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Abstract

Modification of Titanium Dioxide for Photocatalytic Degradation of Indoor

Volatile Organic Compounds: Under UV and Visible Light

Zahra Shayegan, Ph.D.
Concordia University, 2020

The indoor air quality (IAQ) concern has risen since people spend most of their time (>90%) in
indoor environments. Volatile organic compounds (VOCs) are categorized as a major group of gas
pollutants. Indoor VOCs, known as hazardous compounds with several proven adverse health
effects. Among various purification techniques, a heterogeneous photocatalytic oxidation process
(PCO) is a promising technology for removing indoor VOC contaminants. Titanium dioxide
(TiO») is the leading candidate for PCO given its unique properties. However, no TiO»-based
photocatalysts completely satisfy all practical requirements, considering the photoexcited charge
carriers’ short lifetime and a wide band gap requiring ultraviolet (UV) radiation. Moreover, the

application of PCO for VOCs degradation is greatly hindered at high humidity levels.

Herein, Ti0, modification techniques that include approaches for overcoming the inherent TiO»
limitations and improving the photocatalytic degradation of VOCs are studied. In this research,
strategies for improving TiO2 photocatalyst activities by doping with different metal and/or non-

metal ions as well as surface modification have been examined.

Accordingly, the adsorption capacity and photocatalytic activity of P25 and surface fluorinated
P25 coated on nickel foam were evaluated for VOCs removal. In addition, the photoactivity of
visible-light-driven photocatalysts including; anatase/rutile carbon-doped P25, anatase/brookite
cerium-doped TiO», and anatase/brookite iron-doped TiO2 coated on nickel foam were evaluated
for degradation of VOCs under both UV and visible light irradiation. Surface fluorination was then
applied to reduce the surface hydrophilicity of Ce-TiO, and Fe-TiO; photocatalysts with the
optimum Ce and Fe contents. Notably, their photocatalytic performance was investigated in
continuous flow mode-of-operation reactors with small residence time, different relative humidity

levels, and low-level inlet contaminant concentration. These techniques can improve PCO
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performance through the following mechanisms: 1) by introducing an electron capturing level in
the band gap that would generate some defects in the TiO> lattice and help capture charge carriers
and can also be excited under visible irradiation; ii) by slowing down the charge carrier
recombination rate and increasing VOCs degradation; and iii) by reducing the surface

hydrophilicity, which increases VOCs’ adsorption capacity at high humid conditions.
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Chapter 1

1. Introduction

1.1. Background

According to the Environmental Protection Agency (EPA), indoor air pollution is considered
as one of the top five environmental risks to human health, since people spend about 90% of their
time in indoor environments [1-3]. In recent years, indoor air quality has caused great concerns
since the levels of indoor pollutants tend to be higher than the ones outdoors. Among these
pollutants, volatile organic compounds (VOCs) are a major group of indoor air pollutants with
several proven adverse health effects [4]. VOCs are not only hazardous compounds, but also
participate in undesirable mechanisms with harmful by-products, including organic compounds,
ozone, and secondary organic aerosols [5]. VOCs emitted from many different household items—
carpeting, furniture, cleaning products, paint, and cosmetics, as well as the occupants themselves
[4, 6, 7]—indoors VOC pollution can sometimes be several times higher than outdoors pollution
[8]. Poor indoor air quality (IAQ) can significantly impact people’s health, comfort, productivity,
and satisfaction [9]. Long-term exposure to the VOCs may cause sick building syndrome including

symptoms like skin and membrane irritation, headache, allergy, and chronic effects, such as cancer

(4, 6, 7].

The primary methods for decreasing indoor air pollution include; source control and dilution
by ventilation [10]. Source control is generally hard to achieve in many places. In addition,
increasing the air exchange rate might introduce some harmful outdoor air pollutants to indoor
environments [10]. Due to the concerns regarding the IAQ, many air cleaning technologies have
been developed to remove VOCs from indoor environments such as adsorption [11], ozonation
[12, 13], non-thermal plasma [14-16], and photocatalytic oxidation [17, 18].

1



Based on the literature, photocatalyst oxidation (PCO) is a promising VOC removal method
[19, 20]. PCO can degrade a wide range of VOCs and potentially mineralize them into less harmful

or harmless oxidation products, such as water and carbon dioxide [21].

In PCO, VOCs destruction is feasible in the presence of photocatalyst and light with sufficient
energy at ambient temperature [22, 23]. Common photocatalysts (semiconducting materials) used
in PCO are Ti07, ZnO, WOs3, ZnS, and CdS [24, 25]. Up to now, the application of titanium dioxide
(T102) for photodegradation of organic contaminants has generated significant attention due to its
unique optical and electrical characteristics and environmental friendliness [26-28]. Additionally,
TiO2 photocatalyst is attractive given TiO2 low cost, high stability, and great capability to degrade
various VOCs pollutants [29-31]. The photocatalytic degradation reactions of gaseous pollutants
take place on the surface of the photocatalyst. Therefore, the photocatalyst’s properties, including
specific surface area and surface functional groups are critical parameters for the photocatalyst

activity besides its optoelectronic properties [32].

1.2. Problem statement

Despite TiO2’s merits, there are some drawbacks, including the large band gap, high charge
carrier recombination rate, and high surface hydrophilicity, which restrict its application under
visible light or natural solar light irradiation and in high humid conditions. Given the wide band
gap, the electron from TiO2’s valence band can only be activated under UV light radiation.
Furthermore, the quick recombination of photogenerated electrons and holes reduces photonic
efficiency and consequently the PCO efficiency. In addition, the PCO performance is hindered at
high humid conditions, due to the superhydrophilic surface of TiO, and competition between
VOCs and water molecules for adsorption on the surface’s active sites. Therefore, it is imperative

to develop highly efficient photocatalysts that separate charge carriers, slow down their



recombination rate, and can also be excited under visible light irradiation. In general, to enhance
the quantum yield of TiO2 under visible light irradiation, two obstacles must be overcome—the
generation of photoexcited charge carriers must be enhanced, and the separation efficiency of these
photogenerated charge carriers improved [33-36].

Considering the literature, most research work has been done in laboratory conditions and the
PCO removal efficiency of VOCs is investigated in small batch scales. Moreover, recent research
studies [37-41] have shown that when the complete mineralization of the PCO process is not
achieved, it produces unwanted and harmful by-product compounds. From an IAQ point of view,
the reduction of primary pollutants is not the only evaluation criteria for the performance of a VOC
removal method. The removal techniques must also address and characterize the generated by-

products in the gas phase [38].

Multiple factors have been observed to affect the efficiency of PCO, however, some of them
need to be studied widely in a real situation. These parameters including; 1) residence time which
to best of our knowledge, most research studied the PCO process in a reactor with a long residence
time (several minutes or hours), which is not applicable in the real situation, and 2) the contaminant
concentration, whereas, only a few investigations were performed at low levels of a pollutant in
the range of ppb and most investigations are performed at high contaminant concentration (in the

range of ppm).

In summary, photocatalytic degradation of VOCs in indoor environments is challenging due to

the following limitations:

1. No/ Low removal efficiency under visible light irradiation

2. High charge carrier’s recombination rate



3. Low efficiency at high relative humidity levels

4. Low feasibility due to using UV light

1.3. Research objectives

Based on the abovementioned problems, modification of TiO> photocatalyst to overcome the
aforementioned disadvantages and to enhance VOCs removal efficiency from indoor air is an
appealing approach. Modification of different types of semiconductors for PCO process have
received significant interest in various field of environmental purification including water
treatment and CO; reduction. Various strategies such as metal or non-metal doping, co-doping,
coupling with other semiconductors, and surface modification have been proposed for TiO»
modification. These techniques seem to be effective for increasing the lifetime of the photoexcited
charge carriers, for shifting the light absorption of TiOz photocatalyst into the visible region, and
for decreasing the TiO2 surface hydrophilicity. There are few works that have studied the effect of
these modification techniques for air purification systems. However, most of these research studies
are conducted in non-realistic operating conations which are not applicable in real indoor

applications.

Despite considerable reported research on modifying TiO»-based photocatalysts, there is a lack
of studies regarding the effect of modified-TiO; on the PCO performance of VOCs removal in the

gas phase.

The main objectives of this research is specifically considered as following:

e To develop and modify a TiO; photocatalyst for integration in mechanical ventilation

system for removal of VOC contaminants from indoor air environment.



e The developed photocatalyst for such application must operate under UV and visible light,

high relative humidity, low residence time, and low contaminant concentration.

1.4. Approach and methodology
To achieve the above-mentioned objectives, the following tasks are accomplished:

1) Design and built two PCO continuous photo-reactors setup (UV and visible light).

» Implementation, parameters calibration, and field validation of the setup were

performed under various operational conditions.

2) Study the effects of scaling up and by-product generation in bench, pilot and full-scale

setups.

» Comparing the results of removal efficiency, reaction rate, and by-product

generation rate of bench-scale with the pilot- and full-scale setups.
3) Modify P25-TiO2, which is the most common commercialized photocatalyst.

» Synthesizing surface fluorinated P25 and testing its performance for VOCs

adsorption and PCO.

» Synthesizing and optimizing carbon-doped P25 as a visible-light-driven
photocatalyst with different C contents (0.04-0.13 wt.%) and investigating their

performance under both UV and visible light irradiation.

4) Synthesize the biphasic anatase-brookite TiO2 and modified-TiO> photocatalysts for
shifting the light absorption to the visible light region and improving their performance at

high humid conditions.



» Synthesizing and optimizing Ce-doped TiO: with various Ce contents (0.2-1.5
atomic %) and Fe-doped TiO» with various Fe contents (0.2-4 atomic %).

Evaluating their performance under both UV and visible light irradiation.

» Synthesizing surface fluorinated Ce-TiO2 and Fe-TiO; with optimum Ce (0.5%)
and Fe (0.4%) contents and investigating their efficiency under both UV and visible

light irradiation as well as high humid conditions.

5) Investigate the performance of the modified-TiO> photocatalysts at different indoor

conditions.

6) Identify the generation of possible by-product compounds.

1.5. Thesis outline
Chapter 1 (Introduction) offers a brief introduction about the indoor air purification

techniques, problem statements, and the research objectives of this study.

Chapter 2 (Literature review) presents the basic principle of photocatalytic oxidation of VOC
removal and its limitations. Moreover, the operating parameters affecting the PCO performance
including relative humidity, airflow rate, UV light intensity and type, and inlet contaminant
concentration are reviewed. Afterward, a literature review of the strategies for the modification of

TiO> 1s discussed.

Chapter 3 (Methodology) presents the applied methodology in this research including the
description of experimental setups, materials for photocatalyst synthesis, synthesis procedure,
characterization facilities, analysis instruments, experimental procedures for adsorption and

photocatalytic evaluation.



Chapter 4 (Results and discussion) discusses the major findings of VOC removal, reaction
rate, and by-product generation rate for different fabricated and commercial photocatalysts.
First, for the validation of designed bench-scaled setup and investigation of the effect of scaling
up, the photocatalytic removal of toluene and isobutanol by using a commercial photocatalyst
(Saint-Gobain) are studied in three different scales (bench, pilot, and full-scale).
Second, two modification techniques, including surface fluorination and carbon doping of P25 are
discussed. The adsorption study of surface fluorinated P25 is carried out for toluene, isobutanol,
and methyl ethyl ketone (MEK), and the results are compared with unmodified P25. Then, the
photocatalytic removal of the mentioned photocatalysts for MEK removal is studied under UV
light irradiation. Afterward, the PCO of C-doped P25 with different C contents (0.04-0.13 wt.%)
as non-metal doping modification for MEK degradation are discussed under both UV and visible
light irradiation.
Third, the performance of synthesized TiO», cerium-doped TiO (Ce: 0.2-1.5 at.%), and iron-doped
TiO; (Fe: 0.2-4 at.%) as metal doping modification is investigated under UV and visible light
irradiation.
Finally, the effect of surface fluorination of Ce-TiO; and Fe-Ti0O> with the optimum amount of Ce
and Fe is studied to combine both structural and surface modifications methods.

Chapter 5 (Conclusions and recommendations) presents the research outcomes of all
performed photocatalysts of different modification techniques. Moreover, it provides

recommendations for future work on the present topic.



Chapter 2

2. Literature Review

2.1. Basic principles of photocatalytic oxidation process

Heterogeneous photocatalytic oxidation (PCO) can be an effective technology for removing
gaseous pollutants from indoor environments [42-44]. A basic principle of PCO is the illumination
of a semiconductor photocatalyst by a light source with sufficient photon energy to promote the
electron from the valence band to the conduction band [42, 45]. For electron-hole pair formation,
the energy of the emitted photon should be equal or higher than the semiconductor’s band gap
(Fig. 2.1). Transferring a photoexcited electron from the valence band (VB) to the conduction band
(CB) leaves a hole in the latter, which can be a powerful oxidizing agent. Consequently, electron
and hole pairs (e/h") are produced [46-48]. To date, the TiO, semiconductor has been widely
studied and explored as the most promising candidate for VOCs removal from the environment

due to its unique properties [42].
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Figure 2.1. Basic principle of PCO for removal of VOCs.



Environmental applications of semiconductor photocatalysts are directly related to the
interfacial charge transfer mechanism between the semiconductor surface and organic compounds.
Furthermore, the mechanism and time scale of interfacial charge transfers and recombination
charge carriers could be affected by the interface structure [49, 50]. Interfacial charge transfers
might oxidize or reduce pollutants directly or produce reactive oxidants like hydroxyl radicals and
superoxides [51, 52]. For TiO2, UV light is a common energy source for PCO because of its wide

band gap [53].

The minimum band gap energy required for a photon to generate charge carriers over a TiO2
semiconductor (anatase phase) is 3.2 eV. This is equivalent to the absorption of a 388 nm
wavelength photon. Therefore, TiO> photoactivation occurs in A < 388 nm, near the UV region
[24, 46]. Several studies reported that TiO: crystalline form affects its photocatalytic activity [54-
56]. TiO; has three stable polymorphs—anatase (E; = 3.2 eV), rutile (Eg = 3.02 eV), and brookite
(Eg = 3.14 eV) [25, 57]. Combining the rutile and anatase phases has been recommended for
increasing TiO> photocatalytic activity [56, 58]. Given these facts, Degussa P25-Ti0,, composed

of 75% anatase and 25% rutile, is a commonly-used commercial photocatalyst [58].

To reduce the recombination rate, it is essential that electron acceptors and photogenerated
electrons react [59]. When appropriate surface electron acceptors or a surface defect state are
absent, and thus unavailable to trap these charge carriers, electrons and holes pair in a few
nanoseconds, reducing the efficiency of photocatalytic degradation. It is reported that the anatase
conduction band edge exceeds the rutile by 0.2 eV. This difference facilitates the electron transfer
via an electron bridge [60]. As a result, the electron based on the anatase conduction band jumps
to the less positive rutile part, thereby reducing the recombination rate of electrons and the

formation of positive holes in the anatase site [54, 61].



Using nanocatalysts helps produced electrons reach the surface and react with electron
acceptors in a shorter transfer distance. Therefore, the nanostructure recombination rate is lower
than the microstructure [59]. Different TiO; nanostructure materials such as nanorods, nanofibers,
nanospheres, nanosheets, and nanotubes have been produced in the nanostructure, which proves
its efficiency [62]. It is proven that various parameters, such as crystallite size, specific surface
area, pore structure, pore volume, and crystalline phases, have significant effects on photocatalytic
performance [63]. The nano-sized catalyst high surface area and high surface density improves

catalyst performance and photoactivity [62, 64].

In general, several factors influence PCO efficiency, such as humidity, flow rate, the initial
concentration of contaminant, the characteristics of the photocatalyst, light source, etc. [22, 23].

The effects of above-mentioned parameters are reviewed briefly in Section 2.3.

2.2. Issues in VOCs photocatalytic oxidation

For key reactions involved in photocatalytic oxidation, see Table 2.1. Equation (2.1)
(Photoexcitation) explains TiO; activation by UV light [25, 65]. The HOO" in Eq. (2.5) is an
electron acceptor that produces hydrogen peroxide (H20z). This generates H>O> as an oxidizing
agent and decreases the recombination rate of electrons and holes by capturing photo-induced
electrons, thereby enhancing PCO efficiency (Egs. (2.6)-(2.7)). Reduction and oxidation reactions
can both occur on the surface of the photoexcited semiconductor. The main oxidant species for
degrading VOCs are hydroxyl radicals produced by oxidizing adsorbed water or adsorbed OH ™.
The final products of total mineralization of hydrocarbon compounds by PCO are CO; and H>O

[25, 66]
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Table 2.1. Reactions involved in the TiO: photocatalytic oxidation process for the degradation of VOC

pollutants.
Reactions Eq. No.
Photoexcitation: TiO, + h9 - h* + e~ (2.1)
Oxidation reaction: OH~ + h* —» OH* (2.2)
Reduction reaction: O3(uq5) + €~ = 03445 (2.3)
Ionization of water: H,0 - OH™ + H* 2.4)
Protonation of superoxide: 05" + H* - HOO"® (2.5)
Electron scavenger: HOO® + e~ - HOO™ (2.6)
Formation of H202: HOO~ + H* - H,0, (2.7)
OH’® + pollutant + 0; — products (CO,, H,0,etc.) (2.8)

“where h* and e~ are hole and electron, respectively.

Photocatalytic oxidation of VOCs includes several processes such as the formation and
recombination of electrons and holes, the adsorption of VOCs, chemical degradation, and the
desorption of products or intermediates [31]. Moreover, photogenerated electrons and holes may
take several pathways. They may recombine on the surface or in the bulk of the semiconductor;
electron acceptors may be reduced by electrons; electron donors could be oxidized by holes.
Photogenerated electrons and holes could react with O, and H>O to produce reactive oxygen
species (ROS) [58]. As mentioned above, most holes are then consumed by reacting directly with
adsorbed organic materials or adsorbed water molecules [63]. In some PCO reactions, partial
mineralization of parent pollutants can generate some by-products. These intermediates can

occupy the photocatalyst active site and decrease photocatalyst photoactivity [67].

11



2.3. Factors affecting PCO performance

2.3.1. Relative humidity

In PCO, the presence of water vapor can be both beneficial and detrimental. Water molecules
contribute to photocatalytic oxidation process both as competitive adsorbents and resources for
hydroxyl radicals. The resulting hydroxyl radicals are key players in the oxidation process (Eq.
(2.2)). In addition, water vapors can be adsorbed on TiO; active sites. This reduces the adsorption
of VOCs compounds. Therefore, it is clear that changes in relative humidity (RH) can significantly
impact photocatalytic oxidation efficiency [25, 65, 68-72]. In addition, complete mineralization of
some pollutants to CO; is impossible without water vapor. However, excessive water
concentration causes the adsorption of water molecules on the active sites of the photocatalyst
surface and decreases the reaction rate [22, 67, 73, 74]. Earlier studies focused only on the effect
of relative humidity on the reaction mechanism of different pollutants. Doped TiO> performance
with different amounts of dopants in humid conditions has not been thoroughly investigated.
Additionally, the doped TiO» catalyst could reduce competition between target compound and
water adsorption since the increased separation of electrons and holes produces more oxidizing

agents.

2.3.2. Airflow rate
The airflow rate is a key factor for the photocatalytic oxidation of VOCs. Generally, increasing
the airflow rate has two adversary effects. First, reducing residence time during PCO decreases
pollutants photodegradation efficiency. Second, increasing the mass transfer rate between the
contaminants and catalyst improves the conversion rate [54, 75-77]. Therefore, decreasing the
airflow rate increases residence time and gives more VOCs the chance of being adsorbed on the

surface of the photocatalyst. More adsorbed molecules react with hydroxyl radicals or photo-
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induced holes and then degrade [22]. According to Han et al. [75] and Yang et al. [76], an increase
in flow rate causes a higher mass transfer and a smaller concentration gradient between the bulk
and the catalyst surface in laminar regimes. It has been reported that the effect of airflow rate on
VOC removal falls under three distinct regimes [69]. In low airflow rates, increasing the airflow
rate enhances VOC removal. This demonstrates that mass transfer to the catalyst surface limits
VOC elimination. In intermediate airflow rates, flow rate variation has no considerable effect on
VOC removal. This means that surface reaction kinetics is the controlling stage. Finally, in high
airflow rates, an increased airflow rate decreases the residence time for transferring VOC
contaminants from the gas phase to the catalyst surface, thereby decreasing the VOCs removal

rate.

2.3.3. UV light intensity and type

It is worth noting that light intensity is one crucial factor for influencing VOCs reaction rate.
Generally, photocatalytic oxidation performance enhances when light intensity increases [25, 78].
Augmenting UV light intensity creates more photons, which provide degradation energy [22]. In
general, increasing light intensity augments the production of oxidant species. Moreover,
increasing the UV-irradiation intensity heightens photoactivity and consequently enhances the
photocatalytic degradation of VOCs pollutants [22, 24, 25, 79]. However, energy loss resulting
from light reflection, light transmission, or heat is inevitable in PCO. Attempts have been made to
use more energy through different methods such as metal and non-metal ion doping [24, 80-82],

coupling with other semiconductors [73, 83], and surface modification [82].

The recombination of charge carriers, and low interfacial charge transfer rates, are responsible
for low quantum yields of TiO2 [47, 84]. Since semiconductors in the heterogeneous medium

cannot absorb all refracted irradiation, it is difficult to determine quantum efficiency [24]. Without
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charge carrier recombination, quantum yield could approach the ideal value of one (1) for UV light
with a wavelength small enough to activate the catalyst [85]. VOC contaminants in the presence
of vacuum UV (VUYV) lamps can be degraded by photolysis, radical oxidation, and ozonation [86,
87]. Compared with conventional PCO under UV light (254 or 365 nm), VUV light can
significantly enhance photocatalytic degradation efficiency. Moreover, by providing a strong
oxidation environment and preventing the generation and accumulation of intermediates, VUV
light reduces catalyst deactivation [86, 88, 89]. Despite these benefits, performing PCO with VUV
lamps produces ozone (O3) molecules as a by-product. Ozone is a powerful oxidizing species that
can react with VOCs pollutants and promote photocatalytic efficiency. However, residual ozone
can damage the environment and human health [22, 23, 76, 86, 90]. Zhong et al. [22] studied the
PCO of several compounds using UVC and VUV lamps in pilot-scale. They reported that using
the VUV lamp for PCO process improved the removal efficiency, since the generation of O3 in
this process can either reduce the electron recombination rate or increase the hydroxyl radical
formation. Ji et al. [13] studied the PCO degradation of benzene in the presence of UVC and VUV
irradiation. They compared the removal efficiency of benzene and they concluded that the

efficiency is less than 10% under UVC and around 80% under the VUV irradiation.

2.3.4. Inlet contaminant concentration
The lower initial concentration of contaminants increases removal efficiency in all VOCs. This
occurs because the catalyst constant number of active sites has limited adsorption capacity.
Furthermore, by-product formation inhibits VOC adsorption, especially when initial contaminant
concentration is high. PCO is therefore more appropriate for photodegrading contaminants at low
concentration [22, 91]. The latter can also affect the photocatalyst quantum yield. In fact, when the

contaminant is highly concentrated, the TiO> surface becomes saturated and quantum yield
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diminishes due to the shielding effect of the contaminant on the catalyst surface [24]. A high
concentration of contaminants can also reduce quantum yield by absorbing or scattering light and
thus prevent light absorption by the catalyst. Catalyst saturation and competition between adsorbed

compounds are higher when the inlet contaminant concentration increases [54].

One important concern regarding VOCs removal by PCO is the formation of hazardous by-
products. Consequently, it is important to modify TiO2 for VOCs elimination. Its modification
lessens by-product formation, permits the use of TiO2 under visible light irradiation, and allows

the removal of indoor contaminants at high humid conditions.

2.4. Strategy for modification of titanium dioxide photocatalyst

2.4.1. Effect of doping

As stated before, TiO; photocatalytic efficiency for environmental applications is limited due
to the high recombination rates of charge carriers. TiO2 photocatalytic activation is also limited
under visible light given its wide band gap [92]. Recently, some promising technologies for
modifying TiO: that can improve environmental pollutants degradation have been proposed.
Techniques include doping TiO2 with metal or non-metal dopants, co-doping TiO2 with different
elements, and coupling TiO; with semiconductors with lower band gap energy (Fig. 2.2). These
modifications increase charge separation and shift the light absorption range towards visible light
[34]. Generally, an appropriate amount of dopants reduces the band gap and consequently allows

light absorption at a longer wavelength [61, 80].

Both metal and non-metal doping methods change TiO: electronic structure by inducing new

doping levels inside its band gap. The doping levels inside TiO> band gap can absorb photons in
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the visible range, expanding the light absorption range by accepting photogenerated electrons from

the TiO; valence band. This reduces the charge carrier recombination rate [35, 93].
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Non-metal/non-metal co-doped Rare metal-doped
Metal/non-metal co-doped Transition metal-doped
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Nitrogen-doped Higher band gap than TiO,
Carbon-doped Equal band gap to TiO,
Sulfur-doped Lower band gap than TiO,

Figure 2.2. TiO; modification techniques for shifting the light absorption into the visible region.

2.4.1.1. Metal doping TiO:

Metal doping is used for introducing additional states in the TiO> band gap [92]. With less
energy transitions required, these impurity levels cause visible light absorption [94]. TiO> band
gap impurity levels are induced by substituting metal ions for Ti**, closest to the conduction band.
As Fig. 2.3 shows, electrons can be transferred from the TiO> conduction band to doping states, or
can be excited from TiO; valence band to doping states by photons with energy less than 3.2 eV.

In addition, metal doping could improve electron trapping by reducing the electron and hole
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recombination rate [95-97]. The resulting photocatalytic activity and dopant state energy levels
strongly depend on several factors, including the dopant chemical nature, its concentration, and
thermal treatment during photocatalyst preparation [94]. It is evident that each cationic dopant
presents individual effects on photoactivity. Therefore, the resulting impact may vary depending
on the catalyst preparation method or reaction conditions [98]. In general, the preparation method
for doped catalysts creates different crystal properties and changes photocatalyst morphology [99,
100]. The different kinds of metal dopants—noble metals, rare earth metals, and transition

metals—and their limitations are reviewed in the following sections.
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Figure 2.3. Schematic energy level of metal doping TiO..

2.4.1.1.1. Noble metal and rare earth metal

Noble metals, such as palladium (Pd) [101], platinum (Pt) [102, 103], silver (Ag) [104],
ruthenium (Ru) [105], and iridium (Ir) [106], expand TiO: light absorption range to visible light.

Unlike most base metals, noble metals are highly resistant to oxidation and corrosion in humid air.
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In the presence of noble metals, charge carrier recombination decreases, which causes
photoactivity on the surface of catalyst to increase [102]. Doping noble metal nanoparticles into
TiO> lattice effectively retards charge carrier recombination. Reducing the electron and hole
recombination rate enhances catalyst photoactivity [102, 107]. In fact, the metal nanoparticles form
an intermediary for trapping and transferring photogenerated electrons from the TiO surface to
electron acceptors [107].

Rare earth metals are a group of 17 chemical elements, including scandium (Sc), yttrium (Y),
and 15 lanthanides, in the periodic table. These metals, having incomplete 4f and empty 5d orbitals,
could promote catalysis. It has been reported that incorporating rare earth metal ions into TiO»
lattice could enhance the adsorption of organic pollutants on the catalyst surface, and thus improve
TiO2 photoactivity [108]. Doped TiO> photocatalysts with rare earth cations can enhance
photocatalysis by increasing light absorption along with modifications of the phase structure,
surface area, and surface morphology. Additionally, during the synthesis process, doping with rare
earth ions inhibits the transition from the anatase phase to the rutile phase [109].

Recently, doping with metals from the lanthanide group (especially Ce-doped TiO;) has
become an attractive approach. Ce has two common oxidation states and shifting between
Ce*"/Ce*" reduces the charge carrier recombination. According to Xiao et al. [110], mesoporous
Ce-doped TiO; has a high surface area, high thermal stability in the anatase phase, and better
adsorption capacity for VOCs, which could improve contaminants adsorption on the photocatalyst
surface. Reil et al. [111] studied ammonia decomposition in a stirred batch reactor with suspended
Ce-doped TiO> photocatalysts. They studied Ce loading range of 0.6-1.4 wt.% and reported that
increasing the Ce content in TiO; structure decreased the anatase crystallite size. In addition, based

on their findings, introducing the Ce into Ti0O; lowers the band gap energy. In other research [112],
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they also studied the photocatalytic CO; reduction over Ce-TiO; with Ce content in the range of
0.28-10 mol.% (0.6-21.1 wt.%). The research showed that after Ce doping and illumination, both

electrons and holes have sufficient potential for CO; photocatalytic degradation.
2.4.1.1.2. Transition metal

Researchers have investigated the effects of transition metals such as manganese (Mn) [113],
iron (Fe) [82, 92, 114], copper (Cu) [97, 115], vanadium (V) [96], and nickel (Ni) [33] on reducing
band gap, decreasing electron and hole recombination rate, and using visible light [25, 114]. The
type and amount of transition metals are two decisive parameters for PCO. If the amount of metal
dopants remains at an optimum level, dopants can increase the separation of electrons and holes
by acting as a charge carrier bridge. However, beyond their optimum value, dopants may distort
the catalyst crystallinity and act as a recombination center, reducing PCO efficiency [25, 114].
Moreover, the photocatalyst surface sites can also be occupied by metal ion dopants, which alter

the TiO, surface properties depending on dopant type and concentration [96, 115].

Iron (Fe)-doped TiO; is the most popular transition metal-functionalized photocatalyst. Doping
Fe into TiO; structure decreases electron and hole recombination and reduces band gaps. Fig. 2.4
demonstrates that Fe doping narrows the band gap and expands light absorption into the visible
range [114]. In addition, iron is much cheaper than noble metals such as Pd, Pt, Ag, Au, and Rh,
which explains its widespread use [92]. The main reason for promoting Fe-doped TiO; as a catalyst
is that the Fe**/Fe** reduction process enhances charge carrier separation [116]. Fe** accepts the
photoexcited electron, transfers it to the oxygen molecule, and thus produces superoxide [116]. In
addition, the radius of Fe** (0.64 A) and Ti** (0.68 A) is similar, which eases Fe*" ion incorporation
into TiO» crystal lattice [93, 117]. As a result, Fe ions are distributed uniformly in TiO> lattice
interstices, which creates defects in TiO; structure [117].
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Figure 2.4. Schematic energy level of Fe (transition metal) doping TiO>.

Yang et al. [92] studied iron-doped TiO; for benzene, toluene, ethylbenzene, and o-xylene
(BTEX) photodegradation on glass fiber (GF). GF-Fe-TiO2 composites (at different Fe-to-Ti
ratios) showed higher photocatalytic activity for BTEX compared to GF-TiO> (as a reference)
under visible light irradiation [92]. Tieng et al. [114] reported that Fe** ions could be trapping sites
for both photogenerated conduction band electrons and valence band holes. Consequently, the
photogenerated charge carriers could be separated more easily and protected for a longer time. As

a result, adsorbed species redox reaction occurs more efficiently.

2.4.1.1.3. Limitation of metal doping

As pointed out earlier, metal doping TiO> impacts photocatalysis performance positively.
However, doping TiO2 with metal ions may have some drawbacks. Metals might cause partial
blockage on TiO: porous surface sites [110] or cause the growth of particles. This would decrease

the specific surface area and PCO performance subsequently [88].
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Additionally, metal dopants may act as recombination centers, encouraging the recombination
of photogenerated charge carriers [93, 118, 119]. When metal loading concentration is beyond
optimum value, electron transfer from TiO> to metal dopants could deform the potential field in
TiO, particles and charge metal centers negatively. This would draw a portion of holes near the
metal—Ti0: junction (especially for highly doped catalysts), and heighten the recombination rate.
The deposited metal could also shield from photon absorption, which is detrimental to
photocatalytic activity [120]. Moreover, although noble metals and rare earth metals could
efficiently improve PCO, the cost-effectiveness required for industrial uses usually leads to more

economical transitions or non-metals dopants being chosen.

2.4.1.2.  Non-metal doping TiO:

Some other researchers have shown that TiO2 band gap narrowing can be improved by using
non-metal (anion) dopants rather than cations [119, 121]. Various studies show that doping TiO>
with anionic non-metals—nitrogen (N) [30, 36, 80, 116, 119, 122], carbon (C) [53, 123-125],
sulfur (S) [121, 126], boron (B) [35], and fluorine (F) [127]—gives promising results. In non-metal
doping, dopant states are near the valence band edge. Therefore, their role as recombination centers
might be minimized [128]. Consequently, anion dopants might be more appropriate than cation
dopants for expanding TiO: light absorption range into the visible region. As Fig. 2.5 illustrates,
impurity levels caused by doping non-metal dopants into TiO> lattice are close to the valence band.
For an anion-doped TiO2, the dopants substitute for oxygen (Oz) in the TiO; lattice. This expands

its light absorption range and narrows the band gap with non-metal dopants (Fig. 2.5) [25].

Improvements in photocatalytic degradation were observed after adding a small amount of
anion dopants. Non-metal dopants could change TiO, morphology, and increase its photoactivity

performance in PCO [80, 81]. In addition, doping with non-metal anions affects the semiconductor
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electronic structure [129]. C- and N-doped TiO> nanomaterials have been demonstrated to have
superior photocatalytic activity under visible light irradiation compared to other anion dopants
[128].

C-doped TiO> can significantly stabilize anatase TiO> and enhance the adsorption of organic
contaminants on the catalyst surface. It also increases TiO> conductivity, which accelerates the
charge transfer from inside TiO; structure to the surface to participate in oxidation reactions [123,
124]. C-doped TiO; mid-gap band position shifts upward when carbon concentration increases,
which shows a high oxidative potential for photogenerated holes. The new electronic level above
TiO, valence band was responsible for narrowing C-doped TiO> band gap and visible light
photoactivity [130]. Di Valentin et al. [131] studied how replacing oxygen sites with carbon, or
putting carbon into the interstitial sites of TiO; lattice, enhances visible light absorption. There is
a debate around carbon-doped TiO; similar to that around nitrogen doping on whether the doped
type of carbon is substitutional or interstitial. Purbia et al. [ 132] synthesized carbon-doped TiO> to
improve the visible light photocatalytic activity. They reported that the carbon doping process
decreases the band gap energy from 3.3 eV for P25-TiO; to 2.83 eV for C-doped TiO». Kavitha et
al. [130] presented that C-doped TiO; shifts the valence band position upward corresponding with
increases in carbon concentration. They reported that the resulting electronic level above the
valence band of TiO> causes band gap narrowing and visible light photoactivity. Dong et al. [123]
studied the photoactivity of C-doped TiO; for toluene degradation. They investigated that thermal

treatment of C-doped TiO, showed improvement in the optical and surface properties.
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Figure 2.5. Schematic energy level of non-metal doping TiO..

2.4.1.2.1. Limitation of non-metal doping

Despite non-metal-doped TiO> photocatalytic performance with visible light, the photocatalyst
presents some disadvantages. Doping non-metal dopants into the TiO; lattice causes oxygen
vacancies to form in the bulk, which may become an important recombination center for charge
carries. These defects limit visible light photocatalysis efficiency significantly [123]. The catalyst
preparation method is one key parameter that should be considered for photocatalytic uses.
Moreover, using toxic, expensive, or unstable precursors and the formation of undesirable gaseous
by-products during the synthesizing process makes the preparation process costly and hinders
large-scale production [53, 123]. Furthermore, the content of non-metal dopants would decrease

during the annealing process and reduce visible-light photoactivity [133].

2.4.1.3. Co-doping TiO;

Some researchers have focused on co-doping as one way to compensate for the drawbacks of

single-doped TiOz. This approach is explained in detail in the following sections. Various studies
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have performed TiO; co-doping by combining metal/non-metal and non-metal/non-metal dopants
discussed below. However, few studies have considered metal/metal TiO» co-doping [95].

Metal and non-metal co-doped. Dopant components in the TiO; lattice, including metal and
non-metal, produce doping energy levels in the TiO> band gap that improve visible light absorption
and result in higher photocatalytic performance (Fig. 2.6). Furthermore, metal components prefer
to substitute for the Ti site in the TiO> lattice to create the dopant level near the conduction band.
Non-metal components can potentially form new levels closest to the valence band that reduce the
band gap and cause visible light absorption. Therefore, both metal and non-metal ion co-doping
enhance photocatalytic activity [116, 134]. The synergistic effects between metal and non-metal

dopants improve electron and hole separation, enhancing TiO2 photocatalytic activity under visible

light [116, 134].
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Figure 2.6. Schematic energy level of metal and non-metal doped TiO.

It has also been reported that TiO2 photoactivity when doped with nitrogen or sulfur can be

improved by adding Fe(III) as a co-dopant [35]. N-Fe co-doped TiO> was studied by Dong et al.
24



[116] in order to modify N-TiO; surface by Fe-ions. The results illustrated that a small amount of
Fe-ions (0.02 wt.%) added to N-TiO2 nanocrystal improved the catalyst photoactivity under visible

and UV irradiation. It also improved photodegradation efficiency to 97% [116].

Non-metals co-doped. Non-metals co-doped TiO> has been studied by several researchers [81,
116, 135]. The S-N co-doped TiO> exhibited strong absorption ability in both UV and visible light
regions [25]. According to the XPS spectra of N, S and C tri-doped TiO> (NSC-TiO») in Lei et al.
[135] research, N was assigned to the Ti-O-N and Ti-N bonds; S was mostly attributed to the Ti-
O-S bond; and C was ascribed to the Ti-O-C bonds in the NSC-TiO; catalyst. Li et al. [136] studied
the degradation of gaseous acetaldehyde, toluene, and trichloroethylene in N and F co-doped TiO:
photocatalytic process. They found that co-doping nitrogen and fluorine has a synergetic effect. N
doping enhanced visible light absorption, photocatalytic activity, and the formation of superoxide
(O2") radicals through the oxygen vacancies sites. F-doping formed new active sites and hydroxyl

radicals (OH").

2.4.2. Effect of surface fluorination

Surface fluorination as a method of surface modification has considerable effects on reactant’s
adsorption, which could lead to the improvement of surface photocatalytic oxidation kinetics
[137]. It is reported that fluoride anions can adsorb strongly onto the TiO> surface, greatly affecting
the surface properties of TiO2, including surface acidity, surface charge, and polarity [137, 138].
Additionally, the surface fluorination can be achieved by a simple ligand exchange reaction
between surface hydroxyl groups (OH") and fluoride anions (F") (Eq. 2.9) [137, 139-142]

=Ti—OH+F o=Ti—F+O0H™ (2.9)

The F™ ions can displace the surface OH groups on the TiO; catalyst surface [ 143]. It is generally

accepted that the measured amount of F~ ions on the TiO» catalyst surface is quite dependent on
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the solution’s pH value [144]. Based on the reported results, the =Ti—F (according to the reaction
2.9) is the dominant surface group in the acidic pH range of 3-5. Since the positively charged
surface =Ti-OH»" species are replaced by neutral =Ti—F groups by surface fluorination in acidic
condition, this modification leads to a decline in the positive surface charge of TiO> [137, 141].
Moreover, the presence of strongly electronegative fluoride ions on the F-TiO: surface leads to a
negative charge on the surface [145].

As a result of replacing the OH groups with F~ ions, the adsorption of the water molecules in
humid conditions is decreased and it led to a higher adsorption of contaminants on the adsorbent
surface. Consequently, the enhancement of adsorption capacity is expected via surface
fluorination. It is reported that solvent plays an important role in controlling the exchange between
surface OH groups and F ions [146]. In addition, the surface fluorination does not have any effect
on the crystal structure and optical absorption edge of TiO> but it markedly enhances the VOC

molecule adsorption capacity [141].

2.5. Summary of literature review

PCO is a promising technology for air purification that can eliminate indoor air contaminants
effectively at room temperature. PCO degrades hydrocarbon contaminants to carbon dioxide and
water. However, in most cases, some hazardous by-products will inevitably form during PCO.
Various factors such as humidity, light type and intensity, contaminant concentration, and flow
rate can affect PCO efficiency.

Ti0O,, the most used semiconductor photocatalysts in PCO, requires UV light irradiation to
activate given its relatively wide band gap. As a result, visible light does not have sufficient energy
to excite the electrons from the valence band to the TiO2 conduction band. Doping TiO2 with metal

and non-metal are promising methods for overcoming its inherent limitations and for enhancing
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photocatalytic activity under visible light irradiation. In addition, the effective reduction of
electron and hole recombination rate is another result of doping. Metal components create the
dopant state near the conduction band, however, non-metal components form the new state closest
to the valence band that lower the band gap and expand the TiO» light absorption edge. Moreover,
the synergistic effects between metal and non-metal dopants in co-doped TiO; improve electron
and hole separation, followed by enhancing TiO: photocatalytic activity under visible light.
Furthermore, it is essential to find an optimum amount of dopant to increase the separation of

charge carriers and prevent the formation of a recombination center.

In addition, the application of PCO in VOCs degradation is greatly hindered at high humidity
levels. This is because VOCs compete with water molecules to adsorb on the generally hydrophilic
photocatalyst surface, where photocatalytic reactions take place. Surface fluorination of TiO>

reduces its surface hydrophilicity of TiO2 and improves its VOC adsorption capacity.
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Chapter 3
3. Methodology

3.1. Experimental setups

3.1.1. Bench-scale reactor setup

The photocatalytic performance of modified photocatalysts was measured in two continuous-
type reactors using visible and UV light irradiation. Fig. 3.1 shows the schematic diagram of the
setup that was designed and built for PCO experminet. The apparatus was made from an aluminum
duct which had been anodized to have the highest reflectance to light. The reactors were made of
100 cm long aluminum ducts with a 7 cm x 9 cm cross-section area and 6.3x107 m? of volume.
All the fitting and tubing used in the system were stainless steel or PTFE. For this setup, two
separate compressed air streams were used as the carrier gas and passed through the mass flow
controller (MFC, OMEGA, FMA5442ST). As shown in Fig. 3.1, the relative humidity is adjusted
by passing the compressed air through a mass flow controller (MFC, OMEGA, model
FMAS5442ST) followed by a vessel of distilled water used as a humidifier. The specific humidity
and airflow rate were adjusted using the second compressed air line. Inlet air humidity was
monitored continuously using an automatic humidity controller (Electro-tech systems, Model
514/Probe 514HS). The VOC was automatically injected into the air stream using a syringe pump
(KD Scientific, Model KDS-210, USA) with a specified injection rate. For photocatalytic
experiments, the VOC injection was continued in a dark reactor to provide a uniform concentration
within the reactor and to reach the complete saturation of the photocatalyst by VOC. To verify
complete saturation, VOC concentration at upstream and downstream of the reactors was
monitored continuously using a photoionization detector (PID, ppb3000 RAE, USA). The PCO

reaction was then initiated by turning the visible and UV lamps on. In the setup, Xenon lamps (2
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x 35 W, 12V, Fusion, Model: Optix) and high-pressure mercury lamps (4 x 200 V, Pen-Ray Co.,
Model: 11SC-2.25-AV-16-800 Hg) were used as visible and UV light sources, respectively. The
light intensities of visible and UV lamps were respectively measured using a spectroradiometer
(ILT900-W, International Light Technologies) and Germicidal radiometer (ILT77, International

Light Technologies).
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Figure 3.1. Schematic diagram of the experimental setup.

3.1.2. Pilot-scale reactor setup
The second test apparatus used in this work is made of four parallel aluminum ducts, each with
a31 cm x 31 cm inner cross-sectional area [22, 147]. Fig. 3.2 depicts the schematic diagram of the
test rig. As shown, the dimension of the closed part of the setup is 3.6 m long and 1.2 m wide, with
a total volume of 1.7 m>. By using a radial fan, the system was able to control the speed of air and
provide the flow rates up to 340 m*/h (200 cfm). Due to the size of the setup, the laboratory air

was used as the carrier air. The laboratory air, which had passed through the filter, mixed with the
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air containing the evaporated VOC, was introduced into the system. The experimental setup is an
open duct system; therefore three humidifiers were used near the entrance of setup to keep the
relative humidity at a specified amount. The relative humidity and temperature at upstream and
downstream of each duct were monitored by sensors (HMT 100, Vaisala) and recorded. The
sensors were installed in two locations: at the center for upstream and past each duct’s reactor
sections for downstream. The cross-shaped sampling tubes were mounted at the beginning and at
the end of the reactors to collect the upstream and downstream samples. Gas Chromatography
(GC) and High-Performance Liquid Chromatography (HPLC) samples were collected to analyze
the VOC concentrations at the upstream and downstream of each duct. All of the probes and tubing
used in the system were stainless steel or PTFE. The reactor was designed to be able to
accommodate the various geometric shapes of the in-duct UV-PCO filters available on the market.
Moreover, the design of these reactors allow for the changing of the number of lamps and catalysts.
In this study, two layers of PCO filters and two UVC lamps were installed. The distance between
the surfaces of catalyst and UV lamps was approximately 5 cm. In addition, the distance between
each of the two lamps and the distance from each lamp to the reactor’s wall were 13.3 cm and 8.6
cm, respectively. At the end of each duct, the clean-up section containing activated carbon,
activated aluminum, and MnO, scrubbing filters was installed to capture the residual VOCs and
any potentially generated by-products. The adequate numbers of MnO, layer post-filters were

installed to control the exhaust ozone concentrations, less than 50 ppb.
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Figure 3.2. Schematic diagram of the pilot-scale experiment setup.

3.1.3. Full-scale reactor setup

The third setup used in this research was full-scale setup, as presented in Fig. 3.3 [148]. The
duct was designed based on the ASHRAE standard 145.2 [149]. The full-scale set-up has a 61 cm
by 61 cm cross-sectional area, 11.5 m length, and 10 m? volume. It is constructed of stainless steel
with a smooth interior finish to minimize the absorption of contaminants on the internal surface of
the duct. The design of the reactor offers the ability to test different types and sizes of air cleaning
systems. As depicted in Fig. 3.3, a radial fan with speed control (Rosenburg America, DKNB-355)
is utilized which can provide an airflow rate up to 3400 m>/h (2000 cfm). A clean-up bed followed
by a HEPA filter are installed, just past the fan, to filter out the possible particulate matter and
aerosol from the carrier air. To reduce air leakage through the inlet or outlet dampers, ultra-low

leakage positive pressure dampers (M&I Air Systems Engineering) were utilized in the system.
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The final clean-up bed was installed to adsorb possible by-products or unreacted contaminants

before the exhaust is directly vented through the laboratory exhaust duct [148].
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Figure 3.3. Schematic diagram of the full-scale experiment setup.

3.2. Materials

A commercial filter was supplied by Saint Gobain Quartz Company (model: 80GR/M2, France).
This filter consists of silica glass fiber as a support which is coated with a thin film of TiO»

nanoparticles. P25-TiO> nano-powder was purchased from Sigma-Aldrich.
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Chemicals agents including toluene (ACS grade, 99.9%), methyl ethyl ketone (MEK, ACS grade,
99.9%), isobutanol (ACS grade, 99.9%), 2-propanol (isopropanol), reagent alcohol, nitric acid,
ammonium fluoride (NH4F), iron (II) sulfate heptahydrate (>99%), carbon black, and acetonitrile
(HPLC grade) were purchased from Fisher (ON, Canada). Reagent alcohol is a mixture of
anhydrous ethyl alcohol (90% % 1% V/V), methyl alcohol (~5% V/V) and isopropyl alcohol (~5%
V/V). Titanium (IV) oxide sulfate sulfuric acid hydrate (TiOSO4¢xH>O+H2SO4) was purchased
from Alfa Aesar. Ammonium hydroxide (30 w/w %) and cerium (III) nitrate hexahydrate (99.5%)
were purchased from Sigma Aldrich. Nickel foam substrate was purchased from Shanghai Tankii

Alloy Material Co. Deionized water was used during the photocatalyst synthesizing process.

3.3. Photocatalyst preparation
3.3.1. Preparing surface fluorinated P25 (F-P25)

Ammonium fluoride was added to 400 mL 2-propanol and the solution was stirred for 2 h at
room temperature, and then the solution’s pH was adjusted at 3.5 by adding 0.2 M nitric acid.
Then, P25 with (Ti/F) molar ratio of 1:2 was added to the above solution and the solution was
stirred for an additional 3 h. The pH was monitored during the stirring and the solution’s pH was
adjusted around 4 by adding nitric acid. The obtained adsorbents were filtered and washed with
deionized water several times and dried in an oven at 100 ‘C for 12 h. The amount of F in F-P25

was 7 atomic %. The prepared adsorbent is called F-P25.

Specific amounts of as-prepared adsorbent were suspended in reagent alcohol and sonicated in
an ultrasonic bath for 5 min (solution A). Nickel-foam (7cmx9cm) was used as the substrate.
Before coating, the substrates were washed with reagent alcohol and dried at 90 ‘C for 1 h.

Afterward, they were put into the solution A and sonicated for another 5 min. Then, the nickel
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foam substrates were dried in an oven at 200 'C for 1 h. For comparison, bare P25 was coated on

nickel foam using a similar procedure and is called P25 in this study.

3.3.2. Preparing C-doped P25 (C-P25)

For the synthesis of C-doped P25, appropriate amounts of P25 and carbon black corresponding
to a given dopant concentration were mixed with 250 mL of reagent alcohol. The prepared solution
was sonicated for 1.5 h (solution B) using a Branson 450 sonifier with 160 W input power. Nickel
foam (9 cm x 7 cm), as the substrate, was washed with reagent alcohol and dried at 90 °C for 1 h.
Afterwards, nickel foam was immersed in solution B for dip coating and then sonicated for 5 min
using an ultrasonic bath. The substrate was then dried in an oven at 150 °C for 2 h. The initial mass
ratio of C and TiO; was controlled at 0.13%, 0.1%, 0.07% and 0.04 wt. %, which are indicated as
C-P25-0.13%, C-P25-0.1%, C-P25-0.07% and C-P25-0.04%, respectively. For comparison
purposes, P25 without any carbon dopant was coated on the nickel foam using the same procedure:
it is called P25 in this study. To demonstrate that the aforementioned synthesis method actually
achieved carbon doping into the TiO: lattice structure and not merely coated it on the surface, a
sample of P25 and carbon (0.1 wt. %) mixture was prepared without the ultrasonic process and

coated on the nickel foam in the same manner.

3.3.3. Preparing Ce-doped TiO:2 and TiO2

The Ce-doped TiO: photocatalysts with different Ce contents were synthesized by the
hydrothermal method. A specific amount of TiOSO4exH>O+H>SO4 and Ce(NO3)3¢6H>O were
dissolved in deionized water and stirred at room temperature for 2 h to achieve a transparent
solution. Afterward, ammonium hydroxide was added dropwise to the solution under continuous
stirring to reach a pH value of approximatively 11. During this step, solution pH was monitored
continuously. The obtained suspension was transferred to a 200 mL autoclave and heated at the
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rate of 5 °C/min to 150 °C and remained 24 h in an oven at this temperature. The obtained
precipitate was centrifuged and washed several times with deionized water. Finally, the powder
was dried overnight. For comparison, TiO> photocatalyst was also synthesized by the same
procedure described above without the Ce precursor. Herein, the photocatalysts with different Ce
contents, including 0.2, 0.5, 1, and 1.5 atomic%, were synthesized and samples were named

0.2%Ce-Ti02, 0.5%Ce-TiO2, 1%Ce-TiO2, and 1.5%Ce-TiO», respectively.

3.3.4. Preparing surface fluorinated 0.5% Ce-doped TiO2

Ammonium fluoride was added to 400 mL of 2-propanol solvent and stirred for 2 h at room
temperature. Then, the solution pH was adjusted at about 3.5 by adding 0.2 M nitric acid.
Afterward, as-prepared 0.5%Ce-TiO: (Ti/F molar ratio 1:2) was added and stirred for about 3 h.
The solution pH was monitored and controlled at ~4, by gradually adding nitric acid. Subsequently,
the obtained powder was centrifuged and washed several times with deionized water and dried

overnight. The prepared photocatalyst is called F-0.5%Ce-TiO> in this study.

3.3.5. Preparing Fe-doped TiO2

Synthesis of Fe-TiO> photocatalysts was performed using TiOSO4exH>O+H>SO4 and
FeSO4¢7H>0 as titania and iron precursors, respectively. The same photocatalyst preparation in
Section 3.3.3 was repeated to obtain the solution. Then, the mixture was heated in the Teflon-lined
stainless-steel autoclave (200 mL) for 24 h at a rate of 5 °C/min to 150 °C. Regarding the Fe
amount, the yellow-brown precipitates were centrifuged and then washed several times with
deionized water. The resulting precipitates were dried overnight. Various Fe contents in the range
of 0.2-4% were synthesized and their performance was examined for MEK removal. Based on

results (more details in Section 4.6.2.8), three of them (0.2, 0.4, and 1 atomic %) were selected for
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the ensuing experiments and samples were labeled as 0.2%Fe-TiO2, 0.4%Fe-TiO2, and 1%Fe-

TiO,, respectively.

3.3.6. Preparing surface fluorinated 0.4% Fe-doped TiO2
Based on obtained removal efficiency results, Fe-doped TiO> with an optimum Fe content
(0.4%) was selected for surface fluorination. For this purpose, the same procedure explained in

section 3.3.4 was followed. Here, the synthesized photocatalyst is called F-0.4%Fe-TiOx.

3.3.7. Dip coating process
For the dip-coating process of Ce-Ti0Oz, F-0.5%Ce-TiO;, Fe-Ti0O, and F-0.4%Fe-TiO,, first,
the nickel foam substrates (7cm % 9cm) were washed thoroughly in deionized water by using an
ultrasonic bath and dried at 100 °C for 1 h. Then, 0.5 g of as-prepared photocatalysts were
suspended in deionized water and sonicated in the ultrasound bath for 5 min. Nickel foam
substrates were immersed in the solution and sonicated for 5 min. Finally, the coated substrates

were dried at 105 °C for 2 h and then calcined at 500 °C for 4 h.

All nickel foam substrates weights were measured before and after coating with photocatalysts
to calculate the amount of coated powder and coating density. The coating density for all examined

substrates was kept in the range of 7.8 mg/cm? (+ 0.5).

3.4. Characterization of photocatalysts
The crystalline phase of all synthesized photocatalysts was analyzed by Bruker D§ ADVANCE
X-ray diffractometer using Cu Ka irradiation with a 0.02 step size. The structure of the
photocatalysts was studied by the Raman spectrometer (NXR 967 FT Raman) at room temperature
using a 532 nm Ar" laser as the excitation source. The scanning range was 100-800 cm™'. Fourier

transform infrared (FTIR) spectra was performed using the FTIR spectrometer (Thermo Scientific)
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in the range of 4000-1000 cm . The morphology of photocatalysts was observed by high-
resolution transmission electron microscopy (HRTEM, 2100F, JEOL, operated at 200 kV) and
scanning electron microscopy (SEM, Hitachi S-3400 N, equipped with energy-dispersive
spectroscopy (EDS)) system. The Brunauer-Emmett-Teller (BET) surface area of all prepared
photocatalysts was obtained using the Quantachrome BET analyzer (Autosorb-1, USA). The pore
size distribution was obtained from the desorption branch of the N>-adsorption isotherm using the
Barrett-Joyner-Halenda (BJH) method. The water contact angle of the photocatalysts (powder
form) was measured using a dynamic contact angle instrument and tensiometer (DCAT 11,
Dataphysics). The contact angle of photocatalysts was measured first with n-hexane for calibration
and then with deionized water. Surface chemical compositions of synthesized photocatalysts were
analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Scientific, USA) equipped with Al
Ko radiation source (hv =1486.6 ¢V) and an X-ray spot size of 400 um in diameter. The optical
properties of synthesized photocatalysts and ultraviolet-visible (UV-Vis) diffuse reflectance
spectra (DRS) were obtained over a range of 200-800 nm using the Perkin Elmer, Lambda 750
spectrophotometer (USA). Photoluminescence (PL) emission spectra were recorded at a

wavelength of 250 nm using a Perkin Elmer spectrofluorometer, (LS45, USA).
3.5. Performance evaluation

3.5.1. Adsorption

Various models have been reported in the literature to describe the experimental adsorption data
[144, 150-153]. Among different isotherm models, for PCO of indoor air pollutants, Langmuir is

used as a common isotherm model, which is appropriate at low contaminant concentration [65, 74,
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154]. In this work, three isotherm models, namely Langmuir, Freundlich, and Brunauer—-Emmett—
Teller (BET), are selected to study the wide range of contaminant concentrations.

Langmuir. The Langmuir isotherm is a commonly used adsorption model that assumes
monolayer adsorption on a finite number of localized sites that are identical and energetically
equivalent. It assumes that each site is holding only one adsorbate molecule and there is no
interaction between the adsorbed molecules [155-158]. The Langmuir adsorption isotherm is
generally used in surface kinetics for the dynamic equilibrium of gaseous phase and adsorbed-

phase [74, 159, 160]. The uptake amount (¢.) was calculated by [153]:

_ qmLKLCo
q. = Ll 6D

where g. 1s the equilibrium adsorbents capacity at Cp measured as the amount of adsorbed VOC
per unit of mass of adsorbent (mg/g), g 1s the maximum adsorption capacity corresponding to
monolayer full coverage, Cy is the gaseous phase concentration (mg/m?*), and K is the equilibrium
constant (m*/mg). Based on the experimental data obtained from upstream and downstream, the

adsorption capacity of adsorbents for VOCs can be evaluated by the following equation [74].

t ©_ 0
.= foadSQ(Cu:l—Cdown)dt (3.2)
S

where 1,4 is the time of adsorption test (min), Q is the air flow rate (L/min), C?,, and C? zon
are the upstream and downstream concentrations of pollutants (mg/m?) as a function of time,
respectively, and m; is the mass of adsorbent (g). A dimensional constant named separation factor
R; which is given by the following equation can describe the characteristic of the Langmuir

isotherm [157].

1
T 1+KLCo

Ry

(3.3)
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The R; value represents the type of the isotherm to be either favorable (0 < R, < 1), irreversible
(Rr = 0), linear (Rz = 1), or unfavorable (R, > 1) [155, 157].

BET. Brunauer—-Emmett—Teller (BET) isotherm, is a theoretical equation which is mostly
applied in the gas-solid equilibrium systems [153]. In contrast to Langmuir isotherm, BET model
considers the multilayer adsorption [161]. In addition, the effect of the surface tension of the

adsorbate in this model is neglected [162].

=gq KpgCo
e = 1mB (1K1 Co)(A-KLCo+KBCo)

q (3.4)

where guz is the adsorption capacity of BET model (mg/g), and Kp is a BET equilibrium
constant (m*/mg).

Freundlich. Freundlich isotherm is describing non-ideal and reversible adsorption, which can
be applied to the monolayer and multilayer adsorption. Freundlich isotherm model is represented

as follows [160]:

4o = KC,'" (3.5)

The Kr is the Freundlich isotherm constant and an indicator of adsorption capacity (mg/g
(m*/mg)'™), while 7 is related to the adsorption intensity and the strength of adsorption [155, 158].
The n constant reveals the adsorption process type, whether the adsorption is a favorable process
(n> 1) or an unfavorable process (n < 1) [163].

Validity of model. Two error functions, including the coefficient of determination (R?) and the
sum of squares of relative error (SSRE), were used to assess the goodness-of-fit of isotherms. The

SSRE can be determined by the following equation [153]:

SSRE = é\]zl(Qe,exp.,i_Qe,cal.,i)z (36)

Geexp.i
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Adsorption efficiency. The adsorption efficiency of adsorbents was determined via following

equation [11, 148]:

cO_c®

Adsorption efficiency, 4 (%) = (%) x 100 3.7)

up

3.5.2. Photocatalytic activity measurement
The single-pass removal efficiency, reaction rate, and by-product generation rate were

calculated using the following equations:

Qair(Cup_Cdown)
%) = ——x 100 3.8
n (%) Qair<Cun (3.8)
Qair(cd wn — Cup)
Tby—product = ~—Tpco = m ;AZET - (3.9

where, # (%) is the single-pass removal efficiency of a VOCs, Cup and Caown are respectively the
VOC/by-product concentrations at upstream and downstream (mg/m?), Quir is the airflow rate
(m*/min), 7p¢o is the reaction rate (mg/m?. min), Thy—product 18 the by-product generation rate
(mg/m?. min), Aggris the specific surface area of the catalyst (m?/g), and m is the photocatalyst
mass (g).

The quantum yield for the photochemical reaction of photocatalysts can be estimated by [24]:

® = rate of reaction (3.10)

rate of absorption of radiation

Due to the low concentration of VOC in this study, the concentration of CO2 was lower than
the detection limit of our direct reading instrument; therefore, the mineralization of VOC is not

evaluated in this study.

It should be noted that the residence time is calculated by using the following equation.
Moreover, the volume of photocatalyst’s substrate is measured by using the thickness of nickel

foam after entirely coated with photocatalyst.
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Volume of coated substrate (m3)

Flow rate (mS/sec)

T(sec) = (3.11)

3.6. Analysis instruments

The analysis in this study was performed using Agilent Gas Chromatography/ Mass
Spectrometer combined with Perkin Elmer Thermal Desorber (GC-MS/TD) and Perkin Elmer
High-Performance Liquid Chromatography (HPLC). The analytical operation of GC/MS and
HPLC are tabulated in Table 3.1 and 3.2, respectively.

Common VOCs can be easily detected by GC/MS, but for carbonyl compounds and most
especially for lighter carbonyl compounds with molecular weight <74 g/mol, the HPLC is the
favorable choice for analysis [164-166]. In addition, as can be seen from the degradation pathway
of MEK in Section 4.3.2.7 (MW=72 g/mol) [167], the formaldehyde, acetaldehyde and acetone
were detected as by-products in this research. Since EPA TO-11a is a common method to measure
these compounds in air [168], the air sampling and analysis method of MEK and its degradation
by-products were based on that method [166, 169, 170].

Generally, the 2,4-dinitro-phenyl hydrazine (DNPH) cartridge is used to collect air onto the
solid sorbent, followed by acetonitrile elution of the cartridge and liquid injection of eluent sample
into the HPLC for analysis [171]. The samples were analyzed by EPA TO-11a method (EPA,

1999) [168]. For GC sampling, Air Toxic tubes were used to collect polluted air.
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Table 3.1. Analytical parameters for the TD/GC/MS analysis.

TD-Perkin Elmer (TurboMatrix 650)

Primary (tube) desorption

Desorption temperature and time of sorbent tube

300 °C for 10 minutes

Desorption flow 25 mL/min
Temperature cold trap 27 °C
Carrier gas Helium

Secondary (trap) desorption

Desorption temperature and time of cold trap

300 °C (at a rate of 40 °C/sec) for
5 minutes

Constant pressure 10.1 psi
Valve temperature 150 °C
Transfer line 150 °C
Outlet split 40 mL/min
Column flow 1 mL/min
Inlet spilt 35 mL/min
Injected percentage 1 %
GC-Agilent Technology (7890B)

Agilent J&W GC Columns

HP-5MS Ul
Column

30 m x 0.250 mm L.D.
Film thickness = 0.25 pm

Temperature gradient programming

35°C 4 min
8 °C/min —100°C 0 min
110°C/min  —300°C 5 min

MS-Agilent Technology (5977B MSD)

Scan 30-290
MS source temperature 230 °C maximum 250 °C
MS quad temperature 150 °C maximum 200 °C

Table 3.2. Analytical parameters for the HPLC analysis.

Method name TO-11A
Column SUPELCOSIL™ LC-18 _
25 cm % 4.6 mm, 5 um film thickness
Mobile phase 72 % Acetonitrile (A), 28 % Water (B)
Flow rate I mL/min
Run Time 10 min
Detector UV-Vis
Wavelength 360 nm
Injection Volume 20 uL
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Chapter 4

4. Results and Discussion

4.1. Photocatalytic degradation of VOCs: three different scaled setups
UV-PCO can degrade a wide range of VOCs and potentially mineralize them into harmless

and/or less harmful oxidation products, such as water and carbon dioxide [21].

Accordingly, several points should be addressed in PCO development. Most research has been
conducted in small-scale setups that operating in laboratory conditions and the PCO removal
efficiency of VOCs is proven in small scales. As mentioned before, only a few of the experiments
considered real conditions or using full-scale setups [22, 67, 74, 172-174]. Small-scale results may
not be extensible for using PCO for VOC removal in large-scale applications [175]. For testing the
real indoor application or scaling up the PCO system, several limitations should be considered.
For instance, the effect of high flow rate, short residence time, low contaminant concentrations
(indoors level), and by-products generation, should all be considered in the continuous full-scale
reactor. Moreover, the moderate efficiency of PCO, especially in high flow rates, is an additional

concern that limits full-scale applications [176].

This section focuses on three different scales of air purification setups. In this regard, the PCO
process of a commercial TiO> photocatalyst for removal of toluene and isobutanol was examined.
These compounds are found in the indoor environment and in the list of test compounds in

ASHRAE Standard 145.2-2016 [177].

To consider the real indoor applications, all experiments were carried out at small residence
time, high flow rate, and 50% relative humidity. In order to be applicable for indoor conditions,

the contaminant concentration was chosen in ppb level to be closer to the indoor environments.
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The innovative comparison of UVC-PCO experimental results of three different scales is
discussed. Using vacuum ultraviolet (VUV) irradiation as an assistant for PCO process has
recently been adopted in air purification methods [13, 178-180]. The PCO removal efficiency,
PCO reaction rate, and by-product generation rate are evaluated in each of the three scales. In
addition, the generation of ozone by using the VUV irradiation and its effect on the performance

of photocatalyst is also examined in the pilot and full scale.

4.1.1. Experimental condition

The experimental setups are explained in detail in section 3.1. The flow rate in the bench, pilot,
and full-scale setups were kept at 1.8 m3/h, 170 m*/h, and 1700 m>/h, respectively, for all tested
experiments. To examine different velocities in the bench-scale, the face area of the photocatalyst
media was altered by covering the edges of the support. Once the experimental conditions (air flow
rate, humidity, and temperature) became stable, injection of VOC, with an appropriate injection
rate, was started. After 10 minutes, by turning on the UV lamps, the PCO reaction initiated. After
stabilization of light irradiation, injection and reaching a steady-state, the sampling from the point
upstream and downstream were taken for GC/MS and HPLC analyzing. GC samples were
collected using a sampling pump at 50 mL/min for 30 min (50 and 100 ppb), 10 min (500 ppb), 5
min (1000 ppb), and 3 min (2000 ppb). HPLC samples were taken by Sigma Aldrich Lp-DNPH
cartridges and KI ozone scrubber using a sampling pump at 1 L/min for 90 min. In pilot-scale and
full-scale, beside the manual GC and HPLC sampling, the upstream and downstream of each duct
were measured for the contaminant and ozone concentrations by an auto-sampler connected with
a calibrated multi-gas analyzer (INNOVA, AirTech Instruments 1312) and a multi-channel ozone
analyzer (Model:465L, Teledyne Technologies Company with six channels), respectively. Upon

concluding the sampling, the UV-PCO test was completed and the injection was stopped, but the
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measurement was continued. Then the test process was repeated with the second injection. To
prevent the catalyst deactivation, which usually happens at a high concentration, the injection was
done in accordance with the specified amount from low to high concentrations. Photocatalysts

were changed to a fresh one, before starting the PCO test of each VOC.

The sampling in all three setups was repeated three times which showed stable and good
repeatability with less than 5% standard deviation. In all figures, the standard deviation is shown

by vertical bars.

The operating conditions and properties of setups are given in Table 4.1 and Table 4.2,

respectively.

Table 4.1. The operating parameters for VOCs removal in the bench, pilot, and full-scale setups.

Values
Parameter
Bench-scale Pilot-scale Full-scale
Temperature 23.5+0.5°C 21+£0.5°C 23.5+1°C
Dew point 12.7+0.5°C 10+ 0.5°C 13.5+0.5°C
Relative humidity 50+1% 47£3% 48 £2% %
Air flow rate 1.8 m*h 170 m’/h 1700 m’/h
Velocity 0.1,0.3,0.5,and 1.25 m/s 0.5 m/s 1.25 m/s
Residence time 0.01, 0.03, 0.05, and 0.18 sec 0.03 sec 0.01 sec

Inlet concentration

50 ppb, 100 ppb, 500 ppb,
1 ppm, 2 ppm

50 ppb, 100 ppb, 500
ppb, 1 ppm, 2 ppm

100 ppb, 1ppm
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Table 4.2. characteristics of the bench, pilot, and full-scale setups.

Unit Bench-scale Pilot-scale Full-scale
Material - Aluminium Aluminium Stainless steel
Number of Catalyst layer - 2 2 2
2 x2x0.7
Dimension of catalyst bed (H x 3x3.5x0.7
L x W) cm 4 x4x0.7 31 x31%x0.7 61 x61x0.7
7 x9x0.7
Dimension "“1‘3‘“‘” H>Wx  om 7 %x9%x100  31x31x2814 61 x61x 1150
Volume of reactor m’ 6.3x1073 1.7 10
2 UVC 4 UVC
Number of lamps - 20UVC 2 VUV 4AVUV
Dimension of lamps
(L x Dia.) cm 5.7x0.9 20.1 x 1.5 472 %2
Average UVC light intensity on W/m2 36 41 34

the photocatalyst’s substrate

4.1.2. Results and discussion

4.1.2.1.  Structure and photocatalyst properties

Fig. 4.1 shows the SEM images of the photocatalyst and its elemental mapping, measured at
different points specified in the micrograph (Figs. 4.1(d-f)). Fig. 4.1a expresses the cylindrical
morphology of Si0O; glass fiber. Fig. 4.1b and ¢ show that the surface of silica glass fiber has been
coated with TiO; nanoparticles, however, an accumulation of TiO» nanoparticles is observed in

some parts.
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Figure 4.1. SEM images of Saint-Gobain filter and its elemental mapping of O, Si, and Ti.

The surface elemental concentration given by EDS analysis is shown in Table 4.3 for Saint-
Gobain photocatalyst. In Saint-Gobain photocatalyst, TiO> is deposited on silica glass fiber, as a

result of EDS analysis, Si and O are dominant, and it can be also observed in mapping images.

Table 4.3. Elemental composition from EDS analysis of Saint-Gobain catalyst.

Sample Ti 0] Si

. . Atomic % 6.85 61.17  31.98
Saint-Gobain PCO filter -~y 0/} o/ 14.88 4439 4073

The BET surface area, pore diameter, and pore volume of the photocatalyst are tabulated in
Table 4.4. The structure of the TiO, powder was examined by XRD, and the result is presented in

Fig. 4.2. As can be seen, wide-angle XRD patterns show the main diffraction peaks at 25.3°, 38°,
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48.1°, 55.1°, 62.7°, 70.3°, and 74°, indexing to the (101), (004), (200), (211), (204), (220), and
(107) planes of anatase TiO», respectively (JCPDS 21-1272). Based on the Scherrer equation, the

crystallite sizes of TiO; is calculated for 100% anatase phase by assuming the shape factor of 0.9

and the value was 10 nm.

Table 4.4. BET surface area and pore structure parameters for PCO filter.

Parameters Unit Saint Gobain filter
BET surface area m?/g 105.71
Average pore nm 3.60
Pore volume cm’/g 0.10
=

A Anatase

[ntensity (a.u.)

20 30 40 50 60 70 80 20
28 (degree)

Figure 4.2. XRD pattern of Saint-Gobain photocatalyst.

4.1.2.2.  Photocatalytic activity of photocatalyst

The photocatalytic activity and PCO reaction rate of the commercial photocatalyst for toluene
and isobutanol degradation under UV irradiation are calculated based on upstream and

downstream concentrations and quantified by the Egs. (3.8) and (3.9).
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4.1.2.2.1. Full-scale

The toluene and isobutanol degradation by UVC-PCO, VUV photolysis, and VUV-PCO in full-
scale setup are compared in Fig. 4.3. VOCs degradation in UV-PCO process mainly takes place
on the photocatalyst surface and this process is considered as heterogeneous catalysis. However,
degradation of VOCs by VUV photolysis occurs in the gas phase when exposed to highly reactive
oxidants [87]. In comparison with conventional UVC-PCO (wavelength 254 or 365nm), the VUV
light can significantly improve the photocatalytic degradation efficiency of both toluene and
isobutanol. When using VUV lamp, VOCs can be decomposed by photolysis, radical oxidation,

and ozonation process [86, 87].

VUV lamp irradiates photons at 185 nm UV light (about 10%) and 254 nm UV light (about
90%). Consequently, as presented in Egs. (4.1)-(4.6), VUV can produce a number of strong
oxidants, such as O('D), O(°P), O3, "Os, "0, and ‘OH, in the presence of oxygen and water, which

are available in the air [13, 178, 181].

0, + h9(< 243nm) - 0( 'D) + 0( °P) 4.1)
o('D)+M-0(°P)+M (M =0,0rN,) (4.2)
O(*P)+0,+M—>0;+M 4.3)
0; + h9 (<310nm) » O( D)+ M (4.4)
0('D) + H,0 > 2 "OH (4.5)
H,0 + h9(185nm) - "OH+ H (4.6)
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where O('D) and O(’P) indicate as excited and ground state oxygen atom, respectively.
Generally, the formation of reactive oxygen species (ROS) in PCO lead to a higher mineralization
and formation of less partially oxidized compounds [22, 179, 181-183]. As a result, it reduces
organic intermediates from the photocatalyst’s surface, leading to having a high photocatalytic
efficiency, a stable photocatalyst, and extending the photocatalyst’s lifetime [179, 181]. As can be
seen from Eq. (4.3), ozone is produced as a result of the decomposition of the air’s oxygen in the
presence of VUV irradiation. Ozone acts as an electron acceptor, which can effectively reduce the
recombination of electron-hole pairs and increase the lifetime of the hole in photocatalysis [179].
Generated ozone, as a by-product, is a powerful oxidizing species that can react with VOC
contaminants and enhance the photocatalytic efficiency. However, the main problem with VUV
photolysis is the residual ozone, which acts as a pollutant and can affect human health and the
environment [22, 23, 76, 86, 90]. Table 4.5 presents the amount of ozone generated during the
removal process of toluene and isobutanol. According to the full-scale column in the table, the
ozone concentration is lower in the presence of photocatalyst media. It shows that in PCO of
VOCs, more ozone and reactive species react with contaminants, consequently, the removal
efficiency in VUV-PCO is higher than in VUV photolysis.

As can be seen from Fig. 4.3, there is no efficiency for toluene in UVC-PCO in the full-scale
setup, however, 24.1% and 8.6% removal efficiency were observed for isobutanol at 100 ppb and
1000 ppb concentration, respectively. In fact, the low PCO removal efficiency is attributed to small
residence time in full-scale setup (0.01 sec). As a result, the contact time between VOC molecules

and photocatalyst is not sufficient to ensure a significant pollutants oxidation.

The direct VUV photolysis contributed about 13.3 % and 3.6 % toluene removal for 100 ppb

and 1000 ppb, respectively. Moreover, VUV photolysis for isobutanol removal, showed 47.8 %
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and 15.7 % for 100 ppb and 1000 ppb, respectively. In addition, there are no big differences
between VUV-PCO and VUV photolysis for toluene while, for isobutanol removal, maximum
efficiency for 100 ppb and 1000 ppb were reached, to 52.7% and 17.6% in VUV-PCO system,
respectively. In VUV photolysis and VUV-PCO, the presence of ozone and reactive species lead

to a higher removal efficiency compared to UVC-PCO, even in small residence time.

Fig. 4.3 also shows that the PCO reaction rate of toluene and isobutanol over TiO> photocatalyst
changed significantly with the increase in inlet pollutant concentration. The increase of inlet
concentration enhances the PCO reaction rate. Furthermore, the reaction rate of toluene and

isobutanol is higher in VUV-PCO at both inlet concentrations.
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Figure 4.3. Toluene and isobutanol removal efficiency and PCO reaction rate for UVC-PCO, VUV
photolysis, and VUV-PCO systems in the full-scale setup (V=1.25m/s).
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Table 4.5. Ozone concentration for toluene and isobutanol in the pilot and full-scale.

Full-scale Pilot-scale
VUYV photolysis VUV/PCO VUYV photolysis VUV/PCO
Conc.” STDEV Conc. STDEV Conc. STDEV Conc. STDEV
Toluene 100 ppb 531.5 15.0 448.1 5.1 743.1 35.1 672.1 28.3
1000 ppb 503.3 12.4 453.3 14.1 719.9 33.8 632.1 31.0
Isobutanol 100 ppb 545.3 8.9 446.0 5.7 727.0 41.0 817.5 20.2
1000 ppb 546.0 6.4 443.8 9.8 717.6 29.7 845.1 22.2

*Conc.: Concentration (ppb)

4.1.2.2.2. Pilot-scale

Fig. 4.4 depicts toluene and isobutanol removal efficiencies in the pilot-scale setup for three
different removal methods, including UVC-PCO, VUV photolysis, and VUV-PCO. Moreover, in
this setup, a wide range of inlet contaminant concentrations were studied. As shown in Fig. 4.4 for
a given flow rate, by increasing the inlet concentration, the number of target molecules entering
the reactor is increased, which means that a higher amount of hydroxyl radical is required to reach
the same efficiency than with a lower one. In addition, at higher contaminant concentration, the
availability of the photocatalyst sites is limited. Considering the number of active sites at the
photocatalyst surface is fixed, at high inlet concentrations, the competition between generated by-
products and target contaminants inhibits the adsorption of challenge contaminants to initiate the
PCO reaction [184, 185]. According to the Fig. 4.4, the degradation efficiency of isobutanol is
higher than toluene. The difference in removal efficiency can be attributed to the fact that,
adsorption of isobutanol is much higher than toluene on TiO» surface which is explained in details

in Section 4.2.

The hydroxyl radical (*OH) and atomic oxygen can effectively degrade toluene and isobutanol.
Moreover, as shown in Fig. 4.4, toluene and isobutanol can be directly destroyed through VUV

photolysis. In the case of toluene, this can be explained by photon energy of VUV light and
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chemical bond energy of toluene. VUV irradiation, with 185 nm wavelength, corresponds to a
photon energy of 6.7 eV. In addition, VUV photon energy is greater than the energies of the C—H
bond in aromatic ring (4.3 eV) and the methyl group (3.7 eV), of the C—C bond in aromatic ring
(5.0-5.3 eV) and the methyl group (4.4 €V), and of the C=C bond in the aromatic ring (5.5 eV) of
toluene [87]. As a result, VUV photons can efficiently destroy toluene. Therefore, the complete
degradation of toluene results in the reduction of the catalyst deactivation [86-88]. Table 4.5
illustrates the amount of ozone generated during the removal process of toluene and isobutanol.
According to pilot-scale column in the table, the ozone concentration in toluene PCO process is
lower in VUV-PCO than VUV photolysis. This means that in the presence of photocatalyst media,
the consumption of ozone and reactive species for toluene degradation is higher than VUV
photolysis which leads to higher removal efficiency in VUV-PCO. However, the higher ozone

concentration in VUV-PCO of isobutanol, may be as a result of the aging of VUV lamps.

The PCO reaction rate is enhanced as the initial concentration of toluene is increased in both
UVC-PCO and VUV-PCO air purification systems. Many photocatalyst sites remain available for
the photocatalytic reaction in this specific range of toluene concentration. In the case of isobutanol,
the VUV-PCO reaction rate shows a linear relationship with the initial concentration. In UVC-
PCO system, the reaction rate firstly increases to approach its peak at 1000 ppb initial
concentration, and then decreases significantly at 2000 ppb. This phenomenon could be explained
through the existing adsorption competition at high concentration for adsorbing on the active site
of the catalyst, limiting hydroxyl radical and reactive species at high concentrations. As a result,
at higher isobutanol concentration, the reaction rate tends to reduce due to photocatalyst
deactivation that might happen as a result of different phenomena such as poisoning, coking, and

by-product formation that causes loss of the active sites [176].
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Figure 4.4. Toluene and isobutanol removal efficiency and PCO reaction rate for UVC-PCO, VUV
photolysis, and VUV-PCO systems in the pilot-scale setup (V=0.5m/s).

4.1.2.2.3. Bench-scale

The third set of experiments are carried out in the bench-scale setup at different inlet
concentrations and different air velocities. Fig. 4.5a presents the results of UVC-PCO efficiency
and the reaction rate of toluene and isobutanol at different inlet contaminant concentrations. For a
specific flow rate, the removal efficiency decreases as inlet contaminant concentration increases.
As mentioned in pilot setup, the photocatalyst has fixed active sites which tend to limit at higher
contaminant concentration. According to Fig. 4.5a, it is observed that the photocatalyst is the more
efficient for the removal of isobutanol. By increasing the inlet contaminant concentrations, the

PCO reaction rate is enhanced for both toluene and isobutanol.

The photocatalytic activity of the photocatalyst was investigated for degradation of both VOCs

in the residence time range of 0.01-0.18 sec, and the results are shown in Fig. 4.5b. The removal
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efficiency of isobutanol reduced from 92.5% to 55.7% (for 100 ppb) and from 83.5% to 26.8%
(for 1000 ppb), when the residence time decreased from 0.18 to 0.01 sec. In addition, the same
trend was observed for toluene, whereas removal efficiency declined from 48.2% to 11% (for 100
ppb) and from 21% to 3.2% (for 1000 ppb) when the residence time decreased from 0.18 to 0.01
sec. This fact can be ascribed to a shorter contact time between the pollutants and the
photocatalyst’s surface [186, 187]. When the residence time is increased, the VOCs molecules
have sufficient time for oxidation process. In other words, by increasing the residence time, the
collision between hydroxyl radicals and pollutants enhances. Consequently, the residence time
considered as an important parameter for application of PCO in air cleaning systems and this result

is in agreement with the literature [174, 188, 189].
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Figure 4.5. (a) Effect of inlet concentration on the toluene and isobutanol removal efficiency and UVC-
PCO reaction rate in bench-scale (V=0.5 m/s), (b) effect of velocity on the removal efficiency in UVC-
PCO process in the bench-scale setup.
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4.1.2.2.4. Comparison between three scales

In order to compare three scales, the following 6 factor (mg VOCs/ g photocatalyst media. h)

was defined to have the same inlet mass flow rate of pollutants per unit of photocatalyst media:

__ Inlet feed of pollutants _ Qqir X Cup (4.7)
" mass of photocatalyst media - m )

The calculated & for both toluene and isobutanol at 100 ppb and 1000 ppb are shown in Fig.
4.6. As can be seen, for full and bench-scale with the same velocity (V=1.25 m/s), for both
pollutants 6 factor is similar for each inlet concentration. This fact proves that the mass of
pollutants per unit mass of photocatalyst media was equal in a constant velocity and inlet
concentration. In the case of pilot and bench-scale at V=0.5 m/s, the same trend was observed for

each inlet concentration for both contaminants.
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Figure 4.6. Inlet mass flow rate of pollutants per mass of photocatalyst for toluene and isobutanol in
three different scales.
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Fig. 4.7a and b demonstrate the comparison of UVC-PCO removal efficiency between the
bench, pilot and full-scale for toluene and isobutanol, respectively. In these figures, the full and
bench-scale are compared at velocity 1.25 m/s, while bench and pilot-scale are compared at 0.5
m/s velocity. As seen, for toluene degradation, there is no efficiency in the full-scale for either
concentration that may result of its complex structure. In addition, according to Fig. 4.6, the mass
of pollutants per unit mass of photocatalyst for each concentration for both scales has not changed.
This indicates that by increasing the inlet contaminant concentration from 100 ppb to 1000 ppb for
both bench (1.8 m*/h) and full-scale (1700 m*/h), the surface photochemical reaction rate (not the

mass transfer between the catalyst and gas phase) is the controlling step.

Although the average of light intensity in all setups is in the same range (see Table 4.2), the
light distribution on the photocatalyst surface in bench scale is more uniform than in the pilot and
full-scale. By increasing the size of catalyst from 2x2 cm? and 3x3.5 cm? (bench-scale) to 31x31
cm? (pilot-scale), and further to 61x61 cm? (full-scale), the uniformity of light distribution for the

entire photocatalysts’ surface is reduced and lead to decrease the removal efficiency.

The high velocity in full-scale setup compared to pilot-scale leads to a decrease in removal
efficiency. These observations are in agreement with a comparison of the result of bench-scale at
two different velocities, it is clear that by decreasing the velocity, removal efficiency increases and
PCO reaction rate decreases. The residence time in the reactor was increased from 0.01 to 0.03
sec, as air velocity decreased from 1.25 to 0.5 m/s. This indicates that at high velocity, surface
PCO reactants do not have sufficient time for reaction, and that the reaction rate was the controlling
process. In the case of toluene removal, the results at velocity 0.5 m/s show that for 100 ppb,

bench-scale is more efficient than pilot-scale (removal efficiency was two times higher), while for
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1000 ppb there is little difference between bench and pilot. Since the average of light intensity is
similar in both scales, the light distribution plays an important role.

At higher concentration (1000 ppb) and lower residence time (V=1.25 m/s), there is insufficient
time to move the generated by-products and products from the surface of the photocatalyst. As a
result, the PCO efficiency is reduced due to the contaminants’ occupation on the surface of the

catalyst.
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Figure 4.7. Comparison removal efficiency and PCO reaction rate in UVC-PCO process between bench,
pilot, and full-scale for (a) toluene and (b) isobutanol at RH~50%.

Fig. 4.8 illustrates the differences between the removal efficiency of both toluene and isobutanol
at bench and pilot-scale. As shown, for toluene degradation, bench-scale removal efficiency is two
times higher than pilot-scale for each inlet concentration. In the case of isobutanol, the difference
between these two scales is increased as inlet concentration is increased. This can be explained by
the difference in the light source and light distribution. In bench-scale, distribution of light

irradiation for the entire photocatalyst’s surface is more uniform than in pilot and full-scale setups.
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In pilot-scale, the center of photocatalyst received higher photon intensity than the edges.
However, in bench-scale because of the small size, whole surface of photocatalyst received the
same intensity. In addition, as a result of using aluminium in bench and pilot-scale setups, the light
reflection from duct walls was higher than full-scale which made of stainless steel. The changes

in PCO reaction rates by initial concentrations for each setup are explained before.
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Figure 4.8. Comparison removal efficiency and PCO reaction rate in UVC-PCO process between bench-
scale and pilot-scale for both toluene and isobutanol at different inlet concentration, RH~50% and
velocity=0.5 m/s.

Fig. 4.9 demonstrates the comparison of removal efficiency between full and pilot-scale in three
air purification systems. Fig. 4.9a shows the results of UVC-PCO, VUV photolysis, and VUV-
PCO for toluene in two different inlet concentrations. Fig. 4.9b presents the same comparison for

isobutanol degradation. It is apparent that the effects of both velocity and light distribution cause
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the differences between the results of full and pilot-scale. The much higher velocity and lower
light distribution uniformity in the full-scale led to a lower removal efficiency for both inlet
concentration for toluene and isobutanol contaminants. According to the figures, VUV-PCO
demonstrates the higher removal efficiency and higher PCO reaction rate in each inlet
concentration for both pilot and full-scale. As seen in Figs. 4.7-4.9, increasing the inlet
concertation ten times, led to 3 to 5 times increase in reaction rate. This is because of the

contribution and interaction between photons, catalyst, and reactants which makes the reaction rate

complex and non-linear [190].

According to Fig. 4.6, the amount of inlet mass of contaminant per unit of photocatalyst is high
in the full-scale setup. By increasing the flow rate from 170 m>/h (pilot-scale) to 1700 m*/h (full-

scale), the higher VOCs load entering the reactor will decrease the removal efficiency.
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Figure 4.9. Comparison removal efficiency and PCO reaction rate for UVC-PCO, VUV photolysis, VUV-
PCO systems between pilot-scale and full-scale for (a) toluene and (b) isobutanol at RH~50%.
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4.1.2.2.5. By-products

The main concern of scaling up the PCO technology, and its application in buildings’
mechanical ventilation, is the formation of harmful by-products. The comparison of the results of
HPLC analysis for by-product formation in the bench, pilot, and full-scale, are presented in Fig.
4.10 and Fig. 4.11 for toluene and isobutanol, respectively. These figures illustrate the PCO
reaction rate and HPLC by-product generation rate under several PCO systems, including UVC-
PCO, VUV photolysis, and VUV-PCO.

In addition, the full-scale’s by-products identified by GC analysis are presented in Tables 4.6
and 4.7 for toluene and isobutanol, respectively. The by-product generation rates (mg/min.m?) are
calculated by the Eq. (3.9) and are based on the amount of by-product produced, on the
photocatalyst’s surface per unit time.

It is worth mentioning that VOCs are degraded in PCO reaction stepwise, which means in
various middle steps, intermediates may produce and mineralize to form the final products [21,
181]. The formation of by-products, a result of the PCO reaction mechanism and contaminant
types, may affect the application of PCO in the indoor air purification system. Moreover, the
formation of intermediates and by-products, and their accumulation on the catalyst’s surface, may
deactivate the photocatalyst [173, 191].

According to Fig. 4.10a, the formaldehyde generation rate for toluene in full-scale for UVC-
PCO and VUV, has quite a similar range, while, it increases in the VUV-PCO system. This may
result in a higher degradation rate in the VUV-PCO. Acetone is produced only in the UVC-PCO
system. Crotonaldehyde, which was only detected in full-scale tests, is formed in the presence of
a VUV lamp for VUV photolysis and VUV-PCO methods, at a similar rate, between 105-120

ng/min.m?.

61



In the pilot-scale, Fig. 4.10b, the formaldehyde generation rate for both inlet contaminant
concentrations followed the order: VUV-PCO > UVC-PCO > VUYV; for acetaldehyde, the order is
UVC-PCO > VUV-PCO > VUV. In addition, the amount of acetone generation is approximately
the same in all of these experiments.

At higher concentrations and at lower residence time, the amount of by-product generation is
higher. This phenomenon happens because the time required for degradation of contaminants and
by-products is insufficient and they occupy the active sites of the catalyst, causing the deactivation
of catalyst [186]. As a result of less adsorption of contaminants, the PCO removal efficiency is

decreased. This fact can be observed by comparing the pilot and full-scale by-products results.

As presented in Fig. 4.10c, by increasing the air velocity in toluene degradation process, the by-
product generation rates, including formaldehyde, acetaldehyde, and acetone tend to increase at
both inlet concentrations. In addition, the same trend is shown for isobutanol in Fig. 4.11c. As can
be seen, it is observed that by-product generation is residence time dependent. When this last
parameter increases, less by-products are generated for both toluene and isobutanol.

According to the figures, the increase in the air velocity leads to an increase in PCO reaction
rate for both toluene and isobutanol. The reason is that the VOCs photocatalytic reaction rates were
higher than the VOCs diffusion rate, resulting in the diffusion of toluene and isobutanol controlling

the PCO process in bench-scale tests [192].
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Table 4.6. GC by-products of toluene in the full-scale.

Concentration By-products
100 ppb Isopropyl alcohol, acetoin, ethanol, acetone, n-
UVC-PCO pp hexane, methyl alcohol, benzene

1000 ppb Acetic anhydride, ethylbenzene

Methyl alcohol, 3-methyl-2-pentanone,
vuv 100 ppb benzaldehyde

photolysis 1000 ppb Ethanol, benzaldehyde
100 ppb Acetone, ethylbenzene, n-hexane, benzaldehyde,

VUV-PCO 2-butanone
1000 ppb Acetone, benzaldehyde

Table 4.7. GC by-products of isobutanol in the full-scale.

Concentration By-products
2-methylpropanal, methoxyacetone, acetone, methyl
100 ppb alcohol, 2-methylbutane, methacrolein, isobutanoic
UVC-PCO acid, acetic acid ethenyl ester
1000 ppb 2-methylbutane, 2-methylpropanal, isobutenal
100 ppb Acetong, 2—me‘thlpropanal, 2-butenal, 2,3-
\"4A0\% butanedione, 2,2-dimethylpropanal
photolysis 1000 ppb 2-methylbutane, acetone, 2-methylpropanal,

isobutenal, isobutanoic acid
100 ppb Dimethyl ether, acetone, 2-methylpropanal, 2-butenal

VUV-PCO 1000 pob Propene, methyl alcohol, 2-methylpropanal, isobutenal,
PP 2,3-butanedione, 2-methylbutane

In the case of isobutanol degradation at full-scale and pilot (Fig. 4.11a and b), the generation of
formaldehyde and acetaldehyde in each inlet contaminant concentration and for all PCO systems,
are in the same range. MEK generation for both setups in 1000 ppb concentration, follows the
order: VUV-PCO > UVC-PCO > VUV. The amount of crotonaldehyde at full-scale for VUV
photolysis and VUV-PCO is the same for both concentrations, and higher than the UVC-PCO
system. The crotonaldehyde in pilot-scale is produced in the presence of VUV, its amount being

approximately the same for both concentrations, and for VUV and VUV-PCO.
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Figure 4.10. By-product generation rate and PCO reaction rate in (a) full-scale, (b) pilot-scale, (c)

bench-scale for toluene degradation.

64



-6

-6

By-product generation rate 10

-

By-product generation rate <10

By-product generation rate X 10

Isobutanol, Full-scale

500 2
Formaldehyde ® (a)
450 1 Acetaldehyde rie
100 Acetone u — 1.6 -
Crotoaldehyde k=)
350 | MEK - 14—
X
a0 Reaction rate X 12 &
= 300 — g
2 R -
E 250 g
= 3]
g0 L
£ 200 08 §
150 | Lose 8
=
100 — — 0.4
50 | roz2
0 =0
UVC-PCO VUV-PCO vuv VUV-PCO
100 ppb 1000 ppb
Isobutanol, Pilot-scale
0.8
300 —
Formaldehyde M * (b)
Acetaldehyde F0.7
250 | Acetone u
Crotoaldehyde 06 "5
200 | MEK = s X
a0 Reaction rate X . &
£ =
= g
‘150 A 04 e
e g
g Loz &
100 —| 8
=02 &
50 Lo
0— -0
UVC-PCO VUV-PCO UVC-PCO vuv VUV-PCO
1000 ppb
Isobutanol, Bench-scale
@[
C
1000 4 Formaldehyde ® 22
Acetaldehyde } L
400 Acetone | s o
Crotoaldehyde ' 2
= MEK ] 16 X
L : EYER-
£ 600 Reactionrate (100 ppb) — —x— ' £
2 =
= o - -12 ¢
£ Reaction rate (1000 ppb) - = - %= - - = 2
2 3
= 400 — =
08 o
]
06 o
200 04
F02
0- o

V=0.1 m/s V=0.3 m/s

100 ppb

V=1.25m's

V=05 m/s V=125 m/s V=0.1m/s V=03 m/s V=0.5m/s

1000 pph

Figure 4.11. By-product generation rate and PCO reaction rate in (a) full-scale, (b) pilot-scale, (c)

bench-scale for isobutanol degradation.

65

(mg/min.m2)

(mg/minmz)

(mg/min.m?)



4.1.3. Conclusion

Three scales of experimental setups (full, pilot, and bench-scales) were designed to investigate
the UV-PCO performance of a commercial photocatalyst. The effect of scaling up PCO efficiency
considering toluene and isobutanol removal was evaluated in conditions close to the real
application. Various removal techniques including UVC-PCO, VUV photolysis, and VUV-PCO
studied in this research. Among them, VUV-PCO had higher removal efficiency. This can be
explained by photon energy which is higher in VUV (6.7 eV) than UVC (4.89 eV) irradiation.
However, producing the VUV irradiation is quiet expensive. The performance of UVC-PCO was
compared in three scales. In order to compare bench-scale test results with the pilot and full-scale
setups, two sets of experiments in bench-scale were conducted at velocity 0.5 m/s and 1.25 m/s,
respectively. According to the results, the removal efficiency of bench-scale was higher than that
of the pilot for both toluene and isobutanol in all examined inlet concentrations (at the velocity of
0.5 m/s). Additionally, by considering the bench and full-scale results (at velocity 1.25 m/s), it is
concluded that by increasing the size of the system and the air velocity, the removal efficiency for
toluene and isobutanol were decreased. This can be explained by differences in the light
distribution, which is more uniform in bench-scale compared to pilot and full-scale setups. As a
result, the evaluation of the light distribution of the entire photocatalyst’s surface is a crucial
parameter for the extrapolation of small-scale results to large-scale applications. Moreover, by
increasing the air velocity, the residence time of the PCO process decreases and results in reducing
the PCO removal efficiency. Furthermore, the lower inlet contaminant concentration and larger
residence time showed higher removal efficiency. This result can be explained by the limited
adsorption capacity of the catalyst’s active sites. In addition, at higher concentrations, the catalyst

surface becomes saturated.
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The PCO reaction rate of the photocatalyst increased as initial contaminant concentrations
increased, which is understandable as the mass transfer is controlling the process. Additionally,

the PCO reaction rate was enhanced by increasing the velocity in bench-scale setup.
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4.2. Adsorption behavior of surface fluorinated P25 (F-P25)

In general, heterogeneous catalytic elimination processes require an interaction between the
catalyst surface and reactant molecules (VOCs) in the gas phase. In heterogeneous PCO, only the
adsorbed compounds can be oxidized; thereby, the adsorption of VOCs on the TiO; surface is a
vital step to initiate the degradation reaction [150, 176, 193]. The adsorption behavior of various
compounds is heavily dependent on the adsorbate properties [137]. The adsorbent properties,
including surface morphology, surface area, crystal structure, and surface polarity of
photocatalysts, play decisive roles in adsorption processes [176, 193, 194]. It should be noted that
TiO2 is the most widely used photocatalyst in the PCO process [42, 143]. Degussa (Evonik) P25
is an appropriate photocatalyst with high stability for removal of organic contaminants from the
indoor air environment [195]. However, its hydrophilic surface and relatively low specific surface
area hinder the VOCs adsorption, especially at high humidity levels where the competitive
adsorption of water molecules and challenge compounds is likely to occur [146, 150, 196]. The
enhancement of P25 adsorption capacity by reducing surface hydrophilicity modification can
improve its performance in adsorption of hydrophobic organic compounds [146, 153, 197].

Therefore, surface fluorination is selected as the surface modification technique to enhance the
hydrophobic properties of adsorbent. Two types of fluorination processes in TiO, modification
are; 1) adsorbing fluoride ions on the surface which alters surface characteristics, such as polarity
and surface charge, and ii) lattice-doped fluorine, that incorporates the fluorine element into the
lattice structure and participates in lattice defects to change the crystallinity and visible light
absorption as well as prolonging the lifetime of charge carriers [141, 198-201].

The main objective of this section is to study the effect of surface fluorination on the adsorption

of organic contaminants with different polarities at various relative humidity levels. Toluene (non-
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polar, aromatic), methyl ethyl ketone (MEK, polar, ketone), and isobutanol (polar, alcohol) are
chosen to investigate the adsorption capacity of the modified adsorbent. Moreover, in this section,
three adsorption isotherms including; Langmuir, Freundlich, and BET are used to study the

adsorption efficiency and capacity of modified P25.

4.2.1. Experimental condition

Table 4.8 lists the operational conditions of the adsorption experiments in the bench reactor. It
shows the selected residence time and the range of relative humidity are close to the real
application. Toluene, MEK, and isobutanol are used as target compounds with known
concentrations (see Table 4.8). Table 4.9 summarizes the physicochemical properties of these
compounds, and it shows that the selected VOCs cover in a wide range of polarities to study the
effect of humidity of modified photocatalyst. The polarity of selected VOCs follows the order:

isobutanol > MEK > toluene which are good choices to study the effect of humidity on adsorption.

Table 4.8. The operating parameters for VOCs adsorption experiments.

Parameter Value
Temperature 23+£1°C
Relative humidity 0, 20, 40, and 60 % + 1%
Airflow rate 15+ 0.1 L/min

Toluene: 0.025 sec
MEK: 0.013 sec

Residence time for

adsorbent Isobutanol: 0.013 sec
Toluene: 0.8 — 75.9 mg/m?
Inlet concentration MEK: 1.5 — 148.5 mg/m’
Isobutanol: 3.1 — 152.5 mg/m?
Volume of reactor 6300 cm’
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Table 4.9. Physicochemical properties of the selected VOCs.

Compound vOoC Formula Molar Boiling Vapor pressure Dipole Relative
Category mass point (mmHg) at21  moment polarity
(g/mol) °O) °C D) (water = 100)
Toluene Aromatic C7Hs 92.14 110.6 232 0.375 9.9 (Non-
polar)
MEK Ketone C4Hs0 72.11 79.6 75.3 2.78 32.7 (Polar)
Isobutanol  Alcohol C4H100 74.12 107.9 8.6 1.64 55.2 (Polar)

4.2.2. Results and discussion

4.2.2.1. XRD results

The crystallinity of P25 and F-P25 photocatalysts are analyzed by XRD techniques. Fig. 4.12a
presents the XRD patterns of both anatase (JCPDS 21-1272) and rutile phases (JCPDS 21-1276)
of P25-Ti02[202]. Anatase and rutile diffraction peaks and corresponding planes are shown in the
XRD patterns. No shift in the peak position of P25 phase is observed from the XRD pattern of F-
P25 which is consistent with the previously reported studies [203, 204]. Table 4.10 illustrates the
crystallinity, phase content and lattice parameters for anatase and rutile phases of both
photocatalysts. In addition, the results of crystallite size, which is calculated based on the Scherrer
equation applied to XRD peak (101) at 26 = 25.3° for anatase and peak (110) at 26 = 27.4° for
rutile, are presented in Table 4.10. The surface fluorination results in a very slight phase transition
from anatase to rutile and a corresponding increase in the crystallite size of P25. It can be seen that
the anatase to rutile ratio is almost the same for both photocatalysts, which is consistent with the
reported studies on surface fluorination of TiO> [205]. Although surface fluorination did not affect
the crystallinity of the photocatalyst, it altered the specific BET surface area and pore size

distribution of the photocatalyst, as discussed in Section 4.2.2.4.
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Table 4.10. Structural properties of F-P25 and P25 photocatalysts.

Samples Crystallinity Phase Crystallite Crystallite Lattice Lattice
(%) content size(nm) at  size(nm) at parameter parameter
(A/R)%  peak A(101) peak R(110) for A(A°) for R(A°)
F-P25 88.8 (72.9/27.1) 26.03 42.47 a=b=3.785 a=b=4.593
c=9.514 c=2.961
P25 88.9 (75.8/24.2) 25.5 41.0 a=b=3.785 a=b=4.593

¢=9.514 c=2.961

A: Anatase, R: Rutile

4.2.2.2. PL and FTIR results

The photoluminescence spectra of F-P25 and P25 were measured to evaluate the
photogenerated charge carriers’ recombination behavior. The results of PL spectra are shown in
Fig. 4.12b. Accordingly, the PL emission intensity of F-P25 is lower than that of unmodified P25
photocatalyst. This observation indicates that the surface fluorination retarded the charge carriers’
recombination rate. This is because of a strong electronegativity of surface =Ti-F groups on F-P25

photocatalyst that can hold the photo-induced electrons [206].

The surface characteristics of P25 particles, before and after the surface fluorination, were
analyzed by FTIR spectroscopy. The FTIR spectra of both F-P25 and P25 photocatalysts are
presented in Fig. 4.12c. Accordingly, the broad and intense IR absorption in the 3000 and 3600
cm’! range are generally assigned to the various hydroxyl groups and the O-H stretching vibration
of adsorbed water molecules [207]. For the F-P25 photocatalyst, the peak in 3000-3600 cm™ was
split into three peaks; the main peak centered at 3228 cm™! corresponding to OH stretching and
two relatively small peaks centered at ~3412 cm™ and ~3184 cm’!, corresponding physically and
chemically adsorbed water, respectively [207]. The FTIR spectra of both P25 and F-P25 are
relatively similar. However, P25 shows the higher intensity of the adsorbed hydroxyl group (O—H

band), as compared to F-P25 photocatalysts, as a result of the increase of surface acidity in the
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presence of fluorine element [138, 153]. In surface fluorination, the surface hydroxyl groups are
replaced by fluoride ions and Ti-F groups are the dominant species on F-P25 photocatalyst [198].
In addition, in P25, the isolated hydroxyl groups at band 3690 cm™ showed a small peak intensity
[208]. The vibration peak at 1632 cm™ is assigned to the adsorbed water (H-O-H bonding
vibration) [204, 207] and as can be seen, the peak intensity for P25 is slightly higher than that of

F-P25 photocatalyst. In addition, the band at 1437 cm™ can be correspond to OH™ ions.
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Figure 4.12. (a) XRD pattern, (b) PL spectra and (c) FT-IR spectra of F-P25 and P25.

4.2.2.3.  XPS results

The surface composition of P25 and F-P25 was investigated by XPS analysis and Figure 4.13
shows the results. Accordingly, two sharp peaks centered at binding energies of 459 eV and 530
eV for titanium and oxygen, respectively; and two small peaks appeared at binding energies of

684.5 eV and 285 eV for fluoride and carbon, respectively [199, 206, 209].

As shown in Fig. 4.13b, the peak at a binding energy of 684.5 eV is ascribed to fluoride peak

(F1s) in the F-P25 sample, indicating the formation of =Ti—F bond on the surface of P25 [138,
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206, 210]. Accordingly, no signal of F~ ions in the lattice at 688.5 eV can be observed in the
spectra, indicating that there is no substitution of F~ for O>™ ion in the lattice of P25 [138, 203, 210-

212].

As shown in Figure 4.13c, due to spin-orbital coupling, the peak of Ti 2p consists of two main
components at around 459 eV (Ti 2p3/2) and 464.7 eV (Ti 2p12) [213]. The deconvolution of Ti 2p
spectra indicates that the surface fluorination did not cause significant changes in the chemical
environment of Ti*" cation and nano-crystalline structure of P25-TiO, [145, 212]. Fig. 4.13d
presents the O s region of P25 and F-P25. The main core peak was located at 530 eV assigned to
O? anions in TiO; lattice (Ti-O%*) [212, 214]. C and N elements, with small intensities, are located
at binding energy 285 eV (C 1s) and 401 eV (N 1s). The C element is ascribed to residual carbon
from adventitious hydrocarbon from XPS instrument and assigned to C-C or C-H bonds [145].
The N element is a nitrogen residue originated from ammonium during the surface modification

of adsorbent.
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Figure 4.13. XPS spectra of F-P25 and P25 (a) survey, (b) high-resolution spectra of F1s, (c) high-
resolution spectra of Ti2p, (d) high-resolution spectra of Ols.

4.2.2.4.

BET surface area and pore size distribution

Figure 4.14a shows the nitrogen adsorption-desorption isotherms of P25 and F-P25. The

adsorption isotherm provides information about the adsorbent properties, including surface

property and pore structure [215]. The curves of both P25 and F-P25 show type IV isotherms with
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significant hysteresis loops in the relative pressure range of 0.8 to 1.0, indicating that the

mesoporous structure of P25 is still retained after surface fluorination.

Figure 4.14b illustrates the pore size distribution, which clearly indicates that both adsorbents
show micro-mesoporous distribution ranging between 0.5 and 36 nm, with a maximum pore size
of about 36 nm for F-P25 and 15.3 nm for P25. Table 4.11 gives the surface area, pore diameter
and pore volume of P25 and F-P25 samples. The surface fluorination resulted in an increase in the
BET surface area, pore size and pore volume of F-P25. The enhancement in surface area after
surface fluorination was also reported earlier [145, 216]. The pore size distribution of F-P25 is

wider than that of P25, which facilitates the transference of reactant molecules in PCO process

[23].
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Figure 4.14. (a) Nitrogen adsorption-desorption isotherms and (b) the corresponding pore size
distribution curves of the P25 and F-P25.
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Table 4.11. Pore structure parameters of P25 and F-P25.

Samples Sper (m*/g) Max. Pore Ave. Pore Total pore volume
size (nm) size (nm) (cm¥/g)
F-P25 87.22 36 35.17 0.7668
P25 53.78 15.31 31.58 0.4246

4.2.2.5. SEM results

The morphology and particle size of P25 and F-P25 were observed by SEM images. The SEM
images of P25 and F-P25 coated on a nickel foam filter (Fig. 4.15 and 4.16) illustrate sphere-like
particles in an agglomerated status. Figs. 4.15a and 4.16a display the nickel foam structure and
show its porous structure, while Figs. 4.15¢, 4.15f, 4.16¢, and 4.16f show a uniform particle
distribution on the surface of the substrate. According to Figs. 4.15d, 4.15¢, 4.16d, and 4.16e, the
particle agglomeration in the vertical direction was obvious because of the effect of the gravity

during the drying step of substrate preparation.

Figure 4.15. SEM images of P25 coated on nickel foam.
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Figure 4.16. SEM images of F-P25 coated on nickel foam.

4.2.2.6.  Contact angle measurements

Surface nonwettability of modified F-P25 and wettability of bare P25 were evaluated using the
water contact angle measurements. If a surface has a water contact angle greater than 90° then it
is categorized as hydrophobic, and if the water contact angle is less than 90°, then the surface is
hydrophilic [217]. Water contact angles of samples were employed by dynamic contact angle
instrument and tensiometer to study the relative surface hydrophobicity/hydrophilicity of modified
catalyst. The powder adsorbents were measured first with n-hexane for calibration and then with
deionized water. The contact angle of F-P25 compared to P25 is increased from 0° to be 87.70°,
which leads to improve surface hydrophobicity of modified-P25.

4.2.2.7.  Adsorption isotherms

Both P25 and F-P25 adsorption capacities are determined with Langmuir, Freundlich, and BET
isotherms. Figs. 4.17-4.19 compares adsorption isotherms of toluene, MEK, and isobutanol using

the above-mentioned isotherms, respectively. For all cases, F-P25 adsorbed the tested VOCs better
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than P25. This is accordant with the increase of surface area, which gives the contaminants more
chance to adsorb on the adsorbent surface. This improvement is more obvious in the case of
toluene, which is a non-polar compound in three humid conditions (0, 20, and 40%). However, in
high relative humidity, F-P25 is more efficient for MEK and isobutanol adsorption, which both
are polar compounds. The adsorption parameters of toluene, MEK, and isobutanol are listed in
Tables 4.12-4.14, respectively. As seen in Figs. 4.17-4.19 and mentioned in Tables 4.12-4.14 (R’
and sum of squares of relative error (SSRE)), the BET isotherm model shows the best fit between

the experimental data and the theoretical prediction for all contaminants.
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Figure 4.17. Adsorption isotherms of toluene onto P25 (orange line) and F-P25 (blue line) in: (a) Dry,
(b) RH=20 %, (c) RH=40 %, (d) RH=60 % ( — BET, + + + Langmuir, - - - Freundlich, ® experimental
data for F-P25, and m experimental data for P25).
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Table 4.12. Adsorption isotherm parameters, R’ and SSRE values for toluene onto P25 and F-P25.

Humidity = Adsorbent Langmuir Freundlich BET
AmL K; R? SSRE Kr n R? SSRE  gms Kp K, R? SSRE
Dry P25 099 0.167 09720 0.7061  0.340 4.454 09610 0.0393 0.61 0.784  0.005 0.9991 0.1489

F-P25 278 0.121 09410 0.9249  0.790 3.887 09449  0.0784 1.46  0.691 0.007 09941 0.1710

20% P25 0.87 0.147 09734 0.5592  0.235 3.520 0.9839  0.0262 0.53  0.533 0.005 09987 0.1333
F-P25 1.47 0267 09805 0.6982 0.749 7.138 09470  0.0213 097 3.280  0.005 0.9999  0.0020
40% P25 0.61 0.132 09646 0.5351 0.144 3.135 09915 0.0167 035 0544  0.006 0.9994 0.0363
F-P25 1.23  0.110 09226 0.7901 0.278 3.115 0.9330  0.1453  0.59  0.903 0.007  0.9998  0.0348
60% P25 041 0220 09910 05162  0.147 4.466 0.9652  0.0367 032 0430 0.003 0.9957 0.2937

F-P25 046  0.801 0.9991  0.2714  0.325 13.351 0.9600 0.0046 042 1.636  0.001  0.9997 0.0999

Table 4.13. Adsorption isotherm parameters, R’ and SSRE values for MEK onto P25 and F-P25.

Humidity Adsorbent Langmuir Freundlich BET
qmL K; R? SSRE Kr n R? SSRE Amp Kp K, R? SSRE
Dry P25 1475 0.079 09898 0.2374 2.605 2.794 09377 02073 1041 0.178 0.002  0.9996  0.0553

F-P25 22.88  0.090 0.9947 0.2788  4.716  3.081 0.9728 0.0674 17.80 0.164  0.001 0.9994  0.1102

20% P25 13.12  0.041 09393 09044 1.714 2.678 0.9754  0.0783  6.52 0.152  0.003 0.9933  0.3185

F-P25 21.10 0.055 0.9802 0.4504  2.965  2.595 0.9853  0.0548 1333  0.134  0.003 0.9980  0.2062

40% P25 1046 0.032 09082 1.1246  1.117  2.523 0.9413  0.2194  4.68 0.122  0.004  0.9809  0.5408

F-P25 16.08 0.041 09194 1.2130 2518  3.061 0.9295  0.1851 7.44 0.195 0.004 09912  0.4199

60% P25 328 0.032 09246 09416 0314 2349 0.9687  0.1364  1.55 0.107  0.004  0.9839  0.4652

F-P25 7.12  0.044 09409 1.1083  1.147  3.078 0.9284  0.1857  3.62 0.164  0.003 0.9907  0.5056
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Table 4.14. Adsorption isotherm parameters, R’ and SSRE values for isobutanol onto P25 and F-P25.

Humidity Adsorbent Langmuir Freundlich BET

qmL K; R? SSRE Kr n R? SSRE g Kp K, R? SSRE

Dry P25 37.31  0.029 0.9490 0.2968 3.031 2.129 0.9944  0.0193 19.94 0.088 0.003 0.9931  0.0370
F-P25 49.51 0.047 0.9395 0.6440 10.710  3.635 0.9630 0.0426 2542 0.378 0.003 0.9997  0.0075

20% P25 30.03 0.019 0.9310 0.2884 1.379 1.761 0.9956 0.0216 14.93 0.051 0.003 09714  0.1237
F-P25 38.17 0.026 09715 0.1441 2.358 1.886 0.9941  0.0249 2221 0.061 0.002 09972  0.0340

40% P25 1692 0.027 0.9372 0.4531 1.505 2.251 09918 0.0251 8.60 0.091 0.003 0.9892  0.1371
F-P25 2439 0.026 0.9519 0.3482 1.808 2.070 09964 0.0131 13.24 0.069 0.003 0.9870  0.1264

60% P25 845 0.048 09611 0.6198 1.803 3.586 0.9600 0.0508 495 0.185 0.003 0.9930  0.1510
F-P25 16.84 0.039 0.9456 0.5382 2.540 2.879 0.9744  0.0494 9.08 0.156 0.003 0.9905  0.1238

Langmuir. The value of R; at different initial concentrations of toluene, MEK, and isobutanol
have been calculated for P25 and F-P25 adsorbents based on the Eq. (3.3). The values of R; for all
contaminants are between 0 and 1, indicating that the adsorption is favorable for both adsorbents.
In addition, R; values decreased as the inlet concentration of VOCs increased, which implies that
the adsorption process is more favorable at higher contaminant concentrations than at a lower one.

According to Tables 4.12-4.14, the Langmuir adsorption capacity of all selected VOCs on P25
and F-P25 adsorbent follows the order: alcohol > ketone > aromatic, which is in agreement with
the one reported by Zhong et al. [74]. As shown, fluorination of P25 increased the adsorption
capacity in comparison with bare P25 in all examined humidity levels.

Figure 4.20a shows the changes in Langmuir maximum adsorption capacity (gm.;) of F-P25
compared to P25 for toluene, MEK, and isobutanol. F-P25 showed about 180%, 70%, and 100%
enhancement of ¢, for toluene compared to P25 at RH = 0, 20, and 40%, respectively. In the case

of MEK, the F-P25 enhanced the ¢, around 60% for three humidity levels (0, 20, and 40%) and
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120% for RH = 60%. For isobutanol, F-P25 showed around 32%, 27%, 44%, and 100% adsorption
capacity enhancement at RH = 0, 20, 40, and 60%, respectively. Due to the lower hydrophilic
characteristic of F-P25 compared to P25, the enhancement of MEK and isobutanol adsorption were

more obvious at high humidity.
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Figure 4.20. Relative adsorption capacity (%) calculated by (a) Langmuir and (b) BET isotherm models
of F-P25 compared to P25 for toluene, MEK and isobutanol.

BET. As can be seen from Figs. 4.17-4.19 and Tables 4.12-4.14, the experimental data are the
best fit to the BET, while Freundlich isotherms also presented as a good fit. The correlation
coefficients (R°) of BET isotherm model in different relative humidity levels for toluene, MEK,
and isobutanol are all beyond 0.994, 0.981 and 0.971, respectively, which means that this isotherm

model fits well with the adsorption experimental data.

As can be seen from Tables 4.12-4.14, the maximum adsorption capacity (gm.z) obtained from

BET isotherm for all challenging compounds are lower than those obtained from Langmuir
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isotherm (gnz). This is because the Langmuir isotherm assumes all observed adsorption amounts
as a monolayer on active site of adsorbent and does not consider the multi-layer adsorption [218].

Figure 4.20b presents changes in BET maximum adsorption capacity (gmz) of F-P25 compared
to P25 for all tested VOCs. For instance, at high relative humidity (RH = 60%), the highest
improvement was achieved for MEK and isobutanol with 130% and 80%, respectively. However,
the highest enhancement for toluene was for a dry condition with a value of 140%.

Freundlich. As can be seen from Tables 4.12-4.14, the n values (Eq. 3.5) for all challenging
compounds are higher than unity, indicating the adsorption of toluene, MEK, and isobutanol on
P25 and F-P25 is a favorable process. A higher value of n represents better bonding between the

adsorbent and adsorbate [153, 158].

4.2.2.8.  Adsorption efficiency

The adsorption efficiency of toluene (0.76 mg/m?), MEK (1.48 mg/m?), and isobutanol (3.05
mg/m?) for both P25 and F-P25 are calculated by Eq. (3.7). The results are shown in Figs. 4.21a,
b, and c, in that order. As shown, the adsorption efficiency at dry and humid condition (RH = 60%)
is investigated. For all considered compounds, 100% adsorption efficiency was achieved for the
first few minutes and was followed by a gradual decrease. Moreover, in all cases, the complete
saturation of F-P25 occurred in a longer time in comparison with P25. In general, the surface
fluorination significantly changed the surface characteristics of photocatalysts, including polarity,
surface charge, surface area, etc. Modification of these properties of adsorbents is important since
they are essential parameters affecting the adsorption capacity and selective adsorption of target
molecules [137]. During the surface fluorination, the F~ ions can displace the surface hydroxyl

groups. As a result of fluorination, the surface of F-P25 becomes more negatively charged [138].
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Accordingly, the F~ anions cause an increase in the positively charge of the neighboring titanium
atoms [ 145, 213].

As can be observed in Fig. 4.21a, the complete saturation of F-P25 for dry and humid air streams
(RH = 60%) were reached after 74 min and 36 min of injection, respectively, while for P25 at the
same operating condition, the saturation happened after 37 min and 22 min in dry and humid
condition, respectively. Therefore, it could be concluded that, the surface fluorination increased
the adsorption efficiency of P25 toward toluene as a non-polar compound. Calculated BET surface
area for F-P25 is higher than that of P25, which causes an improvement of adsorption in a dry
condition. Since the surface fluorination (F-P25) reduces the surface hydrophilicity and

considerably alters the surface properties, it is difficult to evaluate the exact contribution of each

process in toluene adsorption.
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Figure 4.21. Adsorption efficiency for (a) toluene, 0.76 mg/m’, (b) MEK, 1.48 mg/m’ (c) isobutanol, 3.05
mg/m’ onto P25 (orange line) and F-P25 (blue line) in dry (- A— ) and RH=60% (- -e- -) conditions.
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Figure 4.21b illustrates the MEK adsorption efficiency for F-P25 and P25 at 1.48 mg/m’
concentration at dry and humid condition (RH = 60%). As shown, for F-P25, about 100%
efficiency was observed in the first 25 min for both conditions and the complete saturation of
adsorbent were reached after 49 min and 30 min for dry and RH = 60%, respectively. Whereas for
P25, complete MEK adsorption efficiency was happened during the first minute and then
decreased to reach complete saturation at t = 40 min and t = 12 min, respectively. As a result of
the relative low polarity of MEK, a great improvement was observed for MEK adsorption
efficiency in humid conditions. In other words, surface fluorination by reducing the surface
hydrophilicity and increasing the surface area of F-P25 cause the MEK molecules have more
opportunity to adsorb on the surface of F-P25 in high humidity. As a result, the total adsorption

efficiency of MEK for F-P25 lasts for a longer time than P25.

Figure 4.21c depicts the changes of isobutanol adsorption efficiency at 3.05 mg/m?
concentration over time for F-P25 and P25 at dry and humid (RH = 60%) condition. For F-P25,
the total adsorption efficiency lasted for the first 24 minutes at both dry and humid condition and
total saturation was occurred after 58.5 min and 43 min at the dry and humid condition,
respectively. Since the isobutanol is a polar compound, and P25 has a super-hydrophilic surface,
100% adsorption efficiency lasted longer in comparison to MEK and toluene, which are less polar
and nonpolar compounds, respectively. Accordingly, complete adsorption efficiency for P25
continued for about first 12 minutes for both conditions followed by decreasing to saturate at t =
34 min and t = 23 min for dry and humid condition, respectively. As shown, F-P25 improved the

adsorption efficiency for high humidity about twice that of P25.
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4.2.2.9.  Effect of relative humidity

In PCO, water vapor has two adversary effects. On the one side, water molecules contribute as
the main resource of hydroxyl radicals, which is beneficial for PCO removal of VOCs. On the
other hand, water vapor can be adsorbed on the active sites of the TiO» surface, which reduces the
VOCs adsorption [22, 73, 74, 193]. As a result, changes in relative humidity can adversely affect

the VOCs adsorption and reduce photocatalytic oxidation efficiency [25, 65, 68-72, 219].

Figure 4.22a, b, and ¢ show the relative humidity effect on the adsorption of toluene, MEK, and
isobutanol on P25 and F-P25 surfaces, respectively. The adsorption capacity is improved by
surface fluorination, thus F-P25 adsorbed more contaminants compared to P25 at each inlet
concentration. Since the surface fluorination alters surface characteristics such as surface area and
surface polarity, it is difficult to identify the exact influence of each process on adsorption. It is
obvious that F-P25 is efficient in adsorption of all tested VOCs. Since this improvement is more
in the adsorption of toluene and MEK, which are non-polar and less polar compounds,
respectively. In other words, these groups of VOC compounds in competition with water
molecules in humid condition have more chance to adsorb on the less hydrophilic surface of the
F-P25 adsorbent. It can be explained that when adsorption takes place in humid conditions on P25
adsorbent, surface OH groups of P25 favorably adsorb polar molecules rather than non-polar. As
a result, for toluene adsorption in humid conditions, the water molecules can form clusters on the
surface of the adsorbent and prevent toluene molecules to reach the active sites [220].
Consequently, increasing the relative humidity decreased the adsorption capacity of P25 for non-
polar compounds. Surface fluorination of P25 leads to the F-P25 adsorbent’s surface becoming
negatively charged [144]. Accordingly, assuring higher adsorption capacity for positively charged

organic pollutants but lower adsorption capacity for negatively charged ones [137]. Due to the
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negatively charged water surface [221, 222], its proved that after surface fluorination, the
adsorption of water on P25 is reduced. This fact was verified by measuring water contact angle as
mentioned in Section 4.2.2.7. As a result of less adsorption of water vapor, the target contaminant

has more chance to adsorb on the adsorbent’s surface.

In addition, for MEK and isobutanol, which are polar compounds, surface modified P25 showed
a better efficiency than that of P25 as a result of the higher surface areas, higher pore size

distribution, and less surface hydrophilicity.

Based on the adsorbed amount of VOCs and adsorption capacities, the gradients of adsorption
capacity improvement of F-P25 compared to P25 at three humidity levels (0, 20%, and 40%)
follows the order: toluene > MEK > isobutanol. Consequently, F-P25 adsorbent is more efficient

for non-polar > less polar > polar compounds.

In summary, the surface of P25 is covered by Ti—-OHx" group, therefore, the surface of bare
Ti0; favors adsorption of polar compounds such as water molecules and isobutanol. The obtained
adsorption capacities of bare P25 in this study were as follows: g. (isobutanol) > g. (MEK) > ¢.
(toluene) which is consistence with the polarity index of isobutanol, MEK and toluene with 55.2,
32.7 and 9.9, respectively. In contrast, surface fluorinated P25 (F-P25), enhances the chance of the
adsorption of non-polar and less polar compounds such as toluene and MEK against water by
replacing Ti—-OH," with Ti-F species. Therefore, it is not surprising that the enhancement of
adsorption capacity after surface fluorination was inversely proportional to the polarity index of

compounds as follow: toluene > MEK > isobutanol.
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F-P25.
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4.2.3. Conclusion

The adsorption of contaminants on the photocatalyst surface is the main step in the PCO process
in order to initiate the reaction. It is observed that VOC adsorption on the surface of the
photocatalyst is decreased in high relative humidity, which most closely resembles the real
condition of indoor environments. This happens because TiO: surface is super-hydrophilic and it
prefers to adsorb more water molecules compared to VOCs molecules. In this section, surface
modification of commercial Degussa P25-TiO; photocatalyst was examined in terms of VOCs
adsorptions at four different relative humidity levels. To study the adsorption efficiency, three
adsorption isotherm models, including Langmuir, Freundlich, and BET were used. The obtained
results showed that BET model was the most suitable to describe the toluene, MEK, and isobutanol
adsorption on the P25 and F-P25 surfaces. The obtained results demonstrated that the surface
fluorination of P25-TiO> enhances the adsorption amount of toluene, MEK, and isobutanol
compounds even at high relative humidity levels. By considering the amount of adsorbed VOCs
and adsorption capacities, the gradients of adsorption improvement of F-P25 compared to P25
follows the order: toluene (non-polar) > MEK (less polar) > isobutanol (polar). Therefore, a higher
elimination efficiency of VOCs by PCO is expected by surface fluorination of TiO; as the dual

functional adsorbent/ photocatalyst.
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4.3. Photocatalytic activity of surface fluorinated P25 (F-P25)

As mentioned in the previous section, the photocatalytic degradation reactions of gaseous
pollutants take place on the surface of the photocatalyst. Surface fluorination of TiO, mainly
modifies the surface characteristic and improves the charge carriers’ transfer, decreases the charge
carrier recombination, and enhances the quantum efficiency under UV light irradiation [223]. In
addition, surface fluorination augments the VOC adsorption, the formation of active radical
species and surface photocatalytic reaction [204]. The fluorinated surface has a strong electron-
trapping ability, which results in reducing the charge carriers’ recombination rate and improving
the photocatalytic activity. Fig. 4.23 presents the schematic illustration of surface fluorination of

P25 and also its effect on the water and MEK adsorption.

‘Water contact angle of P25 ~0° ‘Water contact angle of F-P25 ~ 87.70 ©
o 9 @ ¢
Water MEK Co, By-product

Figure 4.23. Schematic illustration of water and MEK adsorption on P25 and F-P25.



In this section, the effect of surface fluorination on PCO removal of MEK is investigated. The
performance of as-prepared photocatalyst coated on nickel foam for the removal of MEK as a
model VOC contaminant in ketone groups in the continuous type reactor was examined. The
results are compared with P25 coated on the nickel substrate. In addition, the effects of operating
parameters, including relative humidity, low-level inlet contaminant concentration, high airflow
rate, small residence time, and light intensity are considered in this work. The operating conditions
are chosen to be relevant to the real indoor application. The photocatalytic efficiency and by-
product generation rate are evaluated for MEK removal under UV light irradiation. To improve
the removal efficiency and to reduce the by-products generation rate, a three-layer F-P25

photocatalyst is also examined in this section.

4.3.1. Experimental condition
The experimental setup is described in Section 3.1.1. In this section, two different
configurations of UV lamps were used; 4 UVC lamps and two UVC lamps, with an average light
intensity at each side of photocatalyst as 37 and 28 W/m?, respectively. The operational conditions

that are tested for MEK removal of surface fluorinated P25 (F-P25) are tabulated in Table 4.15.

Table 4.15. The operating parameters for PCO removal of MEK experiments.

Parameter Value
Temperature 23+£1°C
Relative humidity 0, 20, 40, 60 and 80 + 1%
Airflow rate 0.015, 0.020 and 0.030 + 0.001 m*/min
Residence time 0.076, 0.025, 0.019 and 0.013 sec

0.59,1.47 and 2.95 mg/m?

(200, 500 and 1000 ppb)
Light intensity 37 and 28 W/m?

Volume of reactor 6.3x107° m?

Inlet concentration
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4.3.2. Results and discussion

4.3.2.1.  Effect of surface fluorination on PCO

As aresult of the improvement in reactant’s adsorption on the photocatalyst surface, the surface
oxidation process will be enhanced. In addition, surface fluorination significantly modifies the
formation of surface-free hydroxyl radicals under UV irradiation, improving PCO efficiency [32,
138, 224]. Overall, the surface fluorination can affect the photocatalytic oxidation reaction by

either the adsorption or photocatalytic reaction of adsorbed molecules on TiO2 surface [198].

Strong electronegativity of F causes the electron storage near =Ti-F bond, retarding the
electrons transfer to Oz and hindering the charge carrier’s recombination [199, 225]. Consequently,
as the Eq. (4.8) shows, hole transfer to adsorbed water or surface hydroxyl is facilitated and forms
the free OH radicals (*OHgec) [142, 198, 210]. Alternatively, according to Eq. (4.9), on the surface
of bare P25, the produced hydroxyl radicals favor to adsorb.
=Ti—F + Hy04q5(0r OH™) + hjg >=Ti— F +e OHpppe + H* (4.8)
=Ti—OH + hjjp >=Ti —e OH} (4.9)

As reported in the literature, in comparison with the adsorbed surface hydroxyl radicals, the

free hydroxyl radicals are more reactive, resulting in acceleration of PCO reactions [198].
4.3.2.2.  Effect of relative humidity

In indoor environments, the relative humidity has a great impact on the thermal comfort of
occupants. According to the ASHRAE Handbook HVAC applications, humidity for an office
building in the range of 20-60% is defined as the comfort zone for indoor environments [226]. The
presence of water vapors influences the adsorption of VOC molecules, photocatalytic degradation

of VOCs and generation of by-products in the PCO process [17, 227]. Considering the

93



superhydrophilic surface of P25, it tends to adsorb more water molecules, as compared with VOC
pollutants, at high humidity levels [184, 228]. As FTIR results (Fig. 4.12¢) show, the surface of
P25 is covered by the hydroxyl functional group, which bonds with water molecules via hydrogen
bonds and creates the water cluster around the P25 surface. The cluster acts as a barrier for
adsorption of VOC contaminants on the photocatalyst’s surface at high humidity levels.

Therefore, a wide range of humidity levels (0-80%) was selected to examine the effect of
relative humidity on the PCO process. In all experiments, the other operational parameters, such
as airflow rate, inlet concentration and light intensity, were kept at 0.015 m*/min, 1000 ppb, 37
W/m?, respectively. The PCO efficiency of MEK removal is illustrated in Fig. 4.24a. Accordingly,
the removal efficiency at each humidity level is higher for F-P25 photocatalyst, as compared to
P25. No MEK removal was observed by UVC (254 nm) irradiation without photocatalyst,
indicating that MEK could not be directly degraded by 254 nm photolysis.

By increasing the relative humidity from 0% to 20%, the PCO efficiency is increased from 68%
to 73% for F-P25 and from 41% to 46% for P25 photocatalyst. This can be explained by the fact
that the water molecules are oxidized by positive photogenerated holes and they form hydroxyl
radicals, which are strong oxidant agents for the photocatalytic degradation process. It is worth
mentioning that in dry condition (RH = 0%), both photocatalysts present a relatively high MEK
removal efficiency. One explanation is that there is no competition for adsorption between the
water vapor and MEK molecules and there is seemingly a sufficient surface hydroxyl group
available for the tested inlet contaminant concentration. Moreover, the adsorbed MEK molecules
could directly be oxidized by photogenerated holes on the surface. The highest removal efficiency
was achieved at 20% relative humidity. Further increase in relative humidity from 20% to 80%,

resulted in decreasing the MEK removal efficiency for both F-P25 and P25 from 73% to 50% and
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from 46% to 34%, respectively. This is due to the fact that increasing the relative humidity causes
the formation of clusters around the photocatalyst, hindering the VOCs adsorption.

Fig. 4.24b presents the impact of different relative humidity levels on type and quantity of
generated by-products. Accordingly, as a result of the applied HPLC method, formaldehyde,
acetaldehyde and acetone are detected as by-products. The results show that as the relative
humidity increases, the generation rate of acetaldehyde also increases from 0.060x107 to
0.095x1073 (mg/m?.min) for P25 and from 0.037x107 to 0.114 x10° (mg/m%.min) for F-P25.
While the acetone formation is similar in all experiments with constant value at 0.004x107
(mg/m?.min) for P25 and 0.001x107 (mg/m?.min) for F-P25. For formaldehyde generation on F-
P25 and P25 surface, by increasing the RH from 0% to 20%, the generation rate is slightly
decreased about 29% for P25 and 35% for F-P25. However, by further increasing RH from 20%
to 80%, the formaldehyde generation on the F-P25 and P25 is increased and reached its highest
value at 0.040x107 (mg/m?.min) and 0.051x10” (mg/m?.min), respectively. Accordingly, RH =
20% is an optimum relative humidity for P25 and F-P25, and the formaldehyde generation rate is
the lowest at around 0.020x107* (mg/m?.min) for both photocatalysts. At RH = 0%, there is not
sufficient hydroxyl radical to degrade the possible intermediates and by-products. By increasing
the relative humidity, there is less available active sites on the photocatalysts for MEK, since the

water vapor occupies most of them.
4.3.2.3.  Effect of airflow rate and residence time

As mentioned, one limitation of most reported studies is considering the performance of
photocatalyst under a long residence time (several minutes). On the contrary, in this study, three
different airflow rates, corresponding to 0.025, 0.019 and 0.013 seconds of residence time, were

examined to investigate the effect of airflow rate (residence time) on the PCO efficiency of MEK
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and its by-product generation. These residence times are very short, providing for a better
evaluation of the scaled-up applications and real indoor conditions. Fig. 4.24c shows the effect of
removal efficiency of MEK at different airflow rates, while the relative humidity, inlet
concentration and light intensity were kept constant at 40% RH, 1000 ppb and 37 W/m?,
respectively. It should be noted that the residence time is calculated by using the thickness of nickel
foam after entirely coated with photocatalyst. Generally, increasing the airflow rate shows two
opposing effects; 1) reducing the residence time, which decreases the removal efficiency and ii)
increasing the mass transfer, which enhances the PCO efficiency. As depicted in Fig. 4.24c, it is
clear that by prolonging the residence time, the MEK molecules have a longer contact time for
adsorption on the active sites of the photocatalyst’s surface [229]. As expected, by increasing the
airflow rate (or reducing the residence time), the removal efficiency is decreased. In a small
residence time, the VOCs do not have sufficient time to react with oxidizing agents, such as

hydroxyl radicals, to initiate the PCO process [230].

The surface fluorination process caused the increase of the specific surface area of F-P25 and
reducing the surface hydrophilicity as compared to bare P25. Consequently, it decreases the
adsorption competition between MEK and water vapor, leading to higher amounts of MEK on the
F-P25 photocatalyst surface. For F-P25, the removal efficiency was quite constant at airflow rates
of 0.015 and 0.020 m*/min, with values of 71% and 68%, respectively, dropping significantly to
50% when airflow rate rose to 0.030 m*/min. However, for P25, the removal efficiency decreased
slightly from 44% to 42% when the airflow rate increased from 0.015 to 0.030 m®/min,
respectively. Consequently, because of the high surface area of F-P25, at airflow rates between
0.015 and 0.020 m*/min, the mass transfer emerges as the controlling parameter. At a higher

airflow rate (0.030 m*/min), the reactions on the surface of the photocatalyst act as the limiting
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parameter. While in P25, because of the small surface area, in all airflow rates the reaction is the
controlling factor.

As Fig. 4.24d depicts the by-product generation is a time-dependent parameter in the MEK
removal process. By increasing the airflow rate, which results in decreasing the residence time, the
formaldehyde and acetaldehyde generation was increased. For instance, formaldehyde generation
rate increased from 0.021x107 to 0.129x10”° mg/m?.min for P25 and from 0.032x107 to 0.126x10"
3 mg/m?.min for F-P25. It is obvious that the generated by-products could not react with reactive
species because of the short contact time. At each airflow rate with values at 0.015 and 0.020
m>/min, the by-product generation rate on F-P25 and P25 is similar. However, at higher airflow
rate (0.030 m®/min), the acetaldehyde generation rate is much lower on F-P25 surface with a value

of 0.275x10 mg/m?.min, as compared to P25 with a value of 0.428x10"* mg/m? min.
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Figure 4.24. Effect of relative humidity and airflow rate (residence time) on (a, c) MEK removal

efficiency and (b, d) by-product generation rate of both P25 and F-P25 photocatalysts.
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4.3.2.4.  Effect of inlet contaminant concentration

Another limitation of most reported studies is the consideration of a high level of inlet
contaminant concentration (ppm level), which does not resemble the indoor pollutant
concentrations. Consequently, it is crucial to investigate the performance of PCO at low inlet
concentrations. In this work, the MEK removal efficiency was examined at 200 ppb (0.59 mg/m?),
500 ppb (1.47 mg/m?) and 1000 ppb (2.95 mg/m?) inlet contaminant concentrations by using P25
and F-P25 photocatalysts. The other operational parameters were kept at constant values, such as
airflow rate = 0.015 m*/min, RH = 40% and light intensity = 37 W/m?. The obtained removal
efficiencies are shown in Fig. 4.25a. Accordingly, the removal efficiency decreased from 74% to
71% for F-P25 and from 61% to 44% for P25, as inlet concentration is increased from 200 ppb to
1000 ppb. This reduction in F-P25 is relatively small since the surface of F-P25 photocatalyst has
a higher specific surface area and more active sites for adsorption of MEK molecules and possible
generated by-products during the PCO process. In addition, less hydrophilicity of the surface of F-
P25 causes less adsorption of water molecules in RH = 40% and provides more active sites for
adsorption of MEK. At higher MEK concentration, the reactive species are also limited, resulting
in more unreacted MEK leaving the reactor. The reduction of removal efficiency versus inlet
contaminant concentration is more apparent on the photocatalytic activity of P25 because of its
lower surface area and higher surface hydrophilicity. It is worth to mention that, even though the
degradation efficiency of MEK on F-P25 decreased slightly by increasing the inlet concentration,
the actual moles of degraded MEK increased significantly with an increase in MEK concentration.
For instance, in PCO process by using F-P25; (i) the MEK degradation for 0.59 mg/m® inlet

concentration (with 74% removal efficiency) was equivalent to 0.44 mg/m?, (ii) for 1.47 mg/m?
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inlet concentration, the MEK degraded was equivalent to 1.04 mg/m? and (iii) for 2.95 mg/m? inlet

concentration, the MEK degraded was equivalent to 2.09 mg/m>.

Besides the PCO efficiency, Fig. 4.25b represents the by-product generation in the MEK
removal process at various contaminant concentrations. It is obvious that by increasing the inlet
concentration, more by-products are formed and released into the gas phase. For example, on F-
P25, by increasing the concentration from 200 to 1000 ppb, the formaldehyde generation rate was
increased from 0.003x10° to 0.032x107 mg/m?.min, and acetaldehyde generation rate was
increased from 0.008x107 to 0.103x103 mg/m?min. The clear explanation is that the
photocatalyst has limited active sites, which are occupied faster with unreacted MEK and
intermediates at high inlet contaminant concentrations. It should be noted that in these
experiments, RH was kept at 40% which is a relatively high humidity level compared to the
optimum RH level. Therefore, the inlet contaminant concentration is a decisive factor since the
MEK molecules should compete with a high number of water molecules for adsorption and
complete degradation. As a result, the competition between water, MEK and by-product molecules

is higher in 1000 ppb concentration and leads to an increase in the uncompleted PCO reactions.
4.3.2.5.  Effect of light intensity

The influence of light intensity on the MEK removal efficiency and by-product generation rate
are presented in Figs. 4.25¢ and 4.25d, respectively. In this regards, experiments were carried out
by using 4 UVC or 2 UVC lamps, in order to have two different light intensities with values of 37
and 28 W/m?, respectively. The operational factors such as humidity, inlet contaminant
concentration and airflow rate remained constant at 40%, 1000 ppb and 0.015 m>/min,
respectively. Based on the literature, increasing the light intensity provides more photon energy,
enhancing the PCO efficiency of VOC. According to Fig. 4.25c, the variation in MEK removal
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efficiency with different light intensities is more notable for F-P25 photocatalyst. Increasing the
light intensity from 28 to 37 W/m? increases the MEK removal efficiency from 49% to 71% for
F-P25 and 39% to 44% for P25. It is evident that increasing the light intensity provides more
photon energy, improving the generation of charge carrier. These photogenerated electrons and
holes create more reactive species. Since, in F-P25, the recombination rate of these charge carriers

is lower than P25, the MEK removal efficiency is higher at both light intensities.

Fig. 4.25d demonstrates the by-product generation rates for F-P25 and P25 for both light
intensities. For F-P25, even though the removal efficiency is higher at 37 W/m?, there is no
difference in the generation of by-products at both tested light intensities with a value at 0.032x10"
3 for formaldehyde, 0.103x107 for acetaldehyde and 0.001x107 for acetone. This is because of the
low recombination rate of charge carrier, high presence of reactive species and high specific
surface area of F-P25, providing a more complete oxidation reaction. However, for P25, it is clear
that the by-product generation is higher in low light intensity. This fact is directly related to the
low amount of reactive species, which results in having higher incomplete degradation reactions

and higher by-product generation in P25.
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The repeatability test for the removal efficiency and by-product generation rate of F-P25 was
carried out at RH = 20%, airflow rate = 0.015 m*/min and light intensity = 37 W/m? and the results

are presented in Fig. 4.26.
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Figure 4.26. Repeatability test of MEK removal efficiency and by-product generation rate of F-P25
photocatalyst at RH=20%, airflow rate=0.015 m’/min and light intensity=37 W/m’.

4.3.2.6.  Multi-layer of F-P25 photocatalyst

Three layers (nickel foam substrates) of F-P25 photocatalyst were tested to improve the removal
efficiency and to reduce the by-product generation rate. The obtained results of three layers (0.076
sec residence time) are compared with a single layer (0.025 sec residence time) photocatalyst and

results are shown in Fig. 4.27. The airflow rate, relative humidity, inlet contaminant concentration
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and UV light intensity were kept at a constant value of 0.015 m*/min, 20%, 1000 ppb and 37 W/m?,
respectively. Accordingly, MEK removal efficiency is enhanced from 73% to 92%. By increasing
the layers of photocatalyst, residence time, the amount of coated photocatalysts and available
active sites are increased. Therefore, the presence of more active sites results in increased MEK
adsorption and the improved formation of electron and holes leading to more hydroxyl radical
generation. Moreover, increasing the residence time leads to enhanced MEK reaction with
hydroxyl radicals, hence improved efficiency and reduced by-product generation. The final
concentration of formaldehyde and acetaldehyde of three layers of F-P25 photocatalyst were
around 25 ppb and 44 ppb, respectively. These values are under the safe exposure limits defined

by Health Canada [231, 232].
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Figure 4.27. Effect of multi-layer photocatalysts on MEK removal efficiency and by-product generation.
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4.3.2.7.  Photocatalytic chemical reaction mechanism

In PCO removal of MEK, three by-products including formaldehyde, acetaldehyde and acetone
were detected in the gas phase by HPLC analysis. The reaction mechanism for the photocatalytic
oxidation of MEK is presented in Fig. 4.28. The proposed mechanism is based on the detected by-
products and the reaction pathway proposed in reported literature [233-236]. As it is known, UV
light irradiation on P25 and F-P25, cause activation of electrons from the valence band to the
conduction band and the formation of charge carriers. These electrons and holes react with
available water and oxygen in the atmosphere to generate hydroxyl radicals. As shown, the
hydroxyl radical plays an important role in MEK degradation process. Hydroxyl radical formation
is improved by surface fluorination since the charge carrier recombination rate reduces (Fig.
4.12b). The proposed reaction pathway shows that the MEK molecules react with the hydroxyl
radicals and photo-generated holes to form three different alkyl radicals and water. Afterward,
these alkyl radicals decompose into smaller radicals with other organic compounds such as
ethylene, ketene, and methyl ketene. In the next step, the smaller radicals react with surface TIOH
and/or combine with other radicals to form various organic compounds groups, including alkane
(methane, ethane, propane, and butane), alcohol (methanol and ethanol), ketone (acetone and
diacetyl), aldehyde (acetaldehyde), and acetic acid. In addition, acetaldehyde can be formed from
other pathways such as oxidation of acetone, diacetyl, and ethanol. Afterward, the acetaldehyde
can be decomposed to acetic acid, methanol, and formaldehyde. By further oxidation of acetic acid
and formaldehyde to formic acid and finally CO2 and H>O, the complete mineralization occurred

in the photocatalytic reaction of MEK.
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Figure 4.28. Possible reaction pathway for photocatalytic oxidation of MEK (green-border compounds
are detected in this research).

4.3.3. Conclusion

The effects of surface fluorination were investigated on the photocatalytic efficiency of MEK
removal. The photocatalytic performance of P25 and fluorinated-P25 was tested under various
operational conditions. The range of operating parameters has been selected to resemble the real
conditions for indoor environments’ application. Accordingly, the effect of relative humidity, light
intensity, contaminant concentration, and residence time (airflow rate) were studied on P25 and F-
P25 surfaces. By comparing the results, surface fluorination was found as an effective method to
increase the MEK removal efficiency in all examined experimental conditions, especially at high

humidity condition. By increasing the airflow rate (decreasing residence time), the MEK removal
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efficiency decreased and the by-product generation rate increased. This is due to the fact that the
contact time between the contaminant and surface of the photocatalyst, as well as the hydroxyl
radical, is decreased. In addition, by increasing the relative humidity from 0% to 20%, the MEK
removal efficiency enhanced, whereas, further increasing the humidity from 20% to 80%, the
removal efficiency decreased due to the competition between MEK and water vapor for adsorption
on the photocatalyst’s surface. By increasing the inlet contaminant concentration from 200 ppb to
1000 ppb, the removal efficiency slightly decreased, while the by-product generation rate
significantly increased. To study the effect of light intensity on the performance of P25 and F-P25,
two different lamp configurations were used. Based on the results, by increasing the light intensity,
the MEK removal efficiency improved for both photocatalysts. In addition, by increasing the layer
of photocatalyst, the removal efficiency is improved and by-products generation rate is reduced
significantly. This enhancement was higher for F-P25 because of the lower recombination rate of
charge carriers, a higher amount of reactive species, and a higher specific surface area as compared

to P25.
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4.4. Photocatalytic activity of C-doped P25

One of the effective approaches for overcoming the TiO> limitations and shifting the light
absorbance of TiO into the visible light is decreasing the band gap of TiO; through a carbon (non-
metal) doping process. It is reported that carbon doping into the TiO; lattice can significantly
improve the efficiency of the PCO process under both visible and UV light irradiation [123].
Carbon doping can improve the TiO> conductivity to facilitate the charge transfer from inside the
Ti0; lattice structure to the surface, where the degradation reactions take place [237, 238]. Fig.
4.29 presents the schematic illustration of photoexcited charge carriers’ behavior of C-doped P25
under UV and visible light irradiation.

This section aims to study the performance of modified P25 as the most widely utilized and
commercialized photocatalyst in PCO removal of indoor VOC. The photocatalytic degradation
efficiency, PCO reaction rate, and by-product generation rate are evaluated under visible and UV
light irradiation by using C-doped P25 coated on nickel foam. In this regard, C-doped P25
photocatalysts with different carbon contents (0.04-0.13 wt.%) were prepared and characterized in
order to enhance the PCO efficiency of P25 and shift the light absorption to the visible range. MEK
was selected as the target compound to investigate the PCO efficiency of the fabricated
photocatalysts under both types of light irradiations. In order to improve the MEK removal
efficiency and decrease the generation of by-products, three layers of C-doped P25 photocatalyst

were also studied.
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Figure 4.29. Schematic illustration of photoexcited charge carriers’ behavior on carbon-doped P25
under both UV and visible light irradiation.

4.4.1. Experimental condition
The bench-scale unit was used for the experiment of this section. Table 4.16 lists the operational

conditions of the experiments.

Table 4.16. The operating parameters for PCO removal of VOC experiments.

Parameter Value
Temperature in UV reactor 23+£1°C
Temperature in visible reactor 24+2°C
Relative humidity 0, 20, 40, and 60 + 1%
Air flow rate 0.015, 0.005 + 0.0001 m>*/min
Photocatalyst amount on the supports 490 mg + 15 mg
Residence time 0.025, 0.076 sec
Inlet concentration 2.65 + 0.3 mg/m?
Volume of reactor 6.3x10° m?
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4.4.2. Results and discussion

4.4.2.1.  Morphology

Fig. 4.30 shows typical SEM images and EDS spectra of P25 (a-c), C-P25-0.1% (d-f) and C-
P25-0.1% coated on the nickel foam substrate (g-h). The use of ultrasound in the synthesizing
process can cause agglomeration as reported before [239]. By examining the SEM image of C-
P25-0.1% (Fig. 4.30d), the agglomeration of particles is observed in some parts. In addition, the
elemental mapping of the surface of nickel foam coated by C-P25-0.1% are presented in Fig. 4.30
(i-m) and the result reveals the uniform presence of C, Ti and O elements on the nickel foam

substrate. The surface elemental concentration given by EDS analysis is tabulated in Table 4.17

for C-P25-0.1% and P25 photocatalysts.
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Figure 4.30. SEM images and EDS spectra of P25 (a-c), C-P25-0.1% (d-f), nickel foam coated with C-
P25-0.1% (g-h) and elemental mapping of nickel foam coated with C-P25-0.1% for O, Ti, C, and Ni

elements (i-m).

Table 4.17. Elemental composition from EDS analysis of P25 and C-P25-0.1% photocatalysts.

Sample Ti 0 C
pys Atomic % 2820 59.86 11.94
Weight % 55.09 39.06 585
Atomic % 25.17 62.42 12.41
- - 0,
C-P25-0.1% Weight % 51.23 42.43 6.31
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TEM analysis at different magnifications was employed to further study the morphology of the
structure of C-P25-0.1%, as shown in Fig 4.31. Fig. 4.31a illustrates that the sample consists of
many nano-crystallites with the size of around 25-40 nm, which is in agreement with the result of
the XRD. In the high-resolution images in Figs. 4.31b and c, the observed lattice spacing is 0.354
nm that corresponds to the (101) planes of the anatase crystal which indicates that the surface of
C-P25-0.1% mainly consists of a (101) facet [123, 240]. Fig. 4.31d depicts the selected area
electron diffraction (SAED) pattern of the C-P25-0.1% photocatalyst. The SAED pattern
demonstrates the polycrystalline structure in C-doped P25 which corresponds to (101), (103),

(004) and (112) planes of anatase and (110) and (101) plane of rutile phases in TiO».
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Figure 4.31. HR-TEM images and SAED pattern of the C-P25-0.1% photocatalyst.

4.4.2.2.  Phase structure, FTIR and BET analysis

The XRD technique was used for analyzing the crystallinity of all samples. The XRD patterns
of all C-doped P25 and P25 samples are presented in Fig. 4.32a. As can be seen, the XRD patterns
show both anatase (JCPDS 21-1272) and rutile phases (JCPDS 21-1276) of TiO> [202]. Anatase
diffraction peaks are found at 20 values of 25.3°, 37.0°, 37.8°, 38.6°, 48.0°, 53.9°, 55.1°, 62.1° and
62.7°; these correspond to (101), (103), (004), (112), (200), (105), (211), (213) and (204) crystal
planes, respectively. Rutile peaks are located at 27.4°, 36.1°, 39.2°, 41.2°, 44.1°, 54.3°, 56.6° and

64.1°%; corresponding to (110), (101), (200), (111), (210), (211), (220) and (310) crystal planes,
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respectively. The crystallite size is calculated based on the Scherrer equation applied to the XRD
peak (101) at 20 = 25.3° for anatase and the peak (110) at 20 = 27.4° for rutile. The results are
tabulated in Table 4.18. It can be seen that the doping process has no obvious effect on crystal size
and crystallinity due to very low carbon content in the photocatalysts [53, 241]. In other words, no
significant changes in the position and width of the peaks are observed after carbon doping. This
can be attributed to the very low carbon content below the XRD detection limit, or the amorphous
structure of carbon black used in this study. In addition, the intensity of anatase’s main peak of
P25 at 25.3° slightly decreases after carbon doping. The lattice parameters are also calculated for
the anatase and the rutile phase and the results are listed in Table 4.18. It can be seen that the lattice
parameters for the anatase and the rutile phase are almost unchanged with carbon doping. In
addition, Table 4.18 also presents the results of the BET surface area of the photocatalysts. The
result shows that the specific surface area of C-doped P25 samples is a little lower than that P25.
This can be due to the fact that using ultrasound for 1.5 h in the C-doped P25 preparation process
causes an aggregation on the surface of the catalyst which is observed in SEM images (4.30d)
[239]. As seen, the specific surface area of P25 is decreased from 54 m*/g to 48 m?/g for C-P25-
0.1%. Although C-P25 has a slightly lower specific surface area, it shows higher photocatalytic
activity compared to P25. This further proves the effectiveness of the employed modification route
in this study. The higher removal efficiency of C-P25-0.1% photocatalyst despite its lower specific
surface area can be explained by its lower electron-hole recombination which prolongs the photo-

excited charge carrier’s lifetime [242]. More details are provided in the section 4.4.2.3.
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Table 4.18. Structural properties of C-doped P25 and P25 photocatalysts.

Phase Crystallite Crystallite Lattice Lattice

Sample Crys(t;(l.;inity content size (nm) at size (nm) at parameter parameter (:;]/EgT)
(A/R)% peak A(101) peak R(110) for A (A°) for R (A°)

P25 88.9 (75.8/24.2) 255 41.0 “ji ;35?25’ ”j’i ?‘9'2?3’ 53.78
C-P25-0.04% 88.5 (81.3/18.7) 25.6 40.1 “ZZ ;34;?3’ ”j’i ?9;2?3 © 47.06
C-P25-0.07% 88.9 (81.3/18.7) 25.6 38.7 “:b: ;34;33’ “:Z ?;291)3 4545

C-P25-0.1% 89.1 (75.7/24.3) 25.8 40.0 “ji ;35'125 ’ ”j’i ?‘9'2?3’ 47.96
C-P25-0.13% 88.4 (82.0/18.0) 25.7 41.1 “ZZ ;34;?3’ ”j’i ?9;2?3 4882
A: Anatase

R: Rutile

The surface characteristics of photocatalysts were analyzed by FTIR spectroscopy. The FTIR
spectra of all samples are presented in Fig. 4.32b. Accordingly, the bonding characteristics of
functional groups of C-doped P25 photocatalysts and P25 are compared. The wide and intense IR
absorption in the region between 3000 and 3600 cm™ are attributed to the different types of
hydroxyl groups and the O-H stretching vibration of adsorbed water molecules [243, 244]. As
seen, P25 shows a higher intensity of the O—H band compared to C-doped P25 photocatalysts with
a band centered at 3330 cm™! [243]. The isolated hydroxyl groups at the 3692 cm™ band in P25
showed higher intensity in comparison to C-doped P25 [208]. It is worth noting that P25 has a
superhydrophilic surface which tends to adsorb more water molecules. Therefore, the available
hydroxyl functional groups on the P25 surface bond with water molecules via hydrogen bonds and
create a cluster around the P25 which prevents VOCs adsorption [184, 228]. The IR absorption
peak detected near 2890 cm™! (range 2800-3000 cm!) corresponds to the C-H stretching vibration
(in CH3 and CH>») of residual organic compounds on P25 and C-doped P25 [244, 245]. The
vibration peak at 1630 cm™! is assigned to the adsorbed water and the peak intensity for P25 is

slightly higher than that of C-doped P25 photocatalysts [246]. The peak detected near 1527 cm’!
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for C-doped P25 is assigned to the vibration of the coordinated carboxylate ligands on TiO> [247,
248].

Fig. 4.32¢ depicts the Raman spectra of the C-doped P25 and P25 samples. Accordingly, the
Raman spectrum at 144 cm™ (Eig), 395 cm™ (Big), 514 cm™! (A1) and 638 cm™! (E3,) correspond
to the anatase characteristic peaks [53, 123, 202]. In addition, the Raman spectrum at 446 cm™!
(Eg) confirms the presence of rutile phase [202]. As mentioned in the literature, the intensity of the
two Eg peaks at 144 cm™ and 638 cm™! are attributed to the symmetric stretching vibration of O-
Ti-O in TiO: [240, 249]. Moreover, the B, peak located at 395 cm™ and the A, peak located at
514 cm! are assigned to the symmetric bending vibration and asymmetric bending vibration of O

—Ti—0, respectively [240, 249]. As shown in the inset of Fig. 4.32¢c, no changes in the position of

the main peak at 144 cm™! are observed; however, for C-doped P25 samples, the peak intensity
decreases as the carbon concentration increases. Consequently, the results serve as confirmation

that the carbon has been doped into P25 lattice structure [53].
4.4.2.3.  Optical properties

The PL spectrum measurement is carried out to evaluate the separation efficiency of the
photogenerated charge carriers and their recombination behavior. Therefore, the PL spectra of all
C-doped P25 photocatalysts and P25 were measured to study the charge carriers’ recombination
process using an excitation wavelength of 280 nm at room temperature, and the results are
presented in Fig. 4.32d. It is observed that the PL emission intensity for P25 is higher than C-P25-
0.1% indicating the recombination rate of photogenerated charge carriers is retarded considerably
in C-P25-0.1%. This is because of the formation of dopant states in C-P25-0.1% which trap
electrons and hence separate the electrons and holes to reduce their recombination, which is in

good agreement with the results of reported literature [135, 250, 251].
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Figure 4.32. (a) XRD pattern, (b) FTIR spectra, (c) Raman spectra, and (d) PL spectra of C-doped P25
(synthesized at different carbon content) and P25.

To observe the optical properties and light sensitivities of each photocatalyst, the UV-vis
absorption spectra were carried out and results are shown in Fig. 4.33a. As depicted in Fig. 4.33a,
for all C-doped P25 samples, the absorption of UV and visible light in the range of 250 and 800
nm are much higher than that of P25. It is evident that the carbon doping increases the light
absorbance toward the visible range in comparison with bare P25. The band gap energy of all
photocatalysts was calculated based on the following equation [252]:

ahd = A(h9 — Eg)" (4.10)
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where, a is the absorption coefficient, /4 is Planck’s constant (4.136 x 10!° eV.s), 9 is the light
frequency (s), 4 is an absorption constant, E, is the band gap and » is assumed to be 1/2 and 2
for direct and indirect transitions, respectively [40, 252]. The changes in the band gap of C-doped
P25 and P25 photocatalysts are presented in Fig. 4.33b.

The optical band gap was calculated based on the optical absorption by using Tauc plot. As
displayed, the band gap (E;) of all samples is estimated from the intercept of the tangents to the
plot of (ah9)"? versus photon energy (h9). Accordingly, the estimated band gap values from
Tauc’s plot for C-doped P25 with a C/TiO; ratio of 0.04, 0.07, 0.1 and 0.13 wt. %, are 2.59, 2.68,
2.35 and 2.50 eV, respectively and for P25 is 3.00 eV. The C-doped P25 results in better
photocatalytic activity under visible light. This is mainly due to the smaller band gap compared to
P25. The results confirmed that the P25 band gap was successfully narrowed by doping with a
carbon element. Moreover, the narrower band gap energies in C-doped P25 were caused by either
substituting the oxygen of TiO; lattice with carbon to induce several new states above the valence
band or carbon atom incorporation into an interstitial position of the TiO> lattice [238, 253].

The potential of the valence band and conduction band edges of as-synthesized photocatalysts
were determined by [40, 254]:

Evg =X — E +E, (4.11)
Ecg = Eyp — Eg (4.12)
where, Evs and Ecg are the band edge position of valence and conduction band, respectively. E° is
the energy of free electron on hydrogen scale (~ 4.5 eV) and E; is the band gap energy of

photocatalysts. X is the geometric mean of the absolute electronegativity of the component atoms

on the Pearson scale (PAE) and is obtained by [130]:

X = “i/xfx; ...... XP_ X1 (4.13)

n—-1n
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where, X; is the electronegativity of the first component atom, z is the number of species and N is
the total number of atoms in the compound. Accordingly, the calculated X value for TiO> is 5.81
eV [237]. The calculated band gap energy, the conduction and valence band edge position of all
samples are given in Table 4.19. It is well established that doping a non-metal element into TiO:
lattice does not change the conduction band position. Consequently, the conduction band of all C-
doped P25 photocatalysts (regardless of the carbon dopant concentration) remains the same as P25
[130, 237].

Fig. 4.33c shows the schematic diagram of the electronic band structure of P25 and C-P25-
0.1%, charge carrier generation and the separation pathway under visible and UV light irradiation.
The C-doped P25 creates a new electronic level above the valence band which enhances the charge
carrier transition, reduces charge carrier recombination, prolongs the charge carrier lifetime and

shifts the light absorption to the visible range.
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Figure 4.33. (a) UV-vis absorption spectra of as-synthesized C-doped P25 (synthesized at different
carbon content) and P25, (b) corresponding evaluation of the optical band gap using Tauc plot, and (c)
band positions and charge carriers transfer in P25 and C-P25-0.1% photocatalysts.
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Table 4.19. Calculated band gap energy, conduction and valence band edge position for C-doped P25

and P25 photocatalysts.
Photocatalyst Eq (V) Calcu(l:\tfe;d Ecs Calcu(l:\tfe;d Evs
P25 3.00 -0.190 2.810
C-P25-0.04% 2.59 -0.190 2.605
C-P25-0.07% 2.68 -0.190 2.650
C-P25-0.1% 2.35 -0.190 2.485
C-P25-0.13% 2.50 -0.190 2.560

4.4.2.4.  XPS analysis

The XPS analysis of C-P25 and P25 are carried out to determine the surface elemental
composition and to confirm the existing form of carbon in C-P25. The XPS spectra of all tested
photocatalysts are presented in Fig. 4.34a-d. Accordingly, the presence of Cls, Ti2p and Ols
elements are clearly observed in the XPS spectra. In addition, the elemental composition data are

tabulated in Table 4.20.

Table 4.20. The surface composition (XPS) of C-doped P25 and P25 photocatalysts.

Element Atomic %

Photocatalysts

Ti 0] C
P25 26.2 60.6 13.3
C-P25-0.04% 26.3 52.8 21.1
C-P25-0.07% 26.2 52.1 21.8
C-P25-0.1% 26.1 514 22.4
C-P25-0.13% 26.0 50.6 22.7

As depicted in Fig. 4.34b, after deconvolution of Cls spectra, four peaks at 282.6, 284.8, 286.4
and 288.9 eV are detected for C-P25, and peaks at 284.8 and 286.4 eV are detected for P25, which

are in agreement with the literature [123, 255]. The peak at 284.8 eV for all photocatalysts is

120



assigned to adventitious carbon from the XPS measurement [132, 255]. The peaks at 286.4 and
288.9 eV suggest the presence of carbonate species and these peaks are attributed to C-O (C-O-C)
and C=0 bonds of carbonate-like species, respectively [132, 256]. In addition, the presence of C-
O bonds could indicate the formation of a Ti-O-C structure, produced by carbon substitution with
some of the lattice titanium atoms [238]. The Cls peak at 282.6 eV is ascribed to the O-Ti-C bond,
which indicates that carbon is substituting oxygen in the lattice of P25 [123, 132, 256]. Based on
the above observation, carbon doping can be introduced at both the interstitial position and
substitutional position of the P25 lattice structure during the modification process. In O-Ti-C
bonds, the larger electronegativity of oxygen in comparison with carbon results in a stronger
binding energy of titanium with oxygen as compared to carbon in the Ti-C bond [53, 123]. In this
study, the ultrasound was used for the preparation of C-doped P25. Based on the literature, when
ultrasound is introduced into the solution, it produces small cavitation bubbles with high
temperature (>5000 K), pressures (>20 MPa) and cooling rates (>1010 K/s) [257-260]. Under such
extreme conditions, various chemical reactions and physical changes occur. These extreme
conditions are able to form new nanostructured materials and can be strong enough to dope
elements into the structure of the host photocatalyst [257, 258, 261].

Fig. 4.34c shows the high-resolution of Ti2p spectrum of C-P25 and P25. By increasing the
amount of carbon content into the structure of P25, the Ti2p peaks are shifted to a lower level
which indicates that the Ti** oxidation state is surrounded by carbon and oxygen atoms.
Accordingly, the two observed peaks at binding energies of 458.5 eV (Ti2p3») and 464.1 eV
(Ti2p1r2) for C-P25-0.1% indicate the presence of Ti*", and peaks at 458.9 eV (Ti2p3.) and 464.6
eV (Ti2pi.2) for P25 are assigned to Ti* [256]. Comparing the result of XPS of C-P25-0.1% and

P25 photocatalysts, a slight shift of about 0.4 and 0.5 eV is observed in (Ti2p32) and (Ti2p12) peak
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locations, correspondingly [256]. The slight shift in the Ti2p peak’s location indicates the creation
of additional Ti*" in C doped P25 samples. The presence of a lower state of Ti (Ti*") in C-P25
illustrates that the oxygen vacancies are formed around the Ti-C bond to maintain the electrostatic
balance which is reported before [256, 262]. Therefore, the shifts of the Ti2p peak compared to
P25 confirm the successful carbon doping P25.

Fig. 4.34d displays the Ols spectra of C-P25 and P25 photocatalysts. The carbon incorporation
into TiO; lattice structure also influences the binding energy of Ols. As shown in Fig. 4.34d, by
increasing the carbon content, the peak shifts to a lower binding energy which can be explained
by the formation of oxygen vacancies through the carbon doping process [263, 264]. For instance,
two peaks at 529.6 and 531.6 eV are observed for C-P25-0.1%, which are ascribed to the O ions
in the Ti-O bond and adsorbed surface oxygen species, such as OH™ and carbonate [132, 265].
However, the comparison of the O1s binding energy of bare P25 with the first O1s peak of C-P25-
0.1% displays a slight shift to 530.1 eV. In addition, the peak at 531.6 eV which corresponds to

the surface oxygen species is also observed in P25.
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Figure 4.34. XPS spectra of C-P25 (synthesized at different carbon content) and P25 (a) survey, (b) high-
resolution spectra of Cls, (c) high-resolution spectra of T2p, (d) high-resolution spectra of Ols.
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4.4.2.5.  Photocatalytic activity

4.4.2.5.1.  Effect of UV light and visible light

In the previous section, the effect of surface fluorination of P25 (F-P25) as another modification
approach for P25 was investigated and demonstrated an enhanced MEK removal efficiency under
UV light illumination. In spite of the promising enhancement in photocatalytic activity particularly
at high relative humidity, which is a constraint of PCO, the developed F-P25 does not have notable
photoactivity under visible light irradiation. This observation could be explained by the XPS
results of F-P25 shown that after surface fluorination, F~ ions are not incorporated into P25-TiO»
lattice structure and it does not affect the band gap. Therefore, the observed photocatalytic activity
enhancement was based on the changing of the surface reaction kinetics, rather than the
modification of optical properties. In this regard, the photocatalytic activity of C-doped P25
photocatalysts is evaluated by the degradation of MEK under both visible and UV light
irradiations. The results of single-pass removal efficiency under UV and visible light are shown in
Figs. 4.35 and 4.36, respectively. As can be seen, C-doped P25 photocatalysts with different
concentrations of dopant demonstrate a higher photocatalytic activity than the bare P25 under both
light irradiations. This can be explained by the fact that carbon dopant can reduce the band gap of
P25 and increase the absorption of UV and visible light irradiation (See Fig. 4.33). According to
Figs. 4.35 and 4.36, it is clear that C-P25-0.1% shows the highest photocatalytic activity under
both UV and visible light, degrading 77% and 50% of the MEK, respectively. This performance
is in agreement with the result of UV-vis absorption spectra and band gap calculation. As shown
in Fig. 4.33a, the C-P25-0.1% had a significant absorbance in UV and which is shifted toward the

visible region.
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The undoped P25, under UV light irradiation, shows removal efficiency with values of 41%,
46%, 44% and 41% for RH= 0%, 20%, 40% and 60%, respectively. In addition, the small removal
efficiencies are observed under the visible light with values of 12%, 23%, 16% and 13% at the
aforementioned humidity levels, correspondingly. P25 is a mixture of 75.8% of anatase (3.2 eV)
and 24.2% of rutile (3.02 eV) phases, which reduces the band gap of monocrystalline TiO> [255,
266]. As can be seen from Fig. 4.33b, the band gap of P25 is around 3.0 eV which can be activated
under light with wavelengths <413 nm [266, 267]. According to Fig. 4.37, the wavelength of Xe
lamps’ light is in the range of 389-900 nm and the intensity for the light with wavelengths <413
nm is 0.67 mW/cm? that causes P25 to have a small removal efficiency under the visible light.
Moreover, it is proven that the mixture of anatase and rutile phases prolongs the lifetime of the
charge carriers and reduces their recombination rate [268].

In addition, Figs. 4.35 and 4.36 present the MEK removal efficiencies of the nickel foam
without a photocatalyst under both light irradiations at four different relative humidity levels.
Accordingly, the nickel foam shows very small removal efficiency of less than 4.5% and 3% under
UV and visible light irradiations, respectively. The low efficiency might be the result of the

presence of NiO on the surface of the nickel foam which is a p-type semiconductor [269].

125



UV light
80 1.8

70

Removal Efficiency (%)
Reaction rate (mg/mz. min) <1073

||
RH = 0% RH =20% RH = 40% RH = 60%

P25 W  C-P25-0.04% WM C-P25-0.07%M C-P25-0.1%M C-P25-0.13%M Nickel foam Reaction rate X

Figure 4.35. MEK removal efficiency and PCO reaction rate under UV light irradiation for synthesized
C-doped P25 (synthesized at different carbon content), P25, and nickel foam at four relative humidity RH
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Figure 4.36. MEK removal efficiency and PCO reaction rate under visible light irradiation for
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The reaction rate can evaluate the photocatalytic activity of photocatalyst and it is an important
evaluation parameter to consider the efficiency of the PCO process [123, 193]. Several parameters
including relative humidity, light intensity and photocatalyst properties can influence the reaction
rate of PCO [193]. The surface PCO reaction rate is obtained based on the amount of MEK
removed on the surface of the catalyst per unit time at steady-state condition (Eq. (3.9)). The
reaction rate of PCO removal of MEK under UV and visible light are also shown in Figs. 4.35 and
4.36, respectively. As can be seen, the reaction rate is enhanced by doping carbon into the P25
structure. In addition, among C-doped P25 photocatalysts, C-P25-0.1% exhibits the highest
reaction rate. As confirmed by the PL results in Fig 4.32d, C-P25-0.1% more effectively separates
electron and hole and reduces charge carrier recombination rate, leading to the decomposing of
more target compounds and increasing the reaction rate. According to Figs. 4.35 and 4.36, the
reaction rate under the visible light are less than UV light. This is because less energy is provided

by visible light as compared to UV light.
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The result of MEK removal for a mixture of carbon and P25 (without using ultrasound) on a
nickel foam is presented in Fig. 4.38 for both UV and visible light irradiation and compared with
photocatalyst that were prepared by ultrasonic. The obtained results for the mixture of P25 and
carbon were lower than that of photocatalysts prepared by ultrasonic, confirming the ability of
ultrasound for doping of element into the structure of P25. This difference in the performance of
photocatalysts is due to the generation of extreme conditions under ultrasound irradiation [257,

258, 261].
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Figure 4.38. MEK removal efficiency for mixture of carbon and P25 with and without using ultrasound
(during the catalyst preparation) under visible and UV light irradiations.

4.4.2.5.2. Carbon dopant concentration

The dosage of carbon dopant is an important parameter in the photoactivity of modified non-

metal doped TiO2 [130, 268]. Accordingly, increasing the dopant ion lower than the optimum
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amount, leads to enhance the separation of charge carriers, resulting in the improvement of VOCs
photocatalytic degradation [270, 271]. However, by exceeding the dopant dosage beyond the
optimum value, the dopant ions act as a charge carrier recombination center or may destroy the
TiO, lattice structure, which is detrimental to the photocatalytic activity [270].

In this section, the optimum dopant concentration was found to be 0.1 wt. % for C-doped P25
in the PCO removal of MEK under UV and visible light irradiations. This result was obtained by
examining a wide variety of carbon dopant concentrations at 0.04-0.13 wt. %. Accordingly, by
increasing the dopant concentration from 0.04 wt. % to 0.07 wt. %, and further to 0.1 wt. %, the
MEK removal efficiency is enhanced. Higher amounts of carbon dopant (>0.1 wt. %) caused a
decline in photocatalytic activity, which can also be seen in Figs. 4.35-4.36. This result can be
caused by changes in the charge carriers’ recombination rate. As can be seen from Fig. 4.32d, by
increasing the dopant concentration from 0.04% to 0.1%, the charge carriers’ recombination is
decreased; however, further increases in dopant concentration to 0.13%, causes the recombination

rate to increase.

4.4.2.5.3.  Effect of humidity

The effect of humidity on the PCO performance of all C-doped P25 and bare P25
photocatalysts, under both UV and visible light, was investigated in the range of 0-60%. It can be
observed in Fig. 4.36 that for visible light, the removal efficiency increased from 0 to 20% and
then decreased gradually with further increase in humidity. The optimum humidity of C-doped
P25 photocatalysts for MEK removal process under visible light is 20%. However, the optimum
humidity by using C-doped P25 especially for those with the carbon content of 0.07% and 0.1%
under UV light is 40% (Fig. 4.35). It is worth mentioning that the optimum RH for bare P25 under

both visible and UV light is 20%. One possible explanation for the difference in the optimum RH
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value under UV light for P25 and C-doped P25 could be that the hydroxyl functional group on the
surface of the P25 is higher than the C-doped P25 which is confirmed by FTIR results (Fig. 4.32b).
Consequently, in spite of P25, a higher amount of humidity as a precursor of hydroxyl radicals is
needed to be adsorbed on the surface of C-doped P25 for the generation of hydroxyl radicals. As
a result, by increasing the RH from 20% to 40%, more hydroxyl radical is produced and consumed
for the reaction process in C-doped P25. However, the increase in relative humidity from 20% to
40% for P25 causes the PCO efficiency to decrease. Two possible explanations are: 1) the low
PCO removal efficiency of P25 consumes less amount of hydroxyl radicals, or 2) the high surface
hydrophilicity of P25 adsorbs more water molecules in comparison with MEK, that indicates the

increase in relative humidity from 20% to 40% is not efficient for the PCO process of P25.

The influence of relative humidity on the reaction rate was investigated and is shown in Figs.
4.35 and 4.36. In the case of visible light, increasing the relative humidity from 0% to 20%,
enhanced the reaction rate. Further increase in humidity above 20% caused a gradual decrease in
reaction rate. For UV-PCO, the optimum relative humidity was 40% at which the highest reaction
rate was achieved. However, excessive water vapor on the photocatalyst surface led to a decrease
of the reaction rate. This can be explained by the fact that by increasing the relative humidity
beyond the optimum value, water vapor can occupy the active sites of the photocatalyst surface
and decrease the MEK adsorption on the surface [272]. As studied earlier, the surface of P25 is
hydrophilic and tends to adsorb polar compounds, compared to non-polar or less polar ones. As a
result, an excess amount of water vapor can create a cluster around the photocatalyst, therefore,
VOCs compound cannot adsorb in order to react on the surface of the photocatalyst.

The quantum yield for all photocatalysts under both light absorptions is calculated and results

are presented in Figs. 4.39a and 4.39b, respectively. Accordingly, the quantum yield for C-P25-
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0.1% is the highest under both radiations. As seen, the quantum yield is the maximum at RH=20%

under visible and at RH=40% under UV light irradiation.
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Figure 4.39. Quantum yield at different carbon content and relative humidity levels under a) UV and b)
visible light radiation.

4.4.2.5.4. By-products generation

The main concern of the PCO process is the formation of unwanted and harmful by-products
[223]. In addition, the by-product and intermediate generation, as well as their accumulation on
the surface of the photocatalyst, may deactivate the photocatalyst [42].

Figs. 4.40a, b, c and d present the by-product formation rates obtained by HPLC analysis at
RH= 0%, 20%, 40% and 60%, respectively. According to Fig. 4.40, the comparison of PCO under
visible light and humid condition, demonstrated that by-product generation at RH = 20% was
higher than at RH = 40% and 60%. This can be attributed to the removal efficiency of MEK at RH
= 20%, which is higher and leads to the degradation of more MEK molecules. By considering that

the PCO process is stepwise, —which means it occurs in consecutive steps— intermediates may
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produce and mineralize to form the final compounds. It can be concluded that at a high removal
efficiency, a higher number of MEK molecules decompose to intermediates and by-products,
which are not degradable on the surface of the photocatalyst in a continuous reactor with the small
residence time. As shown in Fig. 4.40b, in the visible-PCO process, the most recalcitrant by-
products are formaldehyde and acetaldehyde. Accordingly, the formaldehyde generation reached
the maximum concentration in C-P25-0.1%, which has the highest removal efficiency. However,
in Fig. 4.40c and d, for visible-PCO the amount of produced formaldehyde is reduced. In addition,
acetone generation is in the same range in the PCO of the photocatalysts at all examined relative
humidity levels. By increasing the relative humidity in visible-PCO from 0% to 60%, the formation
of all formaldehyde, acetaldehyde and acetone by-products is reduced. The mechanism of MEK
photocatalytic degradation was reported in Section 4.3.2.7. Based on the literature, the reactivity
of acetaldehyde in the oxidation reaction is reduced due to the presence of some intermediates with
a strong bond to the surface [273]. As shown in MEK degradation mechanism [167], acetaldehyde
can be formed from the oxidation of ethanol, acetone, and diacetyl. Zhong et al. [273] reported
that the ethanol oxidation into the acetaldehyde is not rate-limiting stage and in the presence of
sufficient hydroxyl radicals, higher ethanol can produce a higher amount of acetaldehyde [274].
On the contrary, the formaldehyde formation is a low rate multi-stage reactions producing some
oxidation inhibitory intermediates [273, 274].

In the case of UV-PCO removal at all relative humidity levels (Figs. 4.40a-d), it is clear that
formaldehyde and acetone generation rates of different photocatalysts are similar. The results show
that the degradation of MEK towards formaldehyde by-product is more favorable under visible

rather than UV light irradiation. It can be concluded that UV light irradiation is more powerful
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than visible light for mineralization of MEK. By increasing the residence time, it may be possible
for MEK to be completely mineralized.

In order to increase the MEK removal efficiency and mineralization rate as well as to reduce
the generation of by-products, three layers of C-P25-0.1% photocatalyst and higher residence time

were tested and results are provided in the following section.
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Figure 4.40. By-product generation rate at (a) Dry, (b) RH=20%, (c) RH=40%, and (d) RH=60% for
MEK degradation of C-doped P25 (synthesized at different carbon contents) and P25.
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4.4.2.5.5. Multi-layer photocatalysts

As mentioned in the previous section, one of the main concerns in the PCO process is the
generation of by-products. To reduce the by-product generation, two sets of experiments including,
a) increasing the number of photocatalyst layers and b) decreasing the airflow rate, were carried
out. Accordingly, the first set of experiments were tested with three layers of C-P25-0.1%
photocatalyst ( |8|8| ) which showed the highest single-pass removal efficiency. It should be noted
that the airflow rate and relative humidity were kept at a constant value of 0.015 m*/min and 40%,
respectively. The obtained results for removal efficiency and by-product generation rate are shown
in Figs. 4.41a and b, correspondingly. As shown, at the airflow rate of 0.015 m*/min, the removal
efficiency of three layers of photocatalyst was compared with the single layer. The residence time
corresponding to three layers and one layer of the photocatalyst is 0.076 sec and 0.025 sec,
respectively, which are very small residence time compared to the reported values [88, 182, 275].
As Fig. 4.41a depicts, the removal efficiency is enhanced from 77% to 94% for MEK removal
under UV light and from 50% to 67% under visible light irradiation. By increasing the layers of
photocatalyst at the same airflow rate (0.015 m>*/min), the amount of coated photocatalysts,
available active sites and residence time are increased. Consequently, a higher number of electrons
and holes are produced resulting in the formation of a higher amount of hydroxyl radicals.
Therefore, increasing the layers of the photocatalyst provides higher adsorption capacity for MEK
to adsorb and then react with the produced hydroxyl radicals. Consequently, it also improved the

removal efficiency and reduced the by-product generation rate.

It is obvious that by increasing the layers of the photocatalyst, less by-products are formed
under both visible and UV light irradiations, see Fig. 4.41b. The reduction is more noticeable under
UV light where the removal efficiency and the extent of mineralization are higher. The final
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concentration of formaldehyde was around 5 ppb and 23 ppb under UV and visible light irradiation,
respectively. Additionally, the final concentration of acetaldehyde is around 28 ppb and 96 ppb for
UV and visible light irradiation, correspondingly. These values are under the safe exposure limits

of Health Canada [231, 232].

The second set of experiments were carried out for a single layer of C-P25-0.1% photocatalyst
with a lower airflow rate at the value of 0.005 m*/min (correspond to 0.076 sec residence time).
The relative humidity was kept at 40%. Consequently, the removal efficiency and by-product
generation rate are presented in Figs. 4.41c and d, respectively. As shown, by reducing the airflow
rate or increasing the residence time, the removal efficiency is increased from 77% to 80% under
UV light and from 50% to 59% under visible light irradiation. In comparison to the three layers
photocatalyst, although the residence time is the same, the amount of photocatalysts and available

active sites are higher for the three-layer experiment.

As seen in Fig. 4.41d, for UV light, although the difference in removal efficiency is small, the
by-product generation rate is decreased significantly. Due to the longer contact time, the MEK
molecules have more reaction time to complete the reaction pathway and mineralization. Under
visible light irradiation, acetaldehyde and acetone generation are reduced significantly. However,

a slight reduction for formaldehyde is observed.
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Figure 4.41. (a, c) Effect of multi-layer photocatalysts and effect of airflow rate (residence time) on MEK
removal efficiency and (b, d) by-products generation.
4.4.3. Conclusion
In this section, in order to increase the feasibility of PCO to be applied in large-scale
applications, the modification of P25 was studied. Accordingly, C-doped P25 photocatalysts were

prepared to enhance the UV and visible photoactivity of P25 for the removal of indoor environment
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VOC contaminants. The results confirmed that carbon atoms are present in both interstitial and
substitutional positions into the P25 lattice. Carbon atoms are also distributed as carbonaceous
species on the photocatalyst surface. The doped carbon introduces a new electronic site above the
P25 valence band which facilitates charge carriers’ separation, inhibits their recombination and
shifts the light absorption to the visible range. As a result, the C-doped P25 photocatalysts
exhibited an enhancement in the degradation of gaseous MEK and the reaction rate in visible-PCO
and UV-PCO process compared with bare P25. In addition, the effect of carbon content and
relative humidity on MEK removal were investigated under both UV and visible light irradiations.
According to the results, C-P25-0.1% showed the highest MEK degradation under all tested
conditions. The MEK removal efficiency for one-layer and three-layer of C-P25-0.1%
photocatalyst are 77% and 94% under UV, and 50% and 67% under visible light irradiation,
respectively. Moreover, the results depict that the optimum values for relative humidity are 20%

for visible-PCO and 40% for UV-PCO.
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4.5.

Photocatalytic activity of Ce-doped TiO: and F-0.5%Ce-TiO:

Recently, cerium-doped photocatalysts have attracted extensive interest in regards to reducing

pollutants given their unique ability to shift between Ce*" and Ce*" oxidation states, which have

different electronic configurations and optical properties [276-279]. In Ce-doped TiO, the excited

photoelectrons transferred to 4f orbitals, thus increasing charge carriers separation and reducing

their recombination rate [280-282]. Surface fluorination of Ce-TiO; is performed in order to

facilitate and increase the participation of the trapped electron in surface reactions [198, 283].

Moreover, the surface fluorination process reduces TiO> surface hydrophilicity. Fig. 4.42 shows

the schematic illustration of photoexcited charge carriers’ behavior on Ce-doped TiO2 and F-

0.5%Ce-Ti02 under both UV and visible light irradiation.
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Figure 4.42. Schematic illustration of photoexcited charge carriers’ behavior on Ce-doped TiO: and F-
0.5%Ce-TiO; under both UV and visible light irradiation.
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To the best of our knowledge, consecutive cerium doping and TiO: fluorination has not yet been
studied for VOCs photocatalytic degradation in indoor environments. Moreover, no earlier work
investigated the performance of Ce-TiO; under visible light irradiation at realistic indoor
conditions (e.g. different relative humilities, pollutants concentration, and residence time) for
indoor air purification systems.

The main objective of this section is to utilize a template-free hydrothermal method to
synthesize modified TiO; and then use it in a continuous flow mode-of-operation with very low
residence time and low inlet concentration. Consequently, biphasic TiOz-based photocatalysts
containing both anatase and brookite polymorphs are synthesized. In addition, two modification
techniques including doping and surface fluorination are applied to synthesize mesoporous TiO»-
based photocatalysts. For the former technique, Ce doped TiO> photocatalysts with different Ce
contents between 0.2 and 1.5 atomic% are synthesized, followed by surface fluorination of
0.5%Ce-Ti0,. Photocatalytic degradation, reaction rate, and by-product generation of prepared
photocatalysts MEK are studied. Afterward, the obtained results are compared to the performances
of pristine TiO> and P25. To increase MEK removal efficiency and reduce the by-product
generation, three-layer coated photocatalysts’ films were also examined and results are compared

to one-layer ones.

4.5.1. Experimental condition
Table 4.21 tabulates the operating parameters applied for the MEK photodegradation

experiments in bench-scale setup (Section 3.1.1).
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Table 4.21. The experimental conditions of PCO for MEK removal.

Parameter Value
Relative humidity 0, 20,40, and 60 + 1%
Air flow rate 0.015 = 0.0001 m*/min
Residence time 0.025 and 0.076 sec
Photocatalyst amount on the supports 0.490+0.03 g
Inlet concentration 2.70 £ 0.3 mg/m?
Intensity of UV lamps 3.6 mW/cm?

Intensity of visible lamp 23.6 mW/cm?

4.5.2. Results and discussion

4.5.2.1. XRD and Raman

The structural properties and crystallinity of all synthesized photocatalysts were studied using
XRD. Fig. 4.43a shows the XRD patterns of pristine TiO2, Ce-TiO2, and F-0.5%Ce-TiO2
photocatalysts. Accordingly, the XRD patterns of all synthesized photocatalysts are indexed to
anatase (JCPDS 21-1272) and brookite phases (JCPDS 29-1360) of TiO» [284]. The figure shows
that the main peaks of anatase (~25.3°) and brookite (~30.8°) shift slightly in position and also
broaden as Ce concentration increases. The crystallite size of each photocatalyst was calculated by
the Scherrer equation applied to the anatase diffraction peak (101). Results are listed in Table 4.22.
As shown, doping Ce into TiO structure causes a slight decrease in the crystallite size. As it can
be noted, among the Ce-TiO> photocatalysts, the crystallite size decreases by increasing the Ce
content [285] (see Table 4.22). Nasir et al. [286] investigated that the reduction in crystallite size
can be ascribed to the formation of Ce-O-Ti bond, which inhibits the crystal growth. This is also
affirmed by Hao et al. [287]. The ionic radius of Ce*" (0.099 nm) is larger than Ti*" (0.068 nm);
therefore, Ce*" partially substitutes Ti*" and expands the TiO; lattice. This could inhibit the phase
transfer from anatase to rutile [288, 289]. Brookite is an intermediate metastable phase between

the transformation of anatase and rutile. As reported in the literature, the thermodynamic phase
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stability for three polymorphs of TiO> follows the order of rutile > brookite > anatase. Therefore,
anatase may transform to brookite upon heating up to 500 °C in the calcination step in the
photocatalyst preparation [290-292]. Tian et al. [293] reported the brookite phase disappears at
calcination temperature above 600 °C and anatase phase transfers to the rutile phase. As seen from
Table 4.22, doping Ce into the TiO; structure controls the transformation of anatase to brookite.
After the Ce doping process, no obvious characteristic peaks associated with oxide impurities
such as Ce203 (at ~28.7°) and CeO> (at ~28.5°) are observed. Two possible explanations are: 1)
the Ce dopants have been well dispersed on the surface or incorporated into the TiO> structure
completely, or 2) a small amount of Ce dopants are below the XRD detection limit [279, 286, 294].
No peak at 59.29° assigned to Ce-Ti chemical bond is observed, indicating no excess amount of
Ce dopants and confirming the well-incorporated Ce species into the TiO: crystal lattice [295]. In
addition, Matejova et al. [112] also reported that Ce in Ce-doped TiO, might present as the Ce

amorphous phase, which affects TiO; crystallite size.

Table 4.22. Structural properties of TiO,, Ce-TiO;, and F-0.5%Ce-TiO: photocatalysts.

Phase content (%) Crystallite size (nm)  Surface area
Sample at peak A(101) (m?/g) Eq (eV)
Anatase brookite

TiO; 72.8 27.2 29.19 38.91 3.20

0.2%Ce-TiO, 83.8 16.2 26.64 46.71 3.09

0.5%Ce-TiO; 85.8 14.2 25.68 47.02 2.99

1%Ce-TiO, 89.2 10.8 24.71 49.48 2.90

1.5%Ce-TiO; 92.8 7.2 24.36 55.66 2.80

F-0.5%Ce-TiO; 79.7 20.3 27.98 46.55 3.00
A: Anatase

A Raman spectroscopy analysis was conducted to further investigate the chemical and structural
properties of all synthesized photocatalysts. Moreover, the defects of TiO2 lattice upon the addition

142



of Ce can be confirmed by Raman spectroscopy. Fig. 4.43b presents the Raman spectra result for
pristine TiO2, Ce-TiO2, and F-0.5%Ce-TiO: photocatalysts. As presented in Fig. 4.43b, the Raman
spectra of all synthesized Ce-TiO> with different Ce contents and surface fluorinated F-0.5%Ce-
TiO> exhibit a characteristic peak of anatase and brookite phases of TiO> consistent with the XRD
result. No Raman band of CeO; at 463 cm! can be observed over Ce-TiO> and F-0.5%Ce-TiOz,
confirming that the Ce*" has been substituted into the TiO: lattice [296]. Accordingly, the several
Raman bands at 142, 197, 395, 515, and 639 cm™' corresponding to Eg(1), Eg2), Big, A1g + Bag, and
Eg3) Raman active modes of anatase phase are observed [297-299]. In addition, Raman bands
located at 323 and 636 cm™! can be assigned to Big and A1, Raman active modes of the brookite
phase, respectively [290, 299]. These Raman peaks are associated with stretching and bending
vibration of the Ti-O bond. Consequently, the E; Raman active mode is attributed to the
symmetrical stretching vibration, and the Big and Aiz modes are related to symmetric bending
vibration and antisymmetric bending vibration of O-Ti-O bonds, respectively [276].

By increasing Ce concentration in the range of 0.2-1.5 atomic%, all peak intensities become
weaker compared to pristine TiO,. This observation is in good agreement with the study results by
Deng et al. [296], which reported that by adding Ce into TiO> and by increasing the Ce content,
the intensity of Raman peaks become weaker. The reduction can be explained by the fact that when
Ce doped into TiO> lattice structure, the amount of Ti-O-Ti symmetric vibration decreases as a
result of more Ce-O-Ti formation as reported by Zeng et al. [300]. Two factors, including oxygen
vacancy or lattice defects and decreasing the crystallite size, are responsible for broadening and
shifting Raman peaks [301]. The difference in the radius size of Ti and Ce ions causes deformation
in the lattice structure and results in shifting the Raman spectra to a higher wavenumber side.

Moreover, the vibrational properties of materials are changed due to the decreased crystalline size.
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As compared to pristine TiO2, a slight shift of the E; Raman active mode of anatase located at
~638 cm™! (Fig. 4.43b inset) is observed for all Ce-TiO,, indicating lattice disorder and creation of
oxygen vacancies [297]. This observation is consistent with the research by Song et al. [302],
which studied different rare earth (RE) metal-doped TiO2 and reported that a redshift of Raman
peak (at 638 cm™) for the RE ion-doped TiO». They observed that the shift is very sensitive to
lattice distortion and oxygen deficiencies occurred by RE dopants. A similar phenomenon is

observed in Ce-TiO; in this study.
4.5.2.2. FTIR

Hydroxyl functional groups on the photocatalyst surface play an important role in the PCO
process of VOCs [31, 256]. The photogenerated holes could trap these surface hydroxyl groups
and form hydroxyl radicals. These can reduce the charge carrier recombination rate and enhance
the photodegradation efficiency [53]. FTIR analysis was performed to further investigate the
hydroxyl group on the developed photocatalysts’ surface. In VOCs photocatalytic degradation,
hydroxyl groups can serve as precursor of reactive species to degrade pollutants; therefore, their
intensities and types could influence the photocatalytic performance. The FTIR of all synthesized
photocatalysts are presented in Fig. 4.43c. As seen, the FTIR spectra of the samples are almost
similar with broad and strong IR absorption in the range of 3600-3000 cm™'. This peak is attributed
to the O-H stretching mode of surface adsorbed water. Moreover, the intense absorbance around
1630-1635 cm™! is assigned to the bending mode of adsorbed water (H-O-H bonding vibration)
[282]. The peaks detected in the range of 2893-2896 cm! correspond to the stretching vibration of
C-H bond of residual organic compounds, which agrees well with XPS results (Fig. 4.48¢) [244,
245, 303, 304]. FTIR spectra of the samples also exhibit a weak band at around 1112-1116 cm’!,

possibly due to C-O stretching vibration [243].
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Figure 4.43. X-ray diffraction pattern (a), Raman spectra (b), and FTIR spectra (c) of TiO,, Ce-TiO;
(synthesized at different Ce contents), and F-0.5%Ce-TiO; photocatalysts.

4.5.2.3. TEM and SEM

The HRTEM images of as-prepared 0.5%Ce-TiO2 and F-0.5%Ce-TiO, are shown in Figs. 4.44
and 4.45, respectively. The selected area electron diffraction (SAED) patterns are also shown in
the inset of Figs. 4.44a and 4.45a. As shown, the images indicate the rich crystallinity of
synthesized photocatalysts, which is consistent with the XRD patterns (Fig. 4.43a).

As can be clearly seen in Figs. 4.44c and 4.45b, the brookite TiO; particles showed a quasi
nanocube-like shape with uniform particle sizes between 20 and 30 nm. In addition, it reported

that the anatase exhibits pseudo spherical morphology [305] and Fig. 4.44b clearly shows the mix
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cubic and spherical morphology for the 0.5%Ce-TiO> photocatalyst. The lattice spacing measured
from the HRTEM image (Fig. 4.44d) is 0.35 nm, which corresponds to the (101) planes of anatase
TiO2 or (210) planes of brookite [276, 299]. As observed in Fig. 4.44e, Ce doping into TiO>
structure affects the morphology mainly because of the different ionic radius. In other words, the
lattice deformation indicates that the Ce*" ions substitute some Ti*" ions. The ionic radius of Ce**
ions is greater than Ti*' ions and because of that, ion replacement causes lattice deformation. Lu
et al. [306] reported that lattice deformation improves the charge carrier separation and decreases
their recombination rate by providing an opportunity for the trapped electron to react. The effect
of lattice deformation on charge carrier recombination is also examined in this section and the
results are discussed in section 4.5.2.7. Notably, the Ce nanoparticles are not obvious on the

photocatalyst surface. However, the EDS spectra (Fig. 4.44f) prove the presence of Ce elements

besides Ti and O elements.

146



ST
) g
° |
|
i !
I T
f o
bt |
hilw
N e b | o
A Ve 0 Cele A |
{0 1 2 3 H 5 § 8 oo
. S 453 s orer 11088 (B} w

Figure 4.44. (a) TEM image and the inset shows their corresponding SAED pattern, (b-e) HRTEM
images (vellow 0: brookite, yellow o: anatase), and (f) EDS spectrum of 0.5%Ce-TiO photocatalyst.

Figure 4.45. (a) TEM image, inset is corresponding SAED pattern (vellow O: brookite, yellow
o:anatase) and (b) HRTEM image of F-0.5%Ce-TiO: photocatalyst.
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Moreover, the morphology of 0.5%Ce-TiO2 was investigated by scanning electron microscopy
(SEM) and results are presented in Fig. 4.46. Accordingly, it shows a mixture of TiO2 nano-cubes

and spherical shapes consistent with TEM images.

Figure 4.46. SEM images of 0.5%Ce-TiO: photocatalyst.

4.5.2.4. BET

The N> adsorption-desorption isotherms and pore size distribution of pristine TiO2, 0.5%Ce-
TiO2, and F-0.5%Ce-TiO; photocatalysts were measured to investigate the effect of doping and
surface fluorination process on specific surface area and results are presented in Fig. 4.47a-c.
According to Fig. 4.47, type IV isotherms with type H2 hysteresis loops are detected for all
samples, in the relative pressure range of 0.9-1.0, indicating the presence of a mesoporous
structure. The BET surface area of all photocatalysts is listed in Table 4.22. It can be seen that Ce-
TiO2 photocatalysts possess a slightly larger surface area compared to pristine TiO», which could
be attributed to the decrease of TiO> crystal size and indicate the inhibition effect of Ce dopant
toward TiO; crystal growth [276, 301]. When Ce content is increased from 0.2% to 1.5%, the BET

surface area is slightly increased and reached its maximum value at 55.7 m?/g. Moreover, the BET
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surface area does not change after surface fluorination. Compared to pristine TiO2, the higher
surface areas of 0.5%Ce-TiO2 and F-0.5%Ce-TiO2 provide more active sites to improve the

formation of hydroxyl radicals for PCO reaction.

Pore size distribution curves of samples obtained by the BJH (Barrett-Joyner-Halenda) method
is shown in the inset of Fig. 4.47a-c. As it can be seen, pristine TiO2> and F-0.5%Ce-TiO2
nanoparticles show pore distribution in the range of 0.5-35nm. However, this value for 0.5%Ce-
TiOz is in the range of 0.5-20nm (inset Fig. 4.47b). The average pore diameter of the above-

mentioned mesoporous structure photocatalysts is about 8.5nm.
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Figure 4.47. Nitrogen adsorption—desorption isotherms and pore-size distribution (inset) of (a) TiO>, (b)
0.5%Ce-TiO,, and (c) F-0.5%Ce-TiO: photocatalysts.

The size of dopant ions affects the pore formation and its distribution. As listed in Table 4.23,

the pore volume of pristine TiO» decreases with Ce doping and increases after surface fluorination.

After Ce doping into the Ti0O; structure, Ce dopants might block the pores because the ionic radius

of Ce* (0.099 nm) is larger than Ti*" ions (0.068 nm). Surface fluorination results in an increase
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in pore volume and wide pores facilitate the transference of reactant and intermediate molecules

for PCO reaction [167].

Table 4.23. Pore volume, BJH pore diameter distribution, and water contact angle of TiO;, 0.5%Ce-TiO;,
and F-0.5%Ce-TiO: photocatalysts.

Pore volume (cc/g)  Total pore volume (cc/g) Water contact angle

TiO; 0.1085 0.1577 0°
0.5%Ce-TiO; 0.0663 0.08030 0°
F-0.5%Ce-TiO: 0.1199 0.2188 20°

4.5.2.5.  Hydrophilic/Hydrophobic property of photocatalysts

The hydrophobic/hydrophilic test was performed by the measuring water contact angle. These
measurements were conducted on pristine TiO, 0.5%Ce-TiO2, and F-0.5%Ce-TiO: photocatalysts
as shown in Table 4.23. The water contact angle for F-0.5%Ce-TiO: increases after surface
fluorination and reaches the value of approximatively 20°. Accordingly, surface hydrophobicity of
F-0.5%Ce-Ti0O2 in comparison with pristine TiO2 and 0.5%Ce-TiO2> (with 0° contact angles)
increases. Consequently, after surface fluorination of 0.5%Ce-TiO2, the adsorption of water vapor
on the photocatalyst surface decreases, increasing MEK adsorption capacity. It is noteworthy that
the formation of =Ti—F groups on the surface of F-0.5%Ce-TiO2, which formed by surface
fluorination in acidic condition, are responsible for its negative charged surface (Eq. 2.9 in section
2.4.2). In other words, surface polarity changes due to strong electronegative fluoride ions on the
surface, which were replaced with surface OH groups [146, 153, 184]. As a result of high fluorine
electronegativity, the =Ti—F groups also can hold the electron and retard the recombination of

charge carriers [307].
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4.5.2.6. XPS analysis

XPS analysis was conducted to investigate the chemical composition and electronic state of
photocatalysts. The XPS spectra of Ce-Ti0; and F-0.5%Ce-TiO; are presented in Fig. 4.48a-f and
their results are compared to pristine TiO,. According to Fig. 4.48a, the study of mesoporous TiO>-
based photocatalysts shows the strong Ti and O peaks, indicating the high purity of synthesized
photocatalysts. The presence of the Ce element and its characteristic peaks are clear in high-
resolution spectra in Fig. 4.48d. Thus, a trace amount of Ce peak in Ce-TiO2 photocatalysts
confirms the doping of Ce species into TiO> structure. In addition, shifting the Ti2p and O1s peak
position further confirms the presence of Ce. The detected Cls peak on the surface of all samples
with the main peak at around 284.3 eV corresponds to adsorbed hydrocarbon, residual carbon from

samples, and adventitious carbon from the XPS instrument.

The high-resolution XPS spectrum of Ti2p is presented in Fig. 4.48b. As it can be seen, the two
peaks of around 458.3 eV (Ti2ps2) and 464 eV (Ti2p12) were observed for all Ce-TiO2 and F-
0.5%Ce-TiO». The pristine TiO> exhibits two peaks at 457.9 eV and 463.6 eV, confirming that Ti
mainly existed in the Ti*" chemical state. Consequently, comparing the XPS spectra of Ce-TiO,
and pristine TiO», a slight shift of approximatively 0.4 eV is observed for both Ti2p3 and Ti2pi
peak locations, which proves the strong interaction of Ti and Ce species [300]. Wang et al. [279]
reported 0.29 eV shifting in Ti2p3. for 1.0%Ce-TiO,. The slight shifting stands for the changes in
the Ti oxidation states (from Ti*" to Ti**). This indicates Ce incorporation into TiO> lattice, which
increases Ti*" and produces oxygen vacancies [308]. Moreover, Deng et al. [296] investigated that
the Ce strongly affects the Ti oxidation state and the formation of oxygen vacancies. Consequently,

these results confirm that the Ce element is successfully doped into the TiO> structure.
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The high resolution of the Ols spectrum is shown in Fig. 4.48c. Accordingly, for all Ce-TiO»,
the peak at 529.3-529.6 eV corresponds to lattice oxygen O> (Op) and at 531 eV corresponds to
surface hydroxyl oxygen (Oa) [296]. After surface fluorination, the charge carrier recombination
and transfer of electrons to the oxygen are retarded [32] as a result of strong electronegativity of
F~ ions that hold electrons. Thus, a lower charge carrier recombination rate facilitates the hole
transfer to surface hydroxyl or adsorbed water, and, as shown in Eq. (4.8), forms the free OH
radicals (*OHgec). Moreover, compared to the adsorbed surface hydroxyl radicals (which replaced
by F ions, Eq. (4.9)), the free hydroxyl radicals are more reactive, resulting in enhanced PCO

reactions [142, 198, 210, 223].

The main Ols peak position for pristine TiO: is slightly shifted to lower binding energy around
529.2 eV. The reason for peak shifts in O1s and Ti2p can be explained by the fact that transferring
electrons from Ols and Ti2p orbitals to Ce4f orbitals causes change in the charge densities of O

and Ti atoms [306].

An XPS analysis was performed based on the 3d3/2 and 3ds/ peaks to identify the existing form
of Ce species. The complex Ce3d spectrum of Ce-Ti0> with different Ce contents and F-0.5%Ce-
TiO, photocatalysts are shown in Fig. 4.48d. Hence, the spectrum is categorized into eight
constituents. The u and v peaks correspond to the 3ds» and 3ds. spin-orbital states, respectively.
The peaks at the binding energy which are labeled u' and v’ represent the 3d!'%4f initial electronic
state corresponding to Ce**. Those peaks labeled u, u", u™ v, v", and v" represent the initial
electronic state 3d'%4f° corresponding to Ce** [296, 300, 309]. In the spectra, peaks labeled as v,
v" and v" correspond to 3d°4f> (O 2p*), 3d°4f' (O 2p®) and 3d°4f° (O 2p®) multielectron

configurations of bonding and anti-bonding states of the Ce*" for Ce 3ds,» [282, 286]. The cerium

content (in atomic %) for all synthesized photocatalysts is listed in Table 4.24.
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As shown in Fig. 4.48d, the mixture of Ce*" and Ce*' states are achieved for all synthesized

CeS+

photocatalysts. The relative content of Ce*" (calculated bym) over the Ce-TiO; and F-

0.5%Ce-TiO, photocatalysts is listed in Table 4.24. As seen, the relative content of Ce*" is the

highest for F-0.5%Ce-TiO2 and followed by the 0.5%Ce-TiO2 photocatalyst.

The electron is excited from the valence band to the conduction band through light illumination.
Afterward, the electron on the TiOz reduced Ce*" to Ce**, which is then oxidized back to Ce** by
surface adsorbed O> to produce O>" (Eq. (4.15)). Further, O™ can be reduced to form OH* (Eq.
(4.16)) [277, 310]. According to Egs. (4.8) and (4.16), the formation of surface hydroxyl radical
(OH) is significantly improved in F-0.5%Ce-TiO,. This fact indicates that more Ce*" ions are
retained due to Ce-O-Ti species formation at the calcination step. The higher amount of Ce*" states
play a crucial role in the formation of oxygen defects and improves redox transformation between

Ce*" and Ce*', as indicated in Eq. (4.14) [282, 309]:

Ce't +e™ - Ce3*t (4.14)
Ce3* + 0, — Ce*™ + 03~ (4.15)
05~ + 2H* — 20H" (4.16)

Subsequently, the Ce dopant (4f level) plays an important role in charge carrier separation and
their interfacial transmission. As the aforementioned equations demonstrate, Ce>" acts as an
effective scavenger to trap the TiO» conduction band electrons and transfer them to the Ce4f level,

which slows down the charge carrier recombination [311].
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Table 4.24. The surface composition (XPS) of pristine TiO;, Ce-TiO;, and F-0.5%Ce-TiO: photocatalysts.

Photocatalyst Element (Atomic %)
Ce¥t/(Ce*™+ Cet)
Ti o Ce F C
TiO2 26.7 527 - - 207 -

0.2%-Ce- TiO2 254 582 022 - 162 31.6%
0.5%-Ce- TiO2 239 555 045 - 202 40.7%
1%-Ce- TiO2 239 567 104 - 184 34.2%
1.5%-Ce- TiO: 244 578 147 - 163 30.2%
F- 0.5%Ce- TiO2 266 538 041 2.6 16.6 41.9%

The fluorine peak (F1s) over F-%0.5Ce-TiO2 confirms the presence of F~ ion after the surface
fluorination process (Fig. 4.48f). The peak at the binding energy 684.1 eV indicates the formation
of = Ti — F bonds on the photocatalyst surface. No signal of F~ ions at the binding energy at 688.5
eV can be observed in spectra, showing there are no F~ doping ions in the TiO> lattice structure

[167, 184].
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Figure 4.48. XPS spectra of TiO,, Ce-TiO: (synthesized at different Ce contents), and F-0.5%Ce-TiO: (a)
survey, (b) high-resolution spectra of Ti2p, (c) high-resolution spectra of Ols, (d) high-resolution spectra
of Ce3d, (e) high-resolution spectra of Cls, and (f) high-resolution spectra of FIs.

4.5.2.7. UV-vis and PL

The UV-vis absorption spectra of pristine TiO2, Ce-TiO2, and F-0.5%Ce-TiO2 within the 200-

900 nm wavelength, are shown in Fig. 4.49a. As presented, pristine TiO2 nanoparticles show a
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broad intense absorption spectrum in the UV range at around 400 nm [296, 312]. Compared to
pristine TiO;, the diffuse absorption spectra of surface fluorinated 0.5%Ce-TiO> exhibits strong
absorption intensity in the range of 200-400 nm. This enhancement was also reported before [167].
After Ce doping into TiO., the light absorption is shifted to the 400-550 nm range in the visible
region (i.e., red-shifted). By increasing Ce content, the color of catalysts gradually becomes
yellowish and the absorption edge shifts to a longer wavelength region, which is in agreement with
the reported literature [276, 278]. As reported in the literature, doping TiO, with different
transitional or rare earth metal ions can shift the TiO> light absorption edge into the visible range
[42, 288, 298]. The red-shift in all doped-TiO, photocatalysts can be assigned to the incorporation
and substitution of Ce*" cations with some Ti*" cations [276, 296]. The presence of Ce dopants
into the TiO; lattice introduces new impurity levels (empty Ce4f) with a smaller band gap close to
the Ti3d conduction band of TiO». Liu et al. [311] illustrated that the excited electrons can transfer

from Ti3d to Ce4f level which lessen the charge carrier’s recombination.

As mentioned in XPS results, the Ce-TiO> synthesized by hydrothermal methods contains a
mixture of Ce*" and Ce*". Subsequently, the redox potential for conversion between Ce*" and Ce**
is ~1.72 eV, which gives another explanation for the red-shift and narrowing the band gap [286,
312]. Moreover, the UV-vis spectra of F-0.5%Ce-TiO2 show a better absorption tail in the visible

range.

Band gap energies are determined by Tauc’s plot ((ahv)* versus hv); those for all synthesized
photocatalysts are tabulated in Table 4.22. As a result of band gap narrowing under light
illumination, the distance of excited charge carrier transfer from O2p or Ti3d of TiO2 to Ce4f level
is narrowed, leading to visible light absorption [278, 286, 312]. In summary, UV-vis DRS results

are very consistent with XPS, Raman, and TEM. This confirms a small amount of Ce doping into
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TiO, forms new energy levels within the TiO> band gap, thus altering the visible light absorption

[279].

The photogenerated charge carrier recombination rate has great influence on the PCO process.
Therefore, to evaluate the charge carrier separation and their recombination behavior, the PL
spectrum is carried out for pristine TiO2, Ce-Ti02, and F-0.5%Ce-TiO; photocatalysts. The PL
spectra results are illustrated in Fig. 4.49c¢. As seen, the shape of the PL spectra and peak positions
for all synthesized photocatalysts are similar except for the peak intensity. The deconvolution of
the PL spectrum of F-0.5%Ce-TiO: is presented in Fig. 4.49d. As shown, after excitation at 250
nm, the spectra consist of three strong peaks (390, 402, and 424 nm) and three weak peaks (375,
450, and 460 nm). Broad emission peaks between 370-402 nm correspond to the band gap emission
due to recombination of photoexcited electron transition from the conduction band to the valence
band of TiO; [285, 313]. Emission peaks at 424, 450, and 460 nm correspond to the shallow trap
state, which attributed the recombination of the trapped electrons from impurities defects or related
to the presence of oxygen vacancy [313, 314].

PL intensity increases when charge carrier recombination is raised. As shown in Fig. 4.49c, the
pristine TiO> shows the highest PL intensity, indicating the fast charge carrier recombination.
Accordingly, the 0.5%Ce-TiO> and F-0.5%Ce-TiO> photocatalysts exhibit a lower intensity,
indicating the higher charge carrier separation and lower recombination rate. Consequently, Ce
doping and surface fluorination can delay the recombination of photogenerated charge carriers.
Two factors can explain this: a) doping with metal introduces additional states close to the
conduction band that can trap the electrons, and b) in surface fluorination, fluoride ion is super
electronegative, which can hold the electron and reduce their recombination. Increasing Ce content

from 0.2% to 0.5% (the optimum value) reduces PL intensity. This indicates Ce states act as
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electron scavengers that trap excited electrons and prevent their recombination with holes. In other
words, the excited electron from TiO2 conduction bands transferred to the new states and absorbed
by oxygen molecules, which can be released by the facile switch between Ce*" and Ce** species.
As a result, the suppressed charge carrier recombination rate enhances the MEK photocatalytic
degradation efficiency. However, PL intensity increases when beyond the optimum value (higher

than 0.5%) probably due to TiO; structure distortion or formation of recombination centers.
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Figure 4.49. (a) UV-vis absorption spectra (b) corresponding evaluation of the optical band gap using
Tauc plot, and (c) PL spectra of TiO,, Ce-TiO: (synthesized at different Ce content), and F-0.5%Ce-TiO;
photocatalysts and (d) deconvolution of PL spectra of F-0.5%Ce-TiO:.

4.5.2.8.  Photocatalytic activity study

The performance of all photocatalysts was evaluated through MEK photodegradation under UV
and visible light irradiation. The results of single-pass removal efficiency and reaction rate are
shown in Figs. 4.50 and 4.51 under visible and UV light, respectively. This section focuses on two

modification techniques: a) doping TiO; with Ce metal dopant to enhance removal efficiency
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under visible light irradiation, and b) surface fluorination to improve photocatalyst performance in
high humid condition by a facile exchange reaction between F~ ions and surface hydroxyl radicals.
As observed in the characterization results, Ce doping and surface fluorination have great impacts
on the characteristic properties of the TiOz-based photocatalyst. Thus, applying both modification
methods results in higher MEK removal efficiency and reaction rate. Photodegradation results of
all modified photocatalysts are compared to P25 as one of the most commercialized photocatalysts.

The cerium dopant concentration plays a vital role in the photoactivity of developed metal
doped TiO:. To study the effect of Ce content, a wide variety of Ce dopant concentrations at the
range of 0.2-1.5 atomic% were examined. Consequently, it was clear that the improvement of
MEK degradation increased with the initial increase of the Ce content but declined when the
dopant’s concentration exceeded the optimum value. Below the optimum value, the Ce dopant
leads to enhance charge carrier separation and reduces their recombination. However, beyond the
optimum value, Ce states act as charge carrier recombination centers or may destroy the TiO2
lattice structure and decrease the photoactivity of the photocatalysts [315]. The optimum dopant
content for Ce-T10 was found to be 0.5%, regarding that 0.5%Ce-TiO, shows the highest MEK
removal efficiency under both UV and visible light irradiations. This result agrees well with PL
results as an indicator of charge carriers’ recombination rate, which is the lowest for 0.5%Ce-TiO>
(see Fig. 4.49c¢). Moreover, for 0.5%Ce-TiO,, the 57% and 62% MEK degradation efficiency were
respectively achieved under visible and UV light. As noted, the trends of MEK removal efficiency
and reaction rate with Ce dopant content are fairly similar in each relative humidity.

Based on the obtained results, the 0.5%Ce-Ti10: photocatalyst, which has the optimum amount
of Ce content for MEK degradation, was selected to study the effect of surface fluorination. As

mentioned before, surface fluorination enhances the photocatalytic activity mainly because of two
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reasons; a) surface fluorination reduces the surface hydrophilicity, providing more available active
sites for VOC adsorption in presence of water vapor, and b) it reduces the charge carrier
recombination as a result of super electronegativity of F~ ions, which tend to hold the photo-
induced electrons, suppress surface charge recombination, hence raise charge carriers’ utilization.
In indoor environment, the presence of water vapor is inevitable; therefore, it is important to
develop photocatalysts that can repel water molecules and provide more chances for VOCs to
adsorb on the surface.

The performance of surface fluorinated 0.5%Ce-TiO2 was examined at three relative humidity
levels (20%, 40%, and 60%). As expected, F-0.5%Ce-TiO, shows the highest values of removal
efficiency compared to Ce-TiO», pristine TiO2, and P25 photocatalysts. As depicted in Fig. 4.51,
F-0.5%Ce-TiO2 photocatalyst shows 58%, 66%, and 60% MEK removal efficiency under UV light
irradiation at 20%, 40%, and 60% relative humidity, respectively. Results are in good agreement
with that of water contact angle (section 4.5.2.5). This enhancement is more obvious in high
humidity conditions (e.g., 40% and 60%). After surface fluorination, the presence of strong
electronegative F~ ions on the surface of F-0.5%Ce-TiO2 photocatalysts reduces the surface’s
hydrophilicity. Consequently, water adsorption on the surface is decreased, and MEK molecules
have more chances to be adsorbed on the surface and react with active species such as hydroxyl
radicals [167, 184].

Considering the effect of relative humidity, the optimum RH that gives maximum MEK
removal efficiency is different, depending on the photocatalyst types and light source. For
example, under visible light, maximum removal efficiency by using P25, TiO», and all Ce-TiO»

achieves at 20% relative humidity and while, it achieved at 40% in the case of F-0.5%Ce-TiO,.
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Under UV light irradiations, these values are 20% for P25 and pristine TiO2, and 40% for Ce-TiO>
and F-0.5%Ce-TiO,.

The presence of mixed anatase and brookite polymorphs of TiO» enhances the photocatalytic
performance of synthesized photocatalysts due to the reduction in charge carrier recombination
[316]. In other words, the photogenerated electrons from the higher conduction band of anatase
transfer to the slightly lower conduction band of brookite. This extends excited electron lifetime,
while holes migrate from the brookite valence band toward the anatase one [317].

Photocatalytic activity of synthesized photocatalysts can be also evaluated in terms of the
reaction rate, which is affected by the operating parameters and the catalyst structure. According
to Eq. (3.9), PCO reaction rate is calculated based on the amount of degraded MEK over the
photocatalyst surface per unit time, at the steady-state condition. The reaction rates of MEK
removal are also shown in Figs. 4.50 and 4.51 under visible and UV light irradiation,
correspondingly.

PCO reaction takes place on the surface of the photocatalysts. Thus, the reaction rate can be
improved by altering the photocatalyst’s properties. As shown in Figs. 4.50 and 4.51, doping Ce
into TiO; structure and surface fluorination enhances the reaction rate. Accordingly, the increase
of Ce content to 0.5% enhances the PCO reaction rate and further increasing in Ce content from
0.5% to 1.5% decrease the reaction rate. Furthermore, surface fluorination improves the reaction
rate and this enhancement is more obvious under UV light irradiation. As a result, F-0.5%Ce-TiO>
demonstrates the highest reaction rate among all tested photocatalysts. Figs. 4.50-4.51 demonstrate
reaction rate under UV light irradiation is higher than under visible light, which is associated with

higher energy provided by UV light.
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Table 4.25 summarizes previous studies on PCO of gaseous pollutants over Ce-TiO>
photocatalyst. The Ce content, type of reactor, photocatalyst preparation methods, and their
remarks and limitations are provided. As mentioned before, most of these research studies are
conducted in batch mode-of-operation reactor with long residence time (several hours). Even
more, for some of Ce-doped TiO», the performance of PCO under visible light irradiation have not
been studied. Therefore, the performance of Ce-TiO; and surface fluorinated Ce-TiO- at realistic
operating conditions (e.g. different relative humilities, low pollutant’s concentration, and very

small residence time) under both visible and UV light irradiations were studied in this section.
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Table 4.25. Comparison study of PCO of Ce-doped TiO:

Photocatalyst

Type of reactor

. Pollutant
Photocatalyst Ce content  preparation (Con) Batch continues lamp Remarks Ref.
method

e The band gap decreased

0.28,3,5, from 3.19 eV (for TiO,) to

and 10 . 2.64 eV (for 10 mol.%

mol.% CO; photo-  Stirred UV,8W  Ce/TiO,) as Ce increased.
C.e -doped Sol-gel catalﬁlc batch B Hg (254 e Optimal Ce content may be  [112]
TiO, 1 reduction annular .

(NA', 1.59, " " nm) estimated to ~2 mol.%.

2.30, and (NA) reactor o CO; reduction is not studied

5.04at.%?) under  visible  light

irradiation.

e By increasing the Ce
content in TiO,, the anatase
crystal size decreased and

06.12 Stirred UV. 8W §peciﬁc surface  area
Ce-doped a;l d’ 1 ’ 4’ Sol-gel Ammonia batch B He ’(2 54 increased. (1]
TiO; W% ' (0.8274 g/l)  annular nm) e Optimal Ce content may be
’ reactor estimated to ~1.2 wt.%

e Ammonia reduction is not
studied under visible light
irradiation.

UV, 8W e Ce-TiO; hydrosols with 1%
Hg (365 Ce content exhibited the
. Stainless nm) or best erformance in
Ce-doped 05,1, 15, Cheml(:.aI. . Benzene steel fluoresce gaseous ghase.
TiO, 2.0, 'f)lnd 2.5 Copre(;lpl?atlon (55+0.2 column — nt, W o Very low benzene [311]
mol.% ~ peptization ppmv) reactor (405,430,  degradation over pure TiO,
540, and under visible light was
580 nm) observed.
e Ce-TiO, with 0.3 at.% Ce
Lo content showed the highest
Ce-doped 2&; g g , Hydrothermal NO r():l?(l)ltr(;(rigaccil Uv, 8W photoactivity. [282]
TiO, at.% ' (150 ppm) or (365nm) eNO removal efficiency is
’ not studied under visible
light irradiation.

e Ce-doped TiO, reduced
charge carrier
recombination rate and

UV, He ts}}lnfte.d.lljllght al_)sorptlon into

(254 nm) e visible region. .

. o Shifting between Ce*"/Ce
Ce-doped 0.2,0.5,1, MEK - Continuous a{ld reduces the charge carrier  This
TiO, and 1.5 Hydrothermal (1 ppm) flow visible, recombination. study
at.% reactor Xenon .
(389-900 e The optimum Ce content
was 0.5 at.%.

nm)

e Gaseous MEK removal
efficiency was  studied
under both UV and visible
irradiation.

o Surface fluorination
increased Ce-TiO,

UV, Hg photoactivity in high humid

(254 nm) conditions.
Fluorinated MEK B Continuous  and ® F-0.5%Ce-TiO, This
Ce-doped 0.5 at.% Hydrothermal | flow visible, photocatalyst improved the tud
TiO; (1 ppm) reactor Xenon formation of free hydroxyl study

(389-900 radicals.

nm) o Strong electronegativity of

F ions and Ce energy level
trapped charge carrier.

'NA: Not analyzed
2at.% : Atomic%
3Con.: Concentration
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By-product generation rates are calculated for all synthesized photocatalysts following HPLC
results and Eq. (3.9). Three by-products including formaldehyde, acetaldehyde, and acetone were
detected by HPLC in this research.

The by-product generation rate under UV and visible light irradiation at different relative
humidity levels (0%, 20%, 40%, and 60%) are presented in Fig. 4.52a-d and the results are
compared to P25. As shown, under visible light irradiation, it can be noted that the F-0.5%Ce-TiO:
outperformed all synthesized photocatalysts in MEK degradation. In addition, the amount of
generated by-products is considerably lower than Ce-TiO2, and pristine TiO.. This observation can
be explained by the fact that more MEK molecules went through the complete degradation
pathway and were converted into final products (e.g., CO2 and H>0O). This happens because the
surface fluorination technique reduces water adsorption and provides more adsorption capacity for
MEK and intermediates to react with hydroxyl radicals in PCO reaction. In other words, increased
accessibility of more MEK and intermediates for adsorption on active sites allows higher extend
of mineralization on the photocatalyst’s surface. As discussed in Section 4.2, because of the
relatively low polarity of MEK, its adsorption capacity in humid conditions is improved after
surface fluorination.

In humid conditions (e.g., 20%-60%), more formaldehyde and acetone are generated with a
constant trend under visible light irradiation. It shows that for formaldehyde and acetone
generation, by increasing the Ce content from 0 to 0.5%, the by-product reached the highest value
under visible light. Further increasing Ce content to 1.5% decreased the generated by-product. One
explanation is that removal efficiency is relatively high over 0.5%Ce-TiO>, breaking more MEK
down to lighter compounds. For acetaldehyde generation rate, it is worth mentioning that,

according to the reaction mechanism, acetaldehyde can be detected as a final by-product and/or
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can be an intermediate compound and participates in the formation of other compounds such as
formaldehyde. The evolution of such intermediates compounds generally shows a fluctuation
during the PCO course. Therefore, the evaluation of their tendency in different processes depends
on several factors that make it very difficult to interpret the trend.

For pristine TiO2, MEK degradation efficiency is small under visible light and the generated
by-product is relatively high. This observation is related to the incomplete mineralization on
pristine TiO2. This causes less complete decomposition of MEK into the final products. In P25
degradation under visible light, the low removal efficiency brings about the lowest formaldehyde
generation rates.

According to Fig. 4.52a-d, the comparison of by-product generation rate under UV light
irradiation demonstrates that increasing Ce content from 0 to 1.5% decreases the generated
formaldehyde and acetaldehyde. This observation can be explained by two facts. First, as Fig.
4.49b shows, increasing Ce content decreases the band gap. This leaves some excited electrons
without enough oxidation potential to degrade MEK molecules, but remain strong enough to
degrade lighter intermediate compounds. Therefore, despite lower removal efficiency at higher Ce
content, the generated by-product is decreased. Secondly, MEK molecules degradation to
intermediates and by-products is inferior at lower removal efficiency.

Since PCO reaction is a stepwise process, intermediates are produced and may mineralize to
generate the final products. As BET results showed, the porous structure of synthesized
photocatalysts increases the adsorption of by-product and intermediates and increases the

possibility of the degradation process.

167



RH=0%

R oy
ormaldehyde ()
i 0.18 | Acetaldehyde
‘9 o016 | Aeetone
X
o 0.14 o Il
g
£ Eon
=
£ B
=
57 01
5 @
£ 0.08
5 5
] 0.06 |
2
£ 004
=
m
0
P25 0.2%Ce- - 13 P25 1 0.2%Ce- | 0.5%Ce- 1.5%Ce-
Ti0, 1oy Tio, 130, TiO,
Visible w
RH=20%
R [re—r—
Formaldehyde W . (b)
. 0.18 | Acetaldehyde
7
E 016 | Acetone
x
8 014
= -
g
B =
2
]
&
3
3 -
2
g =
I
- ] B
Z -
i || B B I = "
0.5%Ce- | 1%Ce- | 1.5%Ce- |F-0.5%Ce- | P25 | TiO, | 0:2%Ce- | 0.5%Ce- | 1%Ce- | 1.5%Ce-
TiO, TiO, 10O, 0, TiO, Tio, TiO, Ti0,
Visible uv
RH = 40%
02
Formaldehyde  m ©
®18 1 Acetaldehyde ml
016 | Acetone
014

By-product generation rate x 103

0.12

0.2%
TiO.

e

0.2%Ce-
Ti0,

Visible
RH = 60%
0.2
Pormaldechyde W (d)
018 { Acetaldehyde
a1g | Acstone m
w14

By-product generation rate x 103

Visible

1.3%Ce-

TiO,

F-0.5%Ce-
Ti0,
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To diminish by-product generation, three-layers of 0.5%Ce-TiO> and F-0.5%Ce-TiO2
photocatalysts were tested and results were compared with single-layer photocatalyst.
Consequently, the results of MEK degradation and by-product generation rate under both visible
and UV light irradiations are presented in Figs. 4.53 (a-b) and (c-d), respectively. As evident, three-
layer photocatalysts show higher removal efficiency compared to a single-layer version. It should
be noted that relative humidity and airflow rate were kept at a constant value of 40% and 0.015
m?>/min, respectively. For instance, residence time for one-layer photocatalysts is 0.025 sec and
0.076 sec for three-layer ones. By prolonging the residence time, MEK degradation over 0.5%Ce-
TiO2 and F-0.5%Ce-TiO> increases, reaching maximum values (75% and 76%) under visible light
irradiation, in that order. Moreover, the maximum removal values for the aforementioned
photocatalysts under UV light are 79% and 80%, respectively. It can be noted that increasing
photocatalyst layers provides a higher amount of coated photocatalysts, which generate more
electrons and holes for hydroxyl radicals’ formation. Moreover, multi-layer photocatalysts provide
a higher number of active sites for MEK adsorption on the surface of photocatalysts. Therefore,
the adsorbed MEK molecules react with produced hydroxyl radicals, enhancing removal efficiency

and reducing by-product generation rate.

Evidently, increasing photocatalyst layers reduces by-products over 0.5%Ce-TiO, and F-
0.5%Ce-T102 under visible and UV light irradiations. As shown in Fig. 4.53, the reduction of by-
product generation is more noticeable over F-0.5%Ce-TiO> and under UV light irradiation,

indicating the higher extent of mineralization happening after surface fluorination.
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Figure 4.53. Effect of multi-layer photocatalysts on MEK removal efficiency and by-products generation
rate over 0.5%Ce-TiO; and F-0.5%Ce-TiO, at RH=40% (a-b) under visible and (c-d) under UV light
irradiation.

4.5.3. Conclusion
Recently, the Ce-based photocatalyst has gained popularity for its high capacity of reversible

shifting between Ce** and Ce*" oxidation states to remedy pollutants. In this regard, the promotion
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effect of Ce-doped TiO2 and surface fluorinated 0.5%Ce-TiO; on photocatalytic degradation of
MEK under UV and visible light irradiation were evaluated. Accordingly, pristine TiO2, Ce-TiO:
(with Ce content from 0.2 to 1.5 atomic %), and F-0.5%Ce-TiO> were synthesized via
hydrothermal methods. The photocatalyst characterizations were also carried out to study the
structural and physicochemical properties including surface morphology, crystal structure, surface
composition, optical properties and the band gap of synthesized photocatalysts. The performance
of coated photocatalysts on nickel foam substrates was evaluated for gaseous MEK degradation as
the selected VOCs from indoor environments. Results suggest photocatalytic efficiency was
strongly dependent on dopant concentration. They confirmed the Ce element was successfully
incorporated into the TiO; structure and Ce*" ions were substituted with Ti*". Doped Ce introduces
a new electronic level close to the conduction band that facilitates charge carriers’ separation,
inhibits their recombination, reduces the band gap, and shifts the light absorption to the visible
range. According to results under visible light irradiation, F-0.5%Ce-TiO2> and 0.5%Ce-TiO:
showed the highest removal efficiency, which was about 4 times higher than that of P25. As a
result of synthesizing anatase/brookite polymorphs—even without Ce and F modification—
pristine TiO, showed higher photocatalytic activity compared to P25 as a well-known
anatase/rutile polymorphs. The best MEK removal result under visible and UV light irradiation
was found over F-0.5%Ce-TiO», which was confirmed with high reaction rate and low by-product
generation rate. To reduce by-product generation rate and improve photocatalytic activity, the
three-layer 0.5%Ce-TiO2 and F-0.5%Ce-Ti0O2 were tested. Accordingly, MEK removal efficiency

over F-0.5%Ce-T10; was improved to 80% under UV and 76% under visible light irradiation.
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4.6. Photocatalytic activity of Fe-doped TiO: and F-0.4%Fe-TiO:

Among the different transition metal dopants, Fe cations are considered as a promising metal
dopant for promoting visible light absorption of TiO,, reducing its charge carrier recombination,
and narrowing down the TiO> band gap [318, 319]. The advantage of Fe ions is due to the
inexpensive precursors, and similar radius of Fe*" ions (0.64 A) and Ti*" ions (0.68 A) that
facilitates the substitution of Fe*" with Ti*" in the TiO crystal lattice [320]. In addition, the redox

potential between Fe? and Fe*" expands TiO: optical response in the visible region [318].

In this section, Fe-doped TiO> and surface fluorination were employed to augment TiO: activity
under visible light illumination and in high humid conditions. First, Fe-doped TiO; with different
amounts of Fe contents (0.2 to 4 atomic %) were synthesized to investigate the impact of Fe doping
on shifting light absorption. Afterward, surface fluorination of the Fe-TiO» photocatalyst with the
optimum Fe content (0.4%) was prepared to test the performance of a modified photocatalyst in
different humidity conditions. Accordingly, a facile template-free hydrothermal method was
employed to form the anatase-brookite polymorphs of mesoporous TiO> photocatalysts. All
photocatalysts’ photoactivity is evaluated for gaseous MEK degradation by UV and visible light
exposure. Consequently, the influence of operational parameters (e.g., relative humidity and
residence time) and light type (e.g., UV and visible) on MEK photocatalytic efficiency, PCO
reaction, and by-product formation rate are investigated. Then, results are compared to P25 and
pristine TiO2. Additionally, to enhance MEK oxidation efficiency and decrease the by-product

formation, three-layer photocatalysts are examined and results are compared to one-layer ones.
4.6.1. Experimental condition

Operating conditions and inlet concentration for MEK degradation experiments are listed in Table

4.26.
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Table 4.26. MEK photocatalytic degradation experimental parameters.

Parameter Value
Relative humidity 0, 20, 40, and 60 + 1%
Residence time 0.025 and 0.076 sec
Air flow rate 0.015 + 0.0001 m*/min
Photocatalyst amount on the supports 0.480+0.04 g
Inlet MEK concentration 2.65 + 0.35 mg/m’
UV light intensity 3.6 mW/cm?
Visible light intensity 23.6 mW/cm?

4.6.2. Results and discussion

4.6.2.1. XRD and Raman

The XRD patterns of all fabricated photocatalysts are displayed in Fig. 4.54a. Accordingly,
photocatalysts are composed of anatase (JCPDS, no. 21-1272) and brookite (JCPDS, no. 29-1360)
phases of titania. The crystallite size of all photocatalysts was obtained based on the Scherrer
equation (results in Table 4.27). As shown in Fig. 4.54a and Table 4.27, though doping Fe into
TiO> structure does not change crystallinity behavior, there are very small changes in crystallite
size. This is because the Fe** ionic radius (0.64 A) is a little smaller than that of Ti*" (0.68 A) and
Fe doping does not change TiO- lattice parameters. It is also found that surface fluorination causes
a small decrease in crystallite size. Doping Fe into the lattice structure of TiO> has been ascribed
to brookite phase reduction. The brookite phase decreases as Fe dopant’s concentration increases.
In Fe-TiO2 photocatalysts, the transition of anatase to brookite is less than that in pristine TiO>. It
is evident that Fe-doping controls the phase transition from anatase to brookite, which is caused
by substituting Ti*" ions with Fe*" in the crystalline framework. No iron oxide peak is detected.
This indicates Fe ions are completely incorporated into TiO> lattice structure or low amounts of

Fe dopants are below the XRD detection limit.
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The slight shift toward a higher angle is observed in the main peak of anatase (inset Fig. 4.54a)
after Fe doping into TiO.. The shift shows the high dispersion of Fe*" ions and formation of Fe-
O-Ti bonds [321]. Moreover, it indicates a small deformation in the TiO> lattice structure, as
consistent with TEM images. The possible reason for small deformation is that the ionic radius of
Fe*" ion is smaller than that of Ti*" ion and might deform the TiO, lattice [322]. Accordingly, the

substituting Fe*" with Ti*" generates oxygen vacancy.

Table 4.27. Physicochemical properties of pristine TiO>, Fe-doped TiO:, and F-0.4%Fe-TiO;
photocatalysts.

Ph tent (% ite si
ase content (%)  Crystallite size Surface Band gap

Sample (nm) at peak 2
Anatase  brookite A(101) area (m/g) V)
TiOz 72.8 27.2 29.19 38.91 3.20
0.2%PFe-TiO: 83.5 16.5 29.41 41.31 3.09
0.4%Fe-TiO: 93.6 6.4 29.51 42.64 3.01
1%Fe-TiO: 92.9 7.1 28.81 49.26 2.89
F-0.4%Fe-TiO: 87.5 12.5 26.7 46.87 2.98

A: Anatase

Raman spectra of all synthesized photocatalysts are conducted as a further investigation of
crystalline structure (see Fig. 4.54b). Raman bands at 142 cm™ (Eg), ~195 cm™ (Eg), ~395 cm’!
(Big), ~515 ecm (Aig+Bi,), and 639 cm (Eg) are observed for all photocatalysts, which
correspond to the anatase phase of TiO2 [296, 323]. Moreover, the Raman peaks at ~320 cm™ (B1,)
and ~637 cm™ (A1) are observed in spectra and correspond to the brookite phase [299]. No Raman
peaks related to the iron oxides at 610 cm™ are detected in all Fe-TiO> and F-0.4%Fe-TiO>
photocatalysts. This confirms that Fe*" ions are substituted with Ti*" and no accumulation on the

surface is observed [324]. Ion replacement causes lattice defects such as oxygen vacancies, which
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happens to balance charge states [325]. In general, Fe atoms substitute with two adjacent Ti atoms,
leaving behind one oxygen vacancy, thus weakening the O-Ti-O bond’s symmetric stretching
vibration [326]. In addition, E; Raman active modes are sensitive to oxygen deficiency [325].
Accordingly, oxygen vacancy and distortion of the TiO: crystal structure are responsible for
shifting in the mentioned Raman peaks. Moreover, a slight shift in Eg Raman active mode is also
assigned to the stretching vibration of the symmetric O-Ti-O bond. As Fe content increases, peak
intensity and ideal TiO» crystal symmetry decrease. Compared to pristine TiO2, a decrease in
intensity of all Raman peaks is observed with an increase in Fe dopant content into the TiO; lattice
structure [164]. Besides, by increasing the Fe doping and after surface fluorination, the broadening

Raman active modes are observed. In addition, Raman spectra are in good agreement with XRD

patterns.
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4.6.2.2.  XPS analysis

The chemical composition of all synthesized photocatalysts was analyzed by XPS (See Fig.
4.55a-f). Results obtained from the XPS survey scan (Fig. 4.55a) show the sharp peaks of Ti, O,
and C for all synthesized photocatalysts. The weak Fe peaks for all Fe-TiO; photocatalysts and F
peak for F-0.4%Fe-TiO; are also obvious in the high-resolution spectrum. Moreover, the surface
composition of all elements (atomic %) for synthesized photocatalysts is listed in Table 4.28. The
Cls peak at 284.3 eV binding energy is attributed to the surface adventitious carbon from the XPS
instrument or the samples. The weak peak at ca. 285.6 eV can be assigned to C-OH bonds on the

photocatalysts’ surface.

Fig. 4.55b shows the high-resolution of Ti2p XPS spectra. Accordingly, Ti2p photoelectron
peaks at binding energies of 457.9-458.3 eV and 463.6-464 eV are assigned to Ti2p3» and Ti2pis,
respectively. Compared to pristine TiO, the Ti2p binding energy of Fe-TiO> shifted to higher
energy. The shift is assigned to the Ti*" formation, indicating the oxygen vacancy on the Fe-O-Ti
bond is required for keeping charge neutrality.

Fig. 4.55¢c shows the high-resolution of Ols XPS spectra of all photocatalysts. As can be seen,
the Ols spectra deconvolutes towards two peaks centered at 529.2-529.5 eV and 531 eV,
respectively related to lattice oxygen (O?") and surface adsorbed oxygen (such as Q2> or O"). It is
obvious that after Fe doping, the Ols binding energy shifts to the higher energy at 529.4 eV for
Fe-TiO2 and 529.5 for F-0.4%Fe-Ti02 compared to pristine TiO2. The slight shift to the higher
binding energy results from the Fe-O-Ti bond in Fe-doped TiO: photocatalysts [327, 328]. Ols
peak intensity increases after Fe doping and decreases after surface fluorination. In surface

fluorination, OH functional groups on the surface are replaced with F~ ions and form free hydroxyl
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radicals (OH®fec) [153, 167]. As aresult, the higher surface hydroxyl group of Fe-TiOx is beneficial
for surface hydrophilicity.

The presence of Fe can be confirmed by the Fe2p XPS spectrum (Fig. 4.55d). As shown, three
peaks at 709.5 eV, 711.3-711.9 eV, and 724 eV can be attributed to Fe** (2p3), Fe** (2ps12), and
Fe*" (2p1), respectively [321]. The weak signal of Fe2p spectrum is ascribed to the low amount
of dopant ions. The above-mentioned results indicate that Fe** cations have been successfully

incorporated into the TiO; lattice structure and formed Fe-O-Ti bonds.

The fluoride peak (F1s) as shown in Fig. 4.55f, confirms the presence of F~ ions on surface
fluorinated F-0.4%Fe-TiO photocatalyst. Accordingly, peak at binding energy 683.9 eV indicates
the surface = Ti — F bonds. In addition, the absence of F~ ions peak at 688.5 eV, showing no F~
ions were substituted with oxygen in the TiO> lattice structure [184]. The C element is ascribed to

residual carbon from samples or adventitious hydrocarbon from XPS instrument.

Table 4.28. The surface chemical composition (XPS) of pristine TiO,, Fe-doped TiO:, and F-0.4%Fe-

TiO; photocatalysts.
Photocatalyst Element (Atomic %)
Ti O Fe C F
TiO2 26.7 52.7 - 20.7 -

0.2%Fe-TiO2 28.4 55.2 0.23 16.1 -

0.4%Fe-TiO2 28.8 55.3 0.41 15.5 -

1%Fe-TiO2 27.8 59.2 1.17 11.8 -
F-0.4%PFe-TiO: 25.9 49.8 0.46 19.7 4.2
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Figure 4.55. XPS spectra of TiO:, Fe-doped TiO: (with various Fe contents), and F-0.4%Fe-TiO; (a)
survey, high-resolution spectra of (b) Ti2p, (c) Ols, (d) Fe2p, (e) Cls, and (f) Fls.

4.6.2.3. TEM and SEM

The morphology of 0.4%Fe-TiO, was investigated by TEM (see Fig. 4.56). As Fig. 4.56b

shows, the synthesized photocatalyst displays a mixture of quasi oval and cubic shapes of the TiO2

178



crystal. The high-resolution images (Fig. 4.56d-e) reveal that the synthesized nanostructure
photocatalysts contain anatase and brookite polymorphs of TiO.. The selected area electron
diffraction (SAED) pattern of photocatalyst is presented inset of Fig. 4.56a. Accordingly, the
SAED pattern shows clear characteristic rings corresponding to anatase (101) crystal plane and
bright spots indicating the brookite crystalline phases. The high-resolution TEM image (Fig. 4.56¢)
indicates the TiO2 biphasic crystalline structure has a 0.35 nm lattice fringe spacing corresponding
to the (101) planes of anatase and (210) of brookite. After Fe doping, obvious changes in
morphology are observed. As shown in Fig. 4.56e, TiO> lattice structure distortion is observed due
to the substitution of Fe** with Ti*" after Fe doping. As shown in Fig. 4.56f, the EDS coupled with
TEM analysis gives the evidence that Fe is doped into the TiO> lattice structure. This observation

is further supported by the SEM images.

High-resolution SEM images are used to further characterize 0.4%Fe-TiO,. As seen in Fig.
4.57, a mixture of nano-oval and nano-cube shapes are found in very high magnification images,

which are in good agreement with TEM images.
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Figure 4.56. (a) TEM image and the inset shows its SAED pattern, (b-e) HRTEM images, and (f) EDS
spectrum of 0.4%Fe-TiO; photocatalyst.

Figure 4.57. SEM images of 0.4%Fe-TiO: photocatalyst.
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4.6.2.4. BET

The specific surface area of all fabricated photocatalysts was determined by the nitrogen
adsorption/desorption isotherm. The measured BET surface area of mesoporous photocatalysts is
listed in Table 4.27. As seen, the specific surface area slightly increases when increasing the Fe
dopant. The nitrogen sorption isotherms and pore size distribution of TiO2, 0.4%Fe-TiO», and F-
0.4%Fe-TiO2 photocatalysts were measured to study the porous nature of photocatalysts and
results are presented in Fig. 4.58a-c. As seen, isotherm curves can be classified as type IV
isotherms with an H3 hysteresis loop in the relative pressure range of 0.9-1.0. It is observed that
synthesized photocatalysts possess a mesoporous structure. Table 4.29 summarizes pore volume
data for the abovementioned photocatalysts. Accordingly, Fe doping into the TiO> structure
decreases its pore volume due to the possible blockage of TiO> pores by Fe metal species [319].
As seen in Table 4.29, the surface fluorination increases the total pore volume of 0.4%Fe-TiO,.
These specific surface area and pore volume enhancement facilitate the adsorption of reactants and

intermediates on the surface and react with oxidation agents for further PCO reaction.

0.0025 (a) 0.0025
100 4 100 4

(b)

®
=3
|

dv (cnﬁ’ﬂ;’g)

-

<o
z
H
1

601 00005 ﬁiﬁ_
T

[ 4 8 12 16 20 /
Pore width (nm)

=
|

40 — 0 10 20 30 40

0 10 20 30 40
Pore width (nm)

Pore width (nm) ‘/
o«

>
20 A P ad

st

0 — T T T T L T 0 — T T T —T T 0 — T — T T
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 08 1
Relative pressure (P/Pg) Relative pressure (P/Pg) Relative pressure (P/Pg)

Adsorbed volume (cm3/g)
Adsorbed volume (cm¥/g)
Adsorbed volume (cm¥/g)

20

o
=3
L
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Table 4.29. Pore structure and water contact angle of TiO», 0.4%Fe-TiO;, and F-0.4%Fe-TiO;
photocatalysts.

Pore volume Total pore volume Water contact

(cc/g) (cc/g) angle
TiO: 0.1085 0.1577 0°
0.4%PFe-TiO, 0.0587 0.07185 0°
F-0.4%Fe-TiO; 0.1040 0.1442 16.3°

4.6.2.5.  Hydrophilic/hydrophobic property of photocatalysts

The hydrophobic/hydrophilic properties of pristine TiO», 0.4%Fe-TiO», and F-0.4%Fe-TiO>
photocatalysts are evaluated by a water contact angle measurement (see Table 4.29). The water
contact angle of pristine TiO2 does not change with Fe doping and the value is zero. Water contact
angle increases after surface fluorination for F-0.4%Fe-TiO2 to 16.3° and causes decreasing in
surface hydrophilicity of the photocatalyst.

Based on previous sections, surface fluorination has significant effects on the reactant’s
adsorption, which decreases water vapor adsorption. Consequently, it increases the adsorption
capacity of MEK molecules.

4.6.2.6. UV-vis and PL

The optical properties of photocatalysts were analyzed by UV-vis DRS (Fig. 4.59a). Moreover,
the color of synthesized Fe-TiO; as a function of the Fe content altered from yellow to bright
brown. As shown, the light absorption characteristics of pristine TiO> significantly improves after
Fe doping into TiO> lattice structure and surface fluorination. Absorbance increases when Fe**
ions content increases. The spectrum demonstrates that Fe-TiO, photocatalysts and F-0.4%Fe-
Ti0; absorb light more efficiently up to 700 nm and 900 nm, respectively. Visible light absorption
improves and shifts to the longer wavelength side as Fe dopant concentration increases from 0.2

to 1%. The absorption edge of Fe-doped TiO: photocatalysts illustrates a red-shift with a higher
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absorption compared to the pristine TiO2. The shift in the light absorption edge is due to the
presence of Fe’" ions and changes in the titania band gap [329]. The Fe** ions behave as either
electron or hole traps and increase the photogenerated charge carriers’ lifetime, as seen in the

following equations [330-332].

Fe —TiO, + h9 — e~ + h* (photogenerated electron and hole) (4.17)
Fe3* + Fe3t - Fe*t + Fe?* (4.18)
Fe3* + e~ - Fe?*(electron trap) (4.19)
Fe?t + Ti*t - Fe3* + Ti3" (migration) (4.20)
Ti3* + 0,(ads) - Ti** + 05 (4.21)
Fe?* + 0,(ads) — Fe3* + 05 (migration) (4.22)
Fe3* + h* — Fe*t(hole trap) (4.23)
Fe** + OH (ads) — Fe3* + OH® (migration) (4.24)

It is worth noting that the energy level of Fe**/Fe?* is below the Ti3d of CB, which reduces
band gap and charge carrier recombination [42, 333]. According to the abovementioned equations,
Fe?" and Fe*" cations are quite unstable in comparison to Fe**. Thus, trapped charge carries (Egs.
(4.19), (4.23)) can migrate to the adjacent Ti*' ions (Eq. (4.20)) or can react with adsorbed oxygen
(Eq. (4.22)) and adsorbed surface hydroxyl groups (Eq. (4.24)) to generate oxidation agents. As
clear from Egs. (4.19) and (4.23), it is crucial to find the optimum dopant concentration since Fe*
ions can act as both interfacial charge transfer mediator and charge carrier recombination center.
Therefore, improvement in the optical response properties of Fe-doped TiO» and F-0.4%Fe-TiO»

photocatalysts enhances photoactivity under visible light irradiation.

183



The band gap energies of all synthesized photocatalysts are determined by Tauc’s plot ((ahv)?
versus Av) and results are shown in Fig. 4.59b. As seen, band gap energy reduces when Fe dopant
concentration increases. In other words, the smallest band gap energy is achieved for the highest
Fe dopant content (see Table 4.27). The band gap reduction of biphasic TiO> with Fe doping can
be a result of introducing the new energy states from the Ti-O-Fe interfacial bond [326]. As a result
of the narrowing band gap, the distance of photogenerated electrons between the O2p valence band
of TiO; and Fe3d energy levels of Fe-TiO; is reduced and causes visible light absorption [333,

334].

@ .
0.2%-Fe-TiO, Ti0,
0.4%-Fe-TiO, 0.2%Fe-TiO,
1%-Fe-TiO, 0.4%Fe-TiO,
F-0.4%Fe-TiO), 1%Fe-TiO,
F-0.4%Ce-TiO,

Absorbance (a.u.)
(chv)?

T T T T T 25 2.7 2.9 31 33 35
250 350 450 550 650 750 850 24 7 26 7 28 73 32 77 34 77 36
200 300 400 500 600 700 800 900

Wavelength (nm) Band gap energy (eV)

Figure 4.59. (a) UV-vis absorption spectra (b) corresponding evaluation of the band gap of TiO:, Fe-
doped TiO; (with various Fe contents), and F-0.4%Fe-TiO; photocatalysts.

Photoluminescence (PL) is used to investigate defects in the Fe-doped TiO; lattice structure and
study charge carriers' behavior. The PL spectra of all synthesized photocatalysts are depicted in
Fig. 4.60a. After Fe doping, though the spectrum’s shape of all photocatalysts is very similar,
intensities are different. Moreover, a small shift can be noticed in the main peak position of F-

0.4%Fe-TiO2 compared to other synthesized photocatalysts. As it is clear, the intensity of PL
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spectra of F-0.4%Fe-TiO2 is the lowest, indicating that F~ can significantly reduce the
recombination of excited charge carriers. PL intensities of all Fe-TiO2 photocatalysts exhibit an
increase compared to the fluorinated photocatalyst; however, their intensities are still smaller than
pristine TiO». This is due to trapping electrons with either F~ ions or Fe** ions. Accordingly, PL
spectra of TiO> showed the highest intensity, representing the highest charge carrier

recombination.

As shown in Fig. 4.60b, the deconvolution of PL spectrum of F-0.4%Fe-TiO: consists of two
strong emission peaks (389 and 424 nm) and four weak emission peaks (375, 402, 450, and 460
nm). The broad peak at 389 nm in PL spectra is assigned to the electron transition from the VB to
the CB [335]. Emission peaks in the range of 420-460 nm are ascribed to the presence of crystal

defects, oxygen vacancy and impurities [314].
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Figure 4.60. (a) PL spectra of TiO,, Fe-doped TiO, (with various Fe contents), and F-0.4%Fe-TiO;
photocatalysts and (b) deconvolution of PL spectra of F-0.4%Fe-TiO..
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4.6.2.7. FTIR

The FTIR spectra of all synthesized photocatalysts are shown in Fig. 4.61a to investigate the
existence of hydroxyl functional groups on the surface. The presence of hydroxyl groups is
favorable for photocatalytic oxidation since it produces OH-, thereby enhancing pollutant
degradation. As shown, the FTIR spectra of all photocatalysts are similar in shape and peak
position. A strong and broad peak in the range of 3000-3600 cm™ is detected. This peak is indexed
to the Ti-OH surface, stretching vibration bonds and indicating the presence of adsorbed water
molecules on the surface of the photocatalysts. In addition, the 1632-1636 cm™! peak is attributed
to the H-O-H bending vibration. The peak in the 2882-2892 ¢cm! range is also assigned to the

stretching vibration of CH bonds [336].

4.6.2.8.  Photocatalytic activity study

As mentioned in previous sections and according to Egs. (4.19)-(4.24), Fe ions can retard the
charge carrier recombination by acting as trap sites and subsequently transferring them to the
interface. However, excess amounts of Fe cations (Egs. (4.25)-(4.28)) can act as a recombination

center to pair electrons and holes [332].

Fe?* + ht - Fe3* (recombination) (4.25)
Fe** + e~ - Fe3* (recombination) (4.26)
Fe** + Fe?* - 2Fe3* (recombination) 4.27)
Fe*t + Ti3* - Fe3* + Ti** (recombination) (4.28)

First, MEK degradation (results in Fig. 4.61b) was examined in a wide range of Fe dopant

concentrations in the range of 0.2-4 atomic % using UV and visible illumination at 20% relative
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humidity. It is known that doping Fe into TiO: creates some defects where an optimum amount
separate electrons and holes to prevent them from recombining [326]. Evidently, MEK degradation
efficiency is enhanced by increasing Fe up to 0.4% and then decreased as Fe increases. Based on
results, 0.2%Fe-Ti0., 0.4%Fe-TiO,, and 1%Fe-TiO: photocatalysts were chosen for further study.
It is clear that the promotion effects of Fe doping are directly dependent on dopant content. Notable
decreases are observed in photocatalytic activity under both light irradiations with Fe above 0.4%.
As mentioned before, Fe content higher than 0.4% acts as a charge carrier recombination center

where electrons and holes can pair, thereby reducing photocatalytic activity.

: ) 80
Tio, @) UV Light (b)
0.2%Fe-TiO, 70 1 .

0.4%Fe-TiO,
1%Fe-Ti0,

3600-3000 —— F-0.4%Fe-Ti0,

60 — Visible Light

304

Absorbance (a.u.)
Removal Efficiency (%)

Dopant content (atomic%)

T \ T T T T
4000 3800 3600 3400 3200 3000 2800 1600 1400 1200 1000

Wavenumber (cm™)

Figure 4.61. (a) FTIR spectra of TiO,, Fe-doped TiO; (with various Fe contents), and F-0.4%Fe-TiO;
photocatalysts and (b) MEK removal efficiency as a function of the Fe dopant content in atomic % at
RH=20%.
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Photocatalytic degradation results of gaseous MEK under visible and UV radiations are
illustrated in Figs. 4.62 and 4.63, respectively. Doping TiO> with Fe metal element increases
visible light absorption. In addition, the surface fluorination technique enhances MEK adsorption
capacity in high humid conditions where the hydrophilic surface of TiO»-based photocatalysts
tends to adsorb water instead of MEK molecules. These modification techniques can cover two
main problems of TiO;-based photocatalysts limitation —large band gap and superhydrophilic

surface— in air purification technologies.

As observed in Figs. 4.62 and 4.63, Fe-TiO: photocatalysts show a greatly enhanced
photocatalytic degradation compared to pristine TiO2 and P25. The MEK degradation efficiency
on 0.4%Fe-TiO> at all tested relative humidity levels shows the highest photoactivity among Fe-
TiO> photocatalysts under both UV and visible light exposure. Based on results, 0.4%Fe-TiO; with
the maximum removal efficiency is selected for further surface fluorination modification. As
shown, surface fluorinated 0.4%Fe-TiO; exhibits the highest removal efficiency under both light
irradiations. It is proven that surface fluorination can result in the formation of free hydroxyl

radicals, which facilitates MEK degradation.

Although biphasic Fe-TiOz photocatalysts improve the photocatalytic degradation efficiency
under both UV and visible light regions, promotion effects of Fe-TiO2 compared to pristine TiO:
and P25 are higher using visible light illumination than those using UV. Under visible radiation,
0.4%Fe-TiO2 shows about 2.5 times higher MEK photocatalytic degradation compared to P25.
This may be explained by the fact that visible light absorption is significantly improved after Fe
doping into TiO> (Fig. 4.59a). In the Fe doping TiO: process, Ti*' sites are replaced with Fe** ions

and created oxygen vacancies that promoted TiO2 visible light responses [326].
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Regarding the effect of relative humidity, the MEK removal efficiency over all synthesized
photocatalysts reaches its maximum value at RH=20%. Accordingly, increasing RH from 0% to
20% increased removal efficiency as well, but when going from 20% to 60% removal efficiency

decreased.

Reaction rate results for all tested photocatalysts under both light illuminations are presented in
Figs. 4.62-4.63. According to the results, Fe doping and surface fluorination enhance reaction rate.
Consequently, F-0.4%Fe-TiO exhibits the highest reaction rate under both light irradiations. As
illustrated in Figs. 4.62-4.63, the higher reaction rate under UV light demonstrates higher MEK
degradation.

Visible light

70 2
60 — -
_ 1.6 S
3 X
S 50 i z
:
2 40 12
£ - - -2
=y - 3
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£ 20 -
& * Y
—04 O
10 e ~
0 - L

RH=0% RH=20% RH = 40% RH = 60%
P25 TiO, B 02%Fe-TiO, ™
0.4%Fe-TiO, MW  1%Fe-TiO, F-0.4%Fe-TiO, M

Reactionrate X

Figure 4.62. MEK removal efficiency and PCO reaction rate under visible light irradiation for P25,
pristine TiO;, Fe-doped TiO; (with various Fe contents), and F-0.4%Fe-TiO; at four relative humidity
levels.
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Figure 4.63. MEK removal efficiency and PCO reaction rate under UV light irradiation for P25, pristine
TiO;, Fe-doped TiO:; (with various Fe contents), and F-0.4%Fe-TiO; at four relative humidity levels.

Based on HPLC results, three by-products were observed in the outlet airstream. By-product
generation rates for all synthesized photocatalysts are calculated and presented in Fig. 4.64a-d.
Accordingly, results are compared with P25 and pristine TiO at four different relative humidity

levels.

F-0.4%Fe-TiO, offers the highest MEK degradation and lowest by-product generation rate
among all synthesized photocatalysts under both light irradiations. It should be highlighted that
surface fluorination can boost free hydroxyl radicals and reduce by-product generation. The
abundance of hydroxyl radicals provides higher complete mineralization. In addition, water
adsorption on the fluorinated surface reduces and provides more available adsorption sites for
MEK molecules and intermediates. These explanations support the fact that higher MEK

molecules experienced complete oxidation reactions and convert to CO and H»O as final products.
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As a general trend in humid conditions over Fe-TiO», by-product generation rate decreases as Fe
content increases. A possible explanation is that Fe-TiO band gap decreases when increasing Fe
and can absorb a wide range of light irradiation. Therefore, more exciting electrons are generated.
Their oxidation potential is not sufficient to oxidize MEK molecules but strong enough to oxidize
lighter compounds. Despite high removal efficiency, by-product generation for 0.4%Fe-TiO: is
lower compared to pristine TiO2 and 0.2%Fe-TiO.. For Fe content higher than 0.4%, removal

efficiency is decreased and less MEK molecules go through the oxidation pathway.

As noted in Fig. 4.64a-d, more by-products are generated under UV light irradiation and the
generation rate decreases as relative humidity increases from dry to 60%. In all tested conditions,
the by-product generation rate reaches the highest value over pristine TiO2, which has a relatively
small MEK degradation efficiency. A possible explanation is that MEK molecules over pristine
TiO: did not complete their oxidation pathway and went through incomplete mineralization. The
by-product formation rate of P25 is lower than pristine TiO2 and Fe-TiO photocatalysts, while
higher than F-0.4%Fe-TiO:. This is due to the low MEK removal efficiency over P25 under both

light irradiations.
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To demonstrate the improvement of photodegradation efficiency and diminution of by-product
formation, the photocatalytic activity of three layers of 0.4%Fe-TiO2 and F-0.4%Fe-TiO:
photocatalyst films was examined via MEK degradation. In addition, removal efficiency results
and by-product generation are compared with one-layer film photocatalyst and the comparison
under both visible and UV light irradiations appears in Fig. 4.65(a-b) and (c-d), respectively. As
expected, three-layer films of both photocatalysts exhibit higher removal efficiency compared to
one-layer under visible and UV light irradiation. It should be mentioned the three-layer
experiments operated at 40% relative humidity and 0.015 m*/min airflow rate. Residence time,
which depends on the film’s thickness, is 0.025 sec for one-layer and 0.076 sec for three-layer
films of the photocatalysts. Photocatalytic efficiency enhances with prolonging the residence time
under both light irradiations. For instance, MEK degradation over F-0.4%Fe-TiO; photocatalyst
boosts to 80% and 60% under UV and visible light irradiation, respectively. It is worth mentioning
that increasing the layer of photocatalysts increases the amount of coated photocatalysts. In this
regard, a higher amount of charge carriers is produced. This generates a higher amount of hydroxyl
radical and provides a higher amount of adsorption sites. As can be noted from Fig. 4.65, reduction
in by-products generation is more noticeable over 0.4%Fe-TiO, photocatalyst using UV
illumination than visible. However, for F-0.4%Fe-Ti0,, although removal efficiency is enhanced,

by-product generation amount does not significantly change.
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Figure 4.65. Effect of multi-layer photocatalysts on MEK removal efficiency and by-products generation
rate over 0.4%Fe-TiO; and F-0.4%Fe-TiO: at RH=40% (a-b) under visible and (c-d) under UV light
irradiation.

4.6.3. Conclusion
In this section, visible-light-driven photocatalysts, including a series of biphasic Fe-doped
Ti0O; (with different Fe contents from 0.2 to 4 atomic %), were fabricated by facile hydrothermal

treatment. Based on obtained results, the photocatalyst with optimum Fe content, 0.4%Fe-TiO,,
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was selected for surface fluorination. Besides, various characterization measurements were
conducted to investigate the structural, optical, morphology, and surface composition properties
of photocatalysts. Their properties changed with different Fe contents in TiO>. Consequently,
results prove that Fe*" cations were well-incorporated into the TiO: structure and substituted with
Ti*". Thus, the Fe**/Fe*" energy levels were introduced below the TiO2 conduction band, which
separated charge carries, narrowed down the band gap and shifted light absorption into the visible
region. Photocatalytic degradation of all fabricated photocatalysts coated on nickel filters was
evaluated through the MEK degradation and results showed a significant improvement in
photocatalytic activity using both visible and UV illumination compared to P25. Among them, F-
0.4%PFe-TiO2 and 0.4%Fe-TiO, showed the highest and second-highest photocatalytic oxidation
because of the lower charge carriers’ recombination. Under visible light exposure, the
photocatalytic efficiency of F-0.4%Fe-TiO> and 0.4%Fe-TiO> was about 2.5 times higher than that
of P25. Based on results, the F-0.4%Fe-TiO2 photocatalyst with the highest removal efficiency,
highest reaction rate, and lowest by-product formation rate is the best photocatalyst under UV and
visible light illumination. In addition, to enhance more mineralization of MEK molecules, three
layers of 0.4%Fe-TiO2 and F-0.4%Fe-TiO> photocatalyst films were performed. For example,
degradation efficiency over F-0.4%Fe-TiO, improved to 60% using visible light and 80% under

UV light irradiation.
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4.7. Comparison of synthesized photocatalysts

Figs. 4.66a and b demonstrate the comparison of optimum photocatalyst of each group of
synthesized photocatalyst with pristine TiO> and P25 under UV and visible light, respectively.
Accordingly, the results are compared at four different relative humidity levels. Based on the
results (Fig. 4.66a), the MEK removal efficiency is the highest for C-P25-0.1% under UV light
irradiation at RH=40%. However, in other relative humidity levels (RH=0, 20, and 60 %), the F-
P25 photocatalyst exhibits slightly higher removal efficiency than C-P25-0.1%. Carbon as a non-
metal dopant increases the MEK removal by; a) improving the TiO> conductivity, b) enhancing
the MEK adsorption capacity, c) improving the light absorption, and d) reducing the charge carrier

recombination rate.

Comparing Ce and Fe metal dopants, the 0.5%Ce-TiO> shows better removal efficiency in
higher relative humidity while the 0.4%Fe-TiO> exhibits better efficiency in low relative humidity.
Consequently, the same trend is observed for surface fluorinated F-0.4%Fe-TiO2 and F-0.5%Ce-
TiO2. One possible explanation for the lower removal efficiency of F-0.4%Fe-TiO2 compared to
F-0.5%Ce-Ti0; at high relative humidity is the lower water contact angle of F-0.4%Fe-Ti0; and
relatively higher tendency to water adsorption. It is worth noting that Fe is categorized as transition

metal which is less expensive than Ce which belongs to the lanthanides group.

In general, based on the obtained results under UV light irradiation, the modification of
commercial P25 by carbon doping and surface fluorination outperformed the bare P25. In addition,
biphasic anatase-brookite TiO» and its modification by both Ce and Fe dopants followed by surface
fluorination exhibit better removal efficiency compared to commercial P25. This is due to the fact

that after these modification techniques, the new states trap electrons and decrease the charge
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carriers' recombination. Moreover, photocatalysts' characteristics such as surface area, optical

properties, and crystal structure of all modified photocatalysts improved compared to P25.

As seen in Fig. 4.66b, among the doped photocatalysts without surface modification, the MEK
removal efficiency follows the order of 0.5%Ce-TiO2 > C-P25-0.1% > 0.4%Fe-TiO2 under visible
light irradiation. It is worth noting that, there is no MEK removal for F-P25 under visible light
irradiation. In other words, the band gap and visible light absorption edge of P25 are not changed
after surface fluorination. Moreover, the surface fluorinated F-0.5%Ce-TiO> shows a better
photocatalysis activity than F-0.4%Fe-TiO: at all three humidity levels. This may as a result of a
slightly higher water contact angle of F-0.5%Ce-TiO2 which causes less adsorption of water vapor

on the surface of photocatalyst.

As seen, biphasic anatase/brookite TiO, enhances the visible photocatalysis compared to

biphasic anatase/rutile P25.
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Figure 4.66. Comparison of MEK removal efficiency of optimum photocatalysts with pristine TiO; and

P25 under (a) UV and (b) visible light irradiation.
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The formaldehyde and acetaldehyde generation rates of optimum photocatalysts are
respectively presented in Figs. 4.67(a-b) and 4.68(a-b) and results are compared with pristine TiO2
and P25. Accordingly, the comparison is studied at four different relative humidity levels and both
UV and visible light irradiations. As shown in Fig. 4.67a, under UV light irradiation, carbon (non-
metal) doped TiO: illustrates the lower formaldehyde generation compared to Ce and Fe (metal)
doped TiOs. It is worth noting that the removal efficiency is the highest over C-P25-0.1% and
formaldehyde generation is relatively low which indicates the effective performance of the
photocatalyst under UV light irradiation.

It is worth to mention that surface fluorinated Fe-TiO> produces the lowest formaldehyde at
RH=40% among all examined photocatalysts. Among the surface fluorinated photocatalysts, the
performance of the photocatalysts in decreasing the formaldehyde generation follows the order of
F-0.4%Fe-TiO2 > F-P25 > F-0.5%Ce-TiO,.

As shown in Fig. 4.67b, under visible light irradiation and humid conditions, it can be noted
that the 0.5%Ce-Ti0O> demonstrates the highest formaldehyde generation rate followed by pristine
Ti0,. Among surface fluorinated photocatalysts, the formaldehyde generation is lower on the F-
0.4%Fe-TiO> than that of F-0.5%Ce-TiO,.

In addition, the amount of generated formaldehyde is considerably lower on P25 under both
light irradiations which can be explained by the lowest removal efficiency compared to all
synthesized photocatalysts. In other words, less MEK molecules were broken down into the

smaller compounds on P25 surface.
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Figure 4.67. Comparison of formaldehyde generation rate of optimum photocatalysts with pristine TiO;

and P25 under (a) UV and (b) visible light irradiation.
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For the acetaldehyde generation rate under UV light (Fig. 4.68a), the F-0.4%Fe-TiO> showed
the lowest generation rate while pristine TiO2 exhibited the highest rate at all examined conditions.
As mentioned before, acetaldehyde can be detected as both a final by-product and an intermediate
compound. Therefore, evaluation of them exhibits the fluctuation and also assessment of their
generation depends on several parameters. Moreover, it is very difficult to study the trend of such
intermediates compounds.

Acetaldehyde generation rate of modified TiO2 photocatalysts under visible light irradiation
follows the order of C-P25-0.1% > 0.5%Ce-TiO2 > 0.4%Fe-TiO2 > F-0.5%Ce-TiO2 > F-0.4%Fe-
TiO,. In other words, the F-0.4%Fe-TiO> shows the lowest acetaldehyde generation rate at all
tested humid conditions. P25 photocatalyst shows higher acetaldehyde generation than pristine

TiO: is all conditions except at RH=60%.
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Figure 4.68. Comparison of acetaldehyde generation rate of optimum photocatalysts with pristine TiO,

and P25 under (a) UV and (b) visible light irradiation.
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Chapter 5

5. Conclusions and Recommendations

5.1. Summary

Among indoor air pollutants, VOCs are the main group and their removal from indoor
environments is still one of the major challenges. It is proven that PCO is an effective technology
for removing gaseous pollutants from indoor environments. To date, the TiO2 semiconductor has
been widely studied and explored as the most promising candidate for photocatalytic degradation
of VOCs from the environment due to its unique properties. However, its practical application has
been restrained under visible light irradiation and in high humid conditions due to its limitations,
including; a) large band gap (3.2 eV), which requires UV light illumination; b) a high charge carrier
recombination rate, which decreases PCO efficiency; and c) high surface hydrophilicity, which
reduces VOCs’ adsorption capacity at high humidity levels. Therefore, the main objective of this
research was defined as the development of “TiO:-based photocatalysts for effective removal of
VOCs from indoor environments under visible light irradiation and high humid conditions”. This

objective is accomplished in different steps as follows:

v Studying the adsorption capacity and UV-PCO process of commercial P25.

v' Modifying P25 by surface fluorination technique to improve the charge carrier
separation and to reduce the P25 surface hydrophilicity.

v" Modifying P25 by carbon (non-metal) doping and optimizing the carbon content to
enhance the photocatalytic activity and to shift the light absorption to the visible region.

v Synthesizing biphasic anatase-brookite TiO, and comparing its performance with

anatase-rutile P25 under both UV and visible light irradiation.
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v' Modifying TiO: by cerium and iron (metal) doing and optimizing the Ce and Fe contents
to enhance the photocatalytic activity and to shift the light absorption to the visible
region.

v" Modifying Ce-doped TiO, and Fe-doped TiO by surface fluorination to improve

removal efficiency at high humidity levels.

5.2. Conclusion

The outcomes of each section of this research can be summarized as follow:
1) Section 4.1. Photocatalytic degradation of VOCs: Three different scaled setups

Although the adequate efficiency of PCO in laboratory conditions has been proven, the
application of PCO for VOCs degradation has been greatly hindered in large-scale applications.
The effect of scaling up and realistic conditions cause some limitations for large-scale systems.
The main concern in scaling up the photocatalytic reactor in large-scale applications is in having
a uniform distribution of light irradiation for the entire photocatalyst’s surface. Based on the
results, the light distribution is more uniform in bench-scale compared to pilot and full-scale
setups. Therefore, the evaluation of light distribution inside the reactor is crucial for the
extrapolation of laboratory-scale results to pilot or full-scale operations. As mentioned in the
results section, the higher removal efficiency was obtained for the low inlet contaminant
concentrations. This occurs because the fixed active sites of the catalyst have limited adsorption
capacity for VOCs. Moreover, at high inlet concentration, the surface of the photocatalyst becomes
saturated and quantum yield decreases due to the shielding effect of contaminants on the catalyst

surface. In addition, increasing the airflow rate caused a) the reduction in residence time of the
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PCO process followed by decrease of removal efficiency, and b) the increase of the mass transfer

rate of contaminants to the surface of the catalysts, and improving the PCO removal efficiency.

In addition, various removal techniques including UVC-PCO, VUV photolysis, and VUV-PCO
studied in this section, and accordingly, VUV-PCO had higher removal efficiency. However, the
main concern with VUV photolysis is the residual ozone which is a harmful by-product that can

affect human health and the environment.

2) Section 4.2. Adsorption behavior of surface fluorinated P25 (F-P25)

The adsorption of contaminants onto the photocatalyst surface is the main step in the PCO
process to initiate the reaction. The application of PCO in VOCs degradation is greatly hindered
at high humidity levels. This is because VOCs compete with water molecules to adsorb on the
generally hydrophilic photocatalyst surface, where photocatalytic reactions take place. The effects
of surface fluorination on the adsorption capacity of P25-TiO; nanoparticles towards toluene,
methyl ethyl ketone (MEK), and isobutanol, representing different classes of indoor air pollutants,
were investigated in this section. To evaluate the adsorption efficiency of P25 and modified F-P25,
three adsorption isotherms, including Langmuir, Freundlich, and BET were used to model the
adsorption experimental data. The equilibrium data for the adsorption model of compounds
showed the best fit with the BET model, and the Freundlich model also represented a good fit. The
obtained results demonstrated that the surface fluorination of P25-TiO> enhanced adsorption
capacities. The gradients of adsorption improvement of F-P25 compared to P25 followed the order:
toluene (non-polar) > MEK (less polar) > isobutanol (polar). Moreover, the results indicated that
the surface fluorination of P25 increased adsorption capacity about two times for toluene in three
humid conditions (0, 20, and 40%) compared to bare P25. By combining the benefits of using a

simple modification method by a low-cost modifier and using P25-TiO, —which is the most
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common commercialized photocatalyst— an effective method is developed to enhance the

efficiency of VOCs removal in indoor air environments, especially in high humid condition.

3) Photocatalytic activity of surface fluorinated P25 (F-P25)

As mentioned before, the performance of PCO is hindered at high humidity conditions, due to
the superhydrophilic surface of TiO> and competition between VOCs and water molecules for
adsorption on the surface’s active sites. Surface fluorination increased the adsorption capacity of
TiO2 towards VOCs. Besides, surface fluorination enhanced the UV light absorption and reduced
the charge carrier recombination. Therefore, it was expected that the PCO performance of surface
fluorinated TiOz also improves after this modification method. Accordingly, the range of operating
parameters, including relative humidity, light intensity, contaminant concentration, and residence
time (airflow rate) has been selected to resemble the real conditions for indoor environments’
application. Results indicated that the surface fluorination of P25 enhanced the PCO efficiency of
MEK removal in all tested conditions, compared to P25. The MEK removal efficiencies under UV
irradiation for three-layer and one-layer of F-P25 photocatalyst were 92% and 73%, respectively.
Accordingly, the generation of the by-product was considerably decreased using three layers of F-
P25 photocatalyst. Moreover, the reaction mechanism for the photocatalytic oxidation of MEK
was also proposed. The results of this section ultimately lead to enhancing the efficiency of PCO

process, especially in high humid conditions.

4) Photocatalytic activity of C-doped P25

C-doped P25 photocatalysts coated on nickel foam enhanced photocatalytic degradation and
the reaction rate of gas-phase MEK under visible and UV light, compared with a commercial P25

coated on the same substrate material. The results confirmed that carbon introduces a new
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electronic level above the P25 valence band which reduces charge carriers’ recombination and
shifts the light absorption to the visible region. The results indicated that the photocatalytic
degradation efficiency and the reaction rate of all examined photocatalysts under UV light were
higher than visible light. Based on the results, the optimum relative humidity was 20% and 40%
for visible-PCO and UV-PCO of C-doped P25, respectively. Moreover, C-P25-0.1% showed the
highest MEK degradation under all tested conditions. The removal efficiency was enhanced from
77% to 94% when three layers C-P25-0.1% photocatalyst activated by UV light and increased
from 50% to 67% by using visible light. Moreover, the by-product generation was considerably

decreased for three-layer C-P25-0.1% photocatalyst.
5) Photocatalytic activity of Ce-doped TiO: and F-0.5%Ce-TiO:

A series of cerium-doped TiO; anatase-brookite polymorphs with different low Ce contents
(0.2-1.5 atomic %) were synthesized by a facile hydrothermal method as efficient visible-light-
driven photocatalysts. It was found that 0.5%Ce-TiO> exhibits the best photoactivity under UV
and visible light irradiation. Then, the surface fluorination of the Ce-TiO; photocatalyst with the
optimum Ce content (0.5%Ce-TiO2) was studied to further increase its efficiency, particularly in
high humid conditions. Based on the characterization results, using an appropriate amount of Ce
dopant and surface fluorination can significantly inhibit the charge carrier recombination. In
addition, Ce has two common oxidation states. Shifting between Ce*"/Ce** reduces the charge
carrier recombination. Doped Ce introduces a new electronic level close to the conduction band
that separates charge carriers, hinders their recombination, reduces the band gap, and shifts the
light absorption to the visible range. Based on the results, photocatalytic efficiency was strongly
dependent on dopant concentration. A significant improvement (about 4 times) in visible-driven

photocatalytic activity is demonstrated for F-0.5%Ce-TiO2 compared to P25. Specifically, the
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surface fluorination promoted the 0.5%Ce-TiOz photocatalytic activity in high humid conditions
(e.g.,40% and 60%). The enhanced photocatalytic degradation in surface fluorinated photocatalyst
is attributed to the formation of free hydroxyl radicals. After surface fluorination, removal
efficiency of 0.5%Ce-TiO2 at RH=60% improved from 52% to 60% under UV and from 47% to
54% under visible light irradiation. The MEK removal efficiency for one-layer and three-layer of
0.5%Ce-TiO2 photocatalyst are respectively 62% and 79% under UV, and 56% and 75% under
visible light irradiation. Notably, the by-product generation was considerably decreased and

reached the lowest amount for the three-layer F-0.5%Ce-TiO: photocatalyst.

6) Photocatalytic activity of Fe-doped TiO: and F-0.4%Fe-TiO:

A facile hydrothermal treatment was used to fabricate biphasic anatase-brookite iron-doped
TiO2 with different Fe contents (0.2-4 atomic %) to enhance photoactivity of TiO> under visible
and UV light irradiations. Surface fluorination was then applied to reduce the surface
hydrophilicity of Fe-TiO2 photocatalyst with the optimum Fe content (0.4%Fe-Ti0O2). Surface
fluorination of 0.4%Fe-TiO> moderates the surface hydrophilicity to repel water molecules from
adsorption. The synthesized Fe-TiO> photocatalysts altered surface characterization, crystal
structure, and optical properties depending on Fe ion contents. Then, the obtained results were
compared with pristine TiO2 and P25. The results revealed that iron metal dopant and surface
fluorination promoted the performance of synthesized photocatalysts. It was found that the best
single-pass removal efficiency was obtained at RH=20% on F-0.4%Fe-TiO; with values of 54%
using visible and 70% using UV illumination. The surface fluorination of 0.4%Fe-TiO2 enhanced
removal efficiency at high relative humidity (RH=60%) from 47% to 54% under UV and from
34% to 41% under visible light illumination. To advance the degradation efficiency and lessen the

by-product formation rate, three layers of F-0.4%Fe-TiO2 and 0.4%Fe-TiO> photocatalyst films
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were examined. The photocatalytic degradation efficiency for three layers of 0.4%Fe-TiO; and F-

0.4%Fe-TiO2 photocatalyst films were respectively 72% and 80% under UV, and 50% and 60%

under visible light illumination. As results showed, anatase/brookite polymorphs TiO> —even

without Ce, Fe, and F modification— exhibit higher photocatalytic activity compared to well-

known anatase/rutile polymorphs P25.

5.3. Recommendations for future work

Based on the findings and outcomes of the present research, the following recommendations

are made for future work to further improve the efficiency of photocatalysis process:

>

Developing the co-doped metal/non-metal, metal/metal, and non-metal/non-metal
photocatalysts and test their performance under both UV and visible irradiation.
Developing heterojunction TiO2 with other semiconductor and also combining two
heterojunction and doping techniques, then, test their performance under both UV and
visible irradiation.

Testing the performance of modified photocatalysts for degradation of MEK in pilot or
full-scale setup under more realistic conditions (poorer light distribution and small
residence time).

Testing the performance of developed photocatalysts for a mixture of VOCs. Evaluation
of the removal efficiency, reaction rate, and by-product generation rate for VOCs mixture
which is different from the single compound.

Examining more efficient immobilization techniques such as aerosol deposition, spray

coating, and pulsed laser deposition methods.
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» Long-term experiments of modified photocatalysts under both light irradiations can be

studied to further investigate the photocatalyst stability and deactivation behavior.
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