoelectron spectroscopy,
scanning electron microscopy, transmission electron microscopy, and atomic force
microscopy measurement. The photocatalyst coatings on glass beads were prepared in the
fluidized bed plasma process from working gases of argon/oxygen, followed by a post-
annealing step for crystallization. Another part of this work was manganese doping in the TiO;
structure with the fluidized bed plasma device. The MnyTi1-xO2 films were deposited in the
range of 1-10 mol% concentrations. At the same time TiO; and VxTi1x02 (0.02 £ x £ 0.2) were
synthesized by using the sol-gel method in a micro-mixing reactor. The photodegradation
efficiency of the cefixime solution was examined on the lab scale and CPC solar photo-reactors
were built at the University of Sorbonne Paris North (LSPM, France) and the University of
Isfahan (Iran) in partnership with the doctoral project. In the continuous work regeneration
study deactivated photocatalysts in the liquid phase were investigated.

This Ph.D. thesis contains six parts each containing several chapters.
The Part 1 describes the general introduction.

The Part 2 is focused on the literature review concerning water pollution, AOP and TiO;
photocatalysis process, plasma-enhanced chemical vapor deposition for photocatalyst
elaboration, solar photo-reactor, and photocatalysts regeneration methods.

The elaboration methods and characterization of photocatalysts are described in Part 3. The
applied low-pressure fluidized bed plasma and sol-gel techniques to produce supported TiO3
layers followed by characterization techniques employed in this study will be presented. The
characterization techniques XRD, Raman spectroscopy, XPS, SEM, TEM, AFM, and ICP-OES
used were described. Afterward, results of the effects of plasma deposition parameters on
the physicochemical properties of coated TiO, annealed films, including nanocrystal
structure, crystalline phase, chemical states, and surface morphology are presented in the
last chapter of this part.

The Part 4 explains the photocatalytic activity of all TiO-based samples under natural and
artificial irradiation. It contains four chapters, the first chapter presents the solar pilot, the
lab-scale photoreactor, and other characterization techniques such as UV-vis
spectrophotometer, liquid chromatography-mass spectroscopy, and solar energy
measurements. The photodegradation studies on cefixime are connected to the preparation
conditions in the fluidized bed plasma and sol-gel reactors. The recovery of the deactivated
photocatalysts is explained in chapter 3 of part 4. Three regeneration methods are discussed
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for the recovery of TiOz-coated samples that have begun to lose their photoactivity. The last
chapter of part 4 presents the results of the LC-MS analytical technique.

Lastly, the part 5 describes the mathematical modeling of the CPC solar photo-reactor with
the COMSOL Multiphysics software.

A general conclusion of the Ph.D. thesis and perspectives for future research are given at the
end of the manuscript in part 6.
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Chapter 1. Water resource and pharmaceutical water pollutants

Water is a key resource of humanity, however, 97.5% is salty, and the remaining (2.5%) is
drinking water. Also, less than 1% of it is available for domestic, agricultural and industrial
uses, but this quantity is not enough to cover all of the humanity needs. Furthermore, adverse
health and other potential effects of any substances present in water are harmful. Increasing
knowledge to protect and develop the quality of water resources is fundamental to public
health (1).

Modern life in industrialized society increases pharmaceutical consumption in the healthcare
sector. For example, China is one of the largest pharmaceutical providers and consumers
counties in the world (2). Pharmaceutical contamination of water resources is already an
environmental issue because of its potential effects on natural ecosystems (3).

Many researchers from France, Italy, Sweden, Greece (4), China (5), and others countries have
reported numerous pharmaceutical and personal care products (PPCPs), as emerging
contaminants in surface waters, ground waters, and soils (6). Pharmaceuticals encompass
antibiotics, analgesics, steroids, anti-depressants, antipyretics, stimulants, antimicrobials,
painkillers, hormones, anti-inflammatory, beta-blockers, lipid regulators, and impotence
drugs (7).

A lot has been written about the source, fate, and behavior of pharmaceutical substances in
the natural environment (8, 9). Antibiotics in Asia, estrogens in Africa and analgesics in
eastern Europe, and different types of compounds in other groups were identified and
analyzed as the highest maximum concentration according to studies (see figure 1) (10).
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Figure 1. Regional patterns of pharmaceutical therapeutic groups analyzed in each United Nations
region. MEC = measured environmental concentration; EEG = Eastern Europe Group; GRULAC = Latin
American and Caribbean States; WEOG = Western Europe and Others Group (10).

As shown in figure 2, municipal landfills are the main source of a wide range of compounds
like heavy metals, pesticides, pharmaceuticals, and dyes. Incomplete human metabolism and
excretion into the water stream and industrial wastewaters are other sources of drugs that
entering to the environment (11). Hospitals are one of the main sites of pharmaceutical
effluents due to the high consumption of antibiotics (12).

The possible reuse of treated municipal wastewater from treatment plants for agricultural
and industrial activities may be a solution in water management (13). The irrigation of
agricultural lands with waste water discharge leads to the existence of pharmaceuticals into
solid sewage sludge (14). In addition, animal farming releases veterinary pharmaceuticals to
the environment directly from fields. Disposal of drugs by the consumer is the other channel
of pharmaceutical residuals to be discharged into the inland waters (15).
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Figure 2. Pathway of pharmaceuticals and personal care products in water and soil (16).

Pharmaceutical wastes release has short and long-term effects on micro-organisms in the
aquatic environment (15). The release of antimicrobials in the aquatic environment causes
serious problems like toxicity effects on organisms, antibiotic resistance bacteria, and genes.
Due to this, infection treatment with antibiotics becomes less effective (17). In addition, the
standard environmental regulation only permits a maximum total pharmaceutical waste
concentration of 0.05 pg/L in discharge water (18).

1.1. Cefixime as a pollutant model

Amongst pharmaceuticals, nearly 250 different antibiotics are recorded and used in human
and veterinary medicine. 0.1 to 0.2 million tons per annum of antibiotics have been utilized
all around the world (7, 19). Antibiotics are categorized based on their chemical structure or
mechanism of action. They are divided into different classes e.g., tetracycline, macrolides, B-
lactams, fluoroquinolones, and sulfonamides. The B-lactams antibiotics are the most popular
antimicrobials in European countries. Based on the literature (7, 19), it has been identified
that the B-lactams are detected at high concentrations (12680 ng/L) in WWTP effluent in
India. Saeid et al. (20) reported a drug has been detected in a broad range of concentrations
from 0.35 pg/L to 20 pg/L in rivers of Europe. A study (3) reported amoxicillin has the highest
concentration among 38 detected pharmaceuticals in the Eastern Mediterranean Sea and it
found about 127.8 ng/L. In Japan, a study reported (21) that six anti-cancer compounds were
detected in the sewage treatment plant. Or in china, the mean concentration of twenty-four
pharmaceuticals was detected ranging from 2.3 to 840 ng/L under the influent of the
wastewater treatment plant (21).
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A variety of antibiotics have been detected in many ground waters and surface water sources.
One of the most important antibiotics utilized to treat infection is cefixime trihydrate (22, 23).
Cefixime is a semi-synthetic antibiotic from the third generation of cephalosporins consumed
against a variety of bacterial organisms (24, 25). About 40-50% of the oral dose of cefixime is
excreted from the human body in wastewater (26). A study (22) indicated cefixime antibiotic
recognized with a concentration between 278.65 and 422.1 ng/L in the aquatic environment.
For example, cefixime concentration ranging from 19.24 to 43.33 Bg/L in effluent samples of
pharmaceutical factories in Vietnam (27).

Mirazaei et al. (28) have found amoxicillin, penicillin, ciprofloxacin, azithromycin,
erythromycin, and cefixime antibiotics in the wastewater treatment plants, rivers,
groundwater resources, and water treatment plants in Tehran, Iran, with concentrations up
to 800 ng/L. The cefixime concentration was quantified in influent samples of Ekbatan and
Teheran southern WWTPs in the range of 278-422 ng/L and 272-777 ng/L, respectively (28-
30). The treatment configuration of the two WWTPs can remove cefixime from the aqueous
phase ranging from 36-43% (28, 30).

Chapter 2. Water and wastewater treatment methods for antibiotic removal

Conventional biological water treatment plants including sedimentation, filtration,
flocculation and physical and photochemical processes play a minor role in micropollutants
removal (14). The studies (21, 31) that have investigated sewage treatment plans could not
remove them completely. Or removal efficiency of pharmaceuticals with biological processes
was low. In general, biological degradation of these compounds was related to the treatment
process, physicochemical properties of compounds, microbial population, operational
parameters, and so on. Biological treatment has a low price and simple mechanism but it
brings problems such as time-consuming and low efficiency.

Several promising applications have been employed for antibiotic removal including physical,
chemical, and oxidation processes (32).

The various type of absorbents like powder-activated carbon, granular carbon, zeolite (33),
activated carbon nano-tubes, clay, graphene oxide (32), ion-exchange resins and other bio-
based or non-bio-based materials have been widely used for antibiotic removal as physical
absorption. Cigeroglu et al. (34) studied cefixime removal with the magnetic nanoparticles
rGO-chitosan (reduced graphene oxide) composite beads as absorbent. They reported 30.63
mg/g of antibiotic absorbed onto the surface of the composite beads in the optimal
conditions. In the study (26) adsorption of cefixime was studied by activated carbon driven
from date press cake. With this method adsorption capacity between 557.9 and 571.5 mg/g
has been obtained. Absorption process is effective with simple and low-cost design and
operation (34). But the high material cost, limited adsorption capacity (31, 32), and high
regeneration cost are major obstacles for absorbents (31).
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The other antibiotic removal technology is the use of membrane filtration. This method is a
mechanical process and is classified by the nominal pore size as microfiltration, nanofiltration,
and reverse osmosis. In membrane filtration methods physicochemical properties of the
pollutant (32), size and molecular weight of pollutants are considered as the main parameter
(31). Clogging of membranes (12), susceptibility to chemical properties and organic materials
salinity of the solution (31) are disadvantages of membrane technologies.

Flocculation is an interesting method in environmental engineering due to its high efficiency
and simple operation. However, it is not practical for complex pollutants (31). Coagulation is
a low-cost method that involves the destabilization, agglomeration, and settling of stable
soluble molecules, ions, or particles. Surface charge, coagulant dosage, and operating factors
are the main elements in this process (32). Coagulation-filtration is the most prominent
chemical process applied in pharmaceutical water treatment. Wetlands are another artificial
method that combined soil, plants, and microorganisms to treat contaminated water (33).

Adsorption, filtration, flocculation, and coagulation water treatment technologies exclusively
concentrate the pollutions and transfer them to their phases without destroying or
eliminating them (12, 13). So effective alternative methods like Advanced Oxidation Processes
(AOPs) are required to improve water treated quality.

2.1. Advanced oxidation processes (AOPs)

Advanced oxidation processes (AOPs) are a good alternative for pharmaceutical treatment
methods that are based on physicochemical processes which involve the generation of highly
reactive oxygen species or free radical species with low selectivity (21). The chemical oxidant
generally used in AOP technologies include hydrogen peroxide (H,02; E° = 1.8 V), persulfate
(S208%; E° = 2.01 V), permanganate (MnOgs’; E° = 1.68 V), ozone (0s; E° = 2.07 V), hydroxyl
radical (OH*; E° = 2.8 V), superoxide anion radicals (02*), O° (E° = 2.42 V), hydroperoxyl
radicals (H20°*; E° = 1.7 V), Cl> (E° = 1.36 V) and alkoxyl radicals (RO®) (15, 21, 35, 36). The
common AOP technologies applied for pharmaceutical removal are categorized into
ozonation, Fenton, sonolysis, radiation (UV and UV/peroxide oxidation), electrochemical
oxidation, radiation, and photocatalysis (21) which are summarized in figure 3 (37).
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Figure 3. Overview of Advanced Oxidation Processes (AOPs) applied for pollutants removal (7, 37).

Ozon: ozone has strong power to generate hydroxyl radicals and is usually performed at high
pH values (pH > 8) (7). Different reagents can be used in ozonation to boost oxidation
reactions, for instance, O3/H20,, also called the peroxin process, O3/UV, Os/catalyst (38), and
the UV/H,0,/0s. In comparison, UV/H,0,/03 process was the most powerful ozone oxidation
method (15).

The reactions of Oz with and without H,O; are given in the following equations (eq. 1-2) (1,
7):

h
05 + H,0 = 20H* + 0, or 05 + H,0 = 20H" + 0, 1

h
H,0, + 205 — 20H* + 30, or 2H,0, + O3 = 20H* + OHS + 20, 2

This application has disadvantages like high energy demand and high cost due to the short
lifetime of ozone (21).

Fenton: this reaction is based on the use of iron salts, the reactivity of Fenton increased with
the mixture of H,0; as oxidant (7). Reactions are shown in the following reactions (eq. 3-4)
(21):

Fe?* + H,0, —» Fe3* + OH™ + HO" 3
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Fe3* + H,0, > Fe?* + HO} + H* 4

The Fenton process can be performed under artificial and solar UV-vis radiation (21) to
enhance additional OH* (7). Iron salts act as photocatalysts and H.0; as an oxidizing agent.
The reactions (eq. 5-6) are presented below (7):

h
Fe?* + H,0 — Fe?* + H* + OH" 5

h
FeOH2*  Fe?+ + OH® + H* 6

The efficiency of Fenton-based methods were greatly affected by water matrix, concentration
of iron salt, acidic pH, H20, concentration, and source of iron species (21).

Sonolysis: another AOP technology is ultrasound irradiation also known as sonolysis. This
method is based on the production of hydroxy radicals from pyrolysis of water as shown in
the equations 7 and 8 (21):

H,0 + ultrasound radiation - HO®* + H* 7
2HO* - H,0, and 2HO* - H,0+ O 8

Degradation of pharmaceuticals related to the power and frequency of ultrasound.
Demanding high energy and low mineralization keep this technique on the lab scale and it
may be combined with other AOPs to decrease costs (21).

The combined use of the electro-Fenton process with the ultrasonic process or also called
sono-electro-Fenton led to better performance. These hybrid methods rise the hydroxyl
radicals and hydron radicals. As a consequence of this method, at acidic pH, 94.5% of cefixime
molecules break down due to higher ferrous ions and adding H,0: in the experiment (12, 39).

Electrochemical: in the electrochemical method, reactive spices generate electricity without
any chemicals. Direct oxidation at the anode surface and indirect oxidation on the surface of
electrode are mechanisms in this oxidation process. Conventional anodes like Pt, IrO,, PbO;
RuO3, Sn03, (38), and boron-doped diamond (BDD) are used in electrochemical oxidation for
pharmaceutical compounds (21). BDD is the most applied electrode because of its low cost
and high stability (38). The key reaction is (eq. 9) (15):

M"[]+ H,0 - Mn[OH] + H* + e~ 9

In a study (40), the electrochemical (EC) technique was used for antibiotic degradation, this
reactor was made with aluminum/aluminum electrodes and applied to study four operating
parameters effects. The results of EC process indicated cefixime removal efficiency increased
at these conditions: pH = 7.5, retention time = 72.5 min, current intensity = 6.0 amperes, and
primary concentration of cefixime = 5.75 mg/L. Or in another published paper (41),
electrochemical was combined with H,O; to increase the degradation efficiency.
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Radiation: in UV and UV/peroxide process, UV absorption of a compound is the main
parameter. UV combined with peroxide usually showed better degradation performance in
pharmaceutical treatment (21). UV-based processes usually consist of low pressure or
medium pressure mercury lamps and UV-light emitting diode (LED) (38). Belghadr et al. (39)
used the UV/H,0, process to cefixime degradation, they concluded that 9 mg/L can be
degraded completely in 180 min.

Besides UV-based AOPs, gamma irradiation also has been used for hydroxy radicals or
hydrated electrons formation to degrade pharmaceuticals. There is no requirement for
additional chemicals (21). Microwave radiation in the range of 300 MHz-300 GHz has been
used for water treatment in combination with H;02 or TiO,. Unfortunately, most of the
applied microwave energy was converted to heat so a cooling device was required for the
system (38). UV (photolysis) and UV/peroxide mechanisms depend on the light intensity,
peroxide type and concentration, water matrix and chemical structure of pollutants (21). UV
light radiation consists of wavelengths from 200 to 400 nm was traditionally used for
photolysis. The mechanism of H,O; cleavage into OH® presents in the following reaction (eq.
10) (15):

hv
H,0, — 20H° 10

With increasing irradiation time, the organic pollutants are degraded into their intermediate
and finally mineralized to CO,, water, and inorganic compounds (13).

AOP hybrid techniques: hybrid AOP techniques increased removal efficiency due to the
synergistic effect which enhances the concentration of reactive species. Many studies have
examined coupling AOPs in pharmaceutical degradation (21). A review paper has been
written on the integration of AOPs with membrane filtration. They reported a combination of
these methods increased AOP efficiency. However, these hybrid membranes required high
cost (15).

It is evident that using various AOPs is more efficient while increasing method’s costs. To
overcome this disadvantage coupling AOPs technology with conventional wastewater
treatment plants can be suggested to enhance the degradation efficiency (21).

The UV radiation generation by lamps or ozone production costs are high, so the future
application of AOPs must improve through the use of sunlight (42). Solar energy as an
alternative source of irradiation can be applied for OH* generation (15). Several processes
such as photo-Fenton, heterogenous photocatalysis, or modified photocatalysis used sunlight
use up to 600 nm. The sunlight at wavelengths over 600 nm is not useful for these AOPs (42).

2.1.1. Semiconductor photocatalysis

The slight difference between photolysis (radiation) and photocatalysis is the presence of a

photocatalyst. Photocatalysis is one of the most promising technology for the destruction of
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pharmaceutical compounds in the aquatic environment, it is based on semiconductors in the
presence of artificial or solar irradiation (43, 44). In semiconductor structures, the conduction
band and valence band are formed by the lowest unoccupied and the highest occupied
molecular orbitals, respectively. The separation between these states is known as the band
gap or energy gap that has any electron inside. In photocatalysis, photons can be seen as a
reactant and have a critical role (45). As illustrated in figure 4, with sufficient photon energy,
electrons in the valence band exited to conduction band as well as positively charge holes

create in the valence band (46):

E/eV
CB
S o
%v\/\ H
Eg
h*
VB

Figure 4. Schematic of the typical semiconductor excitation by band gap illumination (46).

In semiconductor photocatalysis, schematically is presented in figure 5, the photocatalytic
activity is explained as follows: initially, an electron-hole (e /h*) pair is generated in the
semiconductor particles when radiation of energy greater than or equal to the band gap is
arrived on the surface. Electrons are excited from the valence band (VB) to the conduction
band (CB) of the semiconductor, thus creating an electronic vacancy at the valence band edge.
The valence band hole is strongly oxidizing, whereas the conduction band electron is strongly
reducing. A hole can migrate to the surface and oxidize an electron donor; in turn, while at
the surface, the semiconductor can donate electrons to reduce an electron acceptor.
Consequently, the semiconductor particle can act as either an electron donor or an electron
acceptor for molecules in the surrounding medium, depending on the charge transfer to the
adsorbed species (19, 21, 47).
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Figure 5. Schematic of semiconductor excitation by band gap illumination leading to the creation of
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“electrons” in the conduction band and “holes” in the valance band (48).

There are three possible paths for photo-excited electrons: 1) be captured and trapped by
defect sites, 2) recombine and release energy to heat or light, and 3) migrate to the surface
and generate radicals. The third path plays important role in the photocatalysis process and
it should be enhanced for increasing efficiency (46).

A vast number of works studied different semiconductor photocatalytic activity by their
structure modification. For example, Nano-diamonds (NDs)-TiO2 composites synthesized by
oxidation, hydrogenation, and amination to investigate the role of porosity, nitrogen, and
oxygen functionalities on TiOz-based photocatalytic performance under near-UV/vis
irradiation (A = 366, 436, and 546 nm). High degradation efficiency for amoxicillin was
achieved because of surface functionalities incorporated on the ND materials (oxygen = 6.3%,
nitrogen = 2.1%) and their porosity (~ 0.37 cm3/g). The rate constant for antibiotic removal
varied from 25.6x1073 to 0.0833 1/min. The stability of the catalyst samples demonstrated
that a decrease of the rate constant could be described by alteration of surface chemistry and
the presence of adsorbed intermediates via strong interaction with the carbon network of the
ND (49).

Boussatha et al. (50) reported the performance of the thin nanogranular ZnO layer which was
synthesized by the sol-gel method for pharmaceutical removal under UV irradiation. The
thickness of the films decreased for various ammonium acetate (NAc) incorporation between
10% and 100%. Grains varied from 50 nm to 25 nm for the low NAc contents (< 10%) and high
NAc contents (= 100%), respectively. The degradation efficiency ranged between 45% and
65% for all samples and thickness did not influence the photocatalytic performance. In
addition, the top layers support the degradation reaction, so very thick layers use a low
amount of material.
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The NiO (Eg = 3.6-4 eV) was loaded on nano-clinoptilolite (NCP) particles by ion-exchange
method at different concentrations. The XRD results confirmed that ion exchange did not
damage the structure of NCP and the particle size was estimated at 30 nm. The red shift was
observed in the band gap of the photocatalyst. Photolysis of cefixime under Hg-lamp
irradiation was 8% after 2 h which confirmed UV radiation could break some bonds of cefixime
molecules and produce chemical structures that needed more powerful radicals. Results
confirmed that supported NiO on nanoparticles of clinoptilolite increased photocatalytic
activity due to super adsorption capacity in gathering organic pollutants near NiO particles. In
addition, ion exchange of NiO on NCP sites prevented the aggregation of NiO particles and
also prevented e/h* recombination as an electron acceptor. After 300 min irradiation
suspension, maximum efficiency was 80% at optimal parameters (51).

BiOBr is another semiconductor, its band gap is Eg = 2.85 eV with visible light absorption at
435 nm. The 3D flower-like BiOBr catalyst was prepared by precipitation method. Cefixime
removal efficiency obtained 86.78% after 120 min visible light irradiation (52).

Despite the existence of various semiconductors photocatalyst (oxides or sulfides) such as
ZnO (Eg = 2.8 eV), ZnS (Eg = 3.7 eV), Fe,03, CdS (Eg = 2.5 eV), BiOBr, NiO, WOs (Eg = 2.8 eV),
SO,, Fe304, Mn,03,Ce0,(53) and TiO,, they don’t contain all properties of ideal photocatalyst
(53-55).

2.1.1.1. Properties of TiO2 semiconductor

TiO2 has been widely used in a variety of applications like anti-fogging plants, photovoltaics
(solar cells), as a coating for self-cleaning surface (56, 57), sensing applications and
photocatalysis of organic pollutants (58, 59). The TiO. photocatalyst is available at three
crystalline phases: anatase, rutile, and brookite. All TiO; phases are TiOs octahedra but defer
in both the distortion of their octahedra units and the manner in which they share edges and
corners. As shown in figure 6, the different structural arrangements result in different space
group (46).
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Figure 6. TiO; crystalline structures: (a) anatase, (b) rutile, and (c) brookite (60).

Anatase possesses an energy band gap of 3.2 eV with an absorption edge at 386 nm which
lies in the near UV range. Rutile has a narrower energy band gap of 3.02 eV with an absorption
edge in the visible range at 416 nm (61). The anatase phase has a notable photocatalytic
activity due to its thermal stability and adsorption power (62). Brookite is stable at very low
temperatures and thus is not suitable for photocatalysis application (63).

Semiconductor photocatalysis especially TiO2 has been accorded great significance in recent
times due to its potential to mineralize a wide range of organic pollutants at ambient pressure
and temperature under artificial and solar radiation (43, 64, 65). In fact, the catalyst is
commercially available at various crystalline phases, biologically inert (54), water insolubility,
acid resistance, superior redox ability, hydrophilicity (66), corrosion resistance (58), and
physical and chemical stability (21, 47). In this process, TiO, photocatalyst can be used as
commercial or synthetic in suspension or fixed mode. The TiO> photocatalysis involves some
reaction mechanisms (eq. 11-15), which have been discussed in the literature (55, 67-69).

TiO, + hv - TiO,(e”™ + h*) 11
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h* + H,0 - H* + OH 12

h* + OH™ - OH 13
e”+0,-0, 14
Organics + OH — Degradation product 15

In a study (21), eight commercial TiO, photocatalysts were investigated for amoxicillin
degradation, P25 Degussa resulted in maximum efficiency due to its lower e/h*
recombination ratio. The TiO, P25 Degussa has higher photocatalytic activity than other
available commercial TiO2 due to its structure of mixture anatase: rutile phase (70).

In another study (69), amoxicillin photocatalytic degradation was investigated with
commercial TiOz (Aldrich, purity 99%) in a solar pilot plant with compound parabolic collectors
(CPCs). The results showed that amoxicillin antibiotic degradation efficiency was affected by
TiO2 dosage, pH, and initial concentration of pollutant. The optimum conditions found were
TiO2 dosage = 1.5 g/L, initial concentration = 17 mg/L and pH=9.5 for amoxicillin degradation
under 240 min solar irradiation.

There were several studies related to optimizing the synthesis of different types of TiO;
materials like core-shell nanoparticles (71), nanotubes (59, 72), nanofilms on substrates (73-
76), and nanoparticles (77). Titanium dioxide can be deposited by various techniques,
including sol-gel (78), hydrothermal (61, 79), solvothermal (80), physical vapor deposition
(PVD) (81), chemical vapor deposition (CVD) (82), and plasma enhanced chemical vapor
deposition (PECVD) (57, 83).

The TiO2 nano-powder was synthesized by the sol-gel method and was crystallized at different
temperatures from 100 to 800 °C. The increase in temperature induced the anatase to rutile
phase transformation. The rutile phase was started at a temperature higher than 600 °C. The
position shift in Raman spectra depended on the O/Ti stoichiometric ratio. Photocatalytic
activity of nano-powder in the anatase phase was better than pure rutile due to faster e/h*
recombination in the rutile phase (78). Low cost is the most advantage of the sol-gel method
(63).

The hollow TiO; microspheres were prepared via facile solvothermal technique with various
organic solvents. Catalyst structure and morphology were affected by moderate polarity,
boiling point, and viscosity of the solvent. Under Hg lamp radiation, 0.5 mg/L of TiO, powder
could be removed completely Rhodamine B after 120 min (80). The hydrothermal method is
generally executed in steel pressure vessels called autoclaves with/or without Teflon liners
under controlled temperature and pressure in an aqueous solution (58).

Table 1 presents the comparison between synthesized photocatalysts in other published
results based on TiO, photocatalyst for removal of cefixime.
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Table 1. Cefixime degradation with various photocatalysts in literature.

Deposition Cefixime Catalyst Irradiation Degradation Irradiation
Catalyst Ref.
technique concentration concentration source efficiency time (min)
TiO2 Hydrothermal Natural 85%
10 mg/L 0.2g/L 120 (84)
Fe/TiO2 Solvothermal solar light 90%
Chemical Artificial
TiO2/GO/chitosan 20.29 mg/L 0.327 g/L 95.34% 60 (25)
method light
Artificial
Sol-Gel 10 mg/L 1.5g/L 94.9% 180 (24)
Bi12TiO2 light
Artificial
TiO2 Commerecial 20 mg/L 0.001 g/L 94.5% 90 (85)
light
Fixed on Artificial
N-TiO2/GO Electrophoretic 5 mg/L 29% 120 (86)
sheet light

In water photocatalytic processes, TiO; catalysts were generally used in the form of powder.
The main trouble in this approach at an industrial scale is the catalyst recovery step. This
method has its benefits and defects, slurry systems have high efficiency due to excellent mass
transfer between catalyst and fluid (55). Smaller TiO particles which have a high surface-to-
volume ratio, have great specific areas (58). In slurry-type systems illumination of all catalyst
particles were difficult because the light penetration was limited, and further away particles
from the light source (13).

Studies in wastewater treatment by TiO; photocatalysis remained on the laboratory scale due
to some technical obstacles. Nano powder has a more specific surface area while they may
agglomerate in slurry form as well as they need filtration (58). Small particle sizes lead to high
filtration costs. Difficulty in the recovery of nanosized particles is one of the limitations in the
application of TiO,-based photocatalytic degradation of pollutants. One approach is fixing
them into a support structure such as glass beads, fiberglass, glass sheets, stainless steel,
guartz beads, and polymeric films (13).

Support materials have to satisfy several features like strong adherence between catalyst and
support, non-degradable or reactivity with catalysts, sustainable in high calcination
temperature, cheap, and mechanical stable (63). To this end, many excellent studies have
been published on the immobilized photocatalysts onto a variety of surfaces. Numerous
techniques were reported for preparing supported titania, for instance, sol-gel (spread
coating and dip coating) (63), PECVD, and which aid to make the photocatalysis method an
environment-friendly process in large-scale water treatment industries. TiO; film has its own
advantages and disadvantages, when TiO2 nanoparticles were immobilized on supporting
materials or membranes, the material loss decreased during water treatment. In addition, the
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TiO> film could be connected to an external electric power source to reduce the e /h* pairs
recombining (58).

Chapter 3. Generalities of plasma-enhanced chemical vapor deposition
(PECVD)

In general, plasma is an ionized gas that can be generated by several methods, including
electric discharges (glow, microwave, plasma jet, radio frequency, and so on) (87, 88). Plasma
known as the fourth state of matter is derived from gas through ionization dissociation and
excitation of atoms or molecules. Plasma induced reactive particles such as electrons, ions,
and free radicals (89). Depending on their energy level, temperature, and ionic density,
plasmas are usually classified as high-temperature plasmas (for nuclear applications) and low-
temperature plasmas (including thermal and non-thermal plasmas) (76, 90, 91).

The low-temperature plasmas have been used in catalyst preparation (76, 90, 91). Thermal
plasma is an electrical discharge process and the electron temperature is equal to gas
temperature and ions (Te = Ti & Ty & 1500-10° K, 10-15 eV) that takes advantage of highly
energized electrons. Thermal plasmas are also named equilibrium plasmas. Thermal plasma
can be used for solid and liquid waste recovery, hydrogen production, CO, conversion, etc.
But at the industrial level, it can be costly (76, 89-91).

Non-thermal (cold) plasma occurs in the temperature range of 300-50000 K and the electron
temperature is greater than the gas temperature and ions (Te » Ti = Tg = 10000-50000 K, 1-
10 eV). On the other hand, the bulk temperature in cold plasmas can be as low as room
temperature, while the electron temperature can reach as high as 10,000-100,000 K. Thus,
the cold plasmas are so-called non-equilibrium plasmas (76, 90, 91).

Chemical vapor deposition (CVD) refers to methods in which material precursors are
condensed from a vapor state to form a solid-phase material (58). This is a good method for
TiO2 films in a short period of time. Various CVD processes differ in reaction conditions.
Atmospheric pressure CVD (57), plasma enhanced chemical vapor deposition (PECVD), metal-
organic CVD, and physical CVD are the subscribe of CVD (63, 92). Usually, these methods used
to fabricate different nano-materials in different forms. CVD methods could take place in a
vacuum condition and they make a facile approach to covering supports surface in
comparison with other technologies (58). On other hand, these methods indicated a strong
interaction between surface and photocatalyst (63).

PECVD uses electric power as an activation source for producing ionized species and radicals
from gasses or vapors (i.e. Argon). The recombination of radicals of the plasma phase leads
to the formation of a thin film in one step on any substrate, whatever its nature and size may
be. In the case of TiO; as plasma-deposited material, PECVD enables to control of the size of
TiO2 nanoparticles and also the thickness and microstructure of the thin film (76, 90, 91). This
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is a promising strategy for preparing a mixed crystalline phase of TiO; like P25 Degussa (46).
The anatase thin film can be obtained without post-annealing if the substrate temperature is
above 450 °C or a bias voltage is applied. Most of the time PECVD was carried out at low
pressure where the reactions and the coating characteristics were well-controlled (89).
PECVD has advantages as follows:

e Significant reduction in substrate temperature relative to CVD.

* High deposition rate.

e Excellent mechanical properties.

* Suitable for the fabrication of functionally graded films.

e Wide-ranging control of plasma reactions and plasma-surface interactions to optimize
the film composition (93).

e High purity.

* Good step coverage.

e Easy control parameters (94, 95).

In addition, PECVD makes possible the doping of TiO, deposits (adding Co, Fe) to shift the
band gap energy to a lower value and, as a consequence, to improve the solar light efficiency
(76, 90, 91).

3.1. Plasma parameters effect on films deposition

The TiO; deposited films have been affected by operational parameters of plasma enhanced
chemical vapor deposition process. In the following text, different studies are presented that
investigated TiO2 preparation with plasma techniques under various operation conditions.

In a published paper (96), TiO2 deposition was investigated with the PECVD technique. As
figure 7 presented, the thickness of TiO; film was increased by higher argon flux and shorter
plasma distance because of an increasing number of TTIP vapor molecules. But in the lowest
Argon flux, the TiO2 growth slightly depended on plasma volume. The higher Ti-O abundance
at higher pressure (22.5 Pa) and 3 cm distance can be explained by a larger amount of
precursor vapor molecules in the gaseous phase and having more time for TTIP
decomposition, respectively.
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Figure 7. (a) Effect of argon flux and plasma distance on thickness of TiO; thin films (b) SEM images of
TiO; thin film on silicon substrate prepared with P (ar+1mp)= 22.5 Pa and d, = 3.0 cm (96).

The TiO; films on substrates were prepared by sol-gel and PECVD methods. The films with the
sol-gel method were continuous, pinhole-free, and smooth. The films with the PECVD method
showed that aggregates were increased by increasing discharge power from 100 to 300 W.
The film thickness in sol-gel method decreased from 120 to 80 nm by increasing annealing
temperature from 300 to 500 °C. But in the PECVD method particles size were increased (85,
150, and 525 nm for 100, 200, and 300 W) by increasing power (see figure 8). Granulate
structures were observed for both methods and the distribution of spheres was uniform. The
XRD analysis for sol-gel films showed the anatase phase but RF PECVD confirmed the
amorphous structure. In the photocatalysis process, the rate of bacterial death increased with
increasing annealing temperature due to the crystalline structure of the anatase. The
photocatalyst efficiency was about 98% with PECVD TiO; films (97).

b

Figure 8. SEM images of the TiO, films deposited by RF PECVD with the glow discharge power of (a)
100 W, (b) 200 W, and (c) 300 W (97).

Szymanowski et al. (98) concluded the thickness of films increased by increasing radio
frequency power and there was not any saturation when power was changed from 20 to 300
W. The results of UV transmittance analysis demonstrated that transmittance increased by
power increasing, and optical gap (Eg) was increased.
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A large diameter of particles could obtain by high power discharge and small particles tend to
agglomerate. The roughness parameters increased by increasing power and annealing slightly
increased the values (99).

Kim et al. reported (100) the thickness of TiO, films coated on glass beads decreased by
increasing power from 5 to 30 W due to increased plasma and glass temperature but the
uniformity of film was increased. The film thickness increased by increasing reactor pressure
and TTIP flow rate, but in reactor pressure, the growth was not proportional.

In another study, optical gap and thickness increased with increasing radio frequency power.
After calcination at 450 °C, the anatase phase was begun to appear in Raman spectra (see
figure 9). High roughness was achieved for 200 and 300 W power and was about 6.4 and 11.6
nm, respectively (83).
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Figure 9. Raman spectrum of TiO, film deposited at 200 W: (A) before and (B) after thermal annealing
at 450 °C for 1 h (83).

TiO> film was deposited by plasma-assisted CVD and remote plasma CVD on some substrates
and was annealed from 500 to 900 °C for 4 h. Increasing oxygen partial pressure from 5 to 10
sccm could increase the oxygen content and decrease the carbon content on the films. The
type of precursor did not have any effect on oxygen content. In remote plasma CVD, the
anatase phase was achieved at 400 °C deposition temperature (82).

Yang and Wolden (93) examined the growth of TiO; thin film with PECVD and thermal CVD
methods with different oxygen ratios. Deposition rate varied from 3 to 30 nm/min as a
function of oxygen ratio (see figure 10). The equivalence ratio was used to explain the
combustion content of hydrocarbon for obtaining the deposition rate. The deposition ratio
decreased by increasing oxygen concentration and radio frequency power. The anatase phase
was observed at 450 °C deposition temperature.
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Figure 10. PECVD deposition rate as a function of equivalence ratio at 5 W (squares) and 20 W (circles)
(93).

As figure 11 presents, by increasing radio frequency power, the deposition rate increased due
to anincrease in activated reactive species. The oxygen flow rate had an optimum deposition
rate and the best one was obtained at 100 sccm in all radio frequency power ranges. The
reason for oxygen flow could be explained by the reduction of adsorption sites for TTIP
because oxygen gas was predominantly adsorbed. In conclusion, deposition with the PECVD
process was controlled by surface reaction of the Langmuir-Hinshelwood type. The XRD
analysis showed anatase construction after 600 °C annealing at optimum condition and
changed from anatase to rutile in 900 °C annealing temperature (94).
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Figure 11. Deposition rate as a function of O; flow rate in PECVD with different radio frequency power
(94).
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Srivatsa et al. (95) investigated the influence of deposition pressure (30-100 Pa) on TiO; films.
Based on their results, the average crystalline size was about 58 nm. SEM images of these
films are displayed in figure 12, these indicated the morphology of anatase structure was
changed by various deposition pressures. At 50 Pa, the films formed as nanoparticles but at
80 Pa the forms were nanorods. The growth mechanism of titania nanostructure at a pressure
above 30 Pa was related to the bombardment of energetic ions and supersaturation of the
feedstock vapors and gasses.

Figure 12. SEM micrographs of anatase titania synthesized by PECVD at room temperature: (a) clusters
of nanocrystals at 30 Pa (0.3 mbar), (b) nanorods at 50 Pa (0.5 mbar), (c) nanoparticles at 80 Pa (0.8
mbar), (d) comb-like structure at 100 Pa (1 mbar) (95).

Simionescu et al. (56) studied the Ar/O; ratio effect on the structural parameter of TiO,. They
reported, the lattice strain increased significantly when oxygen flux varied between 0 and 2
sccm. On the other hand, the average crystallite size decreased strongly for different Ar/0O;
flow rates. The XRD results display in figure 13, the rutile phase appeared as the oxygen flux
increased from 0 to 0.5 sccm. The roughness was the same for all samples with a continuous
thin film. The band gap increased with decreasing oxygen flux from 3.31 eV to 3.9 eV due to
oxygen vacancies in the TiO; lattice.
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Figure 13. XRD patterns of a TiO; thin film deposited under Ar/O, = 30:0 and Ar/O, = 30:0 sccm flow
rate (56).

3.1.1. Modification of TiO, photocatalytic activity by doping

Structure, surface morphology, and electronics of TiO, have an important role in
photocatalytic activity (21, 101). The major limitations in TiO, photocatalytic activity are: 1)
large band gap and using UV region, and 2) fast recombination of electron/hole pairs during
the photogenerated process. Therefore, it is essential to modify TiO, properties to shift its
absorption threshold from the UV region to the visible region and reduce the rate of e/h*
pairs recombination (58, 102).

Based on the literature, doping materials in TiO; lattice could modify its photocatalytic activity
by decreasing the band gap. Several approaches have been applied including metal doping
(e.g. Ag, Cu, Ce, Fe, Al) (57), non-metal doping (e.g. C, B, F, N) (103), co-doping with
metals/non-metals, dye sensitization, coupling with carbonaceous materials (e.g. graphene)
and metal oxides and coupling two semiconductors (58). Cation doping can replace Ti with
cations and produce an intermediate impurity level in the energy ban that acts as an electron
donor or acceptor. Anion doping replaces the O in the TiO; structure and consequently
decreases the band gap by shifting it upward (46). These materials enhanced the
photocatalytic efficiency by modifying the band gap, surface area, or particles size (104).

Aba-Guevara et al. (105) investigated Fe, N-co-doped TiO, materials with sol-gel (SG) and
microwave (MW) methods. The band gaps of co-doped TiO, obtained ~2.53 eV (SG) and
~3.00 eV (MW), the difference for Eg values was due to the amount of incorporated carbon
into the materials.
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The iron-doped ZnO-SWCNT-COOH nanomaterials were synthesized for antibiotic
degradation under UV-A irradiation. The optical band gap of the photocatalyst was decreased
from 3.2 to 3.08 eV compared with pure ZnO. The performance of the ZnO photocatalyst
increased with metal doping and the cefixime molecule was degraded at about 94.19% (106).

In other research (107), photo activities of SrTiOs3 and TiO,/SrTiOs microspheres which
prepared by hydrothermal method and decorated with Pt, Rh, and Ru nanoparticles by the
photo-deposition method. The SrTiOs/Ru catalyst exhibited a higher phenol degradation rate
than non-modified SrTiOs and TiO,/SrTiOs under UV-Vis and visible light.

Graphene-TiO; nanotubes (GN-TNT) were prepared by hydrothermal method and used for
pharmaceutical degradation under UV-A light radiation. The crystalline size of GN-TNT was
less than 20 nm and had optical adsorption at 360-800 nm. Band gap energy for 15% GN was
measured at 2.66 eV. The GN addition can effectively improve the photocatalytic properties
and the optimum was 10% because increasing amount gives black color so light shielding
increased (108).

3.1.1.1. Mn doping in TiO; structure

The doping of metals in the TiO2 structure affects the crystallization process, photocatalytic
activity, and extension of the adsorption spectrum into the visible light range. Among these
dopants, Mn is attractive because of its variable valence states, as well as its significant
influence on particle size. Doping Mn in TiO; created intermediate energy states within the
band gap. Mn** ions could easily replace Ti** ions in the lattice of TiO,. Moreover, doping of
Mn with TiO2 made a magnetic photocatalyst with recyclable properties, it aided in magnetic
separation from aqueous solution after wastewater treatment. High photodegradation
efficiency needed two conditions: firstly, higher crystallinity to decrease electron/hole
recombination rate, second was a large surface area (104).

Synthesis of Mn and Co co-doped TiO> for antibiotic degradation was prepared by the sol-gel
method. No impurity peaks in XRD patterns indicated Mn?* and Co?* ions were substituted in
the TiO; lattice. As shown in figure 14, slight shifting and widening could explain by the strain
that was induced with Mn or Co and the reduction of crystallite size. Increasing the lattice
parameter “a” (TiOz = 3.78 A, Mn-TiO, = 3.81 A, Co-TiO; = 3.83A, Mn-Co-TiO, = 3.84 A) could
be attributed to the large radii of Mn?* (0.66 A) and Co?* (0.65 A) in comparison with Ti** (0.61
A) (109).

41



25.0 25.5 26.0 26.5 27.0

20 (degree)

Mn-Co-TiO,

w
o

JCPDS 21-1272

20 25 30 35 40 45 50 55 60 65 70 75 80

20 (degrees)

Figure 14. X-ray diffraction patterns of TiO,, Mn-TiO,, Co-TiO; and Mn-Co-TiO;(109).

Devi et al. (110) studied the effect of Mn, Ni, and Zn doping in TiO2 nanoparticles for aniline
blue removal under UV/solar irradiation. Ni-TiO; and Zn-TiO; had anatase phase but Mn-TiO;
had both anatase and rutile phase due to its charge and ionic radius (see figure 15).
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Figure 15. XRD pattern of Mn?*/TiO; samples (111).
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In photocatalytic degradation, dopant ions (Mn, Co, and Zr) had an impact to generate more
e /h* which increased the efficiency. Maximum yield was achieved for both methyl blue and
methyl orange dyes by Mn-TiO; after 240 min irradiation under visible light. The large surface
area confirmed the synergetic effect between TiO, and metal ions (Mn, Co, Zr), so the
photocatalytic performance enhanced by the surface modification (62).

According to published paper (110), the higher Mn content generated a high rutile fraction in
the Mn-doped TiO, sample because the density of surface defects at the anatase phase
increased. Thus, anatase to rutile transformation took place in defect sites due to their high
energy. Catalyst with 1 wt.% Mn showed both anatase and rutile phase (111). On other hand,
high content of Mn increased the crystallite size of TiO, and decrease surface area and
agglomeration increased, so the optimum contents were required (112, 113). In pure TiO,,
the oxygen vacancies acted as luminescence enhancers then increase emission intensity but
Mn disturbed the TiO; crystal lattice and broke the Ti-O bonds, and increased oxygen
vacancies, so the photo excited electrons were trapped and localized in oxygen vacancies
thereby decreasing the recombination of e /h*. Also decreasing particles size resulted in an
increased number of defects (104).

High activity of Mn-TiO; was obtained because the TiO, polycrystalline network could
effectively reduce the recombination of charge carriers. The small crystalline size decreased
the diffusion path length for the charge carriers from production place to reaction place, so a
reduction in this pathway reduced the recombination resulting in an enhanced interfacial
charge transfer process (110, 114).

Mn doping on the Ti lattice sites acted as an intermediate band in the forbidden gap of
anatase TiO, and was attributed to charge transfer transitions between Mn ion and
conduction band or valence band of TiO;. As shown in figure 16, it is observed that the band
gap was 3.26 eV for pure anatase TiO,, and for the Mn-doped (5%) sample, the band gap was
reduced to 2.88 eV, Thus, tuning the optical band gap of TiO, by doping manganese leads to
enhanced photocatalytic efficiency in the visible region. The degradation efficiency of
Rhodamine B was 86% for Mn-doped TiO; under the visible light (at 5%) due to the decrease
in particle size which resulted in higher specific areas. Also, Mn doping created intermediate
bands that could help induce electrons and holes under various light wavelengths (104).
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Figure 16. Variation of optical band gap with Mn atomic concentration and the energy level diagram
of undoped TiO; and (5 at. %) Mn doped TiO, (104).

Mn doping introduced a new energy level in the band gap of TiO> that decreased the band
gap energy. It also might be due to the overlapping of the d-orbital with the conduction band
of TiO; that helped the absorption of visible light (115).

The lower band gap energy of Mn-TiO, can be attributed to the charge transfer transition
between the Mn ion electrons and the TiO, conduction or valence band (116).

To this end, Mn-doped TiO; nanoparticles were obtained by the microwave-assisted
hydrothermal method. Raman active modes for anatase were confirmed at 144, 197, 399,
516, and 639 cm™. The highest mode (144 cm?) corresponded to the symmetrical stretching
of the O-Ti-O bonds. According to figure 17, as the amount of Mn in the samples was
increased, a decrease in vibration frequency was observed comparing pure TiO;. These results
confirmed the symmetry change in TiO2 crystal structure, reinforcing the proposal that Ti**
ions were replaced by the dopant. Also, Raman vibrational mode did not reveal Mn-oxide-
associated absorption (77, 117).
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Figure 17. Raman spectroscopy shift of pure and Mn-doped TiO, nanomaterials: (a) TiO2, (b)
1% Mn- TiO3, (c) 2% Mn- TiO, (d) 4% Mn- TiO2, and (e) 8% Mn- TiO2 (117).

Chapter 4. Solar photochemical process

4.1. Solar energy

Population growth and demand for energy in the various regions of the world, especially in
developing countries increase because all persons require modern energy services for their
basic needs (118). The common types of energy production make environmental problems
that put in danger the quality of life and natural ecosystems. The large majority of greenhouse
gas emissions and climate change is the result of conventional fossil fuel sources like oil, coal,
gas, biomass, etc. There is an increased recognition that will replace fossil fuels as the main
future energy. Many alternative energy sources can be used instead of fossil fuels. The energy
source should be utilized in each case and must be made on the basis of economic,
environmental, and safety considerations. The most important benefit of renewable energy
systems is the decrease in environmental pollution. Renewable energy technologies produce
energy by converting natural phenomena into useful forms of energy. These technologies are
solar energy, wind energy, biomass, geothermal energy, hydrogen, and ocean energy (119).
Sun is suitable alternative energy for helping to solve environmental problems, also is a non-
selective process, and is environmentally friendly (1). Solar plays an important role in
providing pollution-free energy services and reduction of CO; emissions in the future (120).

The sun is a major source of renewable energy that can be utilized for light and/or heat
sources. As observed in figure 18, the sun is a sphere of intensely hot gaseous matter 1.5x108
km away from earth, so thermal radiation travels with the speed of light in a vacuum (300,000
km/s), after leaving the sun solar energy reaches our planet in 8 min and 20 s. The sun has an
effective black-body temperature of 5760 K. The temperature in the central region is much
higher. The sun’s total energy output is 3.8x1020 MW, which is equal to 63 MW/m? of the
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sun’s surface. This energy radiates outward in all directions. The earth receives only a tiny
fraction of the total radiation emitted, equal to 1.7x10'* kW; however, even with this small
fraction, it is estimated that 84 min of solar radiation falling on the earth is equal to the world
energy demand for one year (about 900 EJ).

Diameter = 1.39 x 10°m

™ Diameter = 1.27 X 10’m

Angle = 32*_1:__:_'_‘;::: Earth

Distance = 1.496 % 10''m

Figure 18. Properties of the sun (119).

Knowledge of the variation of solar incidence angle is necessary to calculate the amount of
solar energy radiation received on a surface of a location (119).

In general, solar thermal technology is the most well-known application in drying, heating,
cooking, cooling, etc. Classification of solar technologies is arranged into three common
applications, 1) thermal technology, 2) photovoltaic technology (121), 3) solar fuels (119,
122).

As figure 19 shows, the large amount of sunlight receives in the regions of Africa, China,
southern Europe, southern USA, Australia, and the middle east (120).
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Figure 19. Global Horizontal Irradiation (120).

Various areas receive different mount of solar radiation annually. The earth’s surface receives
about 1000 W/m? at sea level on a clear day (123). The UV flux on the earth’s surface is near
20-30 W/m? in the range of 300-400 nm and puts 0.2-0.3 mol photons per m?x h (55).

Iran is located in the Middle East and is in a favorable position for the solar energy reception.
It has suitable geographical locations for solar energy technologies because of the vast deserts
(124). The number of sunny days in two-thirds of Iran is more than 300 per year (124). The
estimated energy potential of total solar radiation is about 1800-2200 kWh/m? per year (125,
126). The annual mean daily of global solar radiation was 19.6 MJ/m? with the highest and
lowest values being 21.6 and 14.11 MJ/m? respectively (125, 126). The sum of direct and
diffuse components of solar radiation has been known as global radiation (127). Direct
radiation is the portion of solar radiation that reaches the ground without being absorbed or
scattered and radiation that is dispersed before arriving ground is diffuse (42). The diffusion
fraction of total solar radiation was measured at about 7-12.5 MJ/m? during a year in different
areas of Iran (124). As previously reported (125, 126), the annual average of sunshine in Iran
is 3200 h and it differs in the wide latitudinal range. The recorded data for five cities in Iran
showed that the monthly mean daily sunshine duration varied between 5 and 12 h (124),
smaller values corresponded to the January and December of the year and it is larger in June
and July (124). The highest solar radiation value is in central Iran which can be well
recommended as having large potential for solar farms and other solar applications and
facilities (125, 126). Therefore, appropriate utilization of this massive source of a freely
accessible energy requires development of suitable technologies.
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4.2. Solar photo-reactors

The most important difference between thermal and photochemical processes is the
temperature role which means the temperature is not a significant element in the
photocatalytic process (128).

Solar photocatalysis is based on the collection of high energy short wavelength photons (UV
radiation) to promote photoreactions. The mechanism of solar photocatalysis has five steps:
(1) transfer of reactants in the fluid phase to the surface of the catalyst; (2) adsorption of the
reactants on the surface; (3) reaction in the adsorbed phase with the energy of a photon that
activates photocatalyst; (4) desorption of the products; and (5) removal of products from the
interface region (13, 19, 48, 58). Figure 20 presents the TiO; photocatalyst adsorption
spectrum in comparison with the solar spectrum. This semiconductor can use natural (solar)
UV because it has an appropriate energetic separation between its valence and conduction
bands (55).
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Figure 20. The TiO, photocatalyst adsorption spectrum in comparison with Solar spectrum (55).

Solar photocatalysis reactors require specific features to absorb and transmit solar radiation
efficiently. Solar photoreactors efficiently should collect and reflect solar photons to promote
catalyst reactions. The equipment that does this function is a collector. Solar collectors are
mainly classified into concentrating and non-concentrating systems. The first model focuses
solar light through a reflecting surface. Generally, non-concentrating designs have the
potential for lower costs when compared to concentrating ones. There are five types of
concentrating systems for water treatment methods. 1) parabolic trough concentrator (PTC),
2) compound parabolic concentrator (CPC) , 3) parabolic dish concentrator (PDC) 4) Fresnel
concentrator 5) optical fiber photoreactors (70).
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4.2.1. Solar collectors
4.2.1.1. Non-concentrating

Non-concentrating collectors do not concentrate radiation and they have no tracking systems
but these collectors are cheaper due to their low-cost manufactory. They use diffuse and
direct solar radiations (55, 129). These collectors usually are in flat mode and facing the sun
depending on the place's latitude. The main applications of non-concentrating collectors are
inclined plate collectors as known thin film fixed bed reactors and water bell photoreactors
(70). Two examples of these photoreactors are presented in figure 21.
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Figure 21. Example of non-concentrating photoreactor (130, 131).

The non-concentrating solar reactor systems have main features like simplicity and low-cost
manufacturing and less surface is required for installation (their support structure). Their
design and fabrication costs are low and work with both direct and diffuse solar radiations
(70). But they can use in small-scale situations (129). The main drawback may be water losses
because of interference with the atmosphere (132).

Several designs of non-concentrating reactors have been established and tested, in general, they
can be classified as follows:

* Trickle-down flat plate, a fixed plate facing the sun that water and wastewater fall, a
catalyst is normally fixed on the plate (133).

* Free-falling film is similar to Trickle-down flat plate and open to atmosphere, but with
a higher flow rate.

* Pressurized flat plate, consisting of two plates between that fluid circulates using a
separating wall (133).
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e Tubular, consisting of many small tubes connected in parallel.
* Shallow solar ponds, small pond reactors having little depth.

A tubular reactor is more effective because of its structure; tubing is available in a large variety
of materials and sizes, also its construction is economical (129, 134). In these reactors usually
flow is laminar which produces mass transfer limitation and fluid evaporation (129).

4.2.1.2. Concentrating collector
4.2.1.2.1. Parabolic Trough Collector (PTC)

Parabolic Trough Collectors (PTC) is the original solar photoreactor that was designed for
photochemical applications. The parabolic trough collector has one or two motors to trace
solar radiation on one or two axes (east-west movement around a north-south oriented axis
and north-south movement around an east-west oriented axis) (128) that keeps the collector
aperture always perpendicular to solar rays (129). This structure aids to collect all the solar
radiations on the collector aperture and reflects to absorber tube at the focal line where the
wastewater flows. Using only direct solar radiation, low optical and quantum efficiencies due
to higher e /h* recombination (128), and expensive design are its main drawbacks (55, 132).

As illustrated in figure 22, direct radiation is the portion of solar radiation that reaches the
ground without being absorbed or scattered and radiation that is dispersed before arriving
ground is diffuse.
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Figure 22. Global solar radiation include direct and diffuse (127).

The direct and diffuse radiation of sunlight is equal on the surface of the earth (42). The sum
of direct and diffuse components of solar radiation has been known as global radiation (127).
On other hand, fifty percent of the UV radiation for 4-6% of total solar radiation is in the
diffuse part so PTCs do not have efficient performance on cloudy days (131). Figure 23 shows
the schematic of the PTC system, the PTC application can be used for water heating,
desalination, and water disinfection. The first outdoor engineering-scale of PTC reactor was
designed and built at the National Solar Thermal Test Facility at the Sandia Laboratories in
Albugquerque, New Mexico (USA), in 1989. In 1990, a similar plant was built at the Plataforma
Solar de Almeria for water detoxification in Europe (42).
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Figure 23. Schematic of a PTC photoreactor with one-axis tracking motor(135).

For the PTC reactor, the parabola equation is given by equation 16:

XZ
y= E 16

and C is the geographic concentration of the collector (eq. 17):
C=— 17

f is the focal length, D is the aperture width, and d is the reactor tube diameter (129, 136,
137). The concentration ration of PTC systems is 5 and 20 (131).

4.2.1.2.2. Compound Parabolic Collector (CPC)

The collector for the photocatalytic purpose must be economical and efficient, CPC combines
the characteristic of both technologies (PTC and non-concentration) and has none of their
disadvantages of them. The CPC is a variant of a PTC concentrator under the category of
concentrating solar reactor. They are static and collect all radiations (diffuse and direct) that
reach the aperture area (45, 55) and then reflect around the back of the tubular reactor. So,
they have higher optical and quantum efficiencies due to lower e /h* recombination (45, 128,
132).

The design of the CPC collector-based reactor with a tubular reactor presents in figure 24. A
generic reflector point S can be described in terms of two parameters, angle 8, subtended by
lines originating at O (center of the reactor tube) to A and R, and distance p, given by segment
RS (eq. 18-19):

0= 0OA=0R 18



p= RS 19

RS being tangent to the reactor tube at R. One important parameter for CPC definition is the
angle of acceptance 20,, which is the angular range over which all or almost all rays are
accepted without moving the collector.

The solution is given in two separate portions, an ordinary involute for A to B (eq. 20) and an
outer portion from B to C (eq. 21):

p=ro 20 8] < 6,+ g part AB of the curve

8+ 0,4+ =— cos(6— 0,)
p =T 2
1+ sin(6—-0y)

21 0,+ g < |6] < =—=—0, partBCof the curve

Figure 24. The geometry of CPC configuration (135).

The concentration ratio (CR) is the ratio of the collector aperture area to the reactor area. The
concentration factor of a CPC is related to the acceptance angle, as per the equation 22 (70,
132):

R=—L -2 22

sin 0,4 2Tr

A is the aperture of the photoreactor, and 0,is the semi-angle of acceptance. For
photocatalytic application half of the acceptance, the angle is between 60 and 90, in this
range, the absorber can collect both direct and diffuse rays. In the case of 90 where CR =1 all
UV radiations that receive on the aperture area can redirect to the tube (132). CPCs have high
efficiency because of using both radiations without the need for a tracking system (55, 128,
137, 138).
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4.2.1.2.3. Parabolic Dish Concentrator (PDC)

PDC systems are widely used for electrical and chemical energy from solar radiation and they
reflect the sunlight on a spot-like focus. A PDC has a support frame with a sun tracking motor
and works with direct radiation (70). A schematic drawing of PDC indicates in figure 25 and
an image of a parabolic module was used at the University of Isfahan. The typical
concentration ratio is in the range of 100-10,000 (128).
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Figure 25. Schematic and photo of PDC at University of Isfahan (139).

4.2.1.2.4. Fresnel concentrator

Fresnel collector applied for solar energy production in a line or spot focus design. They use
mirrors and lenses with a flat surface to track the sun’s rays and concentrate onto a focal
receiver which has usually a tubular design. Fresnel configuration has two advantages such as
fixed and simple design and cheaper fabrication in comparison with PTCs. Figure 26 shows
the common mode of Fresnel collectors (70). Fresnel lenses and PTC models concentrate solar
light between 5 and 50 times (128).

Receiver

Figure 26. Schematic of Fresnel lens receiver(70).
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4.2.1.2.5. Optical fiber photoreactors

In this model, the photocatalyst was directly fixed on the waveguides like optical fibers, and
sunlight was used as a light source. To date, its complexity and low efficiency make it
impractical for wastewater treatment (70).

4.2.2. Solar photoreactor’s tube (absorber)

The requirements for the solar photocatalytic reactor are similar to other advanced oxidation
processes. The reactor tube must be transmitted solar UV radiation and withstand summer
temperature without no damage (55). It should be providing good mass transfer of the
contaminant to the photocatalyst surface with the minimum pressure drop. In addition, it
must not react with either the catalyst or the pollutants to be treated or their products.
Photoreactor materials must be stable with regard to chemicals and low pH resistance (134,
140).

There are some choices of materials for photoreactors. Their advantages and disadvantages
can be classified as follows in table 2 (55, 129).

Table 2. Advantages and disadvantages of various photoreactor tube (42, 132).

Type Advantages Disadvantages

Quart ¢ Excellent UV transmittance High cost
uartz . igh cos
¢ Thermal and chemical resistance 8

e Lower UV transmittance due

¢ Good UV transmission .
to wall thickness

Fluoropolymer e Chemical stabilit
POl y e Lack of rigidity
e High pressure drops
. ¢ Cheap . -
Commercial glass e Absorbing UV radiation

¢ Thermal and chemical resistance

e Good UV transmission
Borosilicate glass (Pyrex) e Reasonable cost
¢ Thermal and chemical resistance

Therefore, Pyrex has the best choice of materials with a combination of cost and UV
transmittance in large volumes (55). The transmittance of several types of glass and

fluoropolymers like ethylene-tetrafluoroethylene (ETF) presents in figure 27 (42).
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Figure 27. The transmittance of different materials suitable for solar photoreactor’s tube (42).

One important factor is the photoreactor’s diameter because uniform flow must be
maintained. In a heterogeneous photocatalysis system, turbulent flow requires avoiding the
sedimentation of catalyst particles. On the other hand, turbulent flow makes higher pressure
drop, especially in the case of industrial-scale plants. For these reasons, the diameters of the
photoreactor should be between 25 and 50 mm (128). It must be a guarantee that all arriving
photons are kept inside the rector. Very small diameters cause high-pressure drop and very
high diameters make a dark zone, thus overall system efficiency decrease (42).

4.2.3. Reflecting material of solar collectors

The most important hardware in the solar photoreactor is the reflective surface. Reflecting
materials should be reasonably cheap, have high reflectivity and weather resistance (70, 132).
Since in photocatalytic application reflection of wavelength in the range of 300-400 nm is
interesting, mirrors fabricated with aluminum covering, silver mirrors, and aluminum-coated
plastic film are not suitable due to UV light filtering (128, 134) and their lack of rigidity.
Aluminum is the best option and its reflection values are 92.3 and 92.5% at 280 and 385 nm,
respectively. Comparable values for silver are 25.2 and 92.8% (42).

Other additional parts are the recirculation pump and tank. The pipes and connections must
be made of materials which commercially available and resistant to oxidant conditions of the
process. Another important issue is the reactivity of materials with catalysts or pollutants.
4.3. Solar photodegradation studies

When solar energy is used as a light source in the photocatalyst process, two parameters are
important: 1) variety of solar radiation during a day, season, and year, 2) experiments’ time,
so it needs to normalize solar intensity for experiments due to yield comparison. The
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photocatalytic destruction of pharmaceuticals usually was first order based on literature
reviews and related to the accumulated solar energy (141, 142).

In kinetic of pharmaceutical degradation reaction rate, accumulated UV energy was used
instead of reaction time and it can be calculate by equation 23 (143):

In< = —kQyy 23
Co

Co is the cefixime initial concentration and C is the concentration at the time of with drawl, k
is the rate constant (L/kJ). The accumulated solar UV energy (Quv) received in the solar reactor
per unit of treated solution volume was calculated using equation 24 (144):

—— A
QUV,n = QUV,n—l + AtnUVG,n Wrxvt: At, =t, —ty 4 24
tn is the experimental time for each sample (S), Vi is the total volume of wastewater at n water
sample (L), Ar is illuminated collector surface area (m?), Quv.nis the accumulated energy (per
unit of volume in kJ/L), and UVg  is the average solar UV radiation during At, (W/m?).

McLoughlin et al. (42) improved the performance of the parabolic, CPC, and V-groove profile
(see figure 28) in solar photoreactor using Pyrex tube to optimize the inactivation of E. coli.
The performance of the compound parabolic profile demonstrated a clear advantage in terms
of disinfection efficiency over the V-groove and parabolic profiles which performed
comparably. Compared the Inactivation rate constant of experimental values were obtained
which indicated high efficiency belonged to the CPC profile.
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Figure 28. Cross-section of solar reactors: (a) compound parabolic, (b) parabolic and (c) V-groove (42).
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Ajona and Vidal (145) studied the collector aperture tilt and the orientation of the reactor.
Two tilts were considered: an all-the-year fixed tilt and everyday adjustment. In addition, two
different reactor orientations have been studied: East-West and North-South. They
summarized their results: the difference between both orientations was quite small (1 %), the
East-West orientation had some advantages such as lower construction costs, the length of
the CPC can be as long as required, and reducing the number of passive areas.

CPC photoreactor was used in Spain for treating water contaminated with trimethoprim and
levofloxacin pharmaceuticals. This reactor was manufactured with aluminum foil mirrors
having borosilicate glass pipe of 50 mm in diameter. The reactor worked in two trials (a)
continuous (once-through experiment), and (b) batch (recirculation during 300 min). Using
P25 TiO,/TiO,/Si0, supported on an inner glass pipe. Fifty percent destruction of
trimethoprim was obtained in continuous mode and 95% of levofloxacin degraded in batch
mode (146).

Moxifloxacin solution was treated using immobilized Ti/Rusosx/Ti70%02 catalyst with 220 cm?
of surface area under solar and artificial radiation. The results are presented in figure 29, that
65% of moxifloxacin degradation was achieved in 24 h under the average of 45 kJ/L
accumulated energy while under artificial light with similar conditions had a degradation
efficiency of around 23%. The kinetic reaction rate of different light radiations can be seen in
the figure (147).
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Figure 29. Photocatalytic degradation of moxifloxacin solution under sunlight and UV- A lamp (UV-
A_5.5 and UV-A_6.3) shown as function of accumulated energy (kl/L) (147).

Talwar et al. (148) studied the breakdown of metronidazole using a plug flow CPC reactor with
supported catalyst on spherical-shaped beads (diameter = 12.50 mm). As shown in figure 32,
TiO2 coated beads were loaded inside the Pyrex tubes. They used two AOP processes, photo-
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Fenton and photocatalysis experiments were applied for antibiotic degradation under natural
solar light.
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Figure 30. The set-up of the compound parabolic concentrator reactor packed with supported TiO,
beads (148).

The metronidazole removal efficiencies for photolysis, photo-Fenton, photocatalysis, and
adsorption (dark test) are depicted in figure 31. They obtained only 6% and 9% degradation
efficiency for metronidazole in an exposure time of 60 min in photocatalysis and photo-
Fenton processes, respectively. In addition, the degradation efficiency with different
oxidations processes was in the order of Dual > Photocatalysis > photo-Fenton > photolysis >
adsorption (148).
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Figure 31. Metronidazole removal with different AOP processes versus the accumulated energy (Co =
25 mg/L)(148).
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Chapter 5. Regeneration of TiO, photocatalyst

Instead of discarding the deactivated photocatalyst, regeneration is a desirable and cost-
effective method with environment-friendly benefits (149). A major interest in the
photocatalysis process is the deactivation and regeneration of catalysts. Regeneration also is
important because in real wastewater there are lots of organic and inorganic particles which
cause the deactivation of the photocatalysts.

Adsorbed species including carbonaceous (150), polymeric substance, chloride, nitrate, and
sulfate (149, 151, 152) were responsible for the deactivation of the TiO, surface (153, 154).
This deactivation would be related to the change of surface properties. Blocking the
adsorption of target contamination on the catalyst surface decreases the number of active
sites which means accumulation on the TiO; surface that is hard to be degraded under
photocatalytic conditions.

Different types of regeneration methods have been examined to recover deactivated
photocatalysts, for instance, water washing (151), sonicating with water or alcohol (155),
thermal process (156), using chemical solution (NaOH, H2S04, NaOH, NH3) (151, 157), and hot
water method (149). Most research worked on the regeneration of photocatalyst mainly
deals with gas phase photocatalytic reaction systems (149, 158, 159) and in liquid phase
systems, the studies were less due to the presence of water as a solvent which could remove
by-products of degradation mechanisms (160).

Shang et al. (153) studied photocatalytic oxidation of three organic pollutants with TiO in the
gas phase. They reported that adsorbed by-product species blocked the active sites of the
catalyst. The deactivated photocatalyst was regenerated by sonicating in water and methanol
which could recover the TiO; activity. Moreover, washing and drying techniques showed
promising prospects to recover the activity of deactivated photocatalysts used in the
degradation of air pollutants (155). In another work (157), the SiOyx pollutants have been easily
removed by treatment in an alkaline solution without destroying the TiO; structure, also
photocatalytic activity was restored completely.

Garcia et al. (152) studied pharmaceutical contaminants using TiO, photocatalysts
immobilized on glass spheres in a solar pilot. As shown in figure 32, the photoactivity
decreased after five cycles, and degradation efficiency was remarkably reduced. In order to
recover the photocatalysts, different regeneration strategies such as oxidation treatment
(H202 with UV and calcination) and chemical solution. Treatment with an alkaline solution
partially removed the TiO; layer according to the XPS analysis. They found calcination was the
most technique to remove nitrogen-containing species.
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Figure 32. Comparison of the results obtained for the different regeneration processes for
pharmaceuticals, respect to the used photocatalyst (5th cycle) (152).

In liquid solution, reuse and regeneration of TiO, coating on glass beads were studied for
methylene blue degradation under solar radiation in a CPC reactor. Results confirmed the
effective method for recovering TiO, coating was water washing under UV-vis irradiation
(156).
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Conclusions

Water is a key resource of humanity and developing the quality of water resources is
fundamental to public health. Pharmaceutical wastes as emerging contaminants release in
surface waters, groundwaters, and soils. One of the most important pharmaceuticals
recognized in the aquatic environment is cefixime trihydrate with a concentration ranging
from 278-777 ng/L.

Conventional biological water treatment plants could not remove pharmaceuticals
completely. Advanced oxidation processes (AOPs) are a good alternative to pharmaceutical
treatment methods which involve the generation of highly reactive oxygen species or free
radical species. Photocatalysis is based on semiconductors in the presence of artificial or solar
irradiation. Semiconductor especially TiO, has been accorded great significance in recent
times due to their potential to mineralize a wide range of organic pollutants at ambient
pressure and temperature. It has advantages commercially available at various crystalline
phases, biologically inert, water insolubility, acid resistance, superior redox ability,
hydrophilicity, corrosion resistance, and physical and chemical stability. Difficulty in the
recovery of catalyst particles in slurry mode is one of the limitations in the application of TiO»-
based photocatalytic degradation of pollutants. One approach is immobilized photocatalysts
onto a variety of surfaces. Numerous techniques were reported for preparing supported TiO;,
for instance, sol-gel, plasma-enhanced chemical vapor deposition, chemical vapor deposition,
hydrothermal, etc.

In the case of TiO; films, the plasma-deposited method enables control of the size of TiO;
nanoparticles, the thickness, and the microstructure of the thin film. This is a promising
strategy for preparing a mixed crystalline phase of TiO, like P25 Degussa with a high
deposition rate and good substrate coverage.

Doping materials in TiO; lattice could modify their photocatalytic activity by modifying the
band gap, surface area, or particle size. Among these dopants, Mn is attractive because of its
variable valence states, as well as its significant influence on particle size.

Solar photocatalysis is based on the collection of high energy short wavelength photons (UV
radiation) to promote photoreactions. Solar photocatalysis reactors require specific features
to absorb and transmit solar photons efficiently to promote catalyst reactions. There are five
types of concentrating systems for water treatment methods like parabolic trough
concentrator (PTC), compound parabolic concentrator (CPC), parabolic dish concentrator
(PDC), Fresnel concentrator, and optical fiber photoreactors.

The collector for the photocatalytic purpose must be economical and efficient, CPC combines
the characteristic of both technologies (PTC and non-concentration) and has none of their
disadvantages of them. The CPC is static and collects all radiations (diffuse and direct) and
then reflects around the back of the tubular reactor. So, they have higher optical and quantum
efficiencies due to lower e /h* recombination
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In the solar photocatalysis process, the kinetic of the pharmaceutical degradation reaction
rate was determined by the accumulated UV energy used instead of reaction time. The
accumulated solar UV energy (Quv) received in the solar reactor per unit of treated solution
volume was calculated using an expression.

Regeneration is a desirable and cost-effective method instead of discarding the deactivated
photocatalyst. Adsorbed species on the catalyst surface decrease the number of active sites.
Different types of regeneration methods have been examined to recover deactivated
photocatalysts, for instance, water washing, sonicating with water or alcohol, thermal
process, using a chemical solution, and hot water method.
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Notations

PPCPs Pharmaceutical and Personal Care Products
WWTP Waste Water Treatment Plant
ng/L Nano gram per liter

ug/L Micro gram per liter

rGO Reduced Graphene Oxide
mg/g Milli gram per gram

AOPs Advanced Oxidation Processes
Eg Band gap (eV)

eV Electron Volt

H,0; Hydrogen Peroxide

S,08? Persulfate

MnOy4 Permanganate

(0F} Ozone

OH* Hydroxyl radical

0;",0° Superoxide anion radicals
H,O* Hydroperoxyl radicals

Cl, Chlorine

RO* Alkoxyl radicals

uv Ultraviolet

us Ultra-sonic

TiO2 Titanium dioxide

Fe Ferrous

Pt Platinum

IrO2 Iridium oxide,

PbO; Plumbic oxide

RuO; Ruthenium oxide

Sn0O; Stannic oxide

BDD Boron-Doped Diamond

EC Electrochemical

CO; Carbon dioxide

nm Nano meter

VB Valence Band

CB Conduction Band

A Wavelength (nm)

cm3/g Cubic centimeter per gram
min Minute

ND Nano-Diamonds

Zn0 Zinc oxide

NAc Nanogranular ammonium acetate

NiO

Nickle oxide



NCP Nano-Clinoptilolite

BiOBr Bismuth bromide oxide

ZnS Zinc sulfide

Fe;03 Ferric oxide

Cds Cadmium sulfide

WOs3 Tungsten trioxide

SO, Sulfur dioxide

Fes04 Ferrous ferric oxide

Mn;03 Di-manganese trioxide

CeO> Ceric dioxide

g/L Gram per liter

PVD Physical Vapor Deposition
CVvD Chemical Vapor Deposition
PECVD Plasma Enhanced Chemical Vapor Deposition
Hg lamp Hydrargyrum lamp

mg/L Milli gram per liter

T Temperature (°C or K)

Te Electron temperature (°C or K)
T lon temperature (°C or K)

Te Gas temperature (°C or K)

W Watt

XRD X-ray diffraction

RF Radio Frequency

SEM Scanning Electron Microscopy
TTIP Titanium tetraisopropoxide

h Hour

sccm Standard cubic centimeters per minute
nm/min Nano meter per minute

Pa Pascal (unit of pressure)

mbar Milli bar (unit of pressure)
Ar/O3 Argon per oxygen

h Planck’s constant (j x s, 6.626 1034)
Y Light frequency (Hz)

SG Sol-gel

MW Microwave

SrTiO3 Strontium titanium oxide
GN-TNT Graphene-TiOz nanotubes

km Kilometer

km/s Kilometer per second

MW/m? Megawatt per square meter
kw Kilowatt
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EJ Exajoule

W/m? Watt per square meter

PTC Parabolic Trough Concentrator

CPC Compound Parabolic Concentrator
PDC Parabolic Dish Concentrator

a Absorption coefficient

hv Photon energy (eV)

C Geographic concentration of the PTC collector
f Focal length

D Aperture width of PTC

D Diameter

0 Angle (°)

CR Concentration Ratio

A Surface (m?)

Co Initial concentration (mol/L)

C Concentration

K Rate constant (L/kJ)

Quv Accumulated solar UV energy (kJ/L)
tn Time for each sample (s)

Vi Total volume (L)

Ar llluminated collector surface area (m?)
UVe,n Average solar UV radiation (W/m?)
NaOH Sodium hydroxide

H2S04 Sulfuric acid

NH3 Hydrogen nitride (ammonia)

XPS X-ray photoelectron spectroscopy
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PART 3: ELABORATION AND CHARACTERIZATION OF
NANO-PHOTOCATALYSTS
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This part contains three chapters. In the first chapter, the elaboration methods of TiO»-based
photocatalysts will be presented. In the following, we will describe the general techniques
and principles of the characterization methods including, inductively coupled plasma-optical
emission spectroscopy (ICP-OES), Raman spectroscopy, X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and atomic force microscopy (AFM). In chapter 3, we will describe
the physicochemical characterization of the pure and Mn-doped TiO; photocatalysts that
were prepared by the fluidized bed plasma device. Results of ICP, Raman, XRD, XPS, SEM,
TEM, and AFM analytical methods will be discussed.

Chapter 1. Elaboration methods and experimental setups
1.1. Elaboration of photocatalysts

The elaboration of nanostructured layers by plasma has been known promising development
for decades. The fluidized bed plasma technique used in this work was inspired by the Low-
pressure plasma used by A. Rahmani (9-10) to deposit CuO, Zn-CuO catalysts on the surface
of alumina beads (161, 162) in a fluidized bed plasma reactor. The plasma technique used in
these works showed high performances in terms of the doping rate, the crystallinity, and the
control of oxidation rate due to the reactive species of plasma such as energetic electrons,
oxidant species OH and O radicals. In these works, the role of plasma parameters on the
properties of the final deposited layers has been emphasized.

On the other hand, there are intense research efforts around the world to develop
photocatalysts for pollutant abatement in agueous solutions. In this way, TiO2 nanoparticles
have shown promising behavior. However, nowadays it is forbidden for example by European
Union directives to add to the surface waters the nanoparticles that constitute by themselves
a new category of pollutant. A solution to this problem is to produce nanostructured
photocatalysts stabilized on the surface of immobile surfaces permitting the recovery of the
photocatalysts after use and preventing their diffusion in the water. In connection with the
effects of the elaboration method on the properties of TiO; layers Sobczyk-Guzendaet al. (99)
confirmed the good hardness and adhesion of TiO; films obtained by plasma enhanced
chemical vapor (PECVD) deposition technique. Kim et al. (100) used a rotational cylindrical
plasma reactor to deposit uniform TiO> layers on glass beads surfaces while in our work we
used a fluidized bed fluidized bed plasma reactor to obtain thin TiO3 films fixed on the surface
of glass beads.

The aim of this work is to produce nanostructured TiO> layers on the surface of glass beads in
order to develop stabilized photocatalysts layers for pharmaceutical pollutants removal in
surface waters.

The effects of the experimental parameters on the properties of TiO, thin layers are presented
and compared with those of the layers obtained by the conventional sol-gel method.
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Thus, the TiO; and metal-doped TiO; films were coated on glass beads through a fluidized bed
plasma and T-mixer sol-gel reactor. The pure TiO2 and Mn-doped were deposited with the
fluidized bed plasma device under different operating conditions. The sol-gel method with a
micro-mixing reactor was used to synthesize TiO,, ZrTiO;, and VTiO; nanoparticles fixed on
the glass beads. The immobilized catalyst was chosen to prevent the loss of catalyst material
and to avoid the posterior filtration step, related to the recovery of the catalyst. Titanium
oxide layers were always coated on the surface of glass beads 4 mm in diameter.

1.1.1. The low-pressure fluidized bed plasma setup

The titanium dioxide coatings were prepared by the fluidized bed low-pressure fluidized bed
plasma reactor. A schematic representation of the fluidized bed plasma device is depicted in
figure 33 which has been explained in the previous publication (163). It consisted of a quartz
tube, a vacuum equipment, an inductive coil, a radio frequency generator with a matching
box, a solution container, an electro valve, plasma gases, and measurement devices. The inner
diameter and the length of the cylindrical quartz tube were 50 mm and 600 mm, respectively.
The quartz tube was equipped with a quartz mesh in its center to hold the glass beads
substrates. The inductive coil was rounded at the center of the quartz tube for producing the
plasma discharge. The radio frequency power generator coupled with the matching box was
connected to the inductive coil for producing the plasma discharge in the presence of argon
or argon/oxygen flows. The gas flow rates of argon and oxygen were controlled with the mass
flowmeters (Bronkhorst, MFC). Before deposition, the vacuum in the chamber was
maintained in the order of 20 Pa by pumping. The precursor solution was injected into the
plasma chamber through the electro valve which fluidized the substrates with pressure
differences before and after opening the valve.
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Figure 33. Schematic of the low-pressure fluidized bed plasma reactor for TiO, depositions.

1.1.1.1. Plasma process for deposition of TiO; films on glass beads

Prior to deposition, the glass beads were cleaned in sulfuric acid and distilled water before
loading into the reactor chamber. First, pollutants on the surface of glass beads were removed
by immersion in a sulfuric acid (H2SO4, 98%, Sigma-Aldrich) solution overnight. Then rinsed
and washed with distilled water more than fifteen times. Finally, they were dried in an oven
at 80 °C during the night.

In each deposition batch, 100 g of glass beads (diameter = 4 mm) were coated with the
fluidized bed plasma chemical vapor deposition method. The titanium tetra isopropoxide
(TTIP, Ci12H2804Ti, 284.219 g/mol, 98%), from Sigma-Aldrich, was utilized as the primary
titanium precursors for the deposition of TiO; films. The TTIP has several benefits: volatile at
ambient temperature, non-dangerous (164), high reactivity, and weak saturation vapor
pressure (27 Pa) (165). The liquid precursor TTIP was solved in the isopropanol (C3HsO,
60.1 g/mol, Aldrich) at the ambient temperature, under an argon atmosphere. In a typical
procedure, 50 ml of precursor solution was prepared with two concentrations: Cri= 1.67
mol/L and 1.002 mol/L in isopropanol.

Before opening the precursor valve to insert the droplets inside the reactor, the glass beads
were subjected to pure argon plasma discharge at the following parameters: flow rate of
argon Ar = 90 ml/min, discharge power P = 250 W, and duration of t = 10 min before the
deposition.
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Figure 34. Photo of the fluidized bed plasma reactor installed at LSPM, France.

The plasma gases were oxygen and argon. The argon gas as the carrier gas was applied in the
precursor solution at the fixed flow rate of 300 ml/min. The oxygen gas was employed as a
reactant gas and injected into the reactor chamber separately. The argon was used as a vector
gas to transport the (TTIP + isopropanol) droplets inside the plasma discharge. The reactive
species of plasma (electrons, OH and O radicals) reacting with TTIP and isopropanol molecules
leaded to form the TiO; films on the surface of glass beads (figure 34). The feed line of TTIP
was heated at T = 140 °C to help the evaporation of TTIP droplets and to avoid condensation
of TTIP.

To calculate the flow rate of precursor consumption, the volume difference in precursor
solution was measured before and after each deposition. The average flow rate of precursor
consumption was 0.33 ml/min (20 ml of precursor mixture injected during 60 minutes of
deposition). The pressure in the fluidized bed plasma reactor ranged between 5 and 20 Pa.

In these deposition experiments, the effect of several plasma parameters on the TiO; film
formation and composition has been studied. The oxygen flow rate, the deposition time, and
the precursor concentration were changed to study their effect on the structural properties
of TiOz films coated on glass beads. These parameters might influence the density of gaseous
molecules and distribution of ion energy, and consequently the thickness and
physicochemical properties of samples. Oxygen content was changed from 0 to 25 ml/min,
and TiO2 deposition times were between 30 and 60 min. Other plasma parameters in the
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deposition conditions were kept constant such as the weight of glass beads, feed line
temperature, and vector gas flux. The TiO; layers were successfully deposited on the surface
of glass beads. Experimental variables and ranges for photocatalyst depositions are listed in
table 3.

Table 3. Plasma deposition conditions of TiO, photocatalysts prepared with the fluidized bed plasma
method.

Catalyst  Cri(mol/L) 0 flux (ml/min) Deposition time (min) Plasma power (W)
TiO; 1.67 0 60 250
TiO; 1.67 2 60 250
TiO; 1.67 10 60 250
TiO; 1.67 25 60 250
TiO; 1.67 10 30 250
TiO; 1.002 0 45 300
TiO; 1.002 1 45 300
TiO; 1.002 2 45 300
TiO; 1.002 3 45 300
TiO; 1.002 4 45 300
TiO; 1.002 10 45 300

1.1.1.2. Deposition of manganese doping in the TiO2 structure

In this work, the Mn-doped titanium dioxide films were deposited by a similar procedure via
the fluidized bed plasma technique. In brief, plasma discharge was created for the TiO; layers
previously described. During the preparative steps, we observed that the manganese
precursor (manganese acetate) could not be mixed with TTIP as they react together and form
a solid precipitate in the mixing vessel before injection in the fluidized bed plasma reactor.
Thus, for Mn-doped TiO, samples, another liquid precursor was prepared in a separate
container. Manganese acetate (C4HsMnQs, 173.027 g/mol) from Sigma-Aldrich chemical
company was used as precursor material.

Different amounts of manganese acetate (0.128, 0.313, and 1.284 g) were solved in the 40 ml
of methanol (CHsOH, 32.04 g/mol, Sigma-Aldrich) as a solvent in the ratio of 1, 3, and 10 mol%.
The plasma power was adjusted at 300 W and the net weight of glass beads was 100 g. The
TTIP concentration was fixed at Cri = 1.67 M in isopropanol for all Mn-doped TiO; catalysts.
Both liquid precursors, i.e. TTIP in isopropanol and Mn acetate in methanol, were injected
into the reactor. As shown in figure 35, two precursor droplets were separately injected inside
the reactor and photocatalyst films were generated on the surface of the glass beads by
reaction with plasma. The argon flux as the carrier gas for TTIP and Mn solutions was adjusted
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at 300 and 150 ml/min, respectively. It is noteworthy that in our experimental conditions the
exact amount of Mn in TiO, deposits should be determined by ICP analysis.
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Figure 35. Schematic of the fluidized bed plasma device for Mn-doped TiO, depositions.

The MnxTi1xO2 layers were coated on glass beads. The operational parameters of all Mn-
doped TiO; films are presented in table 4.

Table 4. Deposition conditions of Mn,Ti1.xO2 photocatalysts prepared with the fluidized bed plasma
method.

Catalyst x(%) Cri(mol/L) Ozflux (ml/min) Deposition time (min)

MnxTi1xO2 1 1.67 10 35
Mn,Ti1xO2 3 1.67 10 35
Mn,Ti1«x02 10 1.67 10 35
MnxTi1xO2 3 1.67 25 35

1.1.1.2.1. Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

The ICP-OES analysis was used to quantitatively determine the Mn content in our composites.
For the quantification of Mn loading in TiO, photocatalyst, the coated films on the substrate
were introduced in the concentrated nitric acid for several days ensuring the total dissolution
of the deposit ready for ICP analysis. Then 0.5 ml of the resulting solution was finally diluted
with deionized water up to a final volume of 8 ml.
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The final values of Mn and Ti percentages on the MnTiO; deposits were characterized by the
ICP analysis technique. The ICP-OES measurements of Mn doping are summarized in table 5.
The exact Mn/Ti ratio that was obtained with the ICP method for three kinds of MnTiO..

Table 5. The final composition of TiO, layers doped with Mn measured with ICP-OES.

Mn acetate in

Photocatalyst Ti(ppm) Mn (ppm) Ti(mmol/l) Mn (mmol/l) Mn/(Mn+Ti)
precursor (g)

0.128 Mno.01Ti0.9902 23.13 0.2896 0.48308271 0.00527216 0.01079577
0.313 Mno.003Ti0.99702 0.3963 0.0014  0.00827694  2.5487E-05 0.00306982
1.284 Mno.02Tio.0802 13.3 0.369 0.2777777  0.00671764 0.02361247

. . : — NMn i i
The results of the analysis displayed that the mass ratio of (x = /NTi + NMn) in MnyTiz-

x02 were 0.01, 0.003, and 0.02 respectively which were significantly lower than the desired
values.

1.1.2. Crystallization of deposited films by post annealing

Preliminary characterization showed that our TiO; and MnyTi1.xO2 deposits were found in the
amorphous phase. To get crystallized films, annealing was applied to the as-deposited
samples in a furnace (RHTC-80230115, Nobertherm) with a heating rate of 8 °C/min from the
room temperature to 450 °C then during for 4 h at 450 °C. The cooling was done naturally.
The amorphous form of titanium dioxide was known to have low photocatalytic activity, while
the crystalline form of titanium dioxide was photoactive. Thermal annealing of all films was
carried out under atmospheric pressure and the annealing time always was four hours.

1.2. Sol-Gel method in a micro-mixing reactor

The preparation of the photocatalysts in a sol-gel micro-mixing reactor was performed
following the procedure described in the previous papers (166-168). The vanadium-doped
TiO; particles coated on the surface of glass beads were obtained as described in the Ph.D.
thesis of M. Miguel Sanchez (169), and the Zirconia-doped glass beads were obtained in the
frame of M. Cheng’s Ph.D. thesis (170). In this work, we verified the photocatalytic activity of
these particles in the solar reactor for the destruction of cefixime molecules in water.

1.2.1. Synthesize of TiO; and doped-TiO; nano-particles coated on glass beads

Pure and doped titanium dioxide nanoparticles were prepared in a sol-gel T-mixer reactor,
shown in figure 36, and coated on 4 mm diameter borosilicate glass beads. The solutions of
precursor and water to synthesize colloidal solution of titanium oxide were prepared in a
LABstar glove box workstation (MBraun) for avoiding any contamination from atmospheric
humidity (the vapor of H,0 was kept at below 0.5 ppm). The mixed oxide V-TiO, nanoparticles
with different vanadium content V/(V+Ti) between 0 and 20 mol% were prepared in a
laboratory chemical reactor with ultra-rapid micro-mixing of the titanium and vanadium

73



precursors. Two stock solutions of precursors were prepared: (A) mixed vanadium
oxytripropoxide (98%, Sigma Aldrich) and titanium tetraisopropoxide (TTIP, 98%, Sigma-
Aldrich) precursors in n-propanol (99.5%, Sigma Aldrich); (B) bi-distilled filtered water in n-
propanol (99.5%, Sigma-Aldrich) used as a solvent. The titanium precursor concentration in
the reaction volume was C1i=0.3 mol/l and water concentration Cy, was adjusted to maintain
the hydrolysis ratio H=Cw/(Cri+Cv) = 1.5, which according to our previous results assures the
particle's nucleation but prohibits their mutual aggregation and growth. The total titanium
precursor concentrations were kept at 0.292 M and hydrolysis ratio according to Cheng et al.
(171).

These solutions were transferred and injected into tanks (A) and (B) of the micro-mixing
reactor. The nitrogen pressure of 4 bar was used for applying to mix (A) and (B) solutions at
T-mixer to reach Reynold’s number Re = 6000. The micro-mixing reactor was made up of a
metal tube having an inner diameter of 1 mm for the input arms joining the tanks (A) and (B)
to an output metal tube of 2 mm in diameter. This permitted to development vortex when
the two liquids met together fast and thus leading to produce nano-metric TiO; particles. The
mixed fluid flow rate was about 10 m/s, which was believed faster than the nucleation and
growing phenomena, with a controlled temperature at 20 °C by a thermo-cryostat Haake,
DC10K15.
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Figure 36. Schematic of sol-gel micro-mixing reactor with T-mixer used in photocatalyst preparation
(170).
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The borosilicate glass beads with 4 mm diameter were put and kept in concentrated sulfuric
acid (95-98%) overnight and then well cleaned with distilled water until 10 times. Then they
were dried in the oven (at 80 °C around overnight). After the obtained colloidal solutions had
been mixed by a micro-mixing reactor and transferred into the glove box, these dried
borosilicate glass beads were coated for 10 min with these nanoparticles. The coated beads
were filtered with filter papers and dried at a temperature of around 70 °C.

The film-coated pure TiO, and V-doped TiO; on borosilicate beads were treated at 450 °C for
4 hours.

Chapter 2: Characterization of physicochemical properties of photocatalysts

Several physicochemical characterization techniques were applied to study the structure and
morphology of photocatalysts. These methods gave us information about the crystallite,
morphology, and chemical properties of coated films on glass beads. The aim of analyzing the
film's structure and morphonology was to identify similarities and differences in their phase
composition and to assess the influence of deposition parameters. For structure examination,
we used Raman, XRD, and XPS techniques while SEM, TEM, and AFM were used to determine
the morphology of deposited layers.

2.1. X-ray diffraction

X-ray diffraction (XRD) is a rapid analytical technique for the identification of different
crystalline phases of materials, determination of unit cell dimensions, and structural
parameters such as the size of crystallite, and the percentage of each phase. The
monochromatic X-rays which are generated in a cathode ray tube by heating a filament, are
directed toward the sample and the diffracted rays are collected. As shown in figure 37, the
key component of all diffraction is the angle between the incident and diffracted when
conditions satisfy Bragg's equation that presents in the following equation 25:

nA = 2dsin© 25

Which A is the wavelength of incident radiation, d is the interplanar distance between planes,
0 is Bragg angle, and n is the integer characterizing the diffraction order. This law relates the
wavelength of electromagnetic radiation to the diffraction angle and the lattice spacing in a
crystalline sample. A detector records and processes this X-ray signal and converts the signal
to a count rate by scanning the sample through a range of 208 angles which is then output to
a device such as a printer or a computer monitor. The d-spacings aid to identify the material
because each material has a set of unique d-spacings. In XRD analysis a standard reference
requires for the identification of unknown samples (172).
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Figure 37. X-ray diffraction from two planes of atoms in a crystal.

In the present work, the x-ray diffraction (XRD) patterns were collected at a grazing incidence
using Panalytical Empyrean diffractometer equipped with a Cu-Ka source (A=1.541 A). The x-
ray incident beam was collimated with 1/16° slits coupled with a 5 mm mask to ensure that
the beam footprint did not exceed the sample surface. The diffractometer was equipped with
a PIXcellD 255-channels detector operating in scanning line mode coupled with a parallel
plate collimator (acceptance angle of 0.18°). The patterns were collected with an incident
angle of 0.5° in the range from 15° to 70° (268) with a step of 0.03° and counting time per step
of 75 s.

The crystalline size of deposited films can be calculated from the XRD patterns and Scherrer
equation. Scherrer equation was used to measure the crystallite size of photocatalyst films
deposited by plasma method on glass beads. The value of D can be calculated using the
following expression (eq. 26):

D= KA cosc) 26

where D is the crystallite size, A is the wavelength of X-ray, B is the full width at half maximum,
0 is diffraction angle, K is the shape factor, a constant between 0.8 and 1.39 (173).

During our experiments, we observed by TEM and XRD the presence of both phases rutile and
anatase in the same deposited layer. The phase quantification was estimated from the
Grazing Incidence XRD (GIXRD) patterns with rutile/anatase ratio calculated from the
respective (110) and (101) peak intensities via the equation 27 suggested in references (174,
175):

f= (1 +1.265 i—i)_l 27

where |a and Ig are the X-ray intensities of peaks corresponding to anatase and rutile phases.
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2.2. Raman spectroscopy

The general Raman spectrum (the intensity and wavelength position) is a distinct chemical
fingerprint for a particular molecule or material, each peak corresponds to a specific
molecular bond vibration and can be used to very quickly identify the material. A Raman
microscope couples a Raman spectrometer to a standard optical microscope, allowing high
magnification visualization of a sample and Raman analysis with a microscopic laser spot.
Raman micro-analysis is easy: simply place the sample under the microscope, focus, and make
a measurement. A Jobin-Yvon HR800 equipped with a motorized X-Y stage that allowed to do
the imaging and an adjustable aperture confocal slit system was used to measure Raman
spectra of nano TiO; films deposited on glass beads. The excitation wavelengths that can be
used are 632.8 nm thanks to a laser He/Ne incorporated into the equipment and where the
wavelengths go from the visible (514 and 448 nm) up to the ultra-visible (363.8 nm) using high
power ionized Argon laser (30 mW).

2.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is the most widely used surface analysis technique
because it can be applied to a broad range of materials. The information XPS provides valuable
guantitative and chemical state information from the surface of the material to characterize
thin film structures. Thin film composition plays a critical role in the performance of catalysis
nanomaterials

XPS is typically accomplished by exciting the surface of a sample with mono-energetic Al ka
x-rays causing photoelectrons to be emitted from the sample surface. An electron energy
analyzer is used to measure the energy of the emitted photoelectrons. From the binding
energy and intensity of a photoelectron peak, the elemental identity, chemical state, and
guantity of a detected element can be determined.

The XPS analysis technique used in the present study is illustrated in figure 38. The XPS
analysis was realized on Thermofisher Scientific Escalab 250xi equipment with a spot size of
650 um and flood gun assistance (Al-Ka, A=1486.6 eV, Pass Energy (survey/HR) 100 eV / 20
eV, dwell time 100 ms, step (survey/HR) 1 eV / 0.1 eV). Spectra were then charge corrected
by shifting all peaks to the adventitious C1s spectral component (C-C, C-H) binding energy set
to 284.8 eV. Quantification is performed based on the photopeak areas after a Shirley type
background subtraction using the Thermofisher Scientific Avantage© software and its
“ALTHERMOL1” library as sensitivity factor collection.

77



Figure 38. XPS analysis technique on the surface of a glass bead.

2.4. Scanning electron microscopy

Scanning electron microscope (SEM) gives information about the sample morphology,
chemical composition (using EDS), the orientation of particles, and crystalline structure by
giving a two-dimensional image. A SEM produces images by scanning the surface of a sample
with interactions of the electron beam and atoms and producing different signals that contain
information about the surface topography and composition.

As shown in figure 39, produced signals of electron-sample interactions are classified into
secondary electrons (SE), reflected or back-scattered electrons (BSE that are used to
determine crystal structures and orientations of minerals), characteristic X-rays (photons,
used for elemental analysis and light (cathodoluminescence), absorbed, transmitted
electrons and heat which carry significant amounts of kinetic energy. In the common SEM
method, secondary electrons and backscattered electrons detectors are standard equipment
for showing morphology and topography and rapid discrimination of phases in multiphase
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samples, respectively. Additional detectors are critically dependent on which detectors it
accommodates.

electron beam
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Figure 39. Electron beam interaction with the sample in SEM and TEM techniques.

For conventional imaging in the SEM technique, a sample has to fit on the specimen which
must be electrically conductive and electrically grounded to prevent the accumulation of
electrostatic charge. A Special treatment for non-conducting materials is used, that consists
usually on coating the sample with an ultrathin film of gold, gold/palladium alloy, platinum,
iridium, tungsten, chromium, osmium, or graphite by low-vacuum sputter coating or by high-
vacuum evaporation.

All SEM devices include electron source "Gun", electron lenses, sample stage, detectors for
all signals of interest, display/data output devices, and infrastructure requirements.

An electron beam, which typically has an energy ranging from 0.2 keV to 40 keV, is emitted
from a field emission gun (FEG) or thermionic electron gun fitted with a tungsten or
lanthanum hexaboride (LaBg) filament cathode.

Then electron beam is focused by one or two condenser lenses to a spot about 0.4 nm to 5
nm in diameter. The beam passes through pairs of scanning coils or pairs of deflector plates
in the electron column, typically in the final lens, which deflects the beam in the x and y axes
so that it scans in a raster fashion over a rectangular area of the sample surface. Samples must
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be solid in specific dimensions and be stable in a vacuum on the order of 10° - 10°® torr.
Generally, SEMs use a solid state x-ray detector (EDS), and these detectors are very fast and
easy to utilize.

The SEM images in the present study were obtained using a ZEISS Supra 40VP device.
2.5. Transmission electron microscopy

The transmission electron microscope is a very powerful tool to observe features such as the
crystal structure and features in the structure, and chemical analysis. And high resolution can
be used to analyze the quality, shape, size, and density of quantum wells, wires, and dots.

An electron gun, an objective lens, a movable stage holding the specimen, intermediate and
projector lenses, and a florescent screen are the main parts of a TEM device as illustrated in
figure 40 (left). A high-energy beam of electrons from the electron gun is focused through a
very thin sample. The condenser lens system works to converge the beam of electrons to the
specimen. The first lens which has strong magnification, produces a smaller image of the
specimen, to the second condenser lens, directing the image to the objectives. The beam is
restricted by the condenser aperture, which excludes high-angle electrons.

Electran gun
Electron beam
Anode
Condenser lens
Sampla
Objective aperture
lens
Intermediate Lens
Projectlor lans
Fluarescant screen

Figure 40. A schematic diagram of the pathway of an electron beam within a TEM technique (172)
(left), a TEM image of a sample in the present study (right).

The beam then strikes the specimen and parts of it are transmitted depending upon the
thickness and electron transparency of the specimen. This transmitted portion is focused by
the objective lens into an image on a phosphor screen or charge-coupled device camera. The
image is then passed down the column through the intermediate and projector lenses and is
enlarged all the way. The intermediate lens allows great magnification of the image and the
projector lens which gives a generally greater magnification over the intermediate lens. The
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image strikes the phosphor screen and light is generated, allowing the user to see the image.
The electrons are allowed to pass through a fluorescent screen fixed at the base of the
microscope.

The image that is formed is called a monochromatic image, which is greyish or black and white
(see figure 43, right).

In this work, the transmission electron microscopy (TEM) was performed using JEOL 2011
equipment operating at 200 kV with a LaBe electron emission source (Japan). The images were
recorded using a Gatan MultiScan CCD camera positioned at the output of the Gatan Imaging
Filter system. Samples were prepared by tearing off some pieces of the thin film and
depositing them on holey carbon film-supported 400 mesh copper grids. The interplanar
lattice spacing of TEM patterns was analyzed with ImageJ.

2.6. Atomic force microscopy

The atomic force microscopy (AFM) technique was applied to observe surface morphology
and roughness. An AFM operates by scanning the surface of a sample with a sharp tip
equipped at the end of a small lever. It can be used to measure the force between tip and
sample by a laser beam deflection which impacts the AFM imaging mechanism. A schematic
procedure of the AFM technique is shown in figure 41.

This force does not measure directly but is measured by a laser reflection from the back of a
lever. As the tip interacts with the surface, changing the laser position affects the amount of
laser light reflected on the photodetector and converts it into an electrical signal, so AFM
images generate. Bending and height changing of the lever result in a feedback loop to form
an image of the three-dimensional shape of a sample surface. The intensity of this signal will
be proportional to the displacement of the cantilever. AFM tips generally fabricate from Si or
SisN4 with a radius under 10s nm.
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Figure 41. Schematic procedure of AFM technique.
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Based on the nature of the tip motion, three modes use in function; static or contact mode
(dynamic mode), a vibrating mode, and tapping mode. AFM provides a three-dimensional
surface profile; it does not need lenses or beam irradiation. In addition, AFM does not require
a vacuum environment like an electron microscope and sample preparation or treatment.
Scanning speed and low area of scanning are its main disadvantages (176).

For AFM analysis of the films, tapping mode AFM studies were performed by a Veeco di-
Dimension V (Veeco Metrology Group) device.

2.7. Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

Inductively coupled plasma optical emission spectrometry (ICP-OES) is a powerful tool for the
determination of many elements in a variety of different samples. With this method, as shown
in figure 42, liquid samples are injected into an argon plasma using a nebulizer and the sample
mist reaching the plasma is quickly dried, vaporized, and energized through collisional
excitation at high temperature. The atoms and ions can absorb energy to move electrons from
the ground state to an excited state. The excited atoms return to low energy position,
emission rays (spectrum rays) are released and the emission rays that correspond to the
photon wavelength are measured. The element type and the content of each element is
determined based on the position of the photon rays, intensity, respectively.

To generate plasma, first, argon gas is supplied to torch coil, and high frequency electric
current is applied to the work coil at the tip of the torch tube. Using the electromagnetic field
created in the torch tube by the high frequency current, argon gas is ionized and plasma is
generated. This plasma has high electron density and temperature (10000 K).

Detector |« |grating | « Plasma
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Figure 42. Schematic diagram of an ICP-OES analysis method (170).

In the present work, the ICP-OES analysis was performed on an iCAP 6000 that has an optical
resolution < 0.02 nm. The spectrometer is equipped with a polychromator and an optical
assembly thermostated at 38°C. The spectral range is between 193 and 900 nm. The detector
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RACIDTM is of type Charge Injection Device (CID) and the generator is RF 27, 12 MHz. The
iCAP 6000 provides direct control via the iTEVATM software.

Chapter 3: Results and discussion
3.1. Effect of oxygen flux in plasma gas on the structure of TiO; films

The TiO; films were coated on glass beads by fluidized bed plasma method with various
oxygen flows. In these depositions 20 ml of precursor solution was used for the duration of
60 min. The titanium (TTIP, 98% purity, Sigma-Aldrich) precursor concentration in the
isopropanol (99%, Sigma-Aldrich) was Cri = 1.67 mol/L. The droplets of TTIP solution were
injected inside the plasma chamber by argon gas, TiO2 films were deposited on glass beads 4
mm in diameter in plasma discharge. The concentration of TTIP in precursor solution, the flow
rate of argon, the deposition time, the plasma power, and the weight of glass beads in the
deposition experiments were kept constant. We changed the flow rate of oxygen in plasma
gas between zero and 25 ml/min. Typically, each deposition was done under the following
conditions that are presented in table 6:

Table 6. Plasma deposition conditions of TiO; layers coated on glass beads with different oxygen flow

rates.
Deposition conditions Value
Oxygen plasma gas 0 to 25 ml/min
Precursor TTIP carrier gas 300 ml/min
Concentration of TTIP in solution 1.67 mol/L (50:50 V% TTIP: isopropanol)
Duration of each experiment 60 min
Quantity of glass beads 4 mm in diameter 90-100 g

Photographs of the glass beads coated as a function of oxygen flow in the plasma gas are
presented in Figure 43. It can be seen that there was a vivid color change of TiO; films from
black to white after deposition with various oxygen flux in plasma gas. Figure 43 (a) shows
coated layers on glass beads before annealing, without any oxygen in plasma gas the color of
the layers was black while it changed to brown and white with increasing oxygen
concentration from 2 to 25 ml/min in the plasma discharge. The appearance of the samples
presented that the increase of oxygen content in the plasma gas was probably linked to the
carbon content of films.
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Figure 43. Photos of deposited TiO; films on glass beads with different oxygen flux in plasma gas (a)
before annealing and (b) after annealing at T =450 °Cin 4 h.

As shown in figure 43 (b), after annealing at 450 °C for 240 min, the color of the layers changed
from transparent to white and then to light blue due to the combustion of carbon on the
surface of the samples. It appears that oxygen affects the appearance of the layers coated on
glass beads. On other hand, the carbon content was evidenced by the Raman spectroscopy
analysis presented in figure 44. This figure shows when the unannealed film was analyzed by
Raman technique two peaks were observed. Based on previous studies (177, 178) reported
that the Raman modes at 1350 and 1582 cm™ correspond to the graphene-based materials
like graphene and graphite. The peak at waveband 1350 cm™ related to the graphene and the
peak at waveband 1582 cm™ corresponded to the graphite structure.

84



Intensity (a.u)

P

100 400 700 1000 1300 1600 1900

Raman shift (cm™)

Figure 44. Raman spectroscopy of unannealed TiO; film revealed the presence of graphene and
graphite in deposited films before annealing.

3.1.1. Raman spectroscopy

All deposited films on glass beads were subjected to Raman Spectroscopy analysis. Figure 45
shows the Raman spectra of TiO2 nanofilms grown on glass beads before and after annealing.
As seen in the figure, none of the wavebands, typical for crystalline forms of TiO,, were
presented for the sample before annealing. However, two distinct broad bands of low
intensity at about 460 cm™ and 640 cm™* seemingly indicate the appearance of rutile phase
(179) in course of the plasma processing along. The Raman tests of the deposits before
annealing indicated the amorphous nature of TiO; films as prepared in the fluidized bed
plasma reactor. This was in agreement with previous studies (96, 180, 181) focusing on the
TiO2 deposited by PECVD where the films were found amorphous. They concluded post-
annealing process was required to turn or convert TiO; films from amorphous to crystallite
structures. For crystal growth of TiO; films, a substrate temperature of 450 °C was essential
in the their PECVD reactors. Therefore, those TiO; films deposited without this temperature
all were amorphous (96, 181). Unlike these studies, Kim et al. (182) have prepared the TiO;
films on silica gel powder by PECVD in a recirculation fluidized bed reactor, at T = 250 °C, and
crystallization into the anatase phase has been obtained without any post-treatment.

The Raman spectra of post-annealed (at T = 450 °C, t = 4 h) TiO, samples attested to the
crystallization of amorphous into the anatase phase. These Raman modes evidenced a
crystalline anatase phase. According to previously reported data, the anatase phase of TiO;
had six Raman bands at 144, 197, 399, 513, and 639 cm™ and the rutile phase had four Raman
bands at 143, 447, 612 and 826 cm™ (76).
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On 0, 2, 10, and 25 ml/min oxygen flow five Raman active modes were observed with anatase
structure. All Raman spectra presented in this work had a strong peak at 144 cm™. For the
TiO> films grown with the fluidized bed plasma technique five peaks exhibited at 144, 198,
395, 516, and 640 cm™ that correspond to Eg, B1g, A1g, and Eg modes (183-185).

Our result indicating the rutile phase preformation in the original plasma process seem
appealing and require further investigations. The expected rutile Raman bands were not
identified in the measured spectra, probably because of the screening effect by more intense
anatase bands. According to previous studies (185), more annealing temperature required
obtaining rutile phase, especially at temperatures more than 500 °C. Despite these results as
we will see later the presence of the rutile phase has been detected by XRD together with the
anatase phase in our deposits.
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Figure 45. Raman spectra of TiO, deposited films on glass beads with different oxygen flux in plasma

gas during 60 min.

3.1.2. X-ray diffraction (XRD)

To further compare the crystallinity of TiO; films on glass beads, an X-ray diffraction (XRD)
analysis was performed. The XRD patterns for the TiO, samples are presented in figure 46. As
shown, the results have introduced the crystalline structure of deposited films with the
different ratios of O; flux as reactive gas. All the observed XRD patterns of all TiO> films were
in good agreement with the standard of anatase tetragonal structure that is indicated with
the black line in figure 49. The films also contained the rutile phase of TiO; because several
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small peaks corresponded to the rutile phase. We observed the apparition of the rutile phase
with increasing oxygen in plasma gas. The peaks at 26 =27.4, 36.1, 41.2, and 54.3° correspond
to the rutile lattice. The peak at 27.4° was related to the rutile phase and its intensity
increased with increasing oxygen content inside the plasma reactor chamber. At the same
time, two additional peaks were characteristic for rutile (20 = 36.1° and 41.2°) and they
appeared to be less sensitive to the oxygen flow.

The intensity of the peak at 20 = 27° corresponding to the rutile phase increased with the
concentration of oxygen in plasma gas while the intensity of the anatase peak at 20 = 25°
decreased confirming that the crystalline phase changed from anatase to rutile with
increasing oxygen in plasma gas. Most of the peaks in the diffractogram of the TiO3 films could
be identified as the anatase phase. The peaks at 26 = 25.3, 38.2, 48.2, 55.02, and 62.7°
correspondedto (101),(004),(112),(200),and (2 1 1) plans of the anatase phase of
titanium dioxide, respectively (186-188). Our TiO; films contained the strongest anatase peak
at 26 = 25.3° and other peaks had less intensity that was similar to the TiO; films reported in
many other works (99, 189). The intensity of anatase phase peaks became weak as oxygen
flux raised. In addition, by increasing O, in plasma discharge deposited TiO, films were
performed in a polycrystalline structure (56).
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Figure 46. XRD patterns of TiO, deposited films on glass beads with a) 0 ml/min, b) 2 ml/min, and c)
10 ml/min oxygen flow in plasma gas.
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The crystal size was derived from the full width at half maximum (FWHM) value according to

the Debby-Scherrer formula (D = K}\/BCOS(G))' The phase quantification was estimated
from the Grazing Incidence XRD (GIXRD) patterns with rutile/anatase ratio calculated from
-1
the respective (110) and (101) peak intensities via equation f = (1 + 1.265 I—R) (174).
A

Table 7 summarizes the crystal size of the anatase and rutile phases of the TiO; films. By
increasing oxygen flow from 0 to 10 ml/min, the anatase phase crystal size was similar of 9 +
1 nm. The same size of the rutile phase of TiO; films for two flow rates of oxygen (2 and 10
ml/min) was calculated by Scherrer relation. The rutile phase content in polycrystalline films
was 16 and 27 in mol% for TiO; layers prepared in the presence of 2 and 10 ml/min oxygen
flow in plasma discharge, respectively.

Table 7. Nano particles' size measurement with Scherrer equation and XRD patterns.

Catalyst 0; flux in pla.sma gas Crystallites size (nm) Rutile content
(ml/min) Anatase Rutile (mol%)
TiO, 0 9.3 - 0
TiO, 2 9.6 8.1 16
Tio, 10 8.7 8.5 27

3.1.3. X-ray photoelectron microscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to check the chemical states on the surface
of TiO2 photocatalysts. The experiments have been done in Institut Lavoisier de Versailles at
Université de Versailles Saint-Quentin-en-Yvelines. Five samples were analyzed by the XPS
technique, the plasma deposition parameters of these TiO; layers are presented in table 8.

The XPS spectra of TiO; films coated on the plate with 0 ml/min of oxygen flow rate in plasma
discharge are shown in figure 47. The XPS survey spectra showed that five samples displayed
similar features. All samples had the same oxygen, titanium, and carbon core-level XPS
spectra which centered around 529, 458, and 284 eV, respectively.

The Ti2p core level peaks (23.3 at. %) with binding energies of 458.9 eV (2ps/2) and 464.6 eV
(2p1/2) and the satellite peak related to surface plasmon at 472.2 eV are characteristic of Ti**
cation in TiO;z (190). As reported in the literature, the Ti2p spectra suggest the presence of Ti
under Ti* state that confirms the stoichiometry of TiO; in the plasma deposited samples. No
significant signal of partially reduced Ti"* (n<4) to the lower energies from the principal Ti2ps,,
peak (191) have been observed in our spectra. However, a weak Ti2ps/; contribution
suggested a minor (~2 at. %) appearance of suboxide Ti3* at 457.4 eV, which nature will be
discussed below. The O1ls spectra were de-convoluted into three peaks at 530.2 eV (46.3 at
%), 531.2 eV (3.4 at%), and 532 eV (8.9 at%). The lower energy one originated from Ti—O-Ti
bonds, while the less intense one at higher binding energy was attributed to the physiosorbed
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species (Ophs), typically oxidised carbonaceous species, supported by observation of four Cls
contributions in the vicinity of 285 eV with the total content between 15.5 and 18.7 at% in
two samples with 0 and 10 ml/min oxygen in plasma gas, respectively. In addition, the O1s
spectra at 530 eV confirmed the presence of TiO; in the films that corresponded to the O-Ti
bonds and matched for stoichiometric TiO2 (192, 193). The shoulder at 531.8 eV attributed to
the O in cross-linking bonding Ti—0-Si (190, 194, 195). The peak position for Ti and O signals
agreed well with literature values for TiO2 (180, 193).

We notice that a weak peak associated with Si—O-Si bonds at about 533.0 eV could not be
identified in the intense spectrum of O1s because of the screening of pure silica substrate by
TiO2 coating. This O1s analysis might indicate O=Ti—O-Si=0 bonds formed between the
coating and substrate. However, Ti-O-H bonds (190) could also contribute at this energy that
may compromise the assignment. The Si2p spectra were therefore recorded to verify this
point. The interval between two peaks (Ti2ps/2 and Ti2p1/2) is around 5.7 eV (spin-orbit
splitting energy) that related to the oxidation state of TiO; (196). This ration demonstrated
the stoichiometric TiO; films were obtained after heat treatment (185, 197). The
complementary suboxide Ti3* (457.4 eV) was observed in Ti2p spectrum (191).

The Cls spectra of carbon in both TiO; films showed the carbon content was similar and was
less than 20 percent. It can be explained by residual amount from the titanium precursor or
by adsorption of species from the air atmosphere after deposition (180, 185). The XPS peaks
occurred at 283, and 288 eV may be assigned to the C-C, and C=0, respectively (198, 199).
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Table 8. Properties of XPS analysis samples.

Deposition Experiment No. 02 Experiment No. 04 Experiment No. 02
Date: 40/2 b P (q — g:te:ﬂ,f.l,h\q

2 Exp. No: 9_ p- No: +¢ }

£ Type: To. :

g (TTIP)/(Mn): \'\n

° 0y=\+ =Kin

o
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Deposition
parameters

TTIP/Isopropanol: 50/50
02: 0 ml/min

Ar carrier: 300 ml/min
Deposition time: 60 min

Annealing: Yes

TTIP/Isopropanol: 50/50
02: 10 ml/min

Ar carrier: 300 ml/min
Deposition time: 60 min

Annealing: Yes

TTIP/Isopropanol: 50/50
02: 0 ml/min

Ar carrier: 300 ml/min
Deposition time: 60 min

Annealing: Yes

Type of Plate Plate Plate
substrate
Date of XPS 2019/07 /06 2019/07 /06 2022/ 07 /27
analysis
Deposition Experiment No. 04 Experiment No. 46

Photo of sample

24 4 h-
7"‘0;- Bullsy

& doifo

Deposition
parameters

TTIP/Isopropanol: 50/50
02: 10 ml/min

Ar carrier: 300 ml/min
Deposition time: 60 min

Annealing: Yes

TTIP/Isopropanol: 30/50
02: 10 ml/min

Ar carrier: 300 ml/min
Deposition time: 45 min

Annealing: Yes

Type of Glass bead Plate
substrate
Date of XPS 2022/ 07 / 27 2022/ 07 / 27
analysis
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The Si2p spectrum with the maximum at 102.3 eV and full-width at half maximum AE1/,=1.8
eV (figure 47) evidenced Si3* suboxide (200), which chemical shift of 1.05 eV per oxidation
state of Si"* has been earlier established (201). This signal was significantly weaker compared
to that of Ti2p and O1s indicating the screening effect of the film. Furthermore, the signal of
Si** at 103.8 eV characteristic of silica was not observed which was expected to come from
the silica substrate. We noticed in this respect that the peak at ~102-103 eV was a common
feature of silicon exposed to plasmas and according to Cardinaud et al. (202) could only be
indicative of the Si"™* oxidation state and belong to an ultrathin surface SiO; layer. Although
Si—0-Si moieties made the surface non-reactive, their thermal activation was expected to
break Si—O + Si forming point defects Si**, which promoted the film adherence (see e.g. (203,
204)).
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Figure 47. XPS analysis of TiO; film coated with 0 ml/min oxygen flux in plasma gas during 60 min.

Considering the weak Si* and Ti®* signals assigned to the suboxide cations, one could assume
participation of asymmetric O=Si—Ti=0 bonds between the titania film and silica substrate.
We noticed in this connection that annealing at 300 °C promoted the formation of Ti—Si bonds
in the Ti/O/Si system with a thin oxidized layer (205) and plasma environment could activate
the formation of Ti—Si bonds in our experiments. Furthermore, another solution could be
proposed involving the formation of O=Si—-O-Ti=0 bonds. In fact, examination of the Ti
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coordination number changed in the (TiO2)«(SiO2)1x layer has been undertaken by Gaultois
and Grosvenor (206), who had shown that Ti2p and Si2p XPS band energies significantly
decreased with Ti content increase due to nearest-neighbor and next-nearest-neighbor
effects. In particular, the Si2p energy has decreased by 0.74 eV as x increased from 0 to 0.33.
Therefore, somewhat large x-value in the interface region could explain the Si2p band
position measured in our study. Although we could not prefer one solution, both O=Si-Ti=0
and O=Si—0-Ti=0 covalent bonds assured strong adherence to the prepared nanocomposite
coatings.

The spectra of oxygen, titanium, and carbon were the major constituents of the films while N
and Si have lower spectra with small atomic percentages. In table 9 and 10, the atomic
percentage of all elements of two kind of films are listed. The ratio of O/Ti was found 2 and
2.008 for 0 and 10 ml/min oxygen in the plasma deposition process. The presence of carbon
is related to the low quantities of oxygen in plasma gas. The presence of nitrogen is due to
the presence of leaks or residual nitrogen in our devices.

Table 9. XPS analysis of TiO; films deposited with 0 ml/min O; in plasma gas.

Name Peak BE FWHM eV Area (P) CPS.eV Atomic %
O1s oxide 529.23 1.11 171452.07 46.32
Ti2p3 Tid+ 458.01 1.02 134219.99 23.16

N1s 401.08 1.69 471.17 1.1
Cls 284.32 1.16 11518.49 20.5

The carbon comes from the precursor, as the table 8 presents, 10 ml/min oxygen in plasma
discharge was not sufficient to oxidize all C to CO;. So, carbon as nanofilm or graphene were
visible by Raman spectroscopy analytical method on our deposits which presented in figure
44,

Table 10. XPS analysis of TiO; films deposited with 10 ml/min O3 in plasma gas.

Name Peak BE FWHMeV  Area (P) CPS.eV Atomic %
O1s oxide 529.31 1.1 161436.07 41.28
Ti2p3 Tid+ 458.01 1.01 125826.49 20.55

Cls C-C 284.25 1.16 24491.84 16.89

O1s phys. spec. 531 1.94 37033.41 9.48

C1sC-O/C-N 285.56 1.45 5061.36 3.49
Cls COO 287.96 1.75 4353.77 3

O1sll 530.24 1.1 6759.09 1.73

Cls Ph 283.53 1.16 1675.62 1.16

N1s I 399.34 1.75 2073.22 0.88

Si2p3 101.08 1.46 728.66 0.81
Ti2p Ti3+ 456.67 1.01 4102.22 0.46
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N1s Il 401.27 1.75 489.35 0.21
N1s | 397.18 1.75 175.1 0.07

XPS analysis was performed on three more samples which are indicated in table 6. The
homogeneity of the chemical environment was verified. The analysis reports thanks to the
Institute Lavoisier of Versaille (ILV) are presented in annex |.

3.1.4. Scanning electron microscopy (SEM)

The surface morphology of TiO; films coated on the glass beads with various oxygen flow rates
after heat treatment at 450 °C, is illustrated in figure 50. The scanning electron microscopy
(SEM) micrographs indicated that the films have fully covered the substrate’s surface. The
granular nanostructure of the crystallites in all films was observed without any cracks or
effects and continuous. In figure 48 (a, b, ¢, and d) as the oxygen flow rate increased from 0
to 25 ml/min, the film uniformity was the same. SEM observations showed no obvious
difference in the morphology of TiO> films on glass beads with various oxygen content in the
plasma discharge. As can be seen, the surface was rough and sphere-liked. In addition, the
whole morphology of the surface seems to be homogenous and the size of nano-particles was
found to be less than 100 nm.

As reported in a study by Mauchauffé et al. (197) who used atmospheric pressure plasma for
the preparation of TiO2 deposits on silicon wafers, the influence of oxygen in the plasma gas
was studied on the morphology of deposited films in the case of O,/He/TTIP discharges. They
reported coatings depositions at low and high power were homogenous and dense. However,
at high power in the presence of additional oxygen, they observed the formation of the higher
amount of aggregates.
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Figure 48. SEM images and histogram graphs of TiO, films on glass beads with (a) 0 ml/min, (b) 2
ml/min, (c) 10 ml/min, and (d) 25 ml/min oxygen flux in plasma gas during 60 min.

95



3.1.5. Transmission electron microscopy (TEM)

To extensively characterize the nano-structure of TiO, films on glass beads, transmission
electron microscopy (TEM) was applied to observe the crystal structure of TiO, coatings. The
samples were prepared by crushing TiO2 on the surface of beads using a diamond pencil then
the particles were collected in a droplet of ethanol before observation.

The images of TEM analysis on samples performed with 0, 2, 10 and 25 ml/min O; in their
deposition are shown in figures 49-51. As images showed atomic spaces were in different
directions and lattice rows clearly indicated the crystallized area of nano-sized titania. It was
evident from micrographs that nanocrystals particles size was uniform and small with good
dispersion. In TiO; films with 2 and 10 ml/min of the oxygen content, crystals were highly
crystalline on the whole surface. The titanium dioxide’s size determined from TEM analysis
was in good agreement with values obtained from XRD results with the mean grain size of
about 10 nm. The high magnification of TEM images showed the lattice space between two
parallel was about 0.32 and 0.35 nm. Results of films on glass beads confirming TiO;

depositions were successfully prepared by TTIP precursor in fluidized bed plasma device. The
d-spacing of TiO, with 0.35 nm and 0.32 nm agreed well with anatase (101 plane) and rutile
crystalline phases (79, 207, 208).

4 Plotof1
681x12209 (696x405) 8-bit 275K

Gray Value

Figure 49. TEM images of TiO; films deposited on glass beads with 0 ml/min O, in plasma gas during
60 min. The photo on the right represents the profile of light intensity that permitted to measure the
inter-reticular distance with a high accuracy (Image J free software (209)).

TEM analysis presented the multi-crystalline structure of TiO,, it was evident enhancing the
oxygen flux could aid to perform rutile phase even at lower annealing temperature like 450
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°C because more studies (210, 211) indicated for rutile phase appearance calcination
temperature should be higher than 500 °C. While in the plasma deposition method used in
this study, the multi-crystalline phase could obtain. The appearance of the rutile phase after
heat treatment at 450 °C was unexpected. In fact, previous studies (210, 212) have shown
that rutile appeared in single TiO, nanoparticles of size larger than 14 nm and in
agglomerated nano-powders at temperatures above 550 °C (t=4 h) (210, 211). The new phase
in nano-powders nucleates in the contact area, which required lower activation energy
compared to that at the surface or in the bulk (213); concerning anatase-rutile phase
transformation, it was initiated more favorably at the twin 112 anatase interface (214). On
the other hand, the mixed anatase and rutile phase composition has been reported in films
deposited with pulsed micro-plasma cluster source (215). A variation of the stoichiometry has
been disregarded in these experiments because of the homogeneous elemental condition

O:Ti = 2:1 reported in the XPS analysis performed on our films.
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Figure 50. TEM images of TiO, films deposited on glass beads with (a) 2 ml/min, and (b) 10 ml/min O,
in plasma gas during 60 min.

An interesting observation is, however, the formation of similar sizes of anatase and rutile
crystallites evidenced by GIXRD and TEM data. This makes the proposed cluster size effect on
TiO2 polymorph formation doubtful (215), since smaller clusters and bigger nanoparticles are
not expected to result in the same size entities after crystallization. We believe that the
surface state is responsible for the appearance of the rutile phase. In fact, the standard free
energy change is expressed by eq. 28:

AG® = AGO(T); — AG(T)1 + Azyz — Aryy 28

where A:G° is the standard free energy of the formation of the two phases and A and y are
respectively the surface area and surface free energy of the particles. The condition of AG® =
0 enables the phase transformation 1->2 (anatase = rutile) and it obviously depends on the
surface state and size of the particle and temperature T (212). Low pressure plasmas, under
which the layers were elaborated, are known as thermodynamically non-equilibrium media.
It is noteworthy that in these conditions, oxygen molecules undergo dissociative reactions
leading to generation of reactive oxygen radicals (163, 216). The exothermic recombination
reactions, particularly those of oxygen radicals on the surface of deposit, could also enhance
local temperature leading to the rutile phase formation on some sites while the surroundings
remain cold. More oxygen radicals are produced in plasma, more recombination reactions
take place and, consequently, more rutile crystallites could be produced, in accordance with
the correlation between the rutile contents and oxygen gas flow observed in our experiment
(Table 7).
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Figure 51. TEM images of TiO; films deposited on glass beads with 25 ml/min 02 in plasma gas during
60 min (left) and analysis of interplane distances of anatase and rutile phases by Image J (right).

3.1.6. Atomic force microscopy

The surface morphology and the roughness were characterized by atomic force microscopy
(AFM) measurements to take data about the crystal growth of post-annealed TiO; films on
glass beads. The images of the AFM technique are presented in figures 52, 53, and 54 for TiO>
samples deposited with the oxygen flow rate of 0, 10, and 25 ml/min, respectively. It was seen
in the figures that all the titanium dioxide films were deposited in continuous mode and
exhibited columnar structure. The amount of oxygen in plasma gas had a substantial effect
on film morphology during the preparation process. The higher flow rate of oxygen affected
the roughness of the surface, with 25 ml/min of oxygen gas, the roughness of films grew with
sharper edges of crystalline in the deposition method. As well as, the distribution of the
sharper columns was uniform. The surface of the TiO; films with sharper edges like mountains
and thin protrusions that might aid to have a more specific surface area.
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Figure 52. AFM images, depth histogram and the value of root mean square roughness (RMS) of TiO,
films on glass beads with 0 ml/min oxygen flux in plasma gas during 60 min.

The depth histogram of all TiO, photocatalysts was also presented in figures. The values of
the graph varied in the range of 0 and 400 nm for 0 ml/min O in sample deposition and it was
measured lower than 70 nm for TiO; prepared under 10 ml/min O3 in plasma gas. As well as,
the histogram of particle depth in the TiO, sample deposited under 25 ml/min O presented
values less than 40 nm.
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Figure 53. AFM images, depth histogram and the value of root mean square roughness (RMS) of TiO,
films on glass beads with 10 ml/min oxygen flux in plasma gas during 60 min.

The 3D image suggested that the thickness of TiO; films (calculated from AFM images) were
270, 80, and 45 nm for TiO; films deposited at 0, 10, and 25 ml/min oxygen concentrations in
plasma gas, respectively.
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Figure 54. AFM images, depth histogram and the value of root mean square roughness (RMS) of TiO,
films on glass beads with 25 ml/min oxygen flux in plasma gas during 60 min.

An analysis of the images allowed us to assess the surface roughness as well as the Root Mean
Square (RMS). The values of Ry and RMS parameters are presented in table 11. The surface
roughness values, in terms of RMS, were measured at 43.6, 5.8, and 3.7 nm for TiO, samples
deposited with 0, 10, and 25 ml/min oxygen in plasma gas over a measured area of 5 x 5 um?,
respectively.

Table 11. Roughness parameters of TiO, films deposited with 0, 10, and 25 ml/min O, in plasma gas

during 60 min.
Roughness parameter 0 ml/min O, 10 ml/min O, 25 ml/min O,
RMS (nm) 43.6 5.8 3.7
Ra (nm) 35.9 4.2 2.8

We estimated that TiO; films deposited in the presence of oxygen have a larger surface area
than without the oxygen sample which can influence photocatalytic activity. It was evident
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from the XRD measurements that the crystal size decreased when the surface roughness
increased which implied the significant effect of oxygen on surface morphologies. Thereby,
yielding more surface sites for photocatalytic properties. The highest photocatalytic efficiency
of anatase/rutile TiO> films was suggested due to the large surface area that originated from
the large surface roughness of films on glass beads.

The wider protrusion was obtained for TiO; films obtained without oxygen. Both parameters
(RMS and Ra) were higher in the case of the films deposited using 0 ml/min O; flow rate in the
fluidized bed plasma device. While they obtained R; = 4.2 and 2.8 nm, RMS =5.8 and 3.7 nm
for the oxygen flux of 10 ml/min and 25 ml/min in the plasma discharge.

The images of AFM analysis of TiO; series Il are presented in figures 55, 56, and 57. In this
series, three TiO; samples deposited under 2, 10, and 25 ml/min O3 in plasma gas during 45
min with lower TTIP concentration (Cri = 1.002 mol/L) were analyzed by AFM technique. The
surface of TiO; film was rougher in 2 ml/min oxygen flow rate in plasma gas than in other
samples. Plus, its length and height distribution differed throughout the film.
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Figure 55. AFM image, developed length and height distribution of TiO, films on glass beads with 2
ml/min oxygen flux in plasma gas during 45 min.
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In the TiO, sample under 10 ml/min oxygen, the developed length and height distribution
became higher as the oxygen flow rate increased from 2 to 10 ml/min O,. The film
morphology also was not similar over a measured area of 20 x 20 um?. The roughness
distribution was not homogenous in this area.
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Figure 56. AFM image, developed length and height distribution of TiO; films on glass beads with 10
ml/min oxygen flux in plasma gas during 45 min.

As the oxygen increased to 25 ml/min, a few columns were prepared on the surface of glass
beads while a great number of films were covered uniformly. The length of columns was
higher than samples deposited in 2 and 10 mil/min O; in plasma gas. This sample’s surface
and morphology were not similar.
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Figure 57. AFM image, developed length and height distribution of TiO; films on glass beads with 25
ml/min oxygen flux in plasma gas during 45 min.

The roughness parameters of TiO; series Il are listed in table 12. The RMS values were
determined at about 56.8, 3.04, and 43.8 nm for TiO; films deposited with 2, 10, and 25
ml/min oxygen flow rate in plasma gas during 45 min, respectively. the higher RMS and Ra
values were obtained for TiO, ample deposited under 2 ml/min O, with 56.8 and 39.6 nm
values, while the lower values were obtained for samples deposited under 10 ml/min O3 in
plasma gas.

Table 12. Roughness parameters of TiO, films deposited with 2, 10, and 25 ml/min O, in plasma gas

during 45 min.
Roughness parameter 2 ml/min O, 10 ml/min O, 25 ml/min O,
RMS (nm) 56.8 3.04 43.8
Ra (nm) 39.6 1.8 22.8
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In conclusion, it must be noted that the oxygen flux, deposition time, and TTIP concentration
in plasma deposition parameters can affect the surface morphology. Oxygen flow rate plays
an important role in the roughness of the surface. Deposition time and TTIP precursor
concentration can influence the thickness of films coated on glass beads. The TTIP
concentration in precursor solution has affected the growth rate of films on the surface of
glass beads, in the high-level concentration, the substrate surface was covered
homogenously. While less amount of TTIP concentration in precursor indicated the layer’s
growth rate was not similar on the whole substrate’s surface and in several points the
particles growth rate was higher. In addition, higher deposition time and TTIP concentration
can increase the photocatalytic activity of TiO2 samples by about 15-20% (see 2.1.1 and 2.1.3
in part 4).

3.2. Characterization of deposited MnyTi1xO2 films on glass beads

In the next step, metal doping in the TiO, lattice was studied. For Mn-doped TiO; films
different Mn acetate content in methanol between 0.1281 and 1.284 g were solved. The Mn-
doped TiO; layers were generated using the fluidized bed plasma reactor. The two precursor
solutions were prepared, a titanium tetraisopropoxide (TTIP, 98%, Sigma-Aldrich) precursor
in isopropanol (99.5%, Sigma Aldrich) and manganese acetate (CsHsMnOas, Aldrich) in
methanol (99%, Aldrich). The titanium precursor concentration in the solution volume was Cr;
=1.67 M for these depositions. The precursor solutions were prepared and the droplets were
separately injected into the plasma chamber. Three types of MnyTi1.xO2 (0.003 < x < 0.02)
layers were coated on glass beads (4 mm diameter). The 100 g of glass beads were used in
Mn,Ti1-xO2 samples. Firstly, two samples with x = 0.003 of Mn percentage solved in methanol
were deposited under 10 and 25 ml/min of oxygen flow rate in plasma gas for 35 min, then
other samples with x = 0.01 and 0.02 of dopant concentration solved in methanol were
deposited only in the presence of 10 ml/min O in the plasma discharge. So, four kinds of
MnTiO; photocatalysts were deposited on glass beads to study dopant influence on
characteristic properties. The plasma parameters for Mn-doped TiO; deposits are listed in
table 13.

Table 13. Plasma deposition conditions of MnyTi1.«O; layers coated on glass beads with different
deposition times.

Deposition conditions Value

Oxygen plasma gas 10 and 25 ml/min

Precursor TTIP carrier gas 300 ml/min

Concentration of TTIP in solution 1.67 mol/L (50:50 V% TTIP: isopropanol)
Precursor Mn carrier gas 150 ml/min

Concentration of Mn in methanol 0.128<m <1.284¢

Duration of each experiment 35 min

Quantity of glass beads 4 mm in diameter 90-100
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Figure 58 presents the photos of deposited films on glass beads at different plasma conditions
before and after post-annealing at 450 °C. Before annealing (figure 58(a)), coated films on the
beads' surface were brown which might be related to the carbon or other species of two
precursor solutions. As mentioned previously in section 1.1, Raman spectra of black color on
coatings related to the graphene-based materials. The coated glass beads with pure and Mn-
doped TiO; were annealed at the furnace during 240 min at 450 °C. Visually pure TiO displays
a remarkable white color, which changed to a light brown color according to the Mn doping
that can be seen in figure 58 (b). In other words, Mn-doping could change the appearance of
the film’s color which might mean Mn atoms were placed in the TiO; structure.

TiO, MnxTi1x02 (X = 0.02) || MnyTi1xO2 (x = 0.01)
10 ml/min O3 10 ml/min O3 10 ml/min O3

TiO, MnxTi1x02 (x = 0.02) || MnyTi1xOz2 (x = 0.01)
10 ml/min O3 10 ml/min O3 10 ml/min O3

Figure 58. Photos of deposited TiO, and Mn,Ti1xO2 (x = 0.01 and x = 0.02) films on glass beads with 10
ml/min oxygen flux in plasma gas (a) before annealing and (b) after annealing at T =450 °Cin 4 h.
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3.2.1. Raman spectroscopy

Raman spectra of plasma deposited TiO; and MnTiO; films on glass beads with different
manganese concentrations in the region of 100 to 800 cm™ is presented in figure 59. Here, all
five Raman active bonds were known well, the Raman modes at 145, 198, 399, 515, and 640
cm which assigned to the Eg, Big, A1z, and Eg modes respectively (183-185). These modes
confirmed the characteristic mode of the anatase phase of TiO,. These results were consistent
with the observed XRD results, confirming the anatase phase of TiO; films. Raman modes of
Mn-doped TiO; became wider and the band intensity decreased. The highest Raman peak at
144 cm? corresponded to the symmetrical stretching of O-Ti-O bonds. As the Mn was added
in the deposition process, the vibration frequency was changed, this change indicated the
symmetry change in the TiO; crystal structure (77). Because the laser signal of Raman analysis
depended on vibrational modes, variation of the lattice through the solid formation and
associated peak shift were expected.

With inserting the Mn in the TiO; lattice a slight shift was detected in the modes since the
TiO> lattice was sensitive to adding Mn. This shift was strong evidence for the incorporation
of Mn?* ion into TiO; lattice (112). The Raman shift spectra could be the result of oxygen
vacancies (217) and distorting in Ti-O band after Mn incorporation (117).

——x =0 Mn, 10 ml/min Oxygen in plasma gas
——x=0.01 Mn, 10 ml/min Oxygen in plasma gas
x = 0.003 Mn, 10 ml/min Oxygen in plasma gas

——x=0.02 Mn, 10 ml/min Oxygen in plasma gas

——x = 0.003 Mn, 25 ml/min Oxygen in plasma gas

Intensity

100 200 300 400 500 600 700 800
Raman shift (cm™)

Figure 59. Raman spectra of TiO; and Mn,Ti;«O> (x = 0.003, 0.01, and 0.02) deposited films on glass
beads with 10 and 25 ml/min oxygen flux in plasma gas during 35 min.
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3.2.2. X-ray diffraction (XRD)

The XRD patterns of TiO2, Mn,Ti1-xO2 (x = 0.01), and Mn,Ti1xO2 (x = 0.02) films deposited on
glass beads with 10 ml/min O in plasma gas are shown in figure 60. The existence of both
rutile and anatase phases was confirmed by reference patterns (COD—ID 9015929) and rutile
(COD-ID 9015662) (218). These patterns had different peak intensities and widths. As
mentioned above plasma deposited films with the multi-crystalline phase had the anatase
peaks at 20 of 25.3, 37.8, 38.6, 48.2, 53.8, 62.6, and 68.7° while the diffraction peaks of the
rutile phase were found at 27.4, 54.3, and 62.7°. We found 13 mol% of rutile fraction in
MnxTi1xO2 at x = 0.02 composition. When Mn concentration was higher the peak intensity
was stronger than the pure TiO; indicating higher Mn concentration helped the increase of
the particles size (219).

When the Mn content increased in TiO3 as host lattice, a phase transformation occurred. With
x = 0.02 mol% Mn-doped in TiO, rutile peaks appeared. As the graph shows, the intensity of
20 = 27.4° was increased which evidently confirmed the transformation from anatase to rutile
due to the generation of oxygen vacancies originating from the imbalanced charge
distribution (73, 113). In the case of x = 0.01 mol% Mn dopant, rutile phase did not observe
when 10 ml/min O; was injected into the reaction chamber. It can be described by the fact
that doping might inhibit the rearrangement of the TiOg? octahedra (220).

Mn, Ty, O (x = 0.02)
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Figure 60. XRD patterns of TiO; and Mn,Ti1xO> (x = 0.01 and x = 0.02) deposited films on glass beads
with 10 ml/min oxygen flux in plasma gas during 45 min.
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No significant change was observed in the position of peaks when Mn was doped in the TiO;
structure. The same kind of behavior was obtained in the literature (75) when Mn ions
incident inside TiO; films. In addition to this, no characteristic peaks were identified for metal
oxides in XRD patterns due to low dopant content which did not make the formation of
distinct impurity phases and the Mn ion appeared to have been investigated in the basic
lattice of TiO2 (77, 221).

The crystalline size of anatase and rutile phases was calculated by considering the FWHM
values of (10 1) and (1 1 0) peaks, respectively (112, 173, 219). The calculated crystallite size
of TiO2 and Mn-doped TiOz nanofilms are presented in table 14.

Table 14. Nano particles' size measurement with Scherrer equation and XRD patterns.

Mn,Ti1.x0- Crystallites size (nm)
Catalyst - Rutile content (%)
(x) Anatase Rutile
TiO; 0 8.7 8.5 27
MnTiO; 0.01 11.38 - -
MnTiO; 0.02 19.86 7.25 13

The D values for the anatase phase of TiO2, MnkTi1xO2 (x = 0.01), and MnxTi1xO2 (x = 0.02)
were foundat9+1nm, 12+ 1 nm, and 20 £ 1 nm, respectively. The observed crystallite size
revealed that with increasing doping concentration the average size of crystallite increased.
It was evident from the decrease of full width at half maxima in diffraction patterns. In the
obtained rutile fraction with increased Mn content in the plasma chamber, the value of
crystallite size for MnkTi1xO2 (x = 0.02) was found to be 7 £ 1 nm for rutile. Generally, anatase
to rutile phase transformation was considered as a nucleation growth process within the
anatase phase (110). In addition, metal ions with valency less than +4 and higher ionic radius
promoted oxygen vacancy. In Mn doping TiO, high Mn might assist the agglomeration of
particles. The increase in crystal size might be due to distortion of the TiO; lattice (113, 222).
This indicated the incorporation of dopant substituted the Ti** ions from the TiO; lattice. Mn
was in +2 oxidation state within ionic radii of 0.83 A which could replace the Ti** ion and
charge compensation was achieved by the formation of oxygen vacancies (73, 113). The
higher valence of (Mn*") had a lower ionic radius and shifted the XRD peaks to a higher angle
(62). So, at lower Mn concentration the induced oxygen vacancies might not be sufficient to
phase transformation.

As per reported in literature, Devi et al. (110) obtained the crystal structure of mixture phases
TiO2 with metal dopants. Phase transformation occurred after the transition of metal
dopants. Bharat et al. (219) observed a mixed phase of anatase and rutile with Mn doping. In
contrast to our results, Li and Cao (75) reported a stable anatase phase with increasing Mn
concentration up to 10%.
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3.2.3. Transmission electron microscopy (TEM)

The morphology of the Mn-doped TiO; (x = 0.003) photocatalyst was investigated by the TEM
technique. Figure 61 shows the TEM images of Mno.003Tio.0970: films deposited on glass beads
with x = 0.003 mol% of Mn under 10 ml/min O, flow rate for 35 min. The crystal structure of
MnTiO2 was observed in micrographs. These photos also showed the TiO; crystallite films
formed a porous network and that the nanoparticles were not well-defined separate
crystallites. In comparison to undoped TiO2 with the same oxygen flow rate, doping of Mn in
TiO, lattice displayed different results which suggested that doping might have caused
clustering and disfiguring structure of TiO2 (74).

High-resolution TEM images of the MnTiO2 sample with x = 0.003 mol% Mn exhibited lattice
fringes around 0.32 and 0.35 nm corresponding to the rutile and anatase phases, respectively.
Therefore, their results confirmed both the purity of the deposited TiO, films and the
effectiveness of the Mn substitution in their lattice.

The observed value of the energy dispersive analysis spectrum of the Mn-doped TiO; sample
indicated that Mn ions have been integrated into TiO; films. However, the atomic ratio of Mn-
doped TiO; was found lower than the nominal concentration in the precursor solution. As a
result of EDS analysis, Ti, O, and Mn peaks with high intensity were obtained and no other
structure was found. The atomic percentage suggested that the Mn was not homogeneously
dispersed in TiO; films.

1.177 [ 5 plans

d=35.4 A, Anatase

657 i‘p!ans i

“d-328 A, Rutile

Figure 61. TEM images of MnyTi1xO; (x = 0.1) films deposited on glass beads with 10 ml/min oxygen
flux in plasma gas during 45 min.
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Conclusion

* The TiO; films coated on glass beads were deposited by the low-pressure fluidized bed
plasma device under different oxygen fluxes with 0 ml/min, 2 ml/min, 10 ml/min, and 25
ml/min.

* The TiO; photocatalysts were found in the amorphous phase before annealing and
crystalized by heat treatment at T = 450 °C for 240 min under atmospheric conditions.

* The Raman spectra of as deposited indicated the presence of the rutile phase, while the
anatase phase of TiO; is observed after annealing. In addition, SEM and AFM images
presented the nano-size of films on the surface of glass beads.

* The XRD, RAMAN, and TEM analytical methods presented a mixture of anatase and rutile
phases, these results displayed that as the oxygen flux in plasma discharge increased from
2 to 10 ml/min, the rutile phase appeared and its fraction was determined about 16 and
27 mol% with 2 and 10 ml/min O3 in plasma gas, respectively. While the pure anatase
phase was obtained in the absence of O; in plasma gas.

* The stoichiometric ratio of TiO; was obtained for all samples on the basis of XPS results.
Chemical bonds between TiO; films and glass beads are shown by XPS analysis.

* The Mn-doped TiO; photocatalytic films were deposited on glass beads with three content
of manganese acetate (0.128, 0.313, and 1.284 g) solution in methanol which was injected
separately inside the fluidized bed plasma chamber.

* The ICP technique exhibited that the atomic ratio of Mn,Ti1«O2 was obtained about 0.01,
0.003, and 0.02 for 0.128, 0.313, and 1.284 g Mn acetate in methanol.

* The XRD patterns and TEM images confirmed the presence of anatase and rutile phases
in MnyTi1-xO2 samples after annealing for four hours at T = 450 °C.
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Notations

ICP-OES
XRD
XPS
SEM
TEM
AFM
Zn0O
CuO
PECVD
TiOz
Mn
Zr

Vv

mm
MFC
Pa
TTIP
g/mol
Cri
mol/L
Ar

m/s
min

Inductively coupled plasma-optical emission spectroscopy
X-ray Diffraction

X-ray Photoelectron Spectroscopy
Scanning Electron Microscopy
Transmission Electron Microscopy
Atomic Force Microscopy

Zinc oxide

Copper oxide

Plasma Enhanced Chemical Vapor Deposition
Titanium dioxide

Manganese

Zirconium

Vanadium

Millimeter

Mass Flow Meter

Pascal (unit of pressure)

titanium tetraisopropoxide

gram per mole

Titanium concentration

Mole per liter

Argon

Power (W)

Watt

Time (s)

Temperature (°C or K)

Milli liter per minute

Molar concentration (mol/L)

Mole

Manganese

composition of dopant content compared to concentration of precursor
Part per million

Milli mole per liter

Centigrade degree per minute
Hour

Hydrolysis ratio

Water concentration

Vanadium concentration
Reynolds number

Meter per second

Minute
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RMS

Wavelength (nm)

Interplanar distance between planes

Angle

Crystallite size (nm)

Full width at half maximum

Shape factor

X-ray intensity of peak corresponding to anatase phase
X-ray intensities of peak corresponding to rutile phases
X-ray Detector

Helium

Standard free energy

Surface area and

Surface free energy

Root Mean Square
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PART 4. PHOTOCATALYTIC ACTIVITY OF TIO; FILMS
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This chapter will explain the photocatalytic activity of different catalysts under natural and
artificial irradiation. The photo-reactor pilots used for the photocatalytic activity of different
photocatalysts will be presented. Photo-degradation of cefixime in an aqueous solution with
all samples will permit us to compare the activity of our photocatalysts. The results also will
report the optimum preparation conditions of TiOz-based films coated on glass beads. Then
the regeneration methods will be expressed and their performance on our photocatalysts will
describe.

Chapter 1. Experimental setups

The photocatalysis experiments allowed us to determine the conditions and study the activity
of TiO; films coated on glass beads and consequently, know the influence the fluidized bed
plasma parameters of deposited films compared to those photocatalysts obtained by Sol-Gel
method. The photocatalysis experiments were performed in two pilot-scale photoreactors
with different radiation sources: sunlight and an artificial light (UV lamp).

1.1. The solar photo-reactor

The solar photolytic and photocatalytic activity of different catalysts were carried out in a
compound parabolic concentrator (CPC) solar pilot which was installed on the roof of the
Chemical Engineering Department of the Faculty of Engineering, University of Isfahan, Iran. It
was mounted on a fixed platform facing south tilted 33° (latitude: 32.65, longitude: 51.66) to
collect maximum solar energy.

The designed solar photoreactor for solar photocatalytic applications consists of several parts:
concentrators or collectors, an absorber pipe, a peristaltic pump, a recirculation tank, and
light meters measuring the light intensity of sun. The schematic of the solar pilot is presented
in figure 62.

The solar collectors were manufactured with highly reflective aluminum; the CPC used for this

1

work has been described in part 2 (see chapter 4). It has a concentration factor (CR = e

A . .
E) equal to 1 and an acceptance angle (B¢c) of 90°. This structure aids to collect and focus

both direct and diffuse solar radiation onto a transparent Pyrex pipe. It was placed around
the tube in the east-west orientation. The Pyrex tube (inner diameter of 46.8 mm, length of
500 mm, and thickness of 1.6 mm) aligned in the same orientation.
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Figure 62. Schematic of the CPC photo-reactor installed at the University of Isfahan, Iran.

It operates in continuous batch mode with a fixed volume of wastewater which was
recirculated continuously through the system employing the peristaltic pump.

The total irradiated surface and total CPC surface are around 735 and 1120 cm?, respectively.
The vessel of the reactor was covered with aluminum foil to avoid solar radiation to enter the
tank from all directions. Experiments were done during the central hours of days due to
receiving maximum solar radiation.

1.1.1. Photocatalysis experiments by natural irradiation in the CPC solar photo-reactor

Degradation of cefixime with differently prepared photocatalysts was performed in parallel
or on successive days at about the same time from 10:00 to 16:00 at local time in Isfahan
during spring, summer, and autumn with the CPC solar photo-reactor shown in figure 63.
Experiments started at local noon for maximum solar radiation, which was measured with
Solar Power Meter (Datalogging, TES 132) on the average 1000 W/m?2.

In a typical solar test, a specific amount of photocatalyst beads were loaded inside the Pyrex
tube. The photo-reactor was connected to a reservoir with a capacity of 2 L. Antibiotic
aqueous solution with 10 mg/L of cefixime concentration was prepared in distilled water. The
pH of the solution was not adjusted (natural solution pH) and the temperature was not
controlled, it varied from 20 to 45 °C during experiments. Experiments were performed in
batch mode and the synthetic antibiotic solution was initially added to the reactor in the dark
until complete filling before uncovering the CPC photo-reactor. Experiments began by
uncovering the CPC solar pilot, the ratio of irradiated water (0.86 L) to total water (2 L) is 43%
with a CPC of 0.112 m?2. The treated samples were at different times took from the tank and
kept in the dark at room temperature to analyze the residual cefixime concentration.

The adsorption of cefixime was investigated by performing blank experiments in the CPC
reactor but without light (photo-reactor was covered), and under the same experimental
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conditions as a photodegradation experiment. Cefixime was always used at a concentration
of 10 mg/L.

Figure 63. Photos of the CPC solar photo-reactor with its measurement equipment installed at the
University of Isfahan, Iran.

1.2. The lab scale photo-reactor

Experiments using artificial light were performed in a lab-made photocatalytic reactor which
was made in the Process and Material Sciences Laboratory (LSPM, UPR3407) at the University
of Sorbonne Paris-Nord, France, as shown in figure 64. In the lab-scale photoreactor, there
are two cylindrical quartz tubes with 34 and 50 mm (thickness = 2 mm) of outer diameter in
the same vertical axis (height = 400 mm) around the irradiation light. As illustrated in the
schematic, coated glass beads (diameter = 4 mm) were loaded between these quartz tubes.
In the interval space (6 mm) only one row of beads can be located and there was not any
passive location. A lamp was inserted in the inner quartz tube located at the center of the
reactor as a source of radiation that the radiations emitted reached the catalyst surface to
start photocatalysis reactions. The outer quartz tube was wrapped in aluminum foil to reflect
radiation into the reactor. A peristaltic pump recirculated the contaminated water from a
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glass bottle, acting like a recirculation tank, to the reactor with the desired flow rate. The
reactor temperature was maintained constant using a water-cooling circuit to keep the
temperature at 25 °C.

Cooling part
UV lamp BE

slolols]ale)
CoODCDOD

|Cual:ed glass headsl

Agueous solution|

B

L

Peristaltic pump

Figure 64. Schematic of the lab-scale photo-reactor using UV lamp.

1.2.1. Photocatalysis experiments by an artificial irradiation in the lab-scale photo-
reactor

To examine the photocatalytic treatment efficiency of cefixime solution, a series of
photocatalyst experiments on various TiO; samples were carried out under artificial light. A
UV lamp emitting at A = 370 nm was employed in all experiments (see figure 65).

In a typical run, the reactor was filled with 100 g of coated glass beads as the photocatalyst
with 500 mL of contaminated solution with cefixime at the concentration of 10 mg/L. The
cefixime powder was added to distilled water and stirred by a magnetic stirrer for complete
dissolving. A peristaltic pump was used to make a continuous flow between the reactor tube
and storage vessel. The solution was recycled for 240 minutes, samples were taken every 30
min period from the reservoir. Throughout the experimental procedure, the temperature was
controlled (25 °C) with the use of a thermostatic bath. After one cycle, the photocatalyst
washed with deionized water, then was put in an oven at 80 °C to dry. The recovered beads
used for the next photocatalytic run.
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Figure 65. Photos of the lab-scale photoreactor with an artificial light installed at LSPM, France.

1.3. Characterization methods
1.3.1. UV-Visible spectrophotometric technique

UV/Vis spectroscopy was used to determine the concentration of the pollutant in a solution.
According to Beer-Lambert law (eqg. 29-30), the solution receives radiation of intensity lp at a
given wavelength, | is the transmitted intensity and L is the path length through the sample.
A is the measured absorbance:

A= logIT0 = —log (T); T: transmittance 29

The absorbance A measured by a spectroscope follows Beer Lambert's law:
A = ecL 30

where € is the molar extinction coefficient in L/mol.cm, C is the concentration of the
absorbing substance in mol/L, L is the width of the spectroscopy cell in cm, and A is
absorbance without unit.

During photocatalysis experiments, the variation in the cefixime concentration was observed
from its characteristic absorption band at 286 nm using a UV-Visible spectrophotometer
(JASCO, Model; V-570, Japan) with a 1 cm optic pathway quartz cell.

1.3.1.1. Calibration curve

The cefixime was used as an antibiotic molecule model to study the degradation efficiency
with our photocatalysts using lab-scale and solar pilot reactors. Cefixime trihydrate [(6R,7R,E)-
7-(2-(2-aminothiazol-4-yl)-2-(carboxymethoxyimino)  acetamido) -8-oxo03-vinyl-5-thia-1-
azabicyclo [4.2.0]oct-2-ene-2-carboxylic acid] with molecular weight of 507.50 g/mol was
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obtained from Daana pharmaceutical company, Iran. Its structure formula and some chemical

characteristics are presented in figure 66.

0

#DH « 3H,0

N’D Formula C16H15N5075,-3H,0

H H s My 507.50 g/mol

N- ' Solubility 55 mg/L
szisﬁ/ Dﬂf\dﬁHg Antibiotic group  Cephalosporin

O” OH

Figure 66. Cefixime trihydrate chemical structure and characteristics.

For obtaining calibration curve, firstly, five concentrations of cefixime were prepared with
distilled water, the 4, 8, 12, 16, and 20 mg of cefixime powder were dissolved in distilled water
by a magnetic stirrer under laboratory conditions. The preparation procedure was in the dark
condition which means the volumetric flask was covered with an aluminum foil to avoid any
light penetration inside the solutions. Then their absorbance was obtained by the UV-vis
spectrophotometer. As seen in figure 67 (a) the maximum absorbance was observed at the
wavelength of 286 nm for all cefixime concentrations. Figure 67 (b) presents a linear
dependence between the concentration of cefixime and the absorption at 286 nm. The
concentration of cefixime was determined with the calibration equation at this wavelength
during the photocatalytic experimental process.

1
a
08 —4mg/L
8 mg/L
El
— 06 —— 12 mg/L
O
f
©
2 —16mg/L
g 0.4
< —20mg/L
> \/\

0
200 250 300 350 400 450 500

Wavelength (nm)

121



R b
0.8 y = 0.0457x
R?=0.9975 I

o 06
1) =)
U .
=
8 04
3 @
<

0.2 .

0
0 5 10 15 20 25

Cefixime (mg/L)

Figure 67. a) Absorbance graphs of different cefixime concentrations, and b) calibration graph and
equation of cefixime.

1.3.2. Liquid chromatography—mass spectrometry

Liquid Chromatography-Mass Spectrometry (LC-MS) is an analytical chemistry technique that
is a combination of Liquid Chromatography (or HPLC) and Mass Spectrometry (MS). The
pump, sample injector, column, detectors, and recorded mass spectrometry are the main
parts of an LC-MS device. As shown in figure 68, the LC physically separates the components
of mixtures by passing through a chromatographic column. The unknown separated
components are identified by mass spectrometry.

. Samples:
Solvents: mobile phase Multiple component

Mixtures

(
( $ 33 Detection }—\
A % e, &
TrT™ (
'
KMass Spectrometer [ |
. \Jui"/ —
~ LC-MS VIS
Interface+
Ion source Q 0
High performance liquid HPLC Chromatogram +
Chromatography (HPLC) device ~ Column Mass spectrum analysis

Figure 68. Schematic of a LC-MS analytical device.
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Liquid Chromatography (LC) is a high-performance liquid chromatography in which the
separation of components of the mixture can be carried out by using liquid mobile and solid
stationary phases. In common applications, the mobile phase is a mixture of water and other
polar solvents (e.g., methanol, isopropanol, and acetonitrile), and the stationary matrix is
prepared by attaching long-chain alkyl groups. Typically, the sample is injected into the mobile
phase stream delivered by a high-pressure pump. The mobile phase containing the analytes
permeates through the stationary phase bed in a definite direction. The components of the
mixture are separated depending on their chemical affinity with the mobile and stationary
phases. The separation occurs after repeated sorption and desorption steps occurring when
the liquid interacts with the stationary bed. The liquid solvent (mobile phase) is delivered
under high pressure (up to 400 bar or 300.000 torr) into a packed column containing the
stationary phase. Depending on the partitioning between the mobile and stationary phases,
the components of the sample will flow out of the column at different times. While the mobile
phase in an LC system is a pressurized liquid, the MS analyzers commonly operate under high
vacuum. Thus, the column must withstand the high pressure of the liquid.

Mass Spectrometry is an analytical technique based on the measurement of the mass-to-
charge ratio of ionic species related to the analyte under investigation. There are many
different kinds of mass spectrometers, and all of them make use of electric or magnetic fields
to manipulate the motion of ions produced from an analyte of interest and determine their
m/z. The basic components of a mass spectrometer are the ion source, the mass analyzer, the
detector, and the data and vacuum systems. After ionization, the ions are transferred into a
mass analyzer where the separation of ions is done according to their mass-to-charge (m/z)
ratio (223).

The intermediates of the cefixime during solar photocatalysis degradation were identified by
a Water Alliance 2695 coupled to a Micromass Quattro micro APl mass spectrometer (ESI)
operating in positive mode. The analytical LC-MS system used for intermediates identification
was equipped with a C18 column (2.1 mm x 150 mm) at 35 °C. The mobile phase was made
up of 60/40% acetonitrile/ultra-pure water + 0.1% formic acid. The injection volume was 5 BL
at a flow of 0.2 mL/min. Mass spectra were accomplished under the following conditions:
Mode, ESI+; Capillary Volt, 4 kV; Gas nebulizer, N2 (grade 5); Flow rate, 350 L/h; Source
temperature, 120 °C; Desolvation temperature, 300 °C.

1.3.3. Solar energy measurements

In general, the weather of Isfahan is warm and dry, so most of the year has high solar radiation
which makes it a favorable region for use of solar photochemistry techniques (139). As
expected, the incident UV irradiance varied almost every minute and from day to day. The
incident UV energy was monitored (in the UV-A and UV-B regions) by employing a Lutron UV
LIGHT METER (UV-340A) in the spectral range from 290 nm to 390 nm. This device also was
mounted and fixed on any surface of the platform at the same latitude as the sun. For each
experiment, the intensity of UV radiation was measured by the UV light meter over the time
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of the experiments which were carried out on different days. In addition, the solar total
intensity was measured by a Solar Power Meter (Datalogging, TES 132) in the spectral range

of 400-1000 nm (see figure 69).

[ UV light-meter ] [ Solar power meter ]

UV LT METER
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|

Figure 69. UV light meter (left) and solar power meter (right) devices.

A typical UV radiation was measured during a day in summer at the University of Isfahan, Iran
which is presented in figure 70. A variation of average solar UV energy from 20 to 50 W/m?

was identified during a day between 10:00 and 13:00.
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Figure 70. Typical UV radiation (wave length) during a day in summer at the University of Isfahan, Iran.
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1.3.3.1. Cefixime degradation kinetic study

It should be noted, the efficiency of photodegradation of natural radiation depends on the
UV radiation power. As the irradiation conditions changed during the experiments,
concentration changes were reported and discussed against the accumulated energy, Quv
(kJ/L), rather than the irradiation time. As mentioned earlier in part 2 (chapter 4), for
comparison between experiments that were carried out on parallel or consecutive days in
terms of treatment time, the accumulated energy per volume was needed to reach the
degradation efficiency. This accumulated solar UV energy was calculated with the following
equation 31;

S

Quvn = Quvin-1 + Aty UV n 5o

v Ata=th—ta 31

Where t, is the experimental time for each sample (S), V: is the total volume of wastewater
at n water sample (L), Ar is illuminated collector surface area (m?), Quv.n is the accumulated
energy (per unit of volume in kJ/L), and UV is the average solar UV radiation during Atn
(W/m?) (144).

The accumulated UV energy was used as the independent variable instead of time in this
kinetic analysis due to the variety of sun radiation. The average solar accumulated UV energy
for four hours under cloudy conditions was calculated at 20 W/m? and under sunny conditions
was calculated at about 35 W/m?2.

The kinetic of the first order reaction rate can be calculated with the equation 32 which used
accumulated UV energy instead of reaction time (143):

In< = —kQyy 32
Co

Cois the initial concentration, Cis the concentration at time of drawl, and k is the rate constant
(L/k)).

Chapter 2. Experimental results of cefixime degradation

2.1. Photocatalysis study of plasma deposited TiO, catalysts under natural and artificial
light

As was seen previously the physical characteristics and stoichiometry of TiO: films elaborated
depend on the plasma conditions. In this chapter, we present the role of oxygen plasma gas
and doping with Mn on photocatalytic performances of TiO2 layers deposited on the surface
of 4 mm in diameter glass beads. Several lots of TiO, samples were prepared under various
oxygen flow rates and deposition times. The oxygen flow was adjusted from 0 ml/min to 25
ml/min in 300 ml of argon as plasma gas. The deposition time was fixed at 30 min, 45 min,
and 60 min. The Mn-doped TiO; photocatalysts also were deposited with manganese acetate
concentration between 1 and 10% (mol%) in the precursor liquid in methanol. All TiO, and
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MnTi1xO2 photocatalysts were annealed at 450 °C for 240 minutes and then used in the
photocatalytic experiments. To assess the photocatalytic activity of different TiO; films that
were elaborated under the above-mentioned conditions with the fluidized bed plasma device,
photocatalysis degradation of cefixime as a pharmaceutical molecule model was analyzed
under natural and artificial irradiation. The aqueous solution of cefixime was used as
contaminated water and treated in the presence of each catalyst with both kinds of photo-
reactors: a lab-scale photo-reactor operating with a UV lamp, and a CPC photo-reactor using
natural solar irradiation.

2.1.1. Photocatalytic activity of TiO> samples deposited with different oxygen flux in
plasma gas under solar irradiation

Synthetic contaminated water (2 L) with 10 mg/L of cefixime concentration was filled in a tank
that fed the CPC solar reactor by a peristaltic pump in a closed loop. The solar experiments
were carried out in the CPC photo-reactor tilted at 33° for 240 minutes. Degradation of
contaminant was studied at neutral pH and ambient pressure and temperature. In each test
100 g of catalyst beads lining the lower cut of the Pyrex tube were used. A previously
calibrated UV-vis spectrophotometer (Jasco-Japan) was used to follow the degradation rate
of cefixime during each run. The calibration was done with known solutions (concentrations
varied from 4 to 20 mg/L) of pure cefixime in distilled water at the maximum absorbance of
286 nm. In UV-vis spectrophotometry of treated solution, the absorbance of cefixime solution
is known to correlate directly to the cefixime concentration.

Firstly, the blank runs were performed in the dark with all TiO, samples inside the solar photo-
reactor previously to solar experiments. In dark experiments, cefixime solution was in contact
with the catalyst without any irradiation. The adsorption capacities of cefixime are shown in
figure 71. It can be seen that cefixime adsorbed on the surface of the beads or experimental
setup. The cefixime molecules adsorption were 3, 8, 5, and 7% for TiO; films deposited on
glass beads with 0, 2, 10, and 25 ml/min oxygen concentration in plasma gas, respectively. In
graphs several points did not follow the straight line, it might be due to the adsorption and
desorption phenomena of molecules from the surface of the films or parts of the solar pilot.
These results were obtained for 100 g of coated glass beads for 4 h considering that the
decrease of cefixime concentration during photocatalytic activity is not any more affected by
adsorption phenomena. The maximum adsorption capacity of TiO2-coated films indicated less
than 10% of molecules could adsorb on the surface of photocatalysts or other parts. In
addition, we suggested these molecules that were adsorbed on the film's surface could
degrade during photocatalysis reactions under light illumination.
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Figure 71. Blank experiment of cefixime with TiO; films deposited with different oxygen flux in plasma
gas during 60 min.

Figure 72 illustrates the photolytic and photocatalytic degradation of cefixime solution as a
function of solar irradiation time. In all of these experiments, the catalysts were in contact
with the solution in dark for 4 hours which permitted us to isolate the effect of adsorption
from the photocatalytic effect. First, the evolution of cefixime concentration by photolysis
under solar irradiation in the absence of any catalyst was studied as a function of time. During
the first 60 min, the decrease in cefixime concentration was low about 2 — 3%, then we
observed a sharp decrease after one hour to reach 7.8%. This increase in photolysis activity
might be due to an increase in solar radiation intensity after 10:00 a.m. just one hour after
the beginning of the run. The sunlight intensity increases from 20 W/m? to 45 W/m? between
10 and 12 h. Then, after the exposition to the solar light for 240 min, the cefixime solution
concertation decreased about 29%. These results underline the importance of sunlight
intensity on photolytic effects under our conditions.
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Figure 72. Cefixime degradation with TiO; films deposited with different oxygen flux in plasma gas
during 60 min. The graph inset depicts the efficiency of TiO, catalysts elaborated in plasma vs rutile
fraction.

All TiO2 samples displayed a good photocatalytic performance. The antibiotic concentration
was below 4 mg/L after 240 minutes of solar radiation for all samples. The cefixime reduction
for TiO3 films elaborated with 0, 2, 10, and 25 ml/min O3 flux in plasma gas are shown in table
15:

Table 15. Cefixime degradation efficiency with TiO, samples deposited under various oxygen flux in
plasma gas during 60 min.

Photocatalyst Oxygen flux (ml/min) Deposition time (min) Efficincey (%)

TiO, 0 60 68+5
TiO, 2 60 81+5
TiO, 10 60 755
TiO, 25 60 65+5

With an increase in the oxygen flow rate of plasma discharge, the photocatalytic activity first
increased and then decreased. The best photocatalytic activity of TiO; films (efficiency 85%)
has been obtained for the sample prepared with 2 ml/min of the reactive gas in the plasma
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deposition parameter. The cefixime solution presented the lowest degradation efficiency in
the presence of TiO; films deposited with 25 ml/min O; in plasma gas.

As previously presented and explained in chapter 3 of part 3, the XRD and TEM analysis
techniques confirmed the existence of the multi-phase crystallite structure of TiO; layers
coated on glass beads. Briefly, the sample deposited without any oxygen in plasma gas
presented a single anatase phase while other TiO, samples prepared in O./Ar plasma
discharge contained anatase and rutile complex structure. Based on published papers (21, 70)
there was a relation between TiO; crystalline structure and photocatalytic activity. In addition,
the commercial TiO, Degussa P25 demonstrated high photocatalytic activity due to its
complex structure of anatase and rutile. It has been reported in (21, 70) that the complex
crystalline composition (anatase/rutile) showed high photoactivity because of its lower e /h*
recombination ratio (21, 70, 146).

The TiO2 (2 ml/min Oz) that contained 16 mol% of the rutile phase exhibited better
photocatalytic properties than other deposits due to a mixed crystal phase and lower rutile
content with anatase/rutile ratio 19%. In fact, it has been reported (146) that the
photochemical stability of the TiO; catalyst is related to the anatase/rutile ratio since rutile is
the thermodynamically stable phase while anatase is the most photoactive phase. Mixture
crystallite structure with a wider band energy gap than anatase (3.2 eV) indicated significant
photo-activity (224). The smaller band gap of rutile (3.02 eV) catches the photons generating
e /h* pairs. Electrons are transferred from the rutile conduction band to electron traps in the
anatase phase. Recombination is thus inhibited allowing the hole to move to the surface of
the particle and react. Since the P25 Degussa exhibited the highest overall activity for the
degradation of the pollutants with the best ratio reported in the bibliography (80% anatase
and 20% rutile) (21, 70, 225, 226).

The lowest photocatalytic activity for TiO, prepared with the high flux of oxygen in plasma
deposition could be partially referred to as the increase in the weight of the rutile phase
fraction. However, other phenomena may enhance the decrease in lower photocatalytic
activity that was observed. According to published experimental results (227), as shown in
figure 73, with high oxygen content in plasma discharge the oxygen species fluxes (O, 0,%)
increase with the O; fraction while that of Ar* decreases over the entire range investigated.
And the ratio of oxygen flux ([o) over the total positive flux (I'+) as a function of the O, fraction
increased (see figure 73 (c)), this nearly linear increase is due to the fact that the O flux and
the small Ox* flux have similar evolutions with the O; fraction while at the same time the Ar*
flux decreased. As discussed in part 3 section 3.1.5, the increase of oxygen species could
increase exothermic recombination reactions which leading to form the rutile phase. The high
photoactivity of the films with a mixture of the anatase/rutile at low oxygen flow was in
agreement with previously reported results (228).
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Figure 73. a) Evolution of the species fluxes as a function of O; fraction at 30 mTorr. c) Evolution of the
ratio of the O flux and the total positive ion flux as a function of O, fraction at 30 mTorr. The power is
400 W (227).

Thus, the oxygen concentration in plasma gas played an important role in TiO2 composition,
crystallite phase, and photocatalytic activity. In our results, the anatase/rutile structure of
plasma deposited films on glass beads was formed and a lower fraction of rutile in the
compound showed better photocatalysis performance in comparison with others.
Additionally, the single anatase phase of TiO, was deposited in the absence of oxygen gas in
the plasma discharge but the photocatalytic activity lowered with this sample. On the basis
of these results we believe that small amounts of rutile phase (here 16 mol%) together with
anatase (84 mol%) gives the optimal photocatalytic activity of TiO; in our experimental
conditions.

The photocatalyst samples were activated under solar irradiation to photocatalytic
degradation of cefixime, under solar irradiation from 10:00 a.m to 2:00 p.m for each
experiment. Therefore, to compare the influence of solar irradiation during photocatalysis
experiments over several days, the normalized solar intensity was needed for yield
comparison of experiments. The accumulated UV energy during interval time was used
instead of time. This parameter was calculated by the equation (Quyn = Quyn-1+

At,UVg ﬁxvt)' The kinetic plots for cefixime degradation are illustrated in figure 74 by

plotting the -Ln (C/Co) versus accumulated UV energy (klJ/L). As seen in the figure, the average
incident UV radiation on the concentrator surface was 30 kJ/L for 240 min in these
experiments.
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Figure 74. Kinetic plots of cefixime degradation with TiO; films deposited with different oxygen flux in

plasma gas during 60 min.

The k values were measured from slopes of the regression curves representing -Ln (C/Co) Vs.
Q (kJ/L). The first-order kinetic model was able to fit the degradation results of cefixime. The
values of k and correlation coefficient (R?) are indicated in table 16. After 240 min solar
irradiation, the kinetic efficiency of cefixime in photolysis was about 29% and the kinetic
constant was 9.7x103 L/kJ. The kinetic constant for photocatalysis only decreased when the
0; flux increased more than 2 ml/L in the preparation method. The photocatalytic activity
rate for TiO2 deposited by using 0 and 25 ml/min of oxygen flow, were almost similar and their
constants were 33.4x1073 and 33.6x107 L/kJ, respectively. The TiO, photocatalyst deposited
with 2 ml/min O, had a higher rate constant value than the other TiO; samples; it was 1.54,
1.21, and 1.53 times higher than the rate constants belonging to TiO; layers obtained with 0,
10, and 25 ml/min Oy in plasma gas, respectively.

Table 16. The rate constant of cefixime degradation with TiO, films deposited with different O; in
plasma gas during 60 min under solar irradiation.

Photocatalyst  Oxygen flux (ml/min)  Deposition time (min)  k x 103 (L/kJ) R?

TiO2 0 60 334 0.99
TiO2 2 60 51.6 0.98
TiO2 10 60 42.6 0.99
TiO2 25 60 33.6 0.99
Without catalyst - - 9.7 0.97
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Shaniba et al. studied cefixime degradation by several TiO; nanoparticles under natural solar
irradiation, after 60 min (2.62 kWh = 1368 kJ) they obtained about 60% degradation efficiency
for antibiotic at 25 mg/L concentration with 0.05 g of nano-powder TiO, photocatalyst in 100
ml solution (229). In comparison with the present work, the initial cefixime content was
destructed about 60% after 30 kJ of accumulated UV energy per liter of solution. In the paper
of Shaniba et al. photocatalyst was used in slurry batch mode that needed filtration technique
so fixed films on substrates in continuous flow have advantages like the elimination of
separation step.

2.1.2. Photocatalytic activity of TiO> samples deposited with different oxygen flux in
plasma gas under artificial irradiation

Photocatalytic activity of TiO2 samples on cefixime destruction was examined in the lab-scale
photo-reactor using a UV lamp emitting at 370 nm (power = 8 W). As seen in figure 75, the
coated glass beads with TiO; films were placed between two quartz tubes, and the UV lamp
was located in the center of the inner tube. The glass beads were coated in the plasma reactor
using 0, 2 ml/min, 10 ml/min, and 25 ml/min oxygen flow rates in the fluidized bed plasma
device.
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/ uv lamp - __ <
Pump [

-—I::l
o
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Figure 75. Schematic of the lab-scale photo-reactor.

The photocatalytic degradation of cefixime in water was performed by circulating each
solution through the lab-scale photoreactor under UV irradiation. In these experiments, 500
ml of contaminated solution was treated using 100 g coated glass beads at an initial cefixime
concentration of close to 10 mg/L and neutral pH for 4 hours.

The photocatalytic activity of various films is illustrated in figure 76. The photolysis
degradation of cefixime under UV was observed at about 20% after 240 min. Under UV light,
the photocatalytic activity levels of TiO, photocatalysts were in the order of TiOz (25 ml/min
02) >TiO2 (10 ml/min Oz) > TiO2 (2 ml/min Oz) > TiO2 (0 ml/min O2) with degradation efficiency
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of 97, 93, 91, and 55% + 5%, respectively. The degradation efficiencies were similar for TiO>
samples deposited with 2, 10, and 25 ml/min oxygen in plasma gas while the lowest efficiency
was obtained for the TiO, sample deposited in the absence of oxygen in the plasma discharge.
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Figure 76. Cefixime degradation with TiO; films deposited with different oxygen flux in plasma gas
(deposition time 60 min) under UV 370 nm irradiation.

To compare these results with other studies, as reported by Sahraeian et al. (230) who
indicated degradation efficiency higher than 90% for a 20 mg/L cefixime solution after 90 min
UV irradiation using 1 mg/L of commercial TiO2 (EMSURE) suspension and a UV intensity (125
W) used in a lab-scale reactor. The adsorption of cefixime and photolysis of cefixime was
measured at around 25 and 10% for 210 min. They employed a suspension equipped with a
powerful lamp with a UV intensity 15.6 times higher than our radiation source in a lab-scale
photo-reactor.

The first-order kinetics of cefixime degradation had been computed by linear regression
between -Ln (C/Co) and time (min). The accumulated UV energy of the UV lamp with a power
of 8 watts could be calculated from the equation 33 as follows:

Ip = 3.01 X 1075 X Apay X Pout 33

The lo in Einstein.h™, Amax is the maximum wavelength of emitted from the UV lamp in nm,
and Poyt is the output power of the UV lamp in W. One Einstein is 6,022x10% photons and the
energy of each photon is equal to 5.37x10%° J, consequently, one Einstein is equal to 35.5x10*
J. With Pout = 1.3 W and Amax= 370 nm, the UV lamp delivers 0,014 Einstein/h which means

133



that at 370 nm it delivers 5.1 kJ per hour. For the 0,5 L solution, it corresponded to 10.2 kJ/hL
and after 4 h treatment, the accumulated energy was calculated as 40,8 kl/L. The plot of C/Co
versus the accumulated UV energy for different TiO; films deposited with an oxygen flow rate
between 0 and 25 ml/min for 60 min in plasma gas is presented in figure 77.
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Figure 77. Cefixime degradation with TiO; films deposited with different oxygen flux in plasma gas
(deposition time 60 min) versus accumulated energy of UV lamp irradiation.

The rate constants for each type of TiO; catalysts are reported in table 17. The highest rate
constant was calculated for the sample obtained under the highest oxygen flow rate (25
ml/min) in the deposition method. The TiO, photocatalyst with the pure anatase phase
exhibited lower degradation efficiency and k value. A similar rate constant was achieved for
the samples prepared with 2 and 10 ml/min oxygen flow rate in plasma gas and it was
calculated at 73.1 and 70.2 (L/kJ), respectively.
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Table 17. The rate constant of cefixime degradation with TiO, films deposited with different O; in
plasma gas during 60 min under artificial irradiation.

Oxygen flux Deposition time  k x 10 (min kx10?3
Photocatalyst

(ml/min) (min) 1) (L/kJ)

TiO; 0 60 3.7 21.9

TiO, 2 60 11.9 73.1

TiO, 10 60 11.9 70.2

TiO, 25 60 13.8 81.8
Without catalyst - - 1 6.1

Comparing the degradation percentage of cefixime plotted in figure 72 obtained under solar
irradiation and figure 77 obtained under UV irradiation, it can be noted that the degradation
efficiencies of cefixime in the CPC reactor were higher than the lab-scale photo-reactor
because the total volume of solution. In the CPC photo-reactor, 2 liters of cefixime
contaminated solution was treated with 100 g of coated glass beads, while in the lab-scale
photo-reactor 0.5 liters of cefixime contaminated solution was treated with 100 g of coated
glass beads. Actually, photocatalysis experiments were done with the same weight of coated
glass beads in both photo-reactors but the solution volumes were different.

At the lab-scale reactor, the power of the lamp was 8 W with 40.8 kJ/L of accumulated energy
for the duration of 4 h, while at the solar photoreactor, the average UV radiation was 30 kJ/L
for 4 h.

Even if degradation profiles were similar in photolysis under artificial and solar light,
photolysis of cefixime under sunlight showed that there was a better conversion due to more
distribution of diffuse radiation on the solar collector and its ability to photolyze more
molecules and by-products (231). In direct photolysis of cefixime, the mineralization was very
low due to the absence of reactive species of photocatalysis (231, 232).

In applying TiO2 deposited in 0 ml/min O flux, when the lab-scale reactor was used, about
49% + 5% removal was obtained for 30 kJ/L of accumulated UV energy. Under solar light,
about 64% + 5% of degradation was achieved in the same accumulated UV energy. The
difference could be related to the kind of radiation. Natural sunlight contains energy from UV
to IR regions which can make an impression on pollutants or intermediates (231). As
previously noted (147), solar radiation contains two kinds of radiation namely direct and
diffuse. Direct radiation reaches the surface of the photocatalyst while diffuse radiation
reaches all sides of the photocatalyst. In solar radiation, the highest incident diffuse radiation
could increase photon absorption therefore could enhance the generation of e/h* pairs,
consequently increasing the photodegradation. Besides, one of the main benefits of a solar
reactor was the light reflection inside the Pyrex tube which had quantum and optical
efficiencies (233). On other hand, the aluminum collector could reflect around 89% of incident
radiation on the surface (234). In the lab scale reactor only one side of the beads was exposed
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to the light direction while in the CPC photo-reactor both sides are exposed to solar
irradiation. However, one side was exposed to direct and the other side was exposed to
diffuse light.

2.1.3. Reproducibility of TiO; deposited films on glass beads with fluidized bed plasma
device

Reproducibility is an important criterion to assess the fluidized bed plasma reactor
performance. In the present work, the second series of TiO; films coated on glass beads were
deposited under different plasma conditions. Several conditions like TTIP concentration in the
precursor solution, deposition time, and oxygen flux changed in the fluidized bed plasma
technique. The precursor solution was prepared with the concentration of Cri = 1.002 M of
TTIP in series Il (deposition time = 45 min) while in series | Cri = 1.67 M (deposition time = 60
min) was used in the precursor solution. Plasma gas with the different fluxes of oxygen was
adjusted between 0 and 10 ml/min in series Il. These photocatalysts with 0, 1, 2, 3, 4, and 10
ml/min of O in plasma discharge were prepared. The second series of TiO; films on glass
beads were annealed at 450 °C for 240 min.

The photocatalysis degradation of cefixime was studied with series Il of TiO, depositions
under natural solar light. Each deposition contained 100 g of coated glass beads which were
loaded inside the CPC photo-reactor. Solar photocatalysis experiments were carried out with
10 mg/L of cefixime concentration in 2 liters of distilled water. These solar tests were done in
the middle of the day for the duration of 4 hours.

Cefixime adsorption studies were performed for all TiO; films deposited on glass beads. As
figure 78 displays, during the dark experiments, up to 6% of cefixime was adsorbed on the
surface of TiO; films deposited with different oxygen flow rates in plasma gas.
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Figure 78. Cefixime adsorption on TiO; films coated on glass beads with different oxygen flow rates
(from 0 to 10 ml/min) during 45 min.

After dark experiments, solar photocatalyst experiments were done in the CPC photo-reactor
under natural solar irradiation. The results of cefixime degradation as a function of
accumulated UV energy are shown in figure 79. At a time of 240 min, for all samples, the
increase in photocatalytic activities are presented in the following order TiO; (4 ml/min O;) <
TiO2 (0 ml/min O32) < TiO2 (10 ml/min O3) < TiO2 (1 mI/min 03) < TiO2 (3 ml/min 032) < TiO3 (2
ml/min O;) . The key parameter namely accumulated energy must consider for better
comparison because solar radiation differs in experiments, it is obvious after 25 kJ/L of
accumulated UV energy, TiO; films deposited with 0 ml/min of O, in plasma gas could
decompose 50% of initial cefixime concentration by solar photocatalysis process. This result
was similar to the sample deposited under 1 ml/min of oxygen in the plasma discharge.
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Figure 79. Cefixime degradation with TiO; films deposited with different oxygen flux in plasma gas
during 45 min.

The -Ln (C/Co) vs Q (kJ/L) was prepared to obtain the corresponding rate constant from the
slope of the fitting curve. The plasma deposition conditions and rate constants of the TiO;
films are present in table 18. Considering the first run, the rate constant calculated 29x1073,
26.6x103, 22.8x103, 23.8x103, 23x103, and 23.4x1073L/kJ for TiOz films in the presence of 0,
1, 2, 3, 4, and 10 ml/min oxygen in plasma gas, respectively.

Table 18. The rate constant of cefixime degradation efficiency after 240 min with TiO; films deposited
with different oxygen flux in plasma gas during 45 min.

Catalyst 0; flux (ml/min) Deposition time (min)  k x 103 (L/kJ) R? Efficiency (%)

TiO; 0 45 29 0.97 49.58+5
TiO; 1 45 26.6 0.99 48.84+5
TiO; 2 45 22.8 0.99 42.58+5
TiO; 3 45 23.8 0.98 44.05+5
TiO; 4 45 23 0.99 53.26+5
TiO; 10 45 234 0.96 49.45+5
Photolysis - - - - 2915
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Photocatalytic activity of the first and second series of TiO; films deposited with different
plasma conditions like concentration of TTIP in the precursor solution, deposition time, and
oxygen flow rate in plasma gas was compared. In two series of TiO, deposited layers, we used
the same oxygen flux (0, 2, and 10 ml/min) during the elaboration in the plasma process.
However, in series | the ratio TTIP/ Isopropanol was fixed at 50% and the deposition time was
fixed at 60 min while in series Il the ration TTIP/isopropanol and deposition time were fixed
respectively at 30% and 45 min. These two parameters lead to a lower amount of TiO in the
series Il photocatalysts. For comparison, the reaction rate constants of 0, 2, and 10 ml/min
oxygen flux in the two series are depicted in figure 80. As a result, the degradation rate of the
first series (series 1) of TiO2 with 0, 2, and 10 ml/min were 1.15, 2.56, and 1.82 times higher
than the second series (series Il). This finding pointed out the synergetic effect of the TTIP’s
concentration in precursor solution and the deposition time. We believe that the lower TTIP
concentration might influence the nanoparticle's total mass deposited that in turn influences
the photodegradation efficiency of TiO; catalysts. In addition, shorter deposition time also
decrease the amount of deposited TiO; particles on the surface of the glass beads.

60
30% TTIP, 45 min
2
< m 50% TTIP, 60 min
S 40
—i
x
v
£
IS
% 20
Q
(&)
[4}]
5
o
0

0 2 10
Oxygen flux in plasma gas (ml/min)

Figure 80. Rate constant comparison of cefixime degradation with TiO; films deposited under 30 and
50% of TTIP precursor concentration during 45 and 60 min with different oxygen flux in plasma gas.

2.1.4. Photocatalytic activity, under solar irradiation, of TiO, samples deposited with two
deposition times in plasma gas influencing the quantity of coating on beads surface

The photocatalytic degradation of agueous cefixime was also examined by different TiO; films
prepared with two deposition times in the plasma method. The 30 min of deposition duration
was also used to implement TiO; films on glass beads with 10 ml/min of oxygen flow rate in
plasma gas, the TTIP concentration was fixed at Cri= 1.67 mol/L in isopropanol (50:50 volume
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ratio). These experiments were performed with 100 g of coated glass beads in the CPC photo-
reactor under sunlight.

Figure 81 illustrates the degradation efficiency of cefixime with these photocatalysts under
240 min solar irradiation (Q = 30 kJ/L). A deposition time of 60 min with 10 ml/min O, seems
better where 75% of cefixime degradation efficiency was obtained. And near 62% of cefixime
was lost in 240 min with 30 min deposition time and 10 ml/min O in plasma gas.
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Figure 81. Photo-degradation (left) and rate constant (right) of cefixime with TiO; films deposited with
10 ml/min oxygen flux in plasma gas during 30 and 60 min.

The rate constant for two samples was calculated by using the slope of the curves of -Ln (C/Co)
vs Q (kJ/L) and depicted in figure 81 (right). The rate constant of first-order reaction kinetics
was 32.6x10°3, and 43.3x1073 L/kJ for 10 ml/min of O, during 30 and 60 min of deposition time,
respectively. The higher k value belongs to the better photocatalyst. Thus, high losses of
cefixime in the solar experiments were obtained for TiO, deposited with 10 ml/min O for 60
min. It was observed in the figure that the apparent rate constant k increased with increasing
deposition time to 60 min in 10 ml/min Oz flux. In conclusion, the time of deposition played
an important role in the degradation efficiency which showed the highest deposition time
had the best performance.

In conclusion, the TiO; layers were deposited under different plasma conditions. The oxygen
flux changed from 0 to 25 ml/min in plasma gas for the duration of 30, 45, and 60 min with
two TTIP concentrations in the precursor solution. At first, four kinds of TiO; layers were
coated on glass beads under 0, 2, 10, and 25 ml/min of oxygen flow rates with the titanium
concentration of 1.67 M in the precursor for 60 min in the plasma discharge. In the second
section, the TiO, samples were prepared with 0, 1, 2, 3, 4, and 10 ml/min of O; flux in plasma
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gas for 45 min, in these deposits the TTIP concentration was Cri= 1.002 M in isopropanol. The
last sample was deposited with 1.67 M of Ti in precursor under 10 ml/min O; for 30 min.
The results indicated, there were two principal parameters to explain the obtained results.
First, the anatase/rutile ratio depended on the concentration of oxygen in plasma gas during
the elaboration step. Second, the thickness of the layers could be controlled by two factors:
deposition time and TTIP/Isopropanol ratio. There was certainly an optimum layer below
which the thickness was too low to cover all of the substrate surfaces, and over which the
thickness was too high leading to charge recombination.

2.1.5. Effect of net weight of coated glass beads

We supposed the weight of coated glass beads had an effect in the pollutant decomposition.
The photocatalytic degradation of cefixime was performed with different weight of TiO;
coated glass beads such as 100, 200, 300, 400, and 500 g. These photocatalysis experiments
carried out with TiO2 sample prepared in plasma device under 2 ml/min of oxygen flow rate.
Typically, similar cefixime solutions was used at a specific time of the day. When 100 g of
coated beads were used, they regenerated with hot water and used again in the next
experiment. As seen from figure 82, the degradation efficiency of cefixime increased with
using more amount of TiO, coated glass beads. The cefixime degradation efficiency increased
from 43 to 74% after 240 min solar irradiation when substrates net weight increased from
100 to 500 g, respectively.
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Figure 82. Cefixime degradation with TiO, photocatalyst (2 ml/min O, 45 min) with different net
weight of coated glass beads under solar light.

For each solar experiment, the rate constant was computed. The k values were 30.3, 37.9,
52.7,57.1,and 63.8 L/kJ for 100, 200, 300, 400, and 500 g of TiO; coated beads with 2 ml/min
02 in the plasma discharge. The highest efficiency and maximum k value were obtained for
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500 g of the photocatalyst. This enhancement was clearly linked to the higher activated
surface area of TiO; films which increased photocatalytic reaction since the fraction of
incident radiation absorbed by films increased and photogenerated oxidative species
increased. Figure 83 shows the plot of the rate constant of cefixime degradation as a function
of the photocatalyst’s net weight loading. It presented there was a linear relationship
between the kinetic of cefixime degradation and the net weight of TiO, coated glass beads.
This important result underline the fact that the number of active sites is increasing linearly
with the number of beads involving in the degradation of cefixime.
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Figure 83. Linear regression between rate constant of cefixime degradation and net weight of TiO; (2
ml/min Oz, 45 min) coated glass beads.

Therefore, the reaction rate of cefixime degradation can be rewritten as the following
expressions (eq. 34-35):

r = —KC 34
K = f(W) 35

r is the reaction rate, K is the rate constant as a function of net weight of coated glass beads
(W in g), and C is the concentration (in mol/L).
2.2. Influence of doping in TiO; photocatalytic activity

The controversial influence of doping has been reported during the last decade. On the one
hand, the modification of the band gap of TiO, by doping elements is expected to use a larger
spectrum of solar radiation that in turn may enhance the efficiency of TiO2 in photocatalytic
reactions (46, 104, 106, 111). On the other hand, the presence of other elements in the lattice
may enhance the charge recombination leading to a reduction in charge separation and a
reduction in the efficiency of TiO2 (115). In this work, we report our experiments on the
influence of two known doping elements manganese and Vanadium. Mn-doped TiO; particles
were elaborated in the fluidized bed plasma reactor while V-doped TiO, particles were
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elaborated on the surface of glass beads by the sol-gel method both described in the previous
chapter.

2.2.1. Photocatalytic activity of Mn-doped TiO, samples deposited with the plasma
method under solar irradiation

The photocatalytic activity of Mn-doped TiO; nanomaterials was evaluated for cefixime
degradation under sunlight irradiation. The contaminated solution containing 10 mg/L
cefixime concentration was treated in presence of MnxTi1xO2 samples (x = 0.01, 0.003, and
0.02 mol% Mn) at natural pH and ambient temperature. The Mn-doped TiO; films were
coated on glass beads under 10 ml/min of oxygen flow rate in plasma gas for 35 min, and TTIP
concentration was 1.67 M in isopropanol. The deposited MnyTi1.xO2 photocatalysts were
annealed at 450 °C for 240 min to crystalize.

The photocatalytic activity of annealed MngTi1xO2 samples with different dopant
concentrations (Mn: 0.01, 0.003, 0.02 at mol%) displays in figure 84. As shown in the figure,
after 240 min of solar radiation about 75, 51, and 50% + 5% of cefixime degraded with TiO,,
Mno.003Ti0.99702, Mno.02Tio.9s02, and Mno.oiTiog902 (10 ml/min 0O3), respectively. The
degradation efficiency of all Mn-doped catalysts clearly presented a small difference during 2
h (25 kJ/L of accumulated UV energy) solar exposition. The obtained results indicated that
undoped TiO; samples provided the maximum degradation efficiency. The high photocatalytic
activity of undoped TiO, can be attributed to the polymorphic nature that introduced the
possibility of heterojunction formation which prevents the recombination of photogenerated
e/h* pairs (110). The coexistence of anatase/rutile phases of TiO; films has been confirmed
by XRD results (see section 1.1.3, chapter 4). The photocatalytic activity of films also was
affected probably by the size of particles. The XRD analysis equipped with Scherrer
measurements showed a higher crystallite size of Mn-doped TiO; in comparison with pure
TiO,. This synergetic effect was also reported by the literature (112). In x = 0.01 and x = 0.02
Mn concentrations, the degradation efficiencies were similar and less than Mn at x = 0.003
mol%. Therefore, the photocatalytic activity of MnyTi1-xO2 samples was low. As a result, the
photocatalytic performance of films did not improve with doping Mn, it might be due to the
lattice distortion. In the work of others (44, 74), who investigated the effect of doping on
lattice distortion and photocatalytic activity, they reported adding dopants hindered grain
growth and caused agglomeration of films. The interaction between Ti and Mn ions created
a plurality of surface defects which increased the e'/h* pairs recombination rate. As well as,
this may be caused by the metal covering the surface of titanium films (235). There is a
valence difference between Mn?* and Ti** which causes oxygen vacancies. This reduction also
can be explained by the fact that Mn ions in the TiO; structure act as a recombination center
for e /h* which was reported by previously published papers (236-238). Several studies
dealing with Mn ion on photocatalytic efficiency of TiO, were reported while the results were
disputable and a wide range of explanations was presented because photocatalytic activity
was related to many factors (44). In another study, Chang et al. (237) reported in Mn-doped
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TiO2, Mn3*/** ions could trap electrons and holes and destroy the trapped carriers through
inter-atomic relaxation.
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Figure 84. Cefixime degradation of TiO, and Mn,Ti1«O2 (x = 0.003, 0.01, and 0.02 at mol% Mn)
deposited films on glass beads with 10 ml/min oxygen flow in plasma gas during 35 min.

The experimental data were fitted to the first-order kinetic model by the linear regression
described by -Ln (C/Co) versus accumulated UV energy during 240 min of irradiation. The
values of rate constants and coefficient of determination (R?) are given in table 19. The k
values for Mno.01Tio.9902, Mno.003Tio.99702, and Mno.02Tio.9s02 were 26.4x103, 28.6x10°3, and
26.3x10°3 L/kJ, respectively. It can be seen the degradation rate of cefixime in presence of
MnyTi1xO2 decreased from 1.62 to 1.49 times by comparison with undoped TiO,. These results
were confirmed in experiments where Mn,Ti1«O2 (x = 0.003 mol%) layer was elaborated by
using 25 ml/min oxygen flux in plasma gas.

In conclusion, doping TiO, with Mn in our experimental conditions led to a reduction of
photocatalytic activity of TiO; may be because of recombination processes in presence of Mn
in the TiO; lattice.
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Table 19. The rate constant of cefixime degradation with TiO, and Mn,Ti1.xO2 (x =0.01, 0.003, and 0.02
mol% Mn) deposited films on glass beads with 10 ml/min oxygen flow in plasma gas for 35 min.

Photocatalyst 0; flux (ml/min) Deposition time (min) Mn (mol%) K x 103 (L/kJ) R?

TiO; 10 60 0 42.6 0.99
MnTiO, 10 35 0.01 26.4 0.99
MnTiO, 10 35 0.003 28.6 0.99
MnTiO, 10 35 0.02 26.3 0.97

Photolysis - - 9.7 0.97

2.3. Photocatalytic activity of TiO2 coatings on glass beads prepared with sol-gel method

In this study, the photocatalytic properties of TiO2 coatings on glass beads with the sol-gel
technique were compared to the properties of TiO, coating with the radiofrequency fluidized
bed plasma method. The TiO, nanoparticles were coated on glass beads using a micro-mixing
sol-gel reactor. Several types of TiO, and metal-doped (Zirconium and vanadium) TiO; were
synthesized under various sol-gel conditions described in previous studies (171, 239-241). In
these studies, the prepared TiO;, ZrTiO;, and VTiO, photocatalysts firstly were used for
photocatalytic degradation of methylene blue and amoxicillin pollutants under artificial and
solar irradiation (166, 239).

In each solar experiment with the synthetic cefixime solution, 350 g of coated glass beads
were placed inside the chamber of the solar pilot. The 2 liters of cefixime solution with a
concentration of 10 mg/L was circulated for 240 min. The adsorption of cefixime on coated
glass beads was studied by passing cefixime solution under dark conditions. After 240 min, it
was observed a decrease in cefixime concentration between 1.5 and 12% that was due to the
adsorption of cefixime molecules on the surface of glass beads or other parts of photo-
reactor.

Solar photocatalytic degradation of cefixime was carried out in presence of sol-gel catalysts
in the middle of the day for 4 hours. Figure 85 shows plots of cefixime decomposition as a
function of accumulated UV energy (kJ/L), for all TiO,, V, and Zr doped TiO,. From the
experimental results, degradation of cefixime after 22 kl/L of accumulated solar UV energy
were 43.3, 44, 45.5,41.2, 33.08 and 32.9% + 5% for TiO2, VxTi1x02 (x = 2 mol%), V«Ti1xO2 (x =
3 mol%), V«TiixO02 (x = 5 mol%), ViTi1xO2 (x = 10 mol%) and ViTi1xO2 (x = 20 mol%),
respectively. The best performance related to the ViTi1-xO2 (x = 3 mol%) sample which was in
agreement with previous results of methylene blue photocatalytic degradation experiments
in the lab-scale photoreactor equipped with a UV lamp (239). The degradation efficiency for
used TiOz and Zro05Tio.o502 in amoxicillin removal achieved 59.6 and 36.3% + 5%, respectively.
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Figure 85. Cefixime degradation with used TiO2, V\Ti1x0; (x =2, 3, 5, 10 and 20 mol% V) and Zr,Ti1xO>
(x = 5 mol%) nano-powder coated on glass beads with sol-gel method. MB refers to methylene blue,
ANT refers to amoxicillin antibiotic, and Deg refers to degradation.

These results indicated that the decomposition of cefixime via the photocatalytic reaction in
the presence of the used catalysts approximated a first-order reaction model. The rate
constant was determined from the slopes of linear regression, the all rate constants of the
sol-gel used catalysts are demonstrated in table 20. The calculated rate constants varied from
15x1073 to 41x10°3 L/kJ for the first usage of catalysts in the CPC photo-reactor. The highest
degradation rate belonged to the pure TiO; that was used in amoxicillin degradation tests.
The V«Ti1xO2 samples with x = 2, 3, and 5 mol% to higher reactivity than VyTi1xO2 with x =10
and 20% of vanadium dopant concentration in their structure.
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Table 20. The rate constant of cefixime degradation with TiO3, Zro0sTio.9s02 and ViTi102 (x =2, 3, 5,
10, and 20 mol% V) nanoparticles coated on glass beads used in CPC photo-reactor. MB refers to
methylene blue, AMX refers to amoxicillin, and Deg refers to degradation.

Catalyst Dopant concentration (mol%) K x 1073 (L/kJ) R?
TiO; (used in AMX Deg.) - 41 0.99
ZrTiO; (used in AMX Deg.) Zr=5% 21.9 0.98
TiO; (used in MB Deg.) - 26.3 0.99
VTiO; (used in MB Deg.) V=2% 25.9 0.99
VTiO; (used in MB Deg.) V=3% 27.6 0.99
VTiO; (used in MB Deg.) V=5% 24.3 0.99
VTiO; (used in MB Deg.) V=10% 16.4 0.98
VTiO; (used in MB Deg.) V=20% 164 0.99

The photocatalytic performance of plasma deposited and sol-gel synthesized photocatalysts
were compared on cefixime degradation. The highest cefixime degradation efficiencies were
observed for plasma deposited samples ranging from 65 to 80% under four hours solar
irradiation in the CPC phot-reactor. In addition, photo-degradation of plasma deposited
samples were obtained using 100 g of coated glass beads while 350 g of sol-gel coated glass
beads were used in photocatalysis experiments. These results indicated photocatalytic
activity of plasma deposited TiO, based samples was higher than sol-gel synthesized TiO;
based samples.
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Chapter 3. Regeneration of photocatalysts

This chapter will present the regeneration methods to recover the photocatalytic activity of
used TiO, samples. The results of regenerated photocatalysts used for cefixime degradation
will explain and compare.

3.1. Regeneration of photocatalysts

All the deposited films on glass beads were used more than two times in the lab-scale or solar
photo-reactor pilot. Therefore, their photocatalytic activity was reduced because of the
occupation of active sites by photo-degradation products or cefixime molecules. In the
present work, the regeneration study of deactivated catalysts was performed with three
regeneration methods. The hot water washing, heat treatment, and alkaline solution washing
techniques were applied to study the recovery of active sites on the surface of photocatalysts.

As the deactivation of photocatalysts by molecules is of great concern, chapter 3 will be
dedicated to the regeneration methods and their influence on photocatalyst's efficiency.

As shown in figure 86, for the hot water washing procedure, 100 ml of deionized water was
used to regenerate the catalyst in a beaker by heating at T = 80 °C for 60 minutes. On other
hand, the deactivated samples were heated in water from the ambient temperature to 80 °C,
then maintained at the constant temperature for one hour. Finally, the sample was dried in
an oven overnight at 80 °C. The regenerated sample was applied in the solar photo-reactor
for photocatalytic degradation of cefixime under natural irradiation for four hours.

Figure 86. Hot water regeneration process.

For the heat treatment recovery method, the used photocatalyst was discharged from the
photocatalysis reactor and washed with distilled water, after that the sample was thermally
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treated in the air at 450 °C for 240 min In Nabertherm 3000 furnace. The thermal regeneration
conditions were the same for all TiO2, Mn-TiO3, and V-TiO; catalysts.

In a typical alkaline washing regeneration technique, the net weight (from 100 to 500 g coated
glass beads) of the sample was loaded in 100 ml of 1 M NaOH aqueous solution for 30 min.
After alkaline treatment, glass beads were washed in distilled water until the pH of the
solution was adjusted to the natural pH of water. Subsequently, dried in an oven at 80 °C over
a night.

In order to check the efficiency these regeneration methods, the regenerated catalysts were
used for the photocatalytic degradation of cefixime, following the same procedure which was
described above. To compare the performance of regenerated techniques, the total cefixime
degradation efficiency within the accumulated UV energy was calculated. The comparison
between the photocatalytic activity of the fresh photocatalyst and regenerated photocatalyst
can be revealed the regeneration efficacy of each technique.

3.2.  Reusability of plasma deposited TiO2 and MnTiO; films on glass beads

The reusability was a critical issue for the practical application of photocatalysts prepared in
our study with the fluidized bed plasma technique. The reusability experiments were done in
the same operating and radiation conditions in the solar pilot. After the first run, the
photocatalyst beads were collected from the reactor and washed with distilled water, and
dried at 80 °C. The recollected catalyst was used again for another photo-degradation run.
The fresh cefixime solution was prepared and recirculated in the CPC photo-reactor for 240
min under natural irradiation. The solar photocatalysis degradation of cefixime was repeated
with 100 g of coated glass beads with TiO, and MnTiO; layers. The photocatalytic degradation
kinetics of cefixime in the second usage of catalysts was investigated by plotting -Ln (C/Co)
versus the accumulated UV energy of solar irradiation. The rate constants (k) were obtained
from the slope of curves. In figure 87, the calculated k values of all photocatalysts in two cycles
are depicted.

A decrease in reaction rate between the first and second runs was observed. The rate
constant of degradation efficiency of cefixime after the second run decreased from 51.6x1073
to 44.7x1073 L/kl for the best TiO, photocatalyst that was deposited with 2 ml/min oxygen in
plasma gas for 60 min.

In photocatalytic experiments with TiO, sample deposited with 25 ml/min O in plasma gas
for 60 min deposition duration, the rate constant seems higher but this corresponded to an
experimental error.

Other photocatalysts exhibited a reduction in their rate constant after two solar
photocatalytic degradations. This reduction could be attributed to the adsorbed molecules or
by-products of photo-degradation on the active sites of the catalyst. This observation was in
agreement with previous study which proved that Norfloxacin molecules were adsorbed on
catalyst surface along with reaction by-products thus decreasing the photocatalytic activity of
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TiO2 composited films on the PET polymer (64). The results of reused catalysts exhibited good
photocatalytic degradation of the pharmaceutical pollutant model but it was necessary to
recover or regenerate the deactivated photocatalysts to obtain the activity. In practical
application, it was not economic to synthesize TiO; films just for one usage, but to recover
the catalysts by an appropriate method.
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Figure 87. Comparison of cefixime degradation’s reaction rate constant with different plasma
deposited TiO; films on glass beads in solar photo-reactor.

The crystalline structure of TiO; films on glass beads before and after photocatalysis was
characterized by the Raman spectroscopy method. A glass bead was taken as a sample before
and after catalyst usage in the treatment method. Figure 88 shows the Raman modes of the
photocatalyst before and after a photocatalytic degradation of the pollutant. It can be
observed that there was no difference in Raman spectra results between the fresh and used
catalyst. All peaks in the two curves were related to the anatase phase of the TiO; crystalline
structure. As well as, no other peaks appeared in the Raman spectra in the range of 100 and
1000 cm™. The modes did not change or shift which suggested that the presence of cefixime
or by-products did not induce a significant change in the TiO> composition and crystallinity
during the photocatalysis degradation process.
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Figure 88. Raman spectra of TiO; films deposited on glass beads before and after photocatalysis
experiment.

3.3. Photocatalysts regeneration methods

In the previous section, we reported the photocatalytic activity of different TiO;-based
samples on cefixime degradation. Actually, we proposed the products of photocatalysis
reactions partially adsorbed on the surface of TiO; films and decreased their activity due to
the occupation of active sites. This adsorption might limit the surface charge carrier
transportation and cefixime adsorption. Therefore, the recovery of active sites on the surface
of films should be considered.

Several regeneration methods were discussed in the literature (156, 158, 160, 242, 243), in
this work three regeneration methods were studied to recover the photocatalytic activity of
TiOz-based samples. A comparative study of the three regeneration techniques including hot
water, heat treatment in the air atmosphere at 450 °C, and treatment with the alkaline
solution were performed. The evolution of the performance of regenerated TiO; films coated
on glass beads was measured on the elimination of cefixime with solar radiation in the CPC
photo-reactor. Solar photocatalytic experiments carried out with 100 g of recovered catalysts,
the initial concentration of cefixime was around 10 mg/L at neutral pH and ambient
temperature. In a typical experiment, 2 L of cefixime solution was treated under solar
irradiation for a period of four hours.

3.3.1. Hot water regeneration method

In this case, two types of photocatalysts were examined to regenerate with hot the water
method. The TiO; coated films deposited with 2 and 25 ml/min O, flow rate in plasma gas for
60 min were recovered in hot water. In this method, the photocatalysts beads in a container
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with distilled water were heated up to 80 °C and remained at constant temperature for 60
min. After that photocatalysts were dried at 80 °C over a night in an oven.

Photocatalytic activity of regenerated catalysts was tested for cefixime degradation. Figure
89 shows the cefixime concentration reduction under similar solar UV that was received on
the rector. In the case of TiO, deposited under 2 ml/min oxygen in plasma gas, the C/Co values
achieved in the order of 0.26 > 0.22 > 0.26 for the first run, regenerated run, and second run
after regeneration under 26 kJ/L of accumulated UV energy, respectively. For the first
regeneration cycle, the activity of TiO, completely recovered as cefixime degradation was
increased from 74 to 78%. The regenerated (washing by 80 °C water) TiO2 (2 ml/min O, 60
min) in the second cycle after regeneration showed the same activity as the fresh catalyst
indicating nearly complete regeneration of the catalyst.

The TiO; (25 ml/min O, 60 min) catalytic activity also was recovered with hot water and
cefixime degradation efficiency increased from 51 to 71%. Plus, in the second cycle after
regeneration, it gave 70% removal of cefixime after 240 min. Based on these results, we
suggested that the hot water was a powerful method for regeneration of the deactivated
samples prepared with the fluidized bed plasma technique. During the hot water recovery
method, no visually detectable particles were leached into the water. According to the results
of the XPS analysis technique (see 3.1.3 in part 3) there was a strong adhesion between TiO;
films and the surface of glass beads because during experiments we did not observe the
peeling during cefixime decomposition under solar irradiation even though TiO; films soaked
in liquids for 4 h. These results confirmed that the adhesion of films on substrates was strong.
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Figure 89. Cefixime concentration reduction after hot water regenerated TiO, (2 and 25 ml/min O3 in
plasma gas at 60 min of deposition time) photocatalysts.

Photocatalysis tests were continued in the presence of the regenerated TiO, sample (2
ml/min Oz in plasm gas) for four consecutive cycles. The reduction of cefixime concentration
was plotted vs accumulated energy in four solar photocatalytic experiments. The
performance slightly decreased during four cycles up to 10% of loss in its photocatalytic
activity looking figure 90. The degradation rate of the first curve (first cycle) did not fit well
with the first order and the best fit was observed in the second order. While in other runs the
kinetic of cefixime degradation followed first order. The value of the rate constant for cefixime
degradation was computed from the slopes of the linear regression between -Ln (C/Co) and
accumulated UV energy (kJ/L). The k values were calculated at 55.5, 50.3, and 51.4 L/kJ for
the second, third and fourth cycles, respectively. These observations presented that the
photo-activity of coated TiO; films on glass beads slightly decreased.
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Figure 90. Cefixime concentration reduction after hot water regenerated TiO; (2 ml/min O, in plasma
gas at 60 min of deposition time) during four consecutive cycles.

This regeneration method also was applied for the second series of TiO, depositions prepared
with dilute precursor solution (Cri= 1.002 mol/L, 30:70 Vol.% of TTIP: Isopropanol) under
various oxygen flow rates between 0 and 10 ml/min for 45 min in the plasma reactor. In the
first usage of these TiO, photocatalysts in the solar pilot, the first order kinetic was evaluated
to describe photocatalytic cefixime degradation. After the first run, photocatalysts were
recovered with hot water for 60 min, and were used one more time in the solar photo-reactor.
The rate constant of cefixime photo-degradation with fresh and hot water regenerated
photocatalysts were plotted in figure 91.
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It was observed that in the case of TiO, (0 ml/min O), the photocatalytic activity of the hot
water regenerated TiO; greatly increased when compared with the first usage. The obtained
cefixime degradation efficiency was 15% higher than the fresh sample. The photocatalytic
activity of TiO; films deposited with 1, 3, and 4 ml/min Oz in plasma gas was slightly increased
after regeneration.
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Figure 91. Rate constant of cefixime degradation with TiO, (Cri= 1.002 mol/L, 45 min) films in first
usage and after hot water regenerated photocatalyst usage.

This enhancement might be due to removing adsorbed particles from active sites of films
coated on glass beads during hot water recovery at 80 °C.

3.3.1.1.  Study the cefixime degradation under longer solar irradiation time

To achieve a more efficient degradation of cefixime or complete degradation, a longer
reaction time or some other improvements in the process are required. Two photocatalysts
TiO2 (2 and 25 ml/min Oy, 60 min) were regenerated and used for cefixime degradation under
solar irradiation to study the long-time effect. These experiments were done during (7 hours)
in the day from 10:00 am to 5:00 pm local time. The photodegradation of cefixime in the CPC
reactor with two TiO; samples is depicted in figure 92. For longer solar irradiation times,
cefixime degradation follow first-order kinetics as a function of accumulated energy for 360
or 420 min, the degradation curve varies after 270 min (Q = 30 kJ/L). We observed a kinetic
variation for times up to 7 h, followed by a reduction of the slopes that corresponded. To
explain the slowing down of degradation kinetics, occupation of catalyst’s active sites by the
cefixime by-product was one of the causes. Because in photocatalysis reactions, adsorption
and desorption of pollutants from the photocatalyst surface were the main reactions,
therefore, for a long time the degradation by-products competed with cefixime molecules.
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From the results, it appeared the reaction rate was too slow and the degradation was
incomplete after such long solar radiation.
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Figure 92. Cefixime degradation of two TiO; films (2 and 25 ml/min O, flux, 60 min) at loner time of
solar irradiation.

3.3.2. Heat treatment regeneration method

Thermal treatment was employed as well to regenerate the deactivated catalyst since
carbonaceous deposits could remove at high temperatures under the oxygen atmosphere.
The MnyTi1-xO2 photocatalysts which were deposited with two Mn percentages (x = 0.01 and
0.02 mol%) in precursor solution and 10 ml/min oxygen flux were used to examine the heat
treatment regeneration technique. After heat treatment at 450 °C in air for 4 h, the value of
the rate constant with photocatalyst and the regenerated photocatalyst was obtained from
the reaction rate curves, where the evolution of the initial concentration with time was
followed for 240 min. Results of the photocatalytic activity with recovered MnyTi1-xO2 samples
are illustrated in figure 93.

Firstly, the hot water recovery technique was studied, as the result, obtained rate constants
demonstrated hot water could partially remove adsorbed species from film’s surface. The
MnxTi1xO2 catalysts regenerated by thermal treatment displayed slower degradation
efficiency of cefixime after 240 min solar irradiation, the 41.5 and 59.8% of cefixime initial
concentration removed with MnxTi1-xO2 (x = 0.01 mol%) and MnxTi1xO2 (x = 0.02 mol%),
respectively. The MnyTi1xO2 deposited with higher dopant concentration exhibited better
performance under heat treatment recovery. As seen in figure 92, the hot water washing
improved the degradation efficiency as compared to heat treatment which indicated the
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photocatalyst could partially recover and the surface of the photocatalysts was not free of
adsorbed species.

Compared with the hot water method, heat treatment was less effective and time-consuming
for the regeneration of the deactivated MnyTi1xO2 catalyst. Heat treatment may cause
agglomeration of Mn,Ti1xO2 particles which was not favorable for the photo-activity (150).
On other hand, catalyst calcination could be detrimental to the photocatalytic properties of
the MnyTi1-xO2 samples.
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Figure 93. Rate constant comparison of Mn,Ti1«O2 (x = 0.01 and 0.02 mol% Mn, 10 ml/min O,) films
regenerated with hot water and heat treatment (annealed at 450 °C, 4 h) methods.

As the result, heat treatment might agglomerate and calcinate the nanoparticles of TiO; at
450 °C for 4 h and consequently decrease photocatalytic activity.

3.3.3. Alkaline solution regeneration

The last recovery method was washing with an alkaline solution at pH = 11 for 30 min. All
three recovery methods were applied for Mn,Ti1«O2 (x = 0.01 mol%) photocatalyst. At first,
the catalyst was regenerated in hot water and used in the CPC reactor, then it was washed
and annealed for 240 min at T=450 °Cto remove adsorbed cefixime degradation by-products.
Another solar test was carried out after heat treatment. In the next step, the coated films on
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glass beads were washed with hot water another time. As shown in figure 94, after washing
the photocatalyst in an alkaline solution, the regeneration rate constant increased from 22.8
to 25.2 L/kJ. It found that treatment in NaOH solution with pH 11 cannot remove completely
toxic particles at 30 min treating time. The regeneration performance became slightly lower
than the hot water method. The photodegradation products or intermediates adsorbed on
the titania active sites could be removed by NaOH washing. Poisoning of the surface were
responsible for inhibition of O, for producing active oxygen species (158).
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Figure 94. Comparison of different regeneration methods used for Mn,Ti1xO2 (x = 0.01 mol%, 10
ml/min O,) photocatalyst coated on glass beads.

In conclusion, the higher degradation efficiency with TiO2 as well as MnTi1.xO; catalysts
indicated that hot water regeneration was the best technique. And the catalysts could not
completely regenerate by heat treatment and alkaline solution washing techniques.

In comparison with previous studies (154), the thermal treatment and washing with solvent
(methanol and water) indicated poor regeneration activity for catalyst P25 Degussa during
photocatalysis of phthalic acid which was in agreement with our results. While in another
published paper, Yang et al. (160) reported that alkaline washing and thermal treatment were
effective methods to regenerate the TiO, photocatalyst that was deactivated by humic acid
degradation intermediates. They concluded the critical factor in recovery methods related to
the chemicals that adsorbed on active sites. It was concluded that the by-product species
adsorbed on active sites deactivate the photocatalytic sites that constitute a critical factor for
industrial applications.

Additionally, a comparative study examined four kinds of regeneration methods on sulfate
poisoning of TiO, surface. Different regeneration methods including hot water washing,
sulfuric acid washing, sodium hydroxide washing, and thermal treatment were investigated
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for the regeneration performance of TiO,. The efficiency of the NaOH treatment was higher
than other methods while the regeneration efficiency significantly decreased as the number
of cycles increased due to the loss of catalyst particles. Hot water washing was the
effectiveness and simplest process in photocatalytic recovery. The thermal treatment showed
good reusability in removing surface compounds from the active sites of TiO,. In addition, acid
washing displayed a negative effect on the regeneration (149).

3.3.4. Regeneration stability of plasma deposited photocatalysts

Regeneration stability was the number of cycles that we could regenerate our deposited
photocatalysts. Good repeatability and stability of photocatalysts were beneficial to decrease
water treatment costs. The stability of TiO> films deposited on glass beads was evaluated by
using times in solar tests.

For this subject, we used a TiO2 (25 ml/min O3, 60 min) sample to study its reusability stability.
Photocatalyst beads after each solar photocatalysis test were regenerated by the hot water
method and used in the solar photo-reactor with fresh cefixime solution for another run.

The regeneration stability of the TiO, photocatalyst is shown in figure 95. The efficiency
decreased from 65% for the first regeneration step to 51% for the fourth regeneration step.
The efficiency decreased to about 14% after the deactivated catalyst was recovered by the
hot water four times. We found that the deactivated TiO> films during cefixime decomposition
could be regenerate easily by removing adsorbed species using the hot water method without
making an impression on TiO; films. After several times usage, the results presented that TiO;
supported on glass beads showed well photocatalytic efficiencies after more than several
experiments. This result was also obtained by Chekir et al. who reported that TiO, supported
on fiber cellulose presented good stability and high yield after several uses (244). So, plasma
deposited TiO; films could effectively applied and regenerated in photocatalysis experiments
without destroying layers.
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Figure 95. Regeneration stability of hot water regenerated TiO; (25 ml/min O,, 60 min) sample coated
on glass beads.

3.3.5. Regeneration of sol-gel prepared photocatalysts

Recovering ability was one of the important parameters in the photocatalytic process, to
assess the regeneration ability of the sol-gel prepared TiO coated particles, two regeneration
methods were applied. As mentioned previously, the hot water recovery method showed the
best performance in different plasma deposited catalysts, so the hot water regeneration
method was used on all sol-gel synthesized samples after the first cycle. The rate constant of
cefixime degradation under 240 min solar irradiation with regenerated photocatalysts are
presented in figure 96. After the hot water washing, cefixime degradation increased just for
Zro.0sTio.9s02, VTiO2(10 mol%), and VTiO2(20 mol%) samples. In VTiO, catalysts, this
improvement could be attributed to the methylene blue removal from the surface of glass
beads because their activity increased about 11.2 and 4.5% for 10 and 20 mol% vanadium
after 21 kJ/L of accumulated energy, respectively. In the ZroosTio.9502 sample, enhancement
related to the regenerating active sites of TiO; films due to higher cefixime degradation
efficiency after regenerating the catalyst. The rate constant became 1.8 times higher than the
first usage.

To compare the hot water and the heat treatment method, the used TiO2 sample in antibiotic
degradation was selected. The rate constant reached 41, 28.2, and 19.2 L/kJ for the first run,
after hot water regenerated photocatalyst run and heat treatment regenerated photocatalyst
run, respectively. As shown in figure 96, hot water recovery was the best method also in sol-
gel synthesized photocatalysts.
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Figure 96. The rate constant of cefixime degradation with used TiO,, VTiO; (2, 3, 5, 10 and 20 mol% V)
and ZrTiO; (5 mol%) beads before and after two regeneration methods.

3.3.5.1. Regeneration of the fresh TiO, and VTiO: (3 mol%) prepared with sol-gel method

As explained before TiO2 and VTiO2 (3 mol%) sol-gel synthesized photocatalysts indicated
better photocatalytic performance on cefixime degradation under solar irradiation. So, two
fresh samples were prepared by the micro-mixing reactor and used in the solar pilot for
cefixime degradation. The TiO; and VTiO; (3%) catalysts synthesized by the sol-gel method
were used to study their recyclability by hot water and heat treatment regeneration
techniques. Figure 97 illustrates the rate constant of cefixime degradation with TiO; and VTiO>
(3%) photocatalysts in different conditions of catalyst. The hot water regeneration method
only could recover and increase the photo-activity of pure TiO,, while VTiO; (3%) did not lose
adsorbed species from the surface of nano-particles coated on glass beads. The rate constant
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of cefixime degradation was computed at 21.1 and 21.5 L/kJ for TiO; regenerated by the hot
water and heat treatment methods, respectively.

40
W First cycle

35 B Hot Water regeneration
Second cycle after Hot Water

30
B Heat Treatment regeneration

25
20
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Rate constant, k (x 103, L/kJ)

TiO VTIO (3%)

Figure 97. Rate constant comparison of the fresh and regenerated TiO, and VTiO; (3%) beads prepared
by sol-gel, with hot water and heat treatment regeneration methods.

As well as, in the second cycle after the hot water recovery, the rate constant obtained 21.2
which was similar to other experiments.

In the case of VTiO, (3%), the heat treatment method showed a higher rate constant in
comparison with hot water regenerated catalysts and it was calculated at 18 and 19.6 L/kl,
respectively.

In conclusion, the regeneration studies with three methods on plasma deposited and sol-gel
synthesized films on glass beads indicated that hot water recovery was the most effective
technique. This regeneration method was simple and cost-effective without the requirement
of high energy demand or materials.

Chapter 4. Mechanism of cefixime photocatalytic degradation under solar
irradiation

4.1. Analysis of treated cefixime solution by LC-MS technique

In the presented thesis we focused our efforts to elaborate TiO, photocatalysts in low-
pressure plasma reactor and study the influence of oxygen concentration in plasma gas on
the structure and composition of TiO; deposits. As comparison point, we used TiO; elaborated
by sol-gel technique. We focused also our attention on the photocatalytic activity of the so
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elaborated TiO; particles. We used a pharmaceutical molecule model as cefixime to check the
efficiency of the deposits. A chemical pathway study needs more time and materials.
Particularly it needs to develop liquid chromatography associated with mass detector. In
order to have an idea of the composition of cefixime degradation we asked an independent
private laboratory (Mahamax Laboratory, Tehran, Iran) to perform tests on two samples of
water with cefixime after degradation in the CPC solar pilot reactor containing TiO; deposited
by plasma on glass beads using 2 ml/min of oxygen.

After 4 h of photocatalysis, cefixime degradation products were analyzed by the LC-MS
technique through the solar photocatalysis process under natural irradiation for 240 min. Two
samples were selected with the efficiency of 40% and 85% cefixime degradation in order to
determine the remaining by-products. In the case of 45% degradation efficiency under 240
min solar irradiation in the CPC photoreactor, two main intermediate compounds were
identified according to the total ion chromatogram and mass spectra. The chemical structure
and its fragments are listed in the table 21. The characteristic ions (m/z) of the intermediates
were identified at 101, 105, 115, 121, 146, 162, and 183.

Table 21. Identified products of cefixime degradation by solar photocatalytic process (Experimental
conditions: initial cefixime concentration = 10 mg/L, reaction time = 240 min, catalyst = TiO,)

No Chemical formula Rt (min) Characteristic lons (m/z) Proposed Structure

1 CsH3NOS 14 101 \\

HO
HO,S

2 C3HsNOeS 1.5 183 0}"

Apparently, the dominant peaks were seen at m/z = 80, 142, and 183 for the degradation of
cefixime with 85% efficiency. The other peaks appeared at 64, 74, 79, 105, 115, 121, 141, 146,
162, and 193.

Erim et al. (106) predicted four cefixime degradation by-products using the photocatalysis
process under 3 h UV-A irradiation. They identified intermediates like thiazol-2-ol, N-
(dihydroxymethyl)-2-(2-hydroxythiazol-4yl)acetamide,(S)-N-(2-amino-1-hydroxy-2-
oxoethyl)-2-(2 hydroxythiazol-4- yl), and 2-(2-hydroxythiazol-4-yl)-N-((2R,3R)-2-mercapto-4-
oxoazetidin-3yl)acetamide.

It is difficult to determine the exact mechanism of cefixime degradation during the
photocatalytic process. In a published paper (12), the cefixime removal was studied by the
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sono-electro-Fenton method They proposed a cefixime degradation pathway by identification
of intermediates with an LC-MS analytical technique which is presented in the figure 98.
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Figure 98. Proposed pathway for degradation of Cefixime antibiotic by the sono-electro-Fenton

process (12).

Referring to the literature, firstly the thiazol side was decomposed then the B-lactam was
degraded to small molecule structures and further, the intermediates continued to
decompose through the oxidation process products such as SO4%*, NOs", CO2 and H20 (12, 52,
106, 245).
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The finding showed that cefixime molecules were fractured into smaller fragmented
molecules. Production of these intermediates during solar photocatalysis approved the
effective degradation of cefixime.
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Conclusions

The TiO, and Mn-doped TiO; films were successfully deposited on the surface of glass beads
via the low-pressure fluidized bed plasma method. The plasma deposition technique allowed
to control of photocatalysts composition by plasma parameters such as oxygen flux,
deposition time, and TTIP concentration in the precursor. Also, it permitted to attachment of
photocatalyst layers with chemical bonds between TiO> and the glass beads’ surface
evidenced by the XPS analytical technique. Oxygen flux in plasma gas leads to the apparition
of the rutile phase beside the anatase grains. The rutile fraction increased as the oxygen flux
increased in the plasma discharge.

Cefixime degradation in the presence of a photocatalyst was studied under a UV lamp (A =
370 nm, 8 W) and solar irradiation. The accumulated UV energy of the lamp was calculated at
about 40 kJ/L over 4 hours while the accumulated UV of solar energy was determined around
35 kJ/L over 4 hours on a sunny day. The cefixime degradation efficiency was obtained at 90
and 80% under the artificial lamp and natural solar irradiation, respectively.

The best performance of photocatalytic activity was obtained for TiO> photocatalyst
deposited under 2 ml/min oxygen flow rate in plasma gas with 80% cefixime degradation
efficiency due to its rutile/anatase ratio of 19% which has the same anatase/rutile ratio of
P25 Degussa. Under 35 kJ/L solar radiation, as the rutile fraction increased in the TiO;
polymorph structure, the photocatalysis performance decreased.

Kinetic cefixime photodegradation was obtained in the first order for all kinds of TiO, samples.
The rate constant of kinetic was calculated from the slope of -Ln(C/Co) versus accumulated
UV energy (kJ/L). These values were determined at 33.4, 51.6, 42.6, and 33.6 x 103 L/kJ for
TiO; films containing 0, 16, 27, and 31 mol% of rutile fractions in their structure. It means the
plasma condition of O flux can influence the photocatalytic performance of TiO; films by
creation of rutile phase beside anatase phase.

The deposition time and TTIP concentration in the precursor also affected the photocatalytic
activity of TiO, films. These parameters can influence the number of active sites. Higher
deposition time (60 min) and TTIP concentration in precursor solution (C = 1.67 mol/L)
resulted in higher photocatalytic activity because of the higher growth rate of TiO; films and
homogeneity of films.

The net weight of coated glass beads also affected the cefixime degradation rate, as the net
weight of photocatalysts increased from 100 to 500 g, the degradation efficiency of cefixime
increased under similar solar irradiation. In addition, there was a linear relation between the
kinetic constant and the net weight of coated glass beads. This enhancement is due to an
increasing number of photocatalytic active sites.

The three types of Mn-doped TiO; plasma deposited samples were used in the solar pilot,
photocatalysis results with MnyTi1xO2 (x = 0.01, 0.003, and 0.02) illustrated that doping with
manganese did not enhance the photocatalytic performance of TiO.. It might be due to the
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rutile fraction in TiO crystal or distortion of TiO; as the host lattice. In the higher Mn dopant
concentration, the rutile phase appeared and its fraction was determined around 13 mol%
while in two other samples anatase phase was obtained. Based on XRD measurements, nano-
particles size increased as Mn was doped in the TiO2 lattice. Moreover, the deposition time
in Mn-doped samples was 35 min which emphasized the catalyst’s composition, thickness,
and photocatalytic activity. As well, the Mn presence in TiO; crystalline lattice might assist as
the recombination center of electrons and holes (e /h*).

To compare the preparation techniques of TiO; and doped-TiO; on photocatalytic activity, the
different sol-gel synthesized photocatalysts were also prepared and applied in the CPC solar
pilot on cefixime removal in the same conditions. The TiO3, VxTi1x02 (x = 2, 3, 5, 10, and 20
mol%), and ZrTi1xO2 (x = 5 mol%) were coated on the glass beads by a micro-mixing reactor.
Results presented that TiO2 and VTiO; (3 mol%) had better cefixime degradation efficiency in
comparison with other sol-gel prepared catalysts. But, plasma-deposited TiO, samples
showed higher photocatalytic activity than our sol-gel prepared samples. In the other words,
the plasma-deposited sample increased the photocatalytic activity by about 40% and its rate
constant was 1.3 times higher than the sol-gel sample. It can be explained by the film's
thickness and TiO, composition, because plasma deposited TiO; film has polymorph
(anatase/rutile) crystal structure and higher film thickness with good adherence.

Finally, the regeneration of deactivated photocatalysts was investigated. Hot water washing,
heat treatment, and washing in alkaline solution methods were used to remove adsorbed
degradation by-products or cefixime molecules from the surface of films coated on glass
beads. Solar photocatalysis tests with regenerated catalysts showed hot water technique can
effectively recover the active sites without detachment of the particles. The heat treatment
regeneration method partially recovered the active sites, which might be for the
agglomeration or calcination of particles. The alkaline solution regeneration efficiency also
was lower than the hot water technique. Results of various experiments indicated hot water
regeneration technique is simple, economic, and effective for recovering poisoned active sites
of TiO; photocatalysts without destroying and leaching nano-particles.
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Notations

TiO;
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CPC
CR
B¢

A
mm
cm?

W/m?

mg
°C
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mL

mg/L
min
UV/vis

om 4 > - —

g/mol
Muw
LC-MS
bar
torr
m/z
kv

L/h

EIL
mL/min
kJ/L
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Vi

Titanium dioxide
Ultraviolet

Compound Parabolic Concentrator
Concentration factor
Acceptance angle
Surface (m?)

Millimeter

Square centimeter

Watt per square meter
Liter

Milligram

Centigrade degree
Square meter
Wavelength (nm)

Nano meter

Milliliter

Gram

Milligram per liter
Minute

Ultraviolet visible
Incident intensity (W/m?)
Intensity (W/m?)

length (m)

Absorbance (unitless)
Transmittance

Molar extinction coefficient (L/mol.cm)
Concentration (mol/L)
Gram per mole
Molecular weight

Liquid Chromatography-Mass Spectrometry
bar (unit of pressure)
Torr (unit of pressure)
Mass-to-charge

Kilo volt

Liter per hour

Micro liter

Milliliter per minute

Kilo joule per liter

Time (s)

Total volume (L)
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Electron volt

Oxygen flux

Positive flux

Milli torr (unit of pressure)
Correlation coefficient
Liter per kilo joule

Kilo watt hour

Kilo joule

watt
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Methylene blue

Amoxicillin

Degradation

Temperature (°C or K)

Retention time (s)

X-ray Photoelectron Spectroscopy
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Part 5. Multiphysics modeling by COMSOL
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Chapter 1. Introduction

The solar photocatalytic process is considered a growing method to solve environmental
effects related to water pollution. One of the main issues in photocatalytic reactors is the
photoreactor engineering scale-up. The behavior of light inside the solution in contact with
the photocatalyst still remains a complicated subject. It is necessary to consider that the
photocatalytic performance relates to the light irradiation and distribution inside the reactor
volume. A full-scale application would require to development of a model that can use solar
UV photons to increase the degradation kinetic for the practical process. In addition, it is
necessary to use simple geometry.

Modeling is an effective tool to understand the reaction between the physical and chemical
reactions to determine the key parameters in the process. The mathematical modeling
investigates the impacts of the parameter on its performance. It aids to design the future
reactor and scale-up. A useful model can describe and predict the process under various
conditions that are close to the real situation.

Several experimental and modeling studies have been investigated to analyze photocatalytic
performance in various types of photo-reactors (246, 247).

Avila-Lopez et al. (248)studied experimentally and numerically photocatalytic degradation of
CO; with a different configuration of CuO-based photocatalyst. They found the CuO coating
on the glass fiber mesh exhibited the highest production of CH4. A mathematical model was
built using COMSOL on hydrodynamics and mass transfer modules. Combining the
experimental and simulated results indicated that the numerical model fitted well.

In another study, Malayeri et al. (249) reported the study on kinetic modeling of methyl ethyl
ketone photodegradation using TiO, coated on silica fiber felts. They studied six kinetic rate
equations in two mathematical models, ideal plug flow and axially dispersed plug flow. The
light intensity distribution on the photocatalyst surface was simulated using COMSOL
Multiphysics method and validated with the experimental data. The experiments were carried
out in a bench-scale continuous flow reactor at different initial concentrations of pollutant
(0.1-1 ppm), relative humidities (17-67%), flow rates (10-30 L/min), and light intensities (7—
23.5 W/m?). The results of the kinetic study indicated that the dispersion mode combined
with the unimolecular Langmuir-Hinshelwood model can be chosen as the best-fitting model.
Evaluation of mass transfer concluded that the mass transfer effect on the photocatalytic
oxidation process was not dominating step; consequently, the photocatalytic reaction was
the rate-limiting process.

Zhao et al. (250) investigated experimentally modeling of LED radiation on the light
distribution inside the fixed bed TiO; nanotubes on mesh layers (see figure 1). They concluded
the data numerically calculated was applicable and that the attenuation la of light distribution
in the water body was related to several factors like incident illuminated area, the total
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incident intensity, the space between photocatalysts layers, and the size of the reactor
system.

Figure 99. Schematic and geometry of photocatalytic reactor with fixed TiO, beds on mesh layers
(250).

Several studies discussed the production of photocatalytic TiO; films and their use in pollutant
removal under various irradiations in microstructure reactors (251-253). They focused on
mathematical simulation of process optimization parameters like radiation and light
distribution phenomena inside the fixed bed reactor (250, 254), kinetic modeling of
photocatalytic degradation in the plug flow model (249), and mass transfer role in
photocatalytic oxidation (247).

Previously published papers concluded that mathematical modeling was a useful technique
in simulating photocatalytic reactors. Photoreactor configuration, experimental conditions,
catalyst preparation method and mode (slurry or fixed bed), radiation type, and intensity
were the main issues in COMSOL modeling (253, 255-257).
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Chapter 2. Multiphysics modeling

The modeling of the CPC photoreactor for contaminated water treatment has been
performed using COMSOL Multiphysics version 6.1. This software utilizes the finite element
method to obtain the numerical solution of model equations.

2.1. Geometry of the solar photoreactor

The figure 100 shows the corresponding schematic illustration of a CPC-based photocatalytic
reactor for pollutant removal degradation installed at the University of Isfahan, Iran. The CPC
collector was fabricated with a 50 cm-long horizontal Pyrex tube. The highly polished semi-
involute aluminum reflector is located at the bottom of the reactor tube. The solar pilot is
static and faces the sun at an angle that maximizes the absorption of solar light both direct
and diffuse irradiation that reflects on the water flow inside the tube. The inlet and outlet of
the solar photo-reactor are connected to a recirculation tank where the cefixime solution was
stored inside. The cefixime water solution was used for kinetic studies in a solar pilot with
accumulated solar radiation that was monitored with a UV light meter (290-390 nm). The
average solar and UV light intensity on the collector aperture are 900 and 40 W/m? on a
typical summer day, respectively. The model was designed as a batch mode operation where
the outlet stream was recirculated back into the inlet.

The photoreactor dimensions are also shown in figure 100. The diameter of the solution inlet
and outlet is 10 mm and they were located below and above the tube’s center, respectively.
The synthetic antibiotic solution (2 L) enters the reactor at a constant flow rate of 20 ml/s.
The number of coated glass beads with photocatalytic films was about 1100 and each glass
sphere has a 4 mm diameter.

Coated glass beads

W:100g

Water outlet

el Tube diameter
0: 50 mm
CPC length Water inlet
¢ L: 50 em D: 10 mm

Figure 100. Dimensions of the CPC photoreactor contained coated glass beads.
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2.2. Optical modeling

The Geometrical Optics interface solves for the position and wave vector of individual rays. It
also allows them to interact with boundaries that intersect their paths. For optic simulations,
ray tracing is a useful tool in COMSOL software. The “Ray Optics Module” for tracing solar
rays and optical analysis was used. The Ray Optics Module is a computational tool for
modeling the propagation of light and other electromagnetic radiation with a ray tracing
approach. The rays can propagate through the model geometry while being reflected,
refracted, or absorbed at boundaries.

In optical physics, default nodes are Medium Properties, Material Discontinuity, and Ray
Properties. Other nodes, for example, light sources or boundary conditions, add from
the Physics toolbar.

The Medium Properties node to specify the refractive index of the medium including all of
the selected domains for the physics interface. For the region outside the geometry and for
any domains not included in the physics interface selection, the refractive index is instead
controlled by the Optical dispersion model in the physics interface Material Properties of
Exterior and Unmeshed Domains section. A dispersion model for the refractive index of air
can be used in exterior and unmeshed domains. The Edlen (258) air model gives the refractive
index of air as a function of wavelength, temperature, and pressure that presents in the
equation 36:

N (}\ T P) — nair,STPO\O)_l P 36
airt0, - 1+3.4785%10~3(T—Tgtq) Pstd

where T is the temperature (K) and P is the pressure (Pa). The refractive index of air at T= 15
°C and Psiq = 101.325 kPa, is given by equation 37:

2,949,810(A3) | 25,540M3
146221 41731

NGirstp(Ao) = 1+ 1078 X (6,432.8 + ) 37

The Material Discontinuity node is the default feature on all boundaries. The Geometrical
Optics interface always applies reflection and refraction at boundaries between different
media using a deterministic ray splitting approach. The direction of the refracted ray is
computed using Snell’s law, based on the refractive index on either side. Snell’s law describes
the relationship between the angles of incidence and refraction, when light passes from one
medium to another. It states that the ratio of the sine of the angle of incidence to the sine of
the angle of refraction is equal to the ratio of the velocity of light in the first medium to the
velocity of light in the second medium.

First the angle of incident 6; is computed by the following equation (eq. 38):

0; = acos(—|;i|'ﬁlssl) 38

where nj is a unit vector in the direction of the incident ray and ns is a unit vector normal to
the material discontinuity.
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At a boundary between two isotropic, nonabsorbing media with the normal direction of ni
and ny, the refracted ray propagates in the direction n: given by the following relations (eq.
39-42):

ng = Nn; + yng 39
n= 2_; 40
Y = —mcos 0; + cos 6; 41
0, = asin(n sin 6;) 42

where the ray propagates from the medium with refractive index n1 into the medium with
refractive index n;. Because the two media are nonabsorbing, the quantities ni, ny, 6;,
and 6; are real-valued. If the media are weakly absorbing, the real parts of n1 and n», are used.
If the media are strongly absorbing, several corrections to Snell’s law and the Fresnel
equations must be made (259).

The reflected ray is also released at the material discontinuity with the initial direction of n,
(eq. 43):

n, = n; — 2 cos B;ng 43

If the ray intensity or power is solved for in the model, the Material Discontinuity feature
computes the new values of these variables for the reflected and refracted rays. This
reinitialization uses the Fresnel Equations while accounting for the incident ray polarization.

Fresnel equations (eq. 44-47) are used to find the ray directions and its incident angles inside
the system (260, 261).

n, cos Bj—nq cos B¢

r, = 44
p n, cos Bj+n; cos B¢
n; cos 0;—n, cos 6
Is = n1 cos 61+n2 X 45
1 j+n; cos B¢
2n4 cos 6;
tp = — 46
n, cos 0j+n, cos B¢
2n4 cos 0;
tg = e 47

n, cos Bj+n; cos O

r is the reflection coefficient, t is the transmission coefficient, s subscripts the s-polarized ray,
and p denotes the p-polarized ray (259, 262). The incident ray is assumed to move from a
region of refractive index n1 toward a region of refractive index n,. The angles 6; and 6: are
the angle of incidence and angle of refraction, respectively.

The intensities of the transmitted (l;) and reflected (I;) rays are related to the intensity of the
incident ray (I;) by the following equations (eq. 48-51) for p-polarized rays (259, 260, 262):

I = Ii|rp|” 48
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n, cos 0 2

le = n; cos 6 Iiltp| 49
and for s-polarized rays:
Ir = Iilrslz 50
__nycosB _ 2
I = n; cos 6; IlltSl >1

The Ray Properties node defines the equations for ray propagation and may also include
inputs for some ray properties.

In geometrical optics light source and surface boundary conditions were applied. Three main
parts of the system as surface boundary condition are illustrated in figure 101. When the sun's
rays are received on the surface of the pilot, a portion is absorbed by the CPC, and most parts
of them are reflected inside the absorber pipe. It also concentrates rays on the heating walls
of the absorber pipe. Then reflected rays are incident on the outer surface of the Pyrex tube,
and absorption and refraction of rays occur in it. The Pyrex pipe transmits solar irradiation to
the water solution. The third part of the optical components is the coated glass beads as
reactive surface that has an essential role in absorbing solar rays. For maximum optical
efficiency, the absorber should have a high solar transmissivity, the collectors should have

high solar reflectivity.

(b) (c)

Figure 101. Three main optical parts in the system, (a) CPC, (b) Pyrex tube, and (c) reactive surfaces.

The Pyrex wall is considered a transparent wall that the solar rays pass through it with a
probability of 0.9 and a little mixed diffuse scattering and absorption occurs from its surface.
This option allows rays to cross the boundary unimpeded. It does not change the ray direction
at a boundary between different media.

The CPC is considered a reflection surface that specularly reflects rays from its surface. The
last one is reactive surfaces which are considered as diffuse scattering with reflections rays at
a wall according to Lambert’s cosine law.
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The solar radiation data used was measured for a typical summer day in Isfahan, Iran at a
latitude of 32.65 °N and a longitude of 56.6 °E. The solar rays were simulated with Release
from Grid node based on space dimension for 3D components and measured solar irradiation.
Figure 102 shows the coordinate preview of radiation rays on the CPC photo-reactor in -z
direction which was similar to real situation. The initial of radiation was inserted based on the
real values of solar radiation which we measured during the experiment.

Figure 102. The coordinate preview of the simulated solar radiation with Release from Grids node.

The Geometrical Optics interface always solves for the ray position g (m) and wave
vector k (rad/m). Generally, the ray tracing based on a non-sequential ray tracing with a
deterministic ray splitting algorithm at boundaries. In other words, rays can interact with any
surfaces in the model geometry that they hit, without the order of ray-boundary interactions
having to be specified a priori. At boundaries between different media, each incident ray can
be split into a reflected ray and a refracted ray.

In this type of ray-tracing methodology approach, the instantaneous ray position and wave
vectors, g and k, respectively, can be computed by solving a set of coupled first-order
equations. These equations (eq. 52-53) are given by the following expressions (263):

dg _ dw

dt ok 52
dk dw

a = —a 53

where q is the ray position, k is the wave vector, and w is the angular frequency. Angular
frequency and wave vector are related by the expression 54 (263):

__ clk|

n(q) >4

where c is the speed of light, and n (q) is the refractive index of the medium. The refractive
index, real part, n (dimensionless) may be expressed as a function of wavelength using an
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optical dispersion model. In addition to the ray trajectories within the system, the power
conveyed by rays and incidents on the surfaces are calculated.

The total solar energy power at any time is solved by the equation 55:
P(t) = I(t) X A, 55

where | is the global irradiation intensity at time t (W/m?) and Ac is the aperture area of the
collector (m?).

2.2.1. Results of optical modeling

At the given geometry, the geometrical optics module was used to predict the irradiance
distribution inside the reactor for the photocatalytic experiments.

The ray’s trajectory, departing from the solar simulated on the surface of the CPC
photoreactor is illustrated in figure 103. The figure shows that the reflected rays are
homogenously distributed at each component of the reactor. In addition, all sides of the tube
received solar rays with varied power and intensity.
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Figure 103. Schematic of ray trajectory on the CPC photoreactor.

The vertical red lines in z direction are the incident rays as solar rays received on the surface
of solar pilot. The initial solar intensity was measured about 1.2 W/m? in the middle hour of
a sunny day in summer that the radiation angle with the surface of collector was 90°. As the
legend shows in the right side, the reflected rays intensity varied between zero to 2000 W/m?
as the minimum and maximum intensity, respectively. The radiation field model provided
valuable insights into irradiance distribution, which was difficult to measure with a
conventional method like spectrometry.
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The Deposited Ray Power sub-node was inserted to the surface boundaries which computes
the total incident energy flux on a surface based on the power of incident rays. The total
amount of heat absorbed by CPC, tube, and reactive surfaces is illustrated in figure 104.

(a) Time=13 h Surface: Boundary heat source (W/m?)

(b) Time=13 h Surface: Boundary heat source (W/m?)

(C) Time=13 h Surface: Boundary heat source (W/m?)

500 Time=13 h Surface: Boundary heat source (W/m?)

Figure 104. The distribution of solar flux on the surface of a) CPC, b) exterior wall of Pyrex tube, and
c) coated glass beads with TiO, photocatalyst.

The solar flux distribution on the surface of the collector was different due to its configuration.
The higher heat flux belonged to the compound section which received more reflection of the
rays. The reflected solar heat flux distribution is more intense at the bottom of the tube than
in other areas. The catalytic surfaces received non-uniform irradiance for all coatings.
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2.3. Thermal modeling

Based on the physics involved in the CPC pilot, the Heat Transfer in Solids and Fluids module
was selected. The governing heat transfer equations for coupled conduction in the solid
domains and convection in the fluid domain are derived as follows (eq. 56-61) (264, 265):

JT

Heat transfer in solids: pC, pri pCpu. VT +V.q = Q + Qteq 56
q = —kVT 57
ds
Qtea = —aT:— 58

p (kg/m3) is the solid density, C,(J/(kg.K)) is the solid heat capacity at constant pressure,
u (m/s) is the velocity field, g (W/m?) is the heat flux by conduction, k (W/(m.K)) is the solid
thermal conductivity (a scalar or a tensor if the thermal conductivity is anisotropic), Q (W/m3)
is the heat source, and Qied is the thermoelastic damping and accounts for thermoelastic
effects in solids. The thermal conductivity k describes the relationship between the heat flux
vector g and the temperature gradient VT inqg=-k VT, which is Fourier’s law of heat
conduction. In third equation, a (1/K) is the coefficient of thermal expansion, T (K) is the
absolute temperature, S is the second Piola-Kirchhoff stress tensor (Pa).

Heat transfer in fluid: pCou. VT + V.q = Q + Qp + Quq 59
Jp
Qp = aPT(E + u.Vp) 60
Quqg =t:Vu 61

p (kg/m3) is the density, Cp (J/(kg-K)) is the fluid heat capacity at constant pressure, u (m/s) is
the fluid velocity field, g (W/m?) is the heat flux by conduction, k (W/(m-K)) is the fluid thermal
conductivity (a scalar or a tensor if the thermal conductivity is anisotropic), and Q (W/m3) is
the heat source. The Qp is the work done by pressure changes and is the result of heating
under adiabatic compression as well as some thermoacoustic effects, ay is the coefficient of
thermal expansion (1/K), (K) is the absolute temperature, u (m/s) is the velocity field, and P
(Pa) is the pressure. Quq represents viscous dissipation in the fluid, T (Pa). is the viscous stress
tensor.

For thermal modeling, the appropriate boundary conditions need to identify. The inlet
temperature was used for water and at the outlet of the reactor pipe (eq. 62), the outflow
boundary condition is used. That is a suitable boundary condition for convection-dominated
heat transfer at outlet boundaries (eq. 63).

T=T, 62

-n.q=¢qy=0 63
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nis the normal vector on the boundary, q (W/m?) is the convective heat flux vector. The
special case gqo = 0 is called thermal insulation. This boundary condition means that there is
no heat flux across the boundary and the temperature gradient across the boundary is zero.

The heating wall of the reactor pipe was considered as heat flux on surface boundary
condition which came from optical modeling. The heat flux on the external wall of the pipe
was estimated from the equations 64-65:

—n.q = q 64

qo = h(Texe — T) 65
h W/(m?.K) is the heat transfer coefficient (h = 5 for air) and Tex is the ambient temperature.
In this model, only convection heat transfer occurs across the tube wall boundaries to the air.

Regarding the boundary conditions for thermal modeling, the inlet temperature was also used
for the air stream. And last boundary condition was derived as equation 66:

—n.q = Qp 66
Qp is the boundary heat source that calculates from the Ray Optic module.

The velocity of water inside the absorber for thermal modeling was obtained from the fluid
flow modeling that will present in the next section. In addition, the heat flux on the heating
wall of the reactor pipe was obtained by the Ray Optics module. Actually, they were coupled
to thermal modeling.

2.3.1. Multiphysics coupling of optical and thermal modeling

COMSOL Multiphysics offers physics interfaces for coupling computations. These interfaces
have model inputs that make it possible to couple the physics.

In the optical thermal modeling of the CPC photoreactor, the Ray Heat Source Multiphysics
was used to compute the heat source resulting from the attenuation rays. The equation 67 is
used to calculate the ray heat source.

0Qsrc __ Ny 0Q
ot = " Zjz15, 0 —q)) 67

8 is the Dirac delta function.

The optimal, thermal, and operational parameters used in Multiphysics modeling are
presented in table 22.
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Table 22. Optical and thermal parameters values and ranges in the experimental setup

Parameter Symbol Value

Total solar irradiation intensity | 200-1100 W/m?
Solar UV irradiation intensity luv 5-50 W/m?
Maximum number of secondary rays - 500

Reflectance of aluminum reflector r 0.85
Transmittance of Pyrex tube Y 0.9
Absorptance of Pyrex tube a 0.02

Refraction index of Pyrex tube n 1.47

Refraction index of water n 1.3

Initial temperature of water To 25°C

2.3.2. Results of thermal modeling

The temperature variation in the 3D domain of feed in four times of the experiment is
illustrated in figure 105. As figures show, the water temperature was increased by about 2 °C
from the inlet to the outlet of the photoreactor. The temperature enhancement was related
to the ray heat source which coupled geometrical optic and heat transfer modules.

Time=10 h Surface: Temperature (degC) 2 Time=13h Surface: Temperature (degC) o
degC degC
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Time=15h Surface: Temperature (degC) o

Time=18 h Surface: Temperature (degC)
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Figure 105. The temperature profiles of the feed at various times during an experiment.

The variations in water temperature at the outlet of the water from 9:00 to 19:00 are shown
in figure 106. As the solar irradiation increases the temperature of the outlet water increases
gradually. After 14:00 the temperature of the outlet water decreases until sunset due to less
solar irradiation. Therefore, changes in the water temperature along with photocatalytic
degradation relate to the amount of solar energy that is absorbed by the water or reflected
by the collector and then transferred to the water.
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Water outlet (degC)
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Time (h)

Figure 106. The variation of the average water temperature inside the CPC solar photoreactor during
an experiment.

2.4. Fluid flow modeling

The solar photocatalysis reactions took place in a single-phase fluid in the laminar flow
regime. The velocity and pressure profile in the reaction was modeled using the Navier-Stokes
equation (266).

Several assumptions were employed in the fluid dynamics which are described as follows: 1;
The flow is steady state, 2: The material properties like density and viscosity are constant
during the whole process, 3: The mass flow rate of water is constant, 4; Due to the dilution of
the antibiotic solution, water properties considered.
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Momentum and continuity equations for water were accounted for by using the Navier-
Stokes’ equations for Newtonian-incompressible flow. The equations are as follows (eq. 68-
70) (266, 267):

p(u.V)u=V.[-pl+K|]+F+pg 68
K = p(Vu + (VvUO)T) 69
pV.u=20 70

p (kg/m?3) is the density, u (m/s) is the velocity vector, p (Pa) is pressure, | (unitless) is the
identity matrix, K (Pa) is the viscous stress tensor, F (N/m?3) is the volume force vector, g (m/s?)
is the gravity, @ (kg/m.s) is the kinematic viscosity, and T is the transpose operator.

For a Newtonian fluid, there is a linear relationship between stress and strain rate. For
incompressible flow, the fluid density is assumed to be constant and the density is evaluated
at the reference pressure level and at the reference temperature. When gravity is considered,
a volume force equal to pg included in the momentum equation. Regarding the boundary
condition for fluid flow modeling, the laminar water inlet flow is considered constant and the
outlet of the reactor was set at atmospheric pressure. The initial temperature of the system
is the same as the ambient temperature at the start of the simulation. And no-slip boundary
conditions on the stationary wall were considered. A no-slip wall is a wall where the fluid
velocity relative to the wall velocity is zero. For a stationary wall that means that u = 0. These
equations were solved first at a steady state before coupling to other modules.

2.4.1. Multiphysics coupling of fluid flow and thermal modeling

The Nonisothermal Flow Multiphysics coupling node facilitates the coupling between heat
transfer and fluid flow interfaces. The Nonisothermal flow module in COMSOL was applied to
simulate fluid flow where the fluid properties depend on temperature. The first expression
represents viscous dissipation in the fluid and F is the body force vector (N/m3) (see eq. 71-
73):

Quqg =1t:Vu 71

Fg = pref(1 - O(p,lref)(T - Tref)g 72
_ _10p

ap = —= (aT) 73

Tis the viscous stress tensor (Pa), u is the velocity vector (m/s), ay is the coefficient of thermal
expansion (1/K), p is the density (kg/m3), and T is the absolute temperature (K).

2.4.2. Results of fluid flow modeling

A full 3D model of the reactor was first solved for a stationary laminar flow in absence of any
reaction. The slice velocity field along the reactor axis is shown in figure 107. The flow velocity
field is non-uniform in the photocatalytic reactor for an inlet flow rate of 20 ml/s. The velocity
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of the solution is calculated by the volumetric flux passing from the pump into the reactor
tube and the cross section of the pipe inlet. When the solution was pumped inside the tube
the velocity dropped because of the cross-section difference between the inlet and tube.

2

Time=13 h Slice: Velocity magnitude (m/s)
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Figure 107. The slice velocity distribution in 3D domain of feed.

Figure 108 displays the velocity contours in the reactor at the flow rate of 20 ml/s. The highest
velocity occurred at the second counterplot as shown in the figure (maximum velocity of 0.07
m/s). The average velocity in the reactor was estimated to be about 1.9, 0.28, 5.5, and 3.3 x
10 m/s corresponding to the inlet, the first plane, the second plane, and outlet boundaries
of 3D geometry, respectively.

Time=13h Surface: Velocity magnitude (m/s) 9
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A 0.0221 A 0.0767
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Figure 108. Velocity profile variations at the first plane (left legend column) and the second plane
(right legend column) in the solar pilot with an initial flow rate of 20 ml/s.
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The velocity values in the tube never exceed 0.07 m/s corresponding to a Reynolds number
of 105. As shown in figure 109, the Reynolds number was varied due to the velocity difference
that emphasized the laminar nature of the flow regime. The difference in the velocity and
Reynolds number related to the inlet and outlet position in solar setup, the water solution
was inserted from the bottom of the tube center and confronted with glass beads, then
departed from the top of the tube center.

Cell Reynolds number

A 105

100
80
60
40
20
0
vo

Figure 109. The contour plots of Reynolds number distribution along the tube at a flow rate of 20 ml/s
in inlet.

2.5. Transport modeling

The Transport of Diluted Species Module was used for diffusion-convection mass transfer.
The physics interface assumes that all species present are dilute; that is, that their
concentration is low compared to a solvent fluid. Due to the dilution, mixture properties such
as density and viscosity can be assumed to correspond to those of the solvent. Fick’s
law governs the diffusion of the solutes, dilute mixtures, or solutions. The default expression
attributed to the Transport of Diluted Species interface models chemical species transport
through diffusion and convection and solves the mass conservation equation 74 for one or
more chemical species i:

V) +u VG =R 74

ci is the concentration of the species (mol/m3), Ri is a reaction rate expression for the species
(mol/(m3-s)), uis the mass averaged velocity vector (m/s), Jiis the mass flux diffusive flux
vector (mol/(m?-s)). The mass flux relative to the mass averaged velocity, Ji (mol/(m?:s)), is
associated with the mass balance equation above and used in boundary conditions and flux
computations. The Transport of Diluted Species interface always includes mass transport due
to molecular diffusion. In this case the mass flux Ji defines the diffusive flux vector by equation
75:

]i == —DiVCi 75
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Didenotes the diffusion coefficient (m?/s). The third term on the left side
of equation describes the convective transport due to a velocity field u. This field can be
expressed analytically or obtained from coupling the physics interface to one that solves for
fluid flow, such as Laminar Flow. Note that all fluid flow interfaces solve for the mass averaged
velocity.

Some boundary conditions used to solve this equation include:

1- This boundary condition was used on exterior boundaries in which there was no mass flux,
typically solid walls where no surface reactions occur. It was used also at outlets boundary
where species should be transported out of the model domain by fluid motion (eq. 76-
77).

n. DiVCi =0 76
—nJ;=0 77

2- One initial condition is needed to solve the bulk concentration profile. The initial value for
the concentration of specie serves as an initial guess for a stationary solver or as initial
conditions for a transient simulation (eq. 78).

Ci = CO,i 78
2.5.1. Kinetic study of photodegradation process

According to published papers (252, 257, 268), the kinetic study of photocatalytic oxidation
of organic pollutant like salicylic acid, 4-chlorophenol, 4-nitrophenol in aqueous solution can
be described by following reaction mechanisms (eq. 79-80):

Ks
organic (liquid) & organic (ads) 79

/

ka
organic (ads) + hv = products 80

so that a pseudo-steady state is set up. First equation is the reversible adsorption-desorption
reaction rate and the second equation involves the oxidation of adsorbed organic pollutant
by photogenerated surface hydroxyl radical under light irradiation. Corber et al. (252)
explained the pseudo-steady state reaction occurs on the thin film of TiO,, this reaction
strongly influenced by the transfer of reactant from the bulk toward the catalyst surface
which coupled with mass transfer limitation. The reaction rate is also determined by the light
intensity on the surface, the quantum efficiency of the catalyst, and the adsorption properties
of the reacting components in solution (269). As it has been observed previously (86), in
heterogenous catalytic surface reaction, the degradation rate of cefixime was first order and
it is affected by the initial organic content. This kinetic can be commonly described in terms
of a Langmuir-Hinshelwood to the chemical decomposition of cefixime at the catalytic surface
which can be given by (252, 269):
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dcC képpKSC
—r = -2 = Ky, C = RS 81
dt app 14+KsCo

where kapp (1/s), Kapp (Mol/m3.s) is the reaction rate constant, and Ks (m3/mol) is the
adsorption rate constant, and C (mol/m3) is the organic concentration, and Co is the initial
organic concentration. Therefore, the relationship between the apparent first-order rate
constant and the initial content of the organic is given by equation:

1 1 C
== + 0
Kapp kappKs ~ k

82

!
app
The k'app and Ks are light intensity-dependent constants, organic compound content, and

absorption performance of the catalyst (269, 270).

The TiO; photocatalysis involves several elementary reactions which are expressed in
following equations 83-101 (269):

K
TiO, + hv > e~ + h* 83
k;
e~ + h* 5 heat 84
K
H,0 + H* + OH™ + Sjo, — Hp0,qs + OH s + H* 85
Kse
H* 4+ H,0,45 > OHaqs + H* 86
Ks o
h* + OHgys = OH,gs + H* 87
ke
C+ STiOz - [C]ads 88
. K
OH,gs + [Clags — [intermediate] 89
. K
OHags + Sinactive = inactive species 90
° k.
OH,qs + [intermediate] - degradation products 91
. K
OH,qs — OHo4, + h* 92
. _kua _
OH,4s + €~ — OH_ 44 93
k12
0, + e —5 03 94
°o— =+ k13 .
05 + H* S HO; 95
L] L] k14
HO3 + HO, — H,0, + 0, 96
° *o— k15 —
HO3 + 05 = OHj + 0, 97
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k
OH; + H* 5 H,0, 98

Ki7 o

H,0, + e~ — ° OH,4s + OH™ 99
Kig o

H,0, + 03 — * OH,4s + OH™ + 0, 100
k19 [ )

H,0, + hu— 2 * OH,4, 101

The subscript “ads” and Srioz refer to the adsorbed species and the surface of immobilized

TiO2 nanoparticles, respectively.

For photocatalytic kinetic modeling six assumptions are considered as follows:

1-

Photocatalytic oxidation of organic and intermediates is mainly completed via the
hydroxyl groups absorbed on the surface of the immobilized TiO,. This is the rate limiting
step for the photocatalysis process.

The combination of H,O/OH" with the photoinduced holes (h*) to form hydroxyl groups
and the *OH radicals should be mainly formed from the adsorbed H,0 molecules.

The combination rate of h*/e” is much more than the hydroxyl forming rate of the reaction
between h*, H,0, and OH".

The concentration of hydroxyl radicals is constant at a steady state (271).

The concentration of h* is constant at a steady state (271).

The hydroxyl radicals can be deactivated by de-trapping of the holes or via a reaction with
surface electrons. The recombination of *OH radicals with surface electrons as the major
pathway to explain the interdependence of the reaction rate with photon flow and the
concentration of the target compound. And recombination may occur through both
processes.

According to assumption (1), the photocatalytic degradation rate (r) for the decomposition of
cefixime on the TiO; films is represented by equation 102:

ro = kp[* OH]uqs[C] 102

where kp represents the rate constants of degradation products and C is the concentration of

the cefixime.

By applying assumption (5), the concentration of photoinduced holes (h*) can be obtained by
equation 103:

dh* _ —
T = Kyl + kyo[OH Tags[h*] — K [0*]? =k [H,0] [0*] — ks[h*][OH Jag, 103

According to assumption (3):

kz[h*]? > k4 [h*][H20] + ks[h*][OH ™ Jaas 104

Consequently, equation 103 is became to equation 105 and h+ can be calculated by following
expression:
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h*] = (1;_121)1/2 105

The H,O concentration is constant because it is solvent. According to assumption (2)
equations 106 and 107 are considered:

kq[h*][H,0] > k3[OH Jags[h*] 106

k,[H,0] = ki, 107
Consequently, *OHags rate can be obtained according to the following equation:

% = kg[h*][OH [,4s + Ka[h*][H,0] + k,[H,0,][e] + kyg[H,0,][05] +

Kyg [Hzoz]l/z [I] 1z — k7 [. OH]ads [C]ads — kg [. OH]ads [Sinactive] — ko [. OH]ads [int] -
kio[ OHJags — kq1[ OHlags[e™] =0 108

with the following assumptions described in equations 109 and 110:

k7 [. OH]ads [C]ads + kg [. OH]ads [Sinactive] + ko [. OH]ads [int] =k [CO — Sinactive — int] +
kg [CO — Cags — int] — ko [CO — Sinactive — Cads] =k [C]O —ky [Sinactive - int] + kg [C]O -
kg [Cads - int] + ko [C]O — ko [Sinactive - Cads] = [C]O{k7 + kg + k9} —ky [Sinactive - int] -
kg [Cads - int] — ko [Sinactive - Cads] = [C]O{kD} —ky [Sinactive - int] — kg [Cads - int] -
Ko[Sinactive — Caas] = [Clo{kp} 109

_k7 [Sinactive - int] - k8 [Cads - int] - k9 [Sinactive - Cads] < [C]O{kD} 110

The concentration of *OHags for a single compound can be obtained by using expression 105
as the following equation (eq. 111):

[oH] = It Mita/ 0P

111
D[C]0+k10+k11[e_] kD [C]0+k10+k11(k1/k2)1/211/2

Finally, the initial degradation rate is described by

kpkl (kg /kg)/211/2C
kD[C]o"‘k10"‘k11(k1/k2)1/211/2

112

ro =
The equation 112 can be transformed into equations 113 and 114:

Kipp = Ki(Ky /gy /2 11/2 113

K = K
S k10‘|'k11(k1/k2)1/211/2

114

By assumption that kio >> ki1 (ki/k2)/21%/2in equation 114, k. and 1/Ks should be proportional
to IY2. So, eq 13 refers to all of the experimental dependencies of the apparent equilibrium
constant and rate constant with regard to the light intensity in the liquid phase.

By dividing the numerator and the denominator of equation 112 by ki, the expression 115 is
found:
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2
(kpK, (k1/k) "% /kyo)1/2C

Iy = 115
0 kD/k1o[C]o"‘1"‘(k11/k10)(k1/k2)1/211/2
According to relations 82, the expression 116 is obtained:
—k,c=—B" ¢ 116
o = Kapp™ = T ar7zmicl,
1/2
K Bl 117

app = Tiai1/z1n[Cl
where the constants can be obtained using expressions in equations 118-120:

kg (ke /Ry
| =

. 118
10

, 1/2
B = ka4(ll<(11£k2) 119
n= :—1 120

2.5.2. Results of transport modeling

According to equation 82, the 1/kapp (s) was plotted versus initial cefixime concentration (Co,
mol/m?3) in figure 110 to obtain k'app and Ks petameters.
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Figure 110. Relation between 1/kap, and initial cefixime concentration (Co).

To use the model for investigating the impact of the main variables on the system’s
performance in terms of degradation efficiency, the proposed model must be validated.
Therefore, the obtained results from the model were compared with the real data in
experiments. The kinetic model of Langmuir-Hinshelwood (eq. 81) was proposed to predict
the cefixime degradation through solar pilot. It should be noticed that the rate expression
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used in this study was applied only for the degradation of the single compound, and it was
assumed that the intermediate or byproducts did not influence the reaction rate. For an inlet
concentration of 0.022 mol/m3 = 10 mg/L, the reaction rate (k'app) and the adsorption rate (Ks)
constants has been found and defined in equation 74. So, in mass transfer modeling the
reaction rate was derived from the equation 121:

I

dC  KyppKsC  (1.15 x 1075)(11.099)C
dt  1+4+KsCo 1+ (11.099)C

R is the reaction rate (mol/m3.s).

The average concentration on Cout Was calculated by integrating the concentration on the
outlet border of the domain with an average operator. In the model, the average
concentrations of cefixime in the water outlet were compared with the real data at operating
conditions in the solar pilot.

Figure 111 presents the comparison of experimental results to that of the model for an initial
concentration of 10 mg/L.
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Figure 111. Comparison of experimental data and model prediction of concentration of cefixime at
the outlet of solar reactor as a function of time (Co = 10 mg/L).
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Notations

D >» 5 v -

Temperature (°C or K)

Pressure (Pa)

Refractive index

Wavelength (nm)

Angle

Reflection coefficient of P-polarized ray
Transmission coefficient P-polarized ray
Reflection coefficient of S-polarized ray
Transmission coefficient S-polarized ray
Intensity of the transmitted ray
Intensity of the reflected ray

Intensity of the incident ray

ray position (m)

wave vector (rad/m)

Angular frequency

Speed of light

Global irradiation intensity (W/m?)
Area of the collector (m?)

Power (W)

Watt

Solid density (kg/m?3)

Solid heat capacity at constant pressure(J/(kg.K))
Velocity field(m/s)

Heat flux by conduction (W/m?),
Thermal conductivity (W/(m.K))

Heat source (W/m?3)

Thermoelastic heat source (W/m?3)
Coefficient of thermal expansion (1/K)
Second Piola-Kirchhoff stress tensor
Fluid heat capacity at constant pressure (J/(kg-K))
Viscous dissipation in the fluid

Viscous stress tensor (Pa)

Heat transfer coefficient (W/(m?2.K))
Ambient temperature (°C or K)
Boundary heat source

Dirac delta function

Viscous stress tensor (Pa)

Volume force vector (N/m?3)
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g Gravity (m/s?)

kinematic viscosity (kg/m.s)

T Transpose operator

G Initial concentration (mol/m3)

Ri Reaction rate (mol/(m?3-s))

Ji Mass flux diffusive flux vector (mol/(m?-s))
Di Diffusion coefficient (m?/s)

Kapp Apparent rate constant (1/s)

K app Reaction rate constant (mol/m3.s)

Ks Adsorption rate constant (m3/mol)

C Concentration (mol/m?3)
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PART 6. GENERAL CONCLUSIONS AND PERSPECTIVES
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General conclusions

Solar Photocatalysis is expected to be a promising process for the elimination of
pharmaceutical contaminants in water as the energy is free. However, it remains yet many
great pitfalls before industrial applications despite much progress observed over several
decades. This thesis aims to contribute to the development of solar photocatalysis processes
for the treatment of contaminated water with pharmaceutical chemicals. One important
economic and environmental factor was to elaborate TiO, nanoparticles fixed on the surface
of solid substrates. To reach this achievement we used glass beads as a substrate to
immobilize various TiOz-based nano photocatalysts. Attached TiO; films on glass beads were
investigated via the low-pressure fluidized bed plasma technique which focused on
deposition conditions such as the oxygen concentration in plasma gas and deposition time on
TiO2 structure and composition. Another goal of this work was the assessment of the
influence of Mn doping in TiO; lattice on photocatalytic performance. All deposited films were
crystalized by annealing at T =450 °C for 4 hours because they were found amorphous.

Characteristic analysis on our deposited films demonstrated that oxygen concentration in
plasma gas plays a significant role in TiO, formation. The pure anatase crystalline phase of
TiO2 was constructed without any oxygen flux, while a mixture of anatase/rutile crystalline
phases appeared in the presence of oxygen flux in plasma gas. As well as, the rutile fraction
increased as the oxygen flow rate increased in plasma discharge under our experimental
conditions. The nanocrystal size (~ 10 nm) of particles was observed in all photocatalytic films
on the surface of glass beads with strong adherence confirmed by XPS analysis.

The solar photocatalytic treatment was performed in a pilot reactor based on compound
parabolic concentrator (CPC) technology. Experiments were carried out with an initial
concentration of 10 mg/L cefixime at ambient temperature and neutral pH. The cefixime
degradation was assessed based on the measurement of solution absorbance by a UV-vis
spectrophotometer. The results of photocatalytic degradation experiments showed that TiO;
phase composition has a huge impact on photocatalytic activity. The TiO, sample deposited
with a 2 ml/min oxygen flow rate in plasma gas resulted in a higher cefixime degradation than
other catalysts due to its rutile/anatase ratio of 19% which was similar to P25 Degussa
photocatalyst. In addition, as the oxygen flow rate increased in plasma discharge the
photocatalytic activity of TiO, decreased due to a higher rutile fraction.

Other deposition conditions like deposition time and TTIP (titanium tetraisopropoxide)
concentration in precursor also could influence the photocatalytic performance of TiO; films.
The solar photocatalysis results indicated a lower deposition time (30 and 45 min) and lower
TTIP concentration decreased photocatalytic activity because they could control the thickness
of the layers.

The use of Mn in TiO; crystalline lattice as a dopant decreased the photo-degradation of
cefixime in comparison with pure TiO> catalysts. This phenomenon might assist the
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agglomeration of particles because XRD measurements indicated average crystal size
increased by doping or might be due to distortion of the TiO; host lattice.

The TiO,, V-doped TiO;, and Zr-doped TiO; photocatalysts were synthesized by the sol-gel
method in the micro-mixing reactor. These nano-particles were also coated on glass beads
and used in solar CPC pilot. The solar experiments exhibited lower cefixime degradation
efficiency in comparison to the plasma deposited samples. The difference may become from
the thickness of the layers, but unfortunately, we couldn’t estimate the exact thickness of the
layers on the beads. The presence of both rutile and anatase phases in the plasma deposited
layer may explain the better degradation reached with these layers.

In the next step, regeneration techniques were applied to recover active sites of films on the
surface of glass beads. Because their photocatalytic activity decreased after several uses in
photoreactor as the result of the occupation of active sites with degradation’s by-products or
by adsorbed cefixime molecules. Hot water, heat treatment, and washing in alkaline solution
methods were applied and better regeneration results were observed for hot water washing
at T=80 °C.

Finally, mathematical modeling of the CPC solar photo-reactor with COMSOL Multiphysics
was employed for water treatment. Ray optic, Heat transfer, Fluid Flow, and Mass Transfer
modules were used. The ray trajectory and solar radiation distribution graphs were obtained
by optical modeling. The results of thermal and fluid flow modeling presented the
temperature gradient and velocity of solution inside the simulated CPC solar pilot. The
numerical modeling indicated acceptable results, and the predicted cefixime concentrations
at the outlet were in good agreement with experimental data obtained under natural solar
radiation.
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Perspectives

Further studies are necessary to study:

The role of other plasma deposition parameters on TiO, composition and finding the
optimum plasma condition.

Using other metallic non-metallic dopants in TiO; lattice to increase its photocatalytic
activity by decreasing band gap energy and using visible light.

Study the industrial application of water and wastewater treatment technologies using
natural solar energy.

Study the mineralization of cefixime or characterization degradation by-products.
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Annex

A. XPS analysis of TiO, Coated films on glass beads

1. XPS analysis of TiO; film on plate with 0 ml/min oxygen flow in plasma gas during 60 min.
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Figure 112. XPS analysis of TiO, film coated with 0 ml/min oxygen flux in plasma gas during 60 min.

Table 23. XPS analysis of TiO; films deposited with 0 ml/min O, in plasma gas during 60 min.

Name PeakBE FWHM Area (P) | Atomic %
eV CPS.eV

O1s oxide 529.22 1.11 71266.6 | 46.2

Ti2p3 457.91 1.01 56521.67 | 234

Cls 283.97 1.49 8913.96 15.58

O1s phys. spec. | 530.79 1.93 18621.29 | 12.08

Si2p 101.33 1.6 1468.37 2.75
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2. XPS analysis of TiO, film on plate with 10 ml/min oxygen flow in plasma gas during 60 min.
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Figure 113. XPS analysis of TiO; film coated with 10 ml/min oxygen flux in plasma gas during 60 min.

Table 24. XPS analysis of TiO; films deposited with 10 ml/min O; in plasma gas during 60 min.

Name Peak BE FWHM Area (P) | Atomic %
eV CPS.eV

O1s oxide 529.14 1.1 65452.54 | 47.21

Ti2p3 457.88 1 51996.18 | 23.95

Cls 284.03 1.45 9632.97 18.74

O1s phys. spec. | 530.65 1.99 12595.11 | 9.09

Si2p 101.08 1.19 487.52 1.02

3. XPS analysis of TiO; film on plate with 10 ml/min oxygen flow in plasma gas during 45 min.
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Figure 114. XPS analysis of TiO; film coated with 10 ml/min oxygen flux in plasma gas during 45 min.

Table 25. XPS analysis of TiO; films deposited with 10 ml/min O3 in plasma gas during 45 min.

Name Peak BE | FWHMeV | Area (P) | Atomic%
CPS.eV

O1s oxide 529.31 1.1 161436.0 | 41.28
7
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Ti2p3 Tid+ 458.01 1.01 125826.4 | 20.55
9

ClsC-C 284.25 1.16 24491.84 | 16.89
O1s phys. spec. | 531 1.94 37033.41 | 9.48
ClsC-0/C-N 285.56 1.45 5061.36 3.49
C1s COO 287.96 1.75 4353.77 3
O1sl 530.24 11 6759.09 1.73
Cls Ph 283.53 1.16 1675.62 1.16
N1s Il 399.34 1.75 2073.22 0.88
Si2p3 101.08 1.46 728.66 0.81
Ti2p Ti3+ 456.67 1.01 4102.22 0.46
N1s Il 401.27 1.75 489.35 0.21
N1s | 397.18 1.75 175.1 0.07

4. XPS analysis of TiO; film on glass bead with 10 ml/min oxygen flow in plasma gas during 60 min.
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Figure 115. XPS analysis of TiO; film coated with 10 ml/min oxygen flux in plasma gas during 60 min.

Table 26. XPS analysis of TiO; film coated with 10 ml/min oxygen flux in plasma gas during 60 min.

B.
1.

Counts /s (Residuals x 0.5)

3800,
3700
3600
3500
3400

3300

N1s Scan

3200
410 408 406 404 402 400 398 396 394
Binding Energy (eV)

Name Peak BE | FWHMeV | Area (P) | Atomic %
CPS.eV
O1s oxide 529.09 1.13 116140.22 | 35.15
Cls C-C 284.32 1.16 30122.54 24.59
Ti2p3 Tid+ 457.84 1.03 87979.31 17
O1s phys. | 531.23 1.7 30994.03 9.39
spec.
C1sC-O/C-N 285.34 1.45 4575.99 3.74
O1sll 530.16 1.12 10367.22 3.14
Cls COO 287.97 1.57 3405.88 2.78
Si2p3 101.4 1.93 1752.48 2.31
Cls Ph 283.4 1.16 1408.31 1.15
N1s I 399.29 1.75 596.29 0.3
Ti2p Ti3+ 456.48 1.03 2249.42 0.3
N1s | 397.3 1.75 173 0.09
N1s * 406.51 1.74 157.12 0.08

degradation efficiency of 85%.
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Liquid chromatography mass spectrometry analysis (LC-MS)

LC-MS chromatogram and mass spectra of treated cefixime solution sample with the
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Figure 116. Mass spectra and chromatograms of treated cefixime solution sample with the
degradation efficiency of 85%.

2. LC-MS chromatogram and mass spectra of treated cefixime solution sample with the
degradation efficiency of 41%.
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Figure 117. Mass spectra and chromatograms of treated

degradation efficiency of 45%.
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C. Heat treatment regeneration

The heat treatment method was utilized for the second series of TiO; films. In the second regeneration
cycle, the heat treatment technique was applied for TiO, photocatalysts deposited with 0 and 1
ml/min oxygen in plasma gas for a period of 45 min. These regenerated photocatalysts indicated low
regeneration efficiency. As shown in figure 116, the rate constants obtained 37.7, 22.6, and 18.2 x 10
3L/KkJ for hot water, heat treatment, and second cycle after heat treatment experiments when TiO; (0
ml/min O,) was used in the solar photo reactor, respectively. These values were calculated at about
25.9,22.9, and 22.5 x 1073 L/kJ for TiO, which was deposited under 1 ml/min of oxygen flow in plasma
gas. The main disadvantages of heat treatment were the energetic requirement and low regeneration

efficiency.
45
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:h 20 B Second cycle after Heat Treatment
= B Second Hot Water regeneration
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Figure 118. Rate constant comparison of TiO, (Cri = 1.002 mol/L, 0 and 1 ml/min O,, 45 min) films
regenerated with hot water and heat treatment methods.

After using the heat treatment technique, the hot water regeneration technique was used one more
time on these photocatalysts. As can be seen, photocatalytic activity restored slightly from 18.2 L/kJ
to 22.5 L/kJ and from 22.5 L/kJ to 24.1 x 1073 L/kJ for catalysts which deposited with 0 and 1 ml/min of
oxygen flow rate in plasma discharge during 45 min.
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Abstract

This work investigated the application of solar photocatalysis for the degradation of cefixime antibiotic using immobilized
TiO; films on substrates. The experiments were performed in a (CPC) solar pilot reactor. The low-pressure fluidized bed
plasma device was applied to prepare TiO, and Mn-doped TiO; layers on glass beads under different conditions e.g. plasma
oxygen, deposition time, and precursor concentration. The SEM, TEM, AFM, and XRD techniques exhibited nanostructure
morphologies of photocatalysts covering the surface of the beads. Polymorph structures of TiO, (anatase and rutile)
formed together under low temperature (< 450 °C) conditions were revealed. The anatase and rutile crystallites sizes were
calculated at around 9 £ 1 nm. Strong film adherence with stoichiometric ratio was evidenced under XPS analysis of TiO2
films. The cefixime photo-degradation studies were performed under natural radiation and UV lamp irradiation. Under
the same irradiation conditions, better degradation efficiency was observed for the TiO, sample containing 16 mol% of
rutile phase in its crystalline structure. About 80% of the cefixime initial concentration was decomposed after 35 kJ/L of
the UV accumulated energy during 4 h irradiation. Higher deposition time and titanium concentration in precursor
solution resulted in higher photocatalytic activity. The TiO,, ZrTiO,, and VTiO; catalysts were also coated on glass beads
by the sol-gel method via the micro-mixing reactor. The photocatalytic performance of coated films containing anatase
and rutile phases obtained by plasma technique was higher than those of the films containing anatase phase obtained by
sol-gel method. The kinetic of cefixime removal was evaluated to be a first-order reaction in all cases. In order to recover
the deactivated sites, three regeneration methods like hot water, heat treatment, and washing in an alkaline solution
were examined. The hot water method introduced best performances. Finally, the CPC solar photo-reactor for water
treatment was modeled using COMSOL Multiphysics software.

Résumé

Ce travail est dédié a I'application de la photocatalyse solaire pour la dégradation de I'antibiotique cefixime en utilisant
des films de TiO, immobilisés sur des billes en verre. Les expériences ont été réalisées dans un réacteur CPC solaire pilote.
Un dispositif plasma a lit fluidisé basse pression a été utilisé pour élaborer des couches de TiO; et de TiO, dopé au Mn
dans différentes conditions expérimentales : oxygene plasmagene, temps de dép6t et concentration du précurseur. Les
techniques de caractérisation SEM, TEM, AFM et DRX révelent la formation de films de photocatalyseurs nanostructurés
couvrant la surface des billes. Des structures polymorphes de TiO; (anatase et rutile) ont été formées a basse température
(< 450 °C). La taille des cristaux des phases anatase et rutile a été estimée a environ 9 + 1 nm. Une forte adhérence des
films de TiO; a été mise en évidence par I'analyse XPS. Les études de photodégradation du cefixime ont été réalisées sous
rayonnement solaire et sous irradiation de lampe UV. Dans les mémes conditions d'irradiation, une meilleure efficacité
de dégradation a été observée pour I'échantillon de TiO, contenant 16 % molaire de phase rutile dans la structure
cristalline. Environ 80 % de la concentration initiale de cefixime a été décomposée apres 35 kJ/L d'énergie UV accumulée
pendant 4 h d'irradiation. Un temps de dép6t plus long ou une concentration de précurseur de TiO; plus élevés ou une
guantité plus importante de billes recouvertes de TiO, conduisent a une dégradation plus élevée de cefixime témoignant
d’une activité photocatalytique plus élevée liées sans doute au nombre de sites actifs plus élevé. Les catalyseurs de TiO,,
ZrTiO; et VTiO;, élaborés sur des billes de verre par la méthode sol-gel dans un réacteur de micro-mélange rapide de T ont
également été testés. Les performances photocatalytiques des films contenant les phases anatase et rutile obtenues par
la technique plasma étaient supérieures a celles des films contenant la phase anatase seule obtenue par la méthode sol-
gel. La cinétique d'élimination du cefixime a été évaluée dans tous les cas comme étant une réaction du premier ordre. Il
a été constaté que les films perdent de leur activité apres plusieurs cycles d’utilisation. Afin de réactiver les sites
réactionnels, trois méthodes de régénération telles que le lavage a I'eau chaude, le traitement thermique et le lavage
dans une solution alcaline ont été examinées. La méthode de I'eau chaude a présenté les meilleures performances. Enfin,
le photoréacteur solaire CPC pour le traitement de I'eau a été modélisé a I'aide du logiciel COMSOL Multiphysics.

Keywords: TiO;, Photo-catalyst, CPC-Solar-reactor, plasma, cefixime.
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