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Foreword

The challenges which result from water stress and inadequate water-related
hygiene have taken on an increasing urgency in the past one or two decades,
inextricably linked as they are to the water-food-energy nexus, in the midst of
which global climate change now has the potential to create the perfect storm. A
recent UN report has warned that ‘overcoming the crisis in water and sanitation
is one of the greatest human development challenges of the early 215 century’.

It is estimated that about one in every six people in the world today lack
proper access to clean drinking water, and double that number lack basic
sanitation. The awful result is that 2.2 million deaths per year are related
to water poverty, many of these children. This humanitarian tragedy is only
forecast to grow worse, with more than half of the world’s population forecast
to face chronic or critical water shortages by 2050, thereby further limiting
food supplies and, in turn, limiting economic and social development. There is
no doubt that ensuring an adequate water supply to underwrite a sustainable
future presents a challenge to engineers of the first magnitude.

Measures which are adopted to meet the needs of individuals must be
sustainable if they are going to be truly effective. The United Nations Conference
on Sustainable Development in Rio de Janeiro in 2012 created a vision of
‘commitment to sustainable development and to ensuring the promotion of an
economically, socially and environmentally sustainable future for our planet
and for present and future generations’. Water and sanitation are prominent in
the document:

We recognize that water is at the core of sustainable development as it is
closely linked to a number of key global challenges. We therefore reiterate
the importance of integrating water into sustainable development, and
underline the critical importance of water and sanitation within the three
dimensions of sustainable development.. We stress the need to adopt
measures to significantly reduce water pollution and increase water
quality, significantly improve waste-water treatment and water efficiency
and reduce water losses. In order to achieve this, we stress the need for
international assistance and cooperation.
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The sustainable solution to these challenges will not lie in new and massive
water reservoirs, wells, pipelines, or long-distance river transfers, nor will it
solely lie in large-scale salty water desalination. A more sustainable development
and use of finite freshwater resources is required, which in turn will bring into
existence more sophisticated and resource-circular technologies. For example,
regions which become more water-stressed as a result of climate change might
choose to rely more and more on brackish ground waters or seawater as a
primary source of water, this being energy intensive and potentially contributing
to the climate problem which drives it. But preferably they will learn to reduce
the consumption of, and recycle and reuse, their existing water resources.

An economically, environmentally and socially sustainable technology for
water treatment should be cheap and energy-efficient, with little or no chemical
consumption, it should facilitate water recycling and reuse that minimizes
the direct disposal of wastewater to the aquatic environment, and it should
be a technology which can be easily accessed and deployed over a wide range
of physical scales. There are many existing technologies which compete to
achieve these aims in specific contexts, such as electrodialysis, membrane
filtration, adsorption and precipitation, electrochemical reduction and electro-
deionization. However, the same technologies may also consume large amounts
of energy and, in the process, transfer pollutants between the different fluid
phases, wastes, and by-products which are generated.

Since the early 1970s, photocatalytic advanced oxidation processes via
heterogeneous semiconductor materials have emerged as a viable technology
for the objectives of sustainability, as well as overcoming the aforementioned
limitations, and have been the subject of intensive research - in particular, in
water/air purification and water splitting. In this process, photons with energy
equal to or greater than the band gap of the material are adsorbed by the
particulate catalyst, and this results in the formation of a negative conduction
band electron and a positive valence band hole. Both of which can participate
in a variety of redox reactions in water treatment, but hydroxyl radicals (both
surface and bulk) are often considered the dominant oxidant.

The advantages of photocatalysis over other homogeneous-phase AOPs
are well documented. When operated under mild conditions as a tertiary
treatment, it offers a simple, low energy and sustainable technology which is
able to degrade the persistent organic pollutants still remaining in wastewater
following conventional biological and physical treatments into water, carbon
dioxide and other small molecules. It can also reduce or oxidize inorganic
pollutants to harmless substances, and inactivate microorganisms as an
effective disinfection process. The benchmark commercial material, titanium
dioxide, is cheap, non-toxic and robust. It requires low energy ultraviolet
light for its excitation, promising solar applications. It also avoids the need
for the supply of treatment chemicals, which is a strong advantage in remote
or resource-limited applications. Recently, a surge in articles in the scientific
literature — with over 10,000 research articles published in the last twenty years —
underwrites this positive image.
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Nevertheless, considerable technology transfer problems remain, perpetuating
a widening gap between academic vision and industrial application. This
timely treatise therefore tries to throw a bridge across this gap. As with many
innovations, a well-defined pathway for transferring this unique technology to
industry will allow engineers to reap the potential.

An introduction to photocatalysis is provided in Chapter 1. Applications are
outlined to water and wastewater treatment, as well as to photolysis for energy
production. An overview of the mechanisms and characterization of charge
generation are provided, and strategies for improving photocatalytic activity
are discussed.

Chapter 2 presents metal organic frameworks as an emerging vehicle to
overcome the limitations of established photocatalysts. Mechanisms of action
and performance data are presented for a variety of pollutants in aqueous
environments, and their rather unique features suggest novel composites and
functionalized structures. Their essential features, superior efficiency and critical
limits are reviewed.

In Chapter 3, the focus now switches to the photocatalytic reactors
themselves, and their different types and configurations. The treatment process
results from the interaction of three main components: pollutants, catalysts and
source of photons. It is the differences in these components across a wide range
of physical scales that make reactor design in photocatalysis so challenging and
at the same time so promising.

Photocatalysis is now showing great promise for the treatment of various
wastewater streams such as toxic landfill leachates, which is the subject of
Chapter 4. Such leachates are extremely deleterious to the environment. After
analyzing the characteristics of the leachates, homogeneous and heterogenous
treatment processes employing photocatalysis are reviewed. An investigation is
made of the effect of reactor operating parameters, and finally the performance
of different types of reactor configuration is evaluated.

A life-cycle analysis (LCA) is essential for the development of any sustainable
process for water treatment in practice, and such an analysis is presented in
Chapter 5 for a solar-driven photocatalytic process for wastewater treatment.
Following an overview of the LCA framework, the goal, the scope and the
system boundary are all defined. Titanium dioxide as a ubiquitous photocatalyst
is given special attention. Key findings on the environmental impacts for solar-
driven photocatalytic wastewater treatment are presented.

In the final two chapters, an analysis of patents in the photocatalytic
treatment of water and wastewater is presented. Such an analysis helps to
reveal insights into the ongoing work in a particular field of technology.

In Chapter 6, photocatalytic materials are first presented. Following an
overview of trends in patents, an analysis of patent registration over time and
the activity of key players is made. This suggests that Japan first established
itself as a pioneer, but nowadays China has assumed the dominant role. Solar
energy and nanotechnology are seen as two areas in particular that have
received increasing attention in the patent arena.
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Finally, in Chapter 7, the patent focus thus switches to solar energy and
nanotechnology. Registration and destination data regarding the key players
are analyzed, and once again the dominance of China (and her universities in
particular), Japan and the USA in this area is revealed. Today, titanium dioxide
remains the most widely used nano-material for photocatalysis. In the patent
landscape, it is seen that research institutions rather than industrial companies
are leading the way.

When Dr Alireza Bazargan invited me to write this foreword, I was
very happy to oblige. I remember an Iranian friend of mine once told me a
beautiful story about the Iranian sense of honour. I had learned that in Persia,
a transaction could be secured on the basis of a single human hair given by the
lender to the creditor, which was returned to the lender on completion, without
the need for a contract. This meant that a single strand of hair could be used as
a form of honourable security. So with that, Ali, I graciously return your strand.

Professor Nicholas P. Hankins

MA PhD CEng FIChemE MRSC PGCAP, The Oxford Centre for
Sustainable Water Engineering, Department of Engineering Science,
The University of Oxford, United Kingdom.

Oxford, March 2022.
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Chapter 1

An introduction to
photocatalysis

Mohammad Reza Boskabadi', Vincent Rogé?, Alireza Bazargarr,
Hamed Sargazi® and Emanuele Barboriniz*

School of Chemical Engineering, College of Engineering, University of Tehran, Tehran, Iran

2The Nanomaterial and Nanotechnologies Unit, Materials Research and Technology Department,
Luxembourg Institute of Science and Technology, Luxembourg

3School of Environment, College of Engineering, University of Tehran, Tehran, Iran
*Corresponding author: emanuele.barborini@list.lu

ABSTRACT

In this chapter the principles behind photocatalytic water and wastewater treatment as
well as water splitting for energy production (producing oxygen and hydrogen gas) are
discussed. The mechanisms involved in the generation of charge carriers in semiconductors
and their behavior towards pollutant degradation or water splitting are also outlined.
As conferred, a variety of organic molecules have been degraded by photocatalysis,
including dyes, phenols, nitrogen-containing molecules, pesticides, and pharmaceuticals.
Characterization techniques with which lifetimes and spatial distributions of charge carriers
are displayed in photocatalytic materials are touched upon. Additionally, various strategies
for improving the photocatalytic activity are discussed as well as the reasons behind the
development of such strategies. This includes describing the formation of heterostructures
formed between semiconductors as well as the experimental parameters that affect the
kinetics of such reactions. A quick summary of the operational parameters that affect
the photocatalytic process reviews the effects of pH, temperature, presence of oxidants,
concentration of the target pollutant, catalyst loading, and light intensity and wavelength.

1.1 PRINCIPLES OF PHOTOCATALYSIS

With increasing worldwide interest in environmental issues such as global
warming, water/air pollution and waste management, many efforts are being
made to find cost effective and sustainable processes for energy production,
pollution elimination or recycling. The most abundant energy source available
on earth is sunlight. Consequently, engineering efficient solar technologies is
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a critical step towards carbon-free energy production. In principle, the solar
energy received on earth every day should be enough to meet all of mankind’s
energy needs. However, solar systems are not yet efficient enough to convert
and store the required energy. For this reason, solar energy is an exciting
and rapidly growing research topic attracting scientists’ interest in different
fields, including electricity production with photovoltaic or photothermal solar
panels, hydrogen production with photocatalytic/photo-electrocatalytic water
splitting, and solar photocatalytic water treatment.

Photocatalytic materials are materials that are able to convert an incident
photon into a consumable or storable energy source, through the creation of
an electron/hole pair at the photocatalyst level. From a general point of view,
a photocatalyst is a catalyst that exhibits its catalytic properties under light
irradiation, via absorption of photons. Such photocatalytic systems exist in
nature, like in the photosynthesis process occurring in green leaves, where
chlorophyll acts as a photocatalyst allowing the conversion of water and CO,
into O, and sugars. Engineered photocatalysts tend to mimic this natural
process by employing photogenerated electron/holes to create energetic
radicals, which can be used for various applications such as water treatment or
splitting water into O, and H,.

The photocatalytic water treatment process is part of a broader family called
advanced oxidation processes (AOPs). They all involve the production and
utilization of highly oxidative OH- radicals to fragment and decompose organic
molecules. Targeted molecules could be residual xenobiotics, dyes, pesticides or
herbicides present in the wastewater due to human consumption or industrial
activity [1]. AOPs are currently applied in many wastewater treatment plants,
particularly photolytic and photo-Fenton processes. In photolytic processes,
sacrificial molecules such as hydrogen peroxide, H,O,, or ozone, Os, are
irradiated under powerful germicidal ultraviolet (UV) light (254 nm) in order
to produce oxidative radicals. In the photo-Fenton process, catalytic ferrous
ions (Fe?* or Fe3+) are added with H,O, under UV light, in order to generate
OH- radicals more efficiently [2]. The drawback of these processes is that they
use expensive and energy-consuming UV lights, and catalysts like ferrous ions
operate suitably in a narrow acidic pH range (2.8-3.5) in order to avoid the
precipitation of inactive iron oxyhydroxide species [3]. Thus, a pH neutralization
of the treated water with alkaline chemicals is necessary.

To overcome those limitations, heterogeneous photocatalysis appears as a
promising alternative. In this process, photocatalysts are solid materials like
particles/nanoparticles suspended in water or supported on a substrate like a
membrane. No sacrificial or additional chemicals are needed. The advantage of
supported photocatalysts over the suspended ones is that no filtration process
is needed afterwards. Nevertheless, the specific surface area of suspended
photocatalysts is generally higher than that of supported ones, leading to
improved degradation properties. Currently, the most effective photocatalysts
operate in the UV range of the light spectrum. Thus, they suffer the same
limitations as the photolytic or photo-Fenton processes cited above, that is
the need for energy-consuming UV lights. UV light represents only a small
percentage (5%) of the solar light passing through the atmosphere. Most of the
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Figure 1.1 Spectrum representing the solar light received at the surface of the earth.
Reprinted from [4].

solar light received at the surface of earth is in the visible (43%) and infrared
region (52%) (Figure 1.1). Considering this, one can easily understand the
crucial need for investing in research for the fabrication of visible-light active
materials.

In addition to the ability to operate in the visible range, other parameters are
being studied to enhance the performance of photocatalysts, like improving the
lifetime of charge carriers and their mobility/availability at the surface.

1.2 MECHANISM AND CHARACTERIZATION OF THE
PHOTOCATALYTIC PROCESS

1.2.1 Photocatalytic mechanism

The photocatalytic degradation process is schematically shown in Figure 1.2 [5].
Photons having energy larger than the photocatalyst’s band gap are absorbed by
the photocatalyst: an electron from its valence band is ejected into its conduction
band, thus an electron/hole (e-/h*) pair is created. If the positive charge carrier

A (photon energy> Band gap)
--~. Conduction

’ ~

4TS R - v band
f’:)k«“ 1 \
\\‘ h* = ) IlBand gap
"< 'M._ @ .’ Valence
e a e 0 0, ~~-~ band

.
Photocatalytic
material

Figure 1.2 Schematic representation of a photocatalytic initiation process. Reprinted
with permission from [5].
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4 Photocatalytic Water and Wastewater Treatment

h+* remaining in the valence band of the photocatalyst has an oxidation potential
above 2.31 V/NHE (normal hydrogen electrode), (potential of the couple OH-/
H+, H,0) at pH=0, it can oxidize water into H* and OH.. If the negative charge
carrier e~ remaining in the conduction band of the photocatalyst has a potential
below 0.92 VVENH (potential of the oxygen reduction in O,~) at pH=0 [6], it
can reduce O, into O,~. With an oxidation potential of 2.31 VVENH at pH=0,
OH- radicals are energetic enough to break covalent C—C bonds in organic
molecules, while O, radicals have a reductive potential sufficient to reduce
water into hydrogen peroxide (H,0,). Hydrogen peroxide decomposes under
UV light into 2 OH-. The photo-generation of OH. is direct during the water
oxidation with h+, while it is a two-step process during the water reduction with
e~. Consequently, photocatalytic degradations of organic compounds are more
efficiently driven by the oxidative OH- generation with h+.

The overall mechanism for the photocatalytic degradation of organic compounds
can be written as follows:

Photocatalyst + hv=Photocatalyst (hq,*+ € )

H,0 + hy," — H" + OH (1.1
€e) +02 — 0z~ (1.2)
0, +H" — HO,- (1.3)
0,” +HOy + H" — H,0, + O, (1.4)
H,O0, + hv — 20H- (1.5)
OH-: + organiccompounds — CO, + H,O +--- (1.6)

The photocatalytic water splitting follows the same mechanism. In this case,
photocatalysts must generate negative charge carriers e~ with oxidation
potentials more reductive than 0 V/NHE at pH=0 (the oxidation potential of
the couple H*/H,); and positive charge carriers h* with oxidation potentials
more oxidative than 1.23 V/NHE at pH=0 (the oxidation potential of the
couple O,/H,0). The overall water splitting can be described as follows [7]:

2H,0 — 2H, + O,(AG® = 238kJ.mol ) 1.7)

With half-reactions:
2HY + 2e(0b)_ — H, (18)

2H,0 + 4hy" — O, +4H" (1.9)

With a large positive change in the Gibbs free energy (238 kJ.mol-!), water
splitting is an uphill reaction that needs to be activated with catalysts (or
photocatalysts). Since the energy needed to split the water molecule is
1.23 eV (1.23 V/NHE at pH=0), the water splitting process can theoretically
be performed with photocatalysts absorbing photons in the infrared range
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Figure 1.3 Calculated energy conversion efficiency versus wavelength for different
quantum efficiencies. Reprinted from [8].

(indeed photon energies higher than 1.23 eV correspond to wavelengths
smaller than 1010 nm). Based on calculations using fixed quantum efficiencies
of photocatalysts, K. Maeda [8] showed that the solar energy conversion
effectiveness increases with the increasing wavelength of photons, from the UV
to the infrared part of the light spectrum (Figure 1.3). This is explained by the
highest number of photons available when the wavelength increases (Figure
1.1). Results presented in Figure 1.3 endorse the necessity of developing visible
light active photocatalysts.

1.2.2 Lifetime and mobility characterization of photo-excited charge carriers
As the photocatalytic process requires the photo-production of e-/h*
pairs and their interaction with the target molecules, the understanding
of pair recombination times and mobilities is of paramount importance in
order to rationally design efficient photocatalysts. The global timescale of a
photocatalytic process extends over hundreds of milliseconds to a few seconds,
as presented in Figure 1.4 [9]. Typically, photon absorption and the formation/
diffusion of charge carriers e /h* are very quick steps performed within a few
picoseconds (ps). Then, the charge carriers diffuse within nanoseconds (ns)
to microseconds (ps). In several materials, the nanosecond to microsecond
range is also the timescale range for recombination of charge carriers [10, 11].
The oxidation/reduction process, following the transport of charge carriers at
the surface of the photocatalyst and involving the mass transfer of the water/
pollutants at the interface, is the last process occurring in a few hundreds of
milliseconds (ms) to seconds (s).

In the photocatalytic process mechanism, lifetimes and mobilities of
carriers depend on multiple factors like the chemical environment, the driving
force of transport energetic charge to absorbed reactant molecules, and the
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Figure 1.4 Timescale for photocatalytic water splitting. IPCE: incident photon to current
efficiency, QE: quantum efficiency; STH: solar-to-hydrogen. Reprinted from [9].

lifetime of highly reactive intermediates [11]. Experimental techniques able
to precisely characterize excitation/recombination kinetics (ps-ps), charge
separation and transfer (ps-ns), surface reactions (ps-ms) or diffusion mean free
path have emerged in recent years. Among them, one can distinguish optical
spectroscopies and electron or scanning probe microscopies, like time resolved
photoluminescence/fluorescence (tr-PL), transient absorption spectroscopy
(TAS), time resolved microwave conductivity (TRMC), ultra-fast electron
microscopy, kelvin probe force microscopy (KPFM) or conductive atomic force
microscopy (C-AFM).

Optical processes rely on the principle of time resolved spectroscopy, like
pump-probe transient absorption spectroscopy, time resolved microwave
conductivity or time resolved photoluminescence. In the transient absorption
spectroscopy process, an incident energy source (usually a laser pulse in the
visible or infrared range) acts as a pump that excites atoms or electrons and
generates a non-equilibrium state. A second light source, weaker than the first
one and delayed in time, probes the induced changes in optical constants. It
allows the determination of the relaxation time of generated species, with a
time resolution directly linked to the pump source used [12]. Thanks to the
latest laser technologies, able to deliver laser pulses below 10 fs, the time
resolution offered by ultra-fast transient absorption spectroscopy allows the
characterization of the early stages of the photocatalytic processes (fs to ns).

Time resolved microwave conductivity is a variant of transient absorption
techniques (involving visible or infrared light sources). In this case, microwave or
terahertz electromagnetic waves are used as pump sources. The major difference
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compared to visible/infrared excitation is that the absorption is directly
related to the conductivity of charge carriers created in the material [13], and
not to optical transitions from the ground state to non-equilibrium ones. This
allows the qualitative and quantitative measurement of changes in microwave
absorption resulting from light induced production and decay of charged and
dipolar molecular entities [14]. The microwave absorption intensity is a function
of the product of the number of mobile charges and their mobilities. This
characterization technique unveils evidence on recombination of charge carriers
and dynamics, effective mobility, and lifetime and trapping of formed carriers
[15], within the femtosecond to nanosecond scale (depending on the probe laser).

Time resolved photoluminescence is a technique close and often
complementary to transient absorption spectroscopy. It measures the emitted
fluorescence or photoluminescence signal instead of changes in absorption
properties (for TAS). Just like transient absorption, the excitation source is
a short laser pulse creating non-equilibrium states in the materials [11]. The
radiative decay of charge carriers, due to recombination or trapping, is detected
with a time resolution from a few picoseconds to microseconds [16, 17]. The
complexity of the full photocatalytic process, due to the large timescale involved
between the light absorption and the modification of the target molecules (e.g.
water splitting or degradation of organic compounds), makes its complete
characterization a difficult task. As an example, Dillon ef al. revealed that
four different samples of TiO,@Au core/shell structures, which were showing
different efficiencies toward water splitting, had similar TAS kinetic curves with
a longer time delay of around 1.5 ns [18]. This result can be explained by the
fact that, at the timescale studied (the nanosecond scale), all four samples had
the same properties, but most likely photo-excited charge carriers with longer
lifetimes were responsible for the water splitting. Consequently, the study of
transient absorption at the nanosecond timescale alone can account for only
a part of the photocatalytic process. In order to understand the photocatalytic
properties of carbon nitride, R. Godin et al. [19] investigated charge trapping
and recombination with tr-PL and TAS techniques, over 10 orders of time
magnitude. This allowed them to elucidate fundamental excited state processes
that dictate the global photocatalytic activity.

In addition to characterization of the carriers’ lifetimes and mobilities, the
investigation of their spatial distribution and transfer is key to precisely determine
active sites on photocatalysts. To this end, AFM-based techniques, such as KPFM
or C-AFM, have been shown to be powerful tools. KPFM measures electrostatic
forces between the sample and a cantilever, leading to the description of the
electric potential distribution of sample surface with nanometric lateral
resolution. It is usually adopted in materials science for work function mapping
[20] or dopant profile determination within semiconductors [21]. In addition, it
can also unveil surface photovoltage under illumination (difference in contact
potential under illumination and in the dark) and, consequently, achieve spatially
resolved surface photovoltage spectroscopy (SR-SPS) [22]. Using KPFM coupled
with standard AFM, A. Jian et al. studied the electron transfer in an Au/TiO,
nanoparticles/thin film system under light irradiation [23]. As depicted in Figure
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Figure 1.5 (a) AFM topography image, (b) surface potential images of Au/TiO, under UV
light, (c) surface potential images of Au/TiO, under visible light. Arrows with same color
identify the same particles in these three images, (d) scheme of the electron migration
mechanism under UV or visible light. Figure reproduced from [23].

1.5, the surface charge of gold particles under visible or UV light is determined
in situ by KPFM. This technique revealed that under UV light, surfaces of gold
nanoparticles were charged negatively (Figure 1.5b), whereas under visible light
they were charged positively (Figure 1.5¢). Consequently, KPFM measurements
help to determine the electron migration mechanism in the Au/TiO, system
(Figure 1.5d). Under UV light, electrons/holes are photogenerated in the TiO,
film, and electrons in the conduction band migrate at the gold nanoparticle’s
surface. When the material is irradiated by visible light, the incident energy is too
low to produce electron/hole pairs in the TiO,, but a localized surface plasmons
resonance (LSPR) phenomenon appears at the surface of the gold nanoparticles.
Excited electrons from the LSPR migrate from the gold nanoparticle to the TiO,
film, leading to a positive net charge on the gold surface.

C-AFM measures the local direct current (DC) between the sample and the
cantilever. When operated in tapping mode (cantilever resonance oscillation),
it offers the possibility of measuring the current-voltage behavior of the sample
with nanometric lateral resolution [24], leading to large multidimensional
datasets. C-AFM allows correlation between the morphology and the (photo)
current response of the photocatalyst [25]. In particular, C-AFM enables the
mapping of surface conductivities and charge transfer characteristics at grain
boundaries, facet planes or at the interface between two different materials (e.g.
heterojunction, co-catalyst). Recently, Eichhorn et al. [26] showed that C-AFM
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An introduction to photocatalysis 9

measurements, using back side illumination, allowed for the determination of
optoelectronic heterogeneities in BiVO, photoanodes.

1.2.3 Photocatalysis characterization by organic dye degradation

When one thinks about photocatalytic water treatment, organic dyes,
pesticides, herbicides and xenobiotics appear among the most important
molecules to eliminate. If the spatiotemporal characterization of charge
carriers at the nanometric-microscopic level provide useful pieces of
information on photocatalyst properties, macroscopic processes are necessary
in order to precisely determine their actual photocatalytic performances.
Organic dyes are among the most studied molecules for the determination of
photocatalyst degradation performances. Textile and manufacturing industries
are responsible for water pollution with many different types of colored dyes,
and their elimination is a serious problem to tackle. Dyes can be classified
based on their chromophoric group, including azo dyes, acridine dyes, nitro
dyes, phenothyazine dyes, xanthene dyes or quinine-amine dyes [27]. Thanks to
their chromophoric groups, the photocatalytic degradation of organic dyes can
easily be tracked with visible light absorption measurements. The degradation
of dyes on photocatalysts usually follows a pseudo-first order reaction kinetic:
the Langmuir-Hinshelwood model [28]. This model can be expressed as follows:

dC kg kKC
x_1+KC

(1.10)

in which r denotes the photodegradation rate. The surface on the photocatalyst
covered by the target molecules is shown with g,. The parameters k, and C are
the reaction constant and concentration at time ¢. K is the adsorption constant
which depends on the surface of the catalyst as well as the molecule. If the
equation is rearranged it will look as follows:

1+ KC
dt = dc 1.11
R KC (1.11)
Or,
In — 1.12
ke €0 (112

Under conditions where the initial concentration of C, is negligibly low,
Equation (1.12) can be simplified to the following form:

<0 Kt -kt (1.13)

where k’ corresponds to the pseudo-first order constant reaction. In order
to simplify the reaction kinetics to the first order, most of the photocatalytic
degradation processes of dyes involve low initial concentration and thus the
photocatalytic degradation constant is determined based on Equation (1.13).
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10 Photocatalytic Water and Wastewater Treatment

Rhodamine B (xhantene) [29, 30|, methylene blue (phenothiazine) [5, 31] and
methyl orange (azo dye) [32] are common dyes used to probe photocatalytic
reactions. Their total mineralization (full degradation of the molecule to
H,O and CO,) can be obtained via the photocatalytic degradation process on
photocatalysts [33, 34]. However, not all dyes can be easily mineralized. As an
example, dyes containing the triazine group tend to form highly stable cyanuric
acid [35]. During the photocatalytic degradation process with colored dyes,
the disappearance of the color is usually attributed to the degradation of the
molecule. This consideration is often erroneous, as the decoloration is just the
consequence of the degradation of the chromophoric group, and not of the full
molecule. In azo dyes, the decoloration appears after the attack of the azo bond
(C—N=N-) [36]. This is followed by aromatic rings opening, then formation of
carboxylic acids which ultimately decarboxylate by the ‘photo-Kolbe’ reaction to
release CO, [37]. Consequently, the decoloration of dyes can provide indications
of photocatalyst performances, but does not signify the complete mineralization
of the molecule. In order to improve the process characterization, total organic
carbon (TOC) analysis, which quantitatively determines the amount of carbon
in organic molecules present in the water, is often used [38, 39].

1.3 HOMOGENEOUS AND HETEROGENEOUS PHOTOCATALYTIC
PROCESSES

Generally, homogeneous systems are those in which the catalyst is in the same
phase (gas or liquid) as the reactants. Conversely, in heterogeneous systems, the
catalyst is not in the same phase as the reactants, such as the use of solid and/or
powdered catalysts in a liquid reaction mixture. For example, the heterogeneous
reaction employing TiO,/UV and the homogeneous reaction using Fe2*/H,0,
have attracted a lot of interest [40].

1.3.1 Homogeneous example: photo-Fenton reaction

Fenton’s reaction is named after Henry Fenton, who observed the activation
of H,O, in the presence of iron for the oxidation of tartaric acid [41]. The
classical mechanism of the photo-Fenton process is a simple redox reaction
in which Fe2t is converted to Fe3* and H,O, to a hydroxyl ion (OH") and
hydroxyl radical (OH-) with a strong oxidation potential (E,=2.73 V vs. NHE)
[42]. Following this reaction (Equation (1.14)), the generated ferric ion can be
converted back to ferrous ions by H,0, (Equation (1.15)). The reduction of
Fe3+ as per Equation (1.15) with a reaction constant of 0.02 M-'s-! is much
slower than the oxidation of Fe?* as per Equation (1.14) with a reaction
constant of 40-80 M-!s-L. Thus, the rate limiting step is identified, and large
amounts of initial Fe?* ions are required to mineralize organic pollutants
[43].

Fe’" + H,0, — Fe*" + OH™ + OH- (1.14)

Fe” + H202 + Hzo — Fe” + H30+ + HOzAi (115)
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OH +H202 — HOZM + Hzo (116)
OH. +Fe** — Fe*" + OH™ (1.17)

Many studies have focused on the photo-Fenton treatment of water and
wastewater. For example, Ahile et al. (2021) sought to answer the question ‘Is
iron-chelating in a homogeneous photo-Fenton process at neutral pH suitable
for purifying the output current from the biological secondary purification
system?’. In the study, oxalic acid (OA), nitrileutria acetic acid (NTA),
ethylenediamine acid (EDDS), citric acid (CA), and ethylenediaminetetraacetic
acid (EDTA) were used as chelating agents at pH =7 while a homogeneous
photo-Fenton process took place. The results were reported based on
disinfection and bacterial regrowth leading to the preferential order of
EDTA >OA >NTA>CA>EDDS. It was also observed that all iron chelates
caused an increase in chemical oxygen demand (COD) in the effluent, for
which the effect of EDDS was higher than other compounds [44].

1.3.2 Heterogeneous photocatalytic reaction examples

With the discovery of the photocatalytic properties of TiO,, research
regarding heterogeneous photocatalysis has become commonplace. The
heterogeneous photocatalytic mechanism begins primarily with the ability of
semiconductors to produce charge carriers. This is followed by the production
of hydroxyl free radicals, which eventually leads to the breakdown of organic
compounds to H,0 and CO, [45]. The most attractive features of this process
are [46]:

Pollutants can be completely degraded to CO, and other minerals
The process usually takes place at ambient conditions

« The only requirement for the reaction to start is the presence of oxygen and
energy received above the band gap energy, both of which are abundantly
available
Various types of inert matrices, including glass, polymers, carbon nanotubes,
and graphene oxides, can be used as catalyst supports
The catalyst is inexpensive, non-toxic, and reusable

The heterogeneous photocatalytic mechanism involves a chain of oxidation
and reduction reactions at the photocatalyst level. In a semiconductor, the
distance between the last electron-occupied band (capacitance band) and the
first empty electron band (conduction band) is called the band gap. When the
energy of the photons colliding with the semiconductor is greater than or equal
to the energy of the gap band, the electrons in the capacitance band are excited
and migrate to the conduction band within a few femtoseconds. The electron
void in the valence band is itself an electrical conductor, so this process leads
to electron charge carriers and holes. If these electrons and holes are trapped
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on the surface of the semiconductor and the recombination of the electron/hole
pair is prevented, the following set of reactions will occur:

1- Photon excitation TiO,+hv — e~ +h*

2- Trapping of free electrons € cp — € 1k

3- Stuck holes h+yg — hopg

4- Reassembly of charge carriers e rp+htyg — e cp+heat
5- Sweeping the excited electrons (Oy)uste — O,

6- Hydroxyl oxidation OH-+h* — OH-

7- Photocatalytic degradation with hydroxyl radical R-H+OH: — R’+H,0

The hydroxyl radicals produced in step 6 convert organic impurities into
intermediates, which are often converted to water and carbon dioxide as a
by-product by the same reaction or reactions [45].

Biancullo et al. (2019) investigated the effect of a heterogeneous TiO,
photocatalyst for the treatment of effluent from a secondary treatment
system with azithromycin (AZT), trimethoprim (TMP), ofloxacin (OFL), and
sulfamethoxazole (SMX). In this study, various operational parameters such
as irradiation conditions, amount of catalyst, and use of methanol as a carrier
solvent and radical scavenger were studied. The most efficient conditions
for municipal wastewater treatment (four light emitting diodes (LEDs)
symmetrically distributed and a catalyst concentration of 1 g.L!) were used
to remove antibiotics in real conditions. The results showed that one hour of
photocatalytic treatment was sufficient to reduce antibiotics to less than the
allowable level [47].

Elsewhere, Ayekeo et al. (2019) studied the combined effect of coagulation-
flocculation processes and heterogeneous photocatalytic activity to improve the
removal of humic substances in water treatment from a river in Africa. In this
study, heterogeneous photocatalytic activity was performed with the help of
TiO,-P25 suspended catalyst and TiO,-P25/-SiC support material. Coagulation-
flocculation and the heterogeneous photocatalytic method were used separately
and together to evaluate the best removal process for organic compounds. The
initial concentration of dissolved carbon (DOC) in the river water was about
20 mg.L-!. To remove the compounds, the coagulation-flocculation process
was first optimized. Optimization of the coagulation-flocculation process was
achieved at pH =5 with a dose of 110 mg.L-! of coagulant, which resulted in the
removal of 70% of the humic substances. Coupling of the coagulation process
and 220 minutes of photocatalytic irradiation resulted in the removal of an
additional 80% of the humic substances which had remained after coagulation-
flocculation. Therefore, with this combined process of coagulation-flocculation
and heterogeneous photocatalytic activity, approximately 90% of the humic
substances were removed [48].
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1.4 APPLICATIONS OF PHOTOCATALYTIC PROCESSES

1.4.1 Water splitting

The global thirst for energy is one of the problems facing current and future
generations. Among the various energy substitution strategies for fossil fuels,
hydrogen is one of the main candidates; but the main problem is the lack of
access to hydrogen gas in nature. Therefore, technology is needed to decompose
and/or extract hydrogen from various materials which contain it, in a safe and
clean manner. To this end, solar energy can be used to produce environmentally
friendly hydrogen through water splitting. To be more specific, photocatalytic
or photoelectrochemical water splitting techniques can be used to produce
hydrogen using solar energy [49, 50].

For instance, Shi et al. (2019) investigated the photocatalytic effect of
Co4(PO,),/g-CsN, for hydrogen production by direct deposition of water under
the effect of electrostatic colonic interaction. The presence of Co5(PO,), plates
increased the light absorption range of the unconventional Cos(PO,),/g-CsN,
heterostructure, and increased the contact surface which led to enhanced
interfacial charge transfer between g-C;N, and Cos;(PO,), nanoplates. The
optimal heterostructure showed a maximum production rate of 375.6 and
177.4 pmol.g-".h! for O, and H,, respectively. In addition, the composite has
high stability and high recyclability, which helps with the potential application
of this structure for sustainable energy production [51].

1.4.2 Solar energy

The sun, as a natural nuclear reactor, releases small packets of energy, that
is photons. These particles contain an enormous amount of energy that is
sufficient for a large part of the earth’s energy needs. Photocatalytic materials
are used in various forms to absorb photon energy and generate electricity in
solar cells. Many types of solar cells, such as organic, photoelectrochemical,
color-sensitive, and hybrid cells, have been developed to use solar energy.

1.4.3 Reduction of carbon dioxide
It is no secret that burning fossil fuels leads to the production of CO,, which is
a greenhouse gas that slows down the escape of heat from the atmosphere into
space and warms the earth. Many efforts are underway to reduce the amount
of carbon dioxide in the atmosphere, including the absorption, storage and
use of carbon dioxide. The conversion of CO, into value-added chemicals is
one of the most attractive ways to reduce carbon dioxide in nature. However,
the main problem with carbon dioxide conversion is its very stable structure
and the high energy of the C=0 bond (805 KJ.mol! bond enthalpy). The use
of photocatalysts to solve this problem has attracted the attention of many
researchers [52]. The process mainly consists of three stages: light absorption,
separation and transfer of charge carriers, and reduction reactions [53].

Wang et al. (2020) produced FeCoS,-CoS, bilayer nanotubes to reduce
carbon dioxide using the photocatalytic method under visible light. In the
production strategy, two cation exchange steps connected two metal sulfides to a
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two-shell cylindrical heterostructure, with each shell being in the form of a two-
dimensional nanoplate. By using the FeCoS,-CoS, hybrid structure, the energy
required to excite the charge carriers was reduced, facilitating their separation.
In addition, this composite structure increased the active photocatalytic sites to
reduce carbon dioxide and increase the light absorption efficiency. As a result,
this double-walled nanotube showed high activity and stability [54].

1.4.4 Water and wastewater treatment

Various types of pollutants have contaminated water resources in recent
decades. Emerging organic pollutants and resistant organic and inorganic
compounds are among the pollutants that conventional water and wastewater
treatment processes have a hard time removing with suitable efficiency [55]. New,
and sometimes costly methods, are being explored to remove these pollutants,
highlighting the need for economical and effective solutions. Thus far, the
application of photocatalytic methods to remove pigments, phenols, nitrogen
compounds, sulfur compounds, pharmaceutical compounds, pesticides and
many other compounds has been investigated [56].

1.4.4.1 Dyes

In various dyeing processes, between 1% and 20% of the total production dye
is lost and enters the environment as an effluent [57, 58]. Due to the nature
of dyes, conventional biological treatment methods are not very effective [59].
Under anaerobic conditions, dyes are readily converted to amino aromatic
compounds [60]. The method of adsorption and coagulation will also lead to the
formation of secondary pollutants. However, methods based on photocatalytic
processes have shown promising results for rapid and non-selective oxidation
of organic dyes [61].

Kansal et al. (2009) investigated the degradation of reactive black 5 (RB5)
and reactive orange 4 (RO4) dyes using a heterogeneous photocatalytic process.
In this study, the photocatalytic activity of various semiconductors such as
TiO, and ZnO was investigated. The experiments were performed by changing
the pH range (3-11), the amount of catalyst (0.25-1.5 g.L.-!), and the initial dye
concentration. The performance of the ZnO/UV photocatalytic system was
better compared to the TiO,/UV system. Complete decolorization of RB5 with
ZnO occurred after 7 min, while only 75% decomposition occurred with TiO,
after 7 min. For RO4 at the same duration, 92% and 62% decolorization were
reported, respectively [62].

1.4.4.2 Phenols

Removal of phenolic contaminants by conventional methods such as adsorption
with the help of activated carbon, membrane filtration, ion exchange, and so on.
leads to the production of a condensed wastewater stream during the treatment
process, and as a result, secondary treatment steps will be required [63]. These
additional steps incur additional costs and environmental hazards. In recent
years, the process of photocatalytic oxidation to remove these pollutants has
yielded promising results [64].
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For example, the photocatalytic degradation of resorcinol in a ZnO batch
reactor has been investigated under visible light [65]. In this study, the effect of
pH on COD reduction was shown to be significant, with neutral or alkaline pH
proving more suitable. Mediators of the photocatalytic reaction were identified
by Fourier transform infrared spectroscopy (FTIR) and gas chromatography
coupled to mass spectrometry (GC/MS), as 1,2 4-trihydroxy-benzene and
1,2,3-trihydroxy-benzene. The final results showed complete removal of
resorcinol (with an initial concentration of 100 ppm) and its mineralization on
the surface of the ZnO photocatalyst by sunlight [65].

Elsewhere Lam et al. (2013) investigated the effect of TiO, and ZnO
suspensions to evaluate the decomposition of phenol (ReOH) with an initial
concentration of 10 mg.L-1. The results showed that under optimal conditions,
the removal efficiency of the contaminant by ZnO nanoparticles was better
than by TiO,. In the mechanism of degradation of ReOH phenol by TiO,, the
participation of hydroxyl radicals and positive cavities as oxidizing species
were reported, while degradation in the presence of ZnO mainly occurred due
to hydroxyl radicals [66].

In another study, TiO,/g-CsN, (TCN) thin-film electrodes were used by
Wei et al. (2017) to investigate the combined effects of electrocatalysis and
photocatalysis on the oxidation of phenolic contaminants with an initial
concentration of 5 mg.L-1. The study showed that phenol was completely oxidized
in the presence of TCN with 1.5 V bias for 1.5 h under simulated sunlight [67].

1.4.4.3 Nitrogen-containing compounds

Nitrogenous compounds can cause environmental problems due to their high
stability and solubility in water, as well as the fact that they are nutrients which
can cause eutrophication.

Wang et al. (2010) investigated a photocatalytic treatment method for
the treatment of nitrobenzene in industrial wastewater. In this study, a new
photocatalyst consisting of a layer of phosphotogenic acid (H;PW,,0,,) coated
on a titanium dioxide (TiO,) substrate was used. The results showed that the
reaction time, the amount of catalyst, and the concentration of nitrobenzene
were the main parameters determining the degradation of the pollutant. The
maximum degradation of nitrobenzene with an initial concentration of 40 mg.L!
in water was about 94.1% [68].

Elsewhere, Luo ef al. (2015) synthesized and investigated the photocatalytic
effect of La/Fe/TiO, on wastewater treatment containing ammonia nitrogen.
In this study, La/Fe/TiO, catalyst was first synthesized using the sol-gel
method. The produced composite had better chemical and physical properties
in photocatalytic activity than pure TiO,. Strong visible light response, higher
contact surface, and more regular shape in morphology are some of the
enhanced properties of this photocatalyst. The results of optical decomposition
of ammonia nitrogen show that La/Fe/TiO, has higher catalytic activity for the
degradation of ammonia nitrogen compared to pure TiO, and TiO, doped with
a single metal. Ultimately, less than 70% of the ammonia nitrogen with an initial
concentration of 100 mg.L! could be removed using the developed catalyst [69].

Downloaded from http://iwaponline.com/ebooks/book-pdf/1046175/wio9781789061932.pdf

bv auest



16 Photocatalytic Water and Wastewater Treatment

1.4.4.4 Sulfur-containing compounds

Sulfur compounds are toxic, corrosive and odorous, which can lead to
environmentalhazards.Invariousindustries,includingthe oiland petrochemical
industries, wastewater streams containing sulfur compounds are obtained
from the desulfurization process. The presence of sulfide in wastewater
reduces water-soluble oxygen and consequently endangers the life of living
organisms in water [70]. Also, refineries need large amounts of hydrogen to
refine sulfur-rich crude oils. To solve both problems, photocatalytic methods
with high oxidation potential (+2.8 V) have been proposed to mineralize
organic pollutants [71].

For example, Bharatvaj et al. (2018) doped Cerium (Ce3*) onto titanium
dioxide powder with the sol-gel method in order to reduce the TiO, band gap
from about 3.2 to 2.7 eV (visible light region). The photocatalytic activity of this
compound was evaluated by treating sulfidic wastewater [72].

1.4.4.5 Pharmaceutical compounds

Drug compounds are commonly found in municipal wastewater in concentrations
from nanograms to micrograms per liter [73]. Although drugs are resistant to
treatment, their low levels in municipal water and wastewater will not pose an
operational problem for wastewater treatment plants. However, pharmaceutical
wastewater is a distinct case that contains high levels of TOC. Photocatalytic
methods are among the methods that are usually recommended for the treatment
of these pollutants [74].

Deng et al. (2018) investigated the deposition of silver nanoparticles on
semiconductors to improve the separation of electron-pores produced by light
due to plasma resonance. The performance efficiencies of existing Ag-based
photocatalysts are still low and practical applications are yet to materialize. In this
study, silver nanoparticles were coated on Agln;Sg, using a solvothermal method
and photon reduction, to improve the separation of carriers and the catalytic
activity in the visible light. The 2.5% Ag/Agln;S; nanocomposite showed the
highest photocatalytic degradation efficiency with 95.3% degradation efficiency
for tetracycline hydrochloride with an initial concentration of 10 mg.L-1. The
catalyst was also used for real wastewater treatment in the pharmaceutical
industry and showed an acceptable rate of mineralization and COD removal [75].

Degradation of carbamazepine (CBZ) and ibuprofen (IBP) in an aqueous
environment with ZnO and TiO, photocatalysts under ultraviolet and visible
light irradiation have also been investigated [38]. The effect of different
parameters on degradation efficiency such as catalyst type and loading rate
(50-500 mg.LY), initial drug concentration (10, 40, 80 mg.L!), and radiation
wavelength (200-600 nm) were investigated. The results showed that exposure
to visible light (A, >390 nm) caused a complete photocatalytic degradation
reaction of both compounds. Regardless of other parameters such as the type of
photocatalyst, the initial drug concentration, and the wavelength of the visible
light emitted, the IBP conversion reaction rate is higher than that of CBZ. The
presence of isopropanol also showed a significant inhibitory effect on CBZ
degradation, which is considered as evidence of the effect of the solution phase
composition [76].
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1.4.4.6 Pesticides

Pesticides and toxicants are major pollutants in the agro-chemical industry.
In one study by Alalam et al. (2015), the removal of pesticides from industrial
wastewater was targeted. For this, nano TiO, was employed, and the monitored
pollutants in the samples were chlorpyrifos, lambda-cyhalothrin, and diazinon.
COD was also measured as a parameter regarding the level of pollution in
the wastewater. The independent variables of initial pH, irradiation time, and
chemical dose were altered to observe their effects on the dependent variable.
The maximum removal of COD with the photo-Fenton process was 90.7%,
while with photocatalytic treatment it was 79.6% [77].

Elsewhere, Kushniarou et al. (2019) conducted a study to photocatalytically
degrade 12 conventional pesticides for vegetables, grapes, citrus fruits, and fruit
cropsin anaqueous suspension of TiO, and Na,S,0gin a semi-industrial unit under
natural sunlight in Murcia, Spain. The optical decomposition of all pesticides can
be modeled by assuming quasi-first-order kinetics. The time required to remove
90% of the contaminants in the summer was reported to be less than 4 hours,
except for cyproconazole which was reported to be 4.9 hours [78].

1.5 PHOTOCATALYTIC MATERIALS

1.5.1 Semiconductors
Semiconductors are materials of choice for photocatalysts, particularly metal
oxides and metal sulfides. As stated earlier, the performances of photocatalysts
are directly related to their electronic band structures. To be efficient in the
visible fraction of the solar spectrum, a photocatalyst must have a band gap
between 3 and 1.5 eV. Photocatalysts having band gaps between 3 and 4 eV are
active in the UV range. The energy level of the conduction and valence bands
also plays a crucial role. In order to generate OH- radicals the valence band
should have an oxidation potential above 2.31 VVENH (potential of the couple
OH-/H+*, H,0), and/or the conduction band below 0.92 V/ENH (potential of the
oxygen reduction in O, ) [6]. As presented in Figure 1.6, many semiconductors
have the required properties, like ZnO [79], WO5 [80], Fe,O5 [81], TiO, [82],
Sn0O, [83], CdS [84] and CdSe [85]. With a band gap of 3.8 eV, SnO, is active too
far in the UV range, below 325 nm. WOj;, a-Fe,05, CdS and CdSe are materials
active in the visible range, with band gaps between 1.7 and 2.7 eV. However,
the valence band energy of CdS and CdSe does not allow the oxidation of
water into OH-. Concerning a-Fe,Oys, its small band gap and the favorable edge
position of its electronic bands make it a promising material for photocatalytic
degradations. However, the photocatalytic performances of a-Fe,O; are limited
due to the quick recombination rate of e /h* carriers and the low diffusion
length of h* (2-4 nm) [86]. The same limitations are observed for WO5 [87].
ZnO and TiO, have an identical band gap around 3.3 eV. They are the two
most used and studied oxides in the literature concerning the photocatalytic
degradation of pollutants in water. Indeed, they are the two most performing
and reliable materials in photocatalytic water treatment. They are chemically
and thermally stable, not expensive and can be synthesized easily under different
forms such as nanoparticles, nanowires, thin films and so on. The position of
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Figure 1.6 Band gaps and band positions of different semiconductors. Reprinted with
permission from [4].

their bands as well as their long carrier lifetime and diffusion lengths allow them
to efficiently oxidize water into OH-. Yet, these materials show photocatalytic
activity in the UV range only, below 375 nm. Therefore, much effort has been
made in preparing visible light active photocatalysts, by tuning ZnO and TiO,
band structures. Reported strategies include doping with metallic (like Fe?*,
Co?t, Agt, Cu?t, and Mn?+) [88] or nonmetallic elements (like N, C, S or P)
[89], surface plasmon resonance [90], sensitization with dyes or association with
other semiconductors like heterostructures or Z-schemes [91, 92].

1.5.2 Heterostructures

Heterostructures or heterojunctions created between different semiconductors
have been studied for their ability to enhance light absorption in the visible
range. Additionally, heterostructures have increased charge carrier lifetime
and mobility with respect to the original semiconductors constituting the
heterostructure [93]. A heterostructure is an interfacial association of two or
more components. Depending on the band alignment of the semiconductors,
three types of heterostructures can be created, as presented in Figure 1.7: type
I (symmetric), type II (staggered) and type III (broken). Type I heterostructures
promote the recombination of photogenerated electrons/holes. Consequently,
they are often found in LED systems, where the radiative recombination of
charge carriers must be maximized [94]. In the photocatalytic processes, type 11
heterostructures are particularly attractive, since they promote the separation
and delocalization of photogenerated charge carriers. Thanks to a built-in
electric potential created at the interface of the two semiconductors, holes
are driven in the valence band (VB) of one semiconductor, while electrons
are driven in the conduction band (CB) of the second one [95]. Subsequently,
photogenerated charge carrier lifetimes are increased. Type III or broken
heterostructures find applications in tunneling field effect transistors [96].
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Figure 1.7 Schematic representation of the three possible types of heterostructures.
Reproduced from [97].

Inwatertreatment or hydrogen production applications, type Il heterostructures
between two semiconductors have been particularly investigated in the literature.
This kind of junction can be created between different metal oxides, metal sulfides
or carbon-based structures such as, for example, ZnO [98], TiO, [99], SnO, [100],
CdS [101], WO5 [102], and g-CsN, [103]. In the case of a heterostructure like ZnO/
SnO, (Figure 1.8), the improvement of photocatalytic properties is due to longer
lifetime of charge carriers, induced by the electron/hole separation towards the
opposite sides of the junction [100]: electrons are driven from the valence band of
ZnO to the valence band of SnO,, and the holes are driven from the conduction
band of SnO, to the conduction band of ZnO. Thus, the photocatalytic degradation
kinetic of methylene blue is quicker in the presence of the heterostructure. In
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Figure 1.8 Schematic representation of charge carrier behavior in type Il heterostructure
Zn0/Sn0,. Reproduced from [20].
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addition, thanks to its high chemical and thermal stability, SnO, acts also as a
protective material against the degradation/dissolution of ZnO in water [97].

Other kinds of heterostructures attempt to use visible light sensitive
semiconductors in order to shift the absorbance and the photocatalytic activity
of the structure toward the visible range. Such heterostructures still provide
efficient separation of charge carriers. Good examples of these are ZnO/CuS
[104] or TiO,/CdS [105] heterostructures. Basu et al. [104] demonstrated that
ZnO nanotubes decorated with a CuS shell were 2.5 times more efficient for
the visible light (>400 nm) photocatalytic degradation of methylene blue than
CusS only. In the visible range, ZnO alone showed no activity at all. Here, the
double effect of the heterostructure is highlighted: photocatalysis efficiency
improvement and visible light activity.

1.5.3 Z-Scheme heterostructures

A fourth type of heterostructure, possessing similar band alignments to the
type II heterostructure, is the Z-scheme heterostructure. In the case of a
Z-scheme junction, the charge carriers’ migration mechanism is different
from that of the type II heterostructure. Holes generated in the valence band
of semiconductor ‘A’ recombine with electrons generated in the conduction
band of semiconductor ‘B’ as shown in Figure 1.9. Consequently, holes with
the highest oxidative potential (lowest valence band) and electrons with the
highest reductive potential (highest conduction band) remain available for the
photocatalytic action, unlike in the type II heterostructure, where electrons
and holes are driven to lower energy states.

Three different kinds of Z-schemes can be developed: the liquid phase
Z-scheme, the all-solid-state Z-scheme and the direct Z-scheme (Figure 1.10).
The liquid phase Z-scheme was first discovered in 1979 [107]. It is prepared
by associating two different semiconductors with a shuttle redox mediator,
via an electron acceptor/donor (A/D) pair like Fe2+/Fe3+ or I-/10%- [108]. The
all-solid-state Z-scheme, the second technology developed, relies on the use
of a solid electron mediator between the two semiconductors. The electron
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Figure 1.9 Schematic representation of carrier recombination in (a) type Il heterojunction,
(b) Z-scheme heterojunction. Reproduced from [106].
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Figure 1.10 Schematic representation of the three different types of Z-scheme: the liquid
phase Z-scheme, the all-solid-state Z-scheme and the direct Z-scheme.

mediator is typically a noble metal (Au, Pt, Ag) in the form of nanoparticles or a
thin film, or a conductive carbon structure like graphene sheets, nanotubes or
quantum dots [109-111]. More recently, the third generation of Z-scheme, the
direct Z-scheme, consists of semiconductors that are both directly in contact,
like in the type II heterostructure.

The difference between a type II heterostructure and a direct Z-scheme

results from the electronic configuration determined by the Fermi level of the
two semiconductors to couple (Figure 1.11). Graphitic carbon nitride g-C;N,
has a higher Fermi level than ZnO [108]. Thus, when the two materials contact,
electrons from the g-C;N, migrate toward the ZnO during the Fermi level
alignment at the interface. The local electron depletion induces an upward
band bending in the g-C;N, and a downward band bending in the ZnO. As the
conduction band minimum and valence band maximum of g-C;N, are higher
than those of ZnO, it results in the formation of a direct Z-scheme between
g-CsN, and ZnO. In the case of a heterojunction based on ZnO and SnO,, the
Fermi level of SnO, being higher than that of ZnO [112] leads to an upward
band bending in the SnO, and a downward band bending in the ZnO. As the
conduction band minimum and valence band maximum of ZnO are higher
than those of SnO,, the band bending leads to the formation of a type II
heterostructure.
Huang et al. [113] showed that between the two semiconductors g-C;N, and
W,sO0,, a type II heterostructure or a direct Z-scheme could be obtained
depending on their band bending at the interface. When the two bare materials
form a junction, the Fermi level of W 3O, is higher than that of g-C;N, leading
to a type II heterostructure. However, if triethanolamine is adsorbed at the
surface of those two materials, the Fermi level of g-C;N, is upshifted above the
Fermi level of W,O,,, forming a direct Z-scheme junction.

Z-scheme photocatalysts are considered as a promising technological
solution for visible light driven treatment of water. Indeed, just like for type
IT heterostructures, the association of a visible light sensitive semiconductor
with an efficient photocatalyst like ZnO or TiO, provides photocatalysts
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Figure 1.11 Schematic representation of the formation of type Il heterostructure and
direct Z-scheme between Zn0/Sn0, and Zn0O/g-C;N, depending on their Fermi level energy
difference.

with the possibility of working under solar light. On top of that, Z-scheme
photocatalysts have an advantage over type II heterostructures, as they promote
the preservation of high energy carriers in the lowest valence band and the
highest conduction band. Therefore, Z-scheme photocatalysts like TiO,/g-CsN,
[114], ZnO/g-CsN, [115], ZnIn,S,/Bi,WOy [116] or ZnO/CdS [117] have been
thoroughly studied in order to prove their efficiency for photocatalytic water
purification as well as for hydrogen production by water splitting.

1.6 OPERATIONAL PARAMETERS AFFECTING THE PHOTOCATALYTIC
PROCESS
There are various parameters that can change the oxidation reaction rate and

the efficiency of photocatalytic processes. In the following, the effect of several
operating parameters are reviewed.
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1.6.1 Effect of pH

One of the important parameters affecting photocatalytic processes is the effect
of pH. The pH of the solution affects the degree of ionization, agglomeration,
oxidation potential of the photocatalytic capacity band, and the absorption
of pollutants [118]. Surface charge is one of the important parameters in the
photocatalytic process that is affected by pH. The pH value at which the surface
charge is completely neutralized is known as the point of zero charge (PZC).
In many studies, the PZC of titanium dioxide has been used to investigate
the effect of pH on its photocatalytic oxidation performance. Titanium
dioxide photocatalysts have shown a PZC of 4.5 to 7, depending on the type
and composition. At the PZC point, due to the lack of electrostatic force, the
attraction between contaminants in water and photocatalytic particles is
minimal. At pH less than PZC the surface of the photocatalyst is charged with
positive charges and generates electrostatic attraction for negative charges and
vice versa. The following shows the reactions of titanium dioxide with respect
to the PZC [119]:

pH < pHpe TiOH + H' — TiOH," (1.18)
pH > pHpZC TiOH + OH™ — TiO™ + Hzo (119)

Sun et al. (2019) controlled the morphology of a BiVO, catalyst by adjusting the
pH of the solution to degrade phenol-containing effluent. The results showed
that the photocatalytic activity of BiVO, for phenol degradation was improved
by increasing the pH value. Reasons for higher photocatalytic activity include
altered morphology, higher ability to absorb sunlight, smaller band gaps, and
less recombination of electron pairs [120].

In another study, Guo et al. (2020) investigated the photocatalytic activity
of AgBr/Ag,COj; synthesized by the in situ growth method at different pHs.
The results showed that the AgBr/Ag,CO; heterostructure had a higher
photocatalytic activity than pure AgBr and Ag,COs. In addition, different pH
conditions (between pH 7 to 10) caused changes in photocatalytic activity due
to their effect on crystallization. The AgBr/Ag,CO5 photocatalyst produced
at pH=9 had the highest photocatalytic activity and the degradation rate
of rhodamine B with an initial concentration of 5 mg.L-! in 20 minutes was
98.93% [121].

Intaphong et al. (2020) investigated the effect of pH on the crystal structure,
morphology and photocatalytic behavior of BiOBr under visible light. The
photocatalytic properties of BiOBr with different morphologies made using the
hydrothermal method were investigated for optical decomposition of rhodamine
B. Hierarchical micro-flowers at pH =8 showed the best photocatalytic activity
with a decolorization efficiency of nearly 98% [122].

1.6.2 Temperature

Another important parameter that has a great impact on photocatalytic
activity and degradation of pollutants is temperature. Most photocatalytic
reactions take place at room temperature, however, at temperatures below
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0°C, the desorption rate of the final product decreases and thus increases the
activation energy. Also, by increasing the reaction temperature above 80°C, the
adsorption of the reactant becomes a limiting factor [123].

Ariza-Tarazona et al. (2020) investigated the effect of temperature and
pH on the photocatalytic degradation of microplastic contaminants with
the help of carbon and nitrogen-doped titanium dioxide photocatalyst. The
concentration of microplastic contaminants in the experiments was 4000 mg.L-".
Here, low temperature (0°C) increased the surface of microplastic by means
fragmentation and low pH (pH=23) caused the formation of hydroperoxide
during photooxidation [124].

Neto et al. (2019) investigated the photocatalytic effect of Ag,WO, nanorods
at different temperatures (10, 30, 50, 70, and 90°C) on the degradation of
methylene blue (MB) and methyl orange (MO). The increase in temperature
lengthened and reduced the thickness of the nanorods, thereby increasing their
surface area, and their rate of absorption. Each photocatalyst was used in four
photocatalytic cycles to accurately evaluate performance and stability [125].

1.6.3 Presence of oxidants

Ocxidants (e.g. H,0,, KBrOs, and HNOxs) are external agents that are added to
the reaction as irreversible electron acceptors to help produce intermediate
radicals to remove contaminants. Therefore, oxidants are electron scavengers
from the valance band and increase the efficiency of the photocatalytic process
by: (1) reduction of electron/hole pair recombination time, (2) increased
production of OH- to destroy pollutants, and (3) production of oxidant species
for increasing oxidation rates [126].

1.6.4 Pollutant concentration

Studying the relationship between pollutant concentration and the
photocatalytic degradation rate is of great importance for the practical
design of photocatalytic treatment units. The degradation reaction of many
contaminants follows pseudo-first-order kinetics that can be corrected in the
form of the Langmuir-Hinshelwood equation for solid-liquid reactions.

In(Co/C) = kKt = Ryt (1.20)

In this equation, k&, is the first-order reaction constant, ¢ is the time required
to reduce the concentration from the initial concentration (C,) to the final
concentration (C), K is the equilibrium constant for adsorption of the
contaminant to the catalyst surface, and k, is the reaction limiting rate [127].
In the case of color compounds, the amount of degradation may increase
with increasing color concentration (because more molecules will be available
for degradation), but after reaching a certain critical concentration, this
amount begins to decrease. This reduction can be attributed to the reduction in
the amount of ultraviolet radiation reaching the photocatalyst surface. In most
studies, a concentration of pollutants in the range of 10-200 mg.L-! has been
used, which corresponds to the amount in most real wastewater samples [128].
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Figure 1.12 The relationship between initial pollutant concentration and photocatalytic
degradation of dyes. Reprinted from [129].

Boruah et al. (2016) investigated the photocatalytic degradation of methyl
green (MG), methyl blue (MB), and rhodamine B (RhB), and the reduction of
Cr (VI) in an aqueous medium using a recyclable magnetic catalyst of Fe;0,/
reduced-graphene-oxide (rGO) under visible light. The effect of initial pigment
concentration on the rate of photocatalytic degradation was one of the important
parameters investigated in this study. At a constant concentration of 0.5 g.L.-! of
photocatalyst and pH =5, the concentration of pigment molecules was altered
between 0.08 and 0.5 mM. Figure 1.12 shows that at an initial concentration
of 0.1 mM, the rate of photocatalytic degradation of all three pigments is over
98%. However, the efficiency of photocatalytic degradation decreased with
increasing initial photocatalyst concentration [129]. This implies that even the
lowest concentration of dye might have hindered the penetration of adequate
light into the solution.

Elsewhere, Chanu et al. (2019) investigated the effect of operating
parameters on the photocatalytic degradation of methylene blue pigment by
manganese doped zinc oxide (ZnO) nanoparticles. To investigate the effect of
the initial concentration of the pigment, a constant concentration of catalyst
(0.30 g.L-Y) and pH=12 were used with varying pigment concentration. The
graph of In(C,/C) versus radiation (Figure 1.13) shows the maximum amount of
photocatalytic degradation at a concentration of 10 ppm. Increased degradation
with increasing concentration has been attributed to increasing the probability
of the dye molecules colliding with the OH- radical. Also, the reduction of
the reaction rate after the optimal concentration of contaminants has been
attributed to the coverage of the catalyst surface by contaminants and the
reduction of the produced OH- radical [130].
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Figure 1.13 The graph of In(C,/C) versus time at different concentrations of dye. Reprinted
from [130].

1.6.5 Catalyst loading

Increasing the amount of catalyst will logically increase active sites in the
solution, resulting in more photon adsorption and greater production of OH-
hydroxyl radicals and irradiated positive holes. However, an excessive increase
in the amount of catalyst can reduce the amount of photocatalytic activity. One
of the important reasons for this decrease in activity is the increase in solution
turbidity and light scattering, which reduces the number of photons absorbed
by the photocatalyst [131, 132].

Paul et al. (2019) investigated the effect of operational parameters on
photocatalytic degradation of methylene blue (MB) by urea-based graphite
nitride carbonate (g-C;N,). The results showed that increasing the amount of
photocatalyst from 0.01 g to 0.05 g caused an increase in photocatalyst activity,
which was attributed to the increase in active sites. Increasing the amount
of photocatalyst beyond 0.05 g reduced the activity of the photocatalyst, and
this has been attributed to the reduction of light received by the photocatalyst.
Figure 1.14 shows the concentration of methylene blue relative to its initial
concentration with respect to time [133].

1.6.6 Light intensity and wavelength

As stated earlier, in order for light to activate a photocatalytic substance,
its energy must be at least equal to the energy of the photocatalyst band
gap [132]. Creating charge carriers helps produce free radicals to destroy
pollutants. Therefore, the amount of degradation is affected by the intensity
of light, and the distribution of light in a photocatalytic reactor determines
the efficiency of the pollutant conversion and the amount of degradation. In
many studies, the amount of pollutant degradation has been shown to depend
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Figure 1.14 Comparison of photocatalytic activity of g-C;N, with different amounts of
photocatalyst loading. Initial MB concentration is 10 ppm and pH=11. Reprinted from [133].

linearly on the intensity of the light, while in others, the relationship between
the amount of degradation and the square of the light intensity is linear. It
should be noted that at high intensities the reaction rate is independent of
light intensity [134].

For example, in one study by Chen et al. (2019), carbon quantum dots were
modified by K,TigO;; nanotubes to produce a composite. It was hypothesized
that this modification would help the degradation of amoxicillin under visible
light. For this irradiation under wavelengths ranging from 420 to 630nm
were investigated. With increasing wavelength, the photocatalytic activity
decreased due to changes in photon energy. Furthermore, the composite
performed significantly more effectively compared with when K,Ti;O,; was
used alone[135].

Elsewhere, Rahimi Aghdam et al. (2018) investigated the removal of
NOX by stabilized BiFeO; photocatalytic nanoparticles and the operating
parameters affecting this process. In this study, BiFeO; perovskite (BFO) was
synthesized by the sol-gel auto-combustion method. The gap band energy was
calculated to be about 2.13 eV and the specific surface area of the prepared
BFO nanostructure was 55.1 m2.g!. The effect of UV radiation power from
two UV lamps, 8 and 15 W, was investigated. As can be seen in Figure 1.15,
the percentage of NO conversion was higher in the presence of the 15 W lamp.
Logically, the higher ultraviolet light intensity can produce more electron/hole
pairs, which accelerates the optical decomposition [136].
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Figure 1.15 The effect of light power on photocatalytic removal performance with initial
NO concentration of 5 ppm. Reprinted from [136].

1.7 CONCLUSION

This chapter has been dedicated to the introduction of photocatalytic principles
and processes involved in water treatment and energy production (hydrogen/
oxygen through water splitting). Mechanisms implicated in the photogeneration
of charge carriers in semiconductors and charge carrier activities toward organic
pollutant degradation or water splitting have been detailed. The application of
photocatalytic methods to degrade multiple molecules such as dyes, phenols,
nitrogen-containing molecules, pesticides and pharmaceuticals has been studied,
along with characterization techniques that are able to display charge carrier
lifetimes and spatial distribution in photocatalytic materials. Also, the main
materials showing photocatalytic properties have been highlighted, as well as the
different strategies considered to improve their photocatalytic activity. Particularly,
the formation of the different heterostructures formed between semiconductors,
or experimental parameters affecting the kinetic of reactions have been described.
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ABSTRACT

This chapter focuses on recent advances in the application of photocatalytic metal-organic
frameworks (MOFs) for water treatment. Degradation mechanism and photocatalytic
performance of MOFs for the removal of various pollutants in aquatic environments, such
as dyes, pharmaceuticals, personal care products, heavy metals, pesticides, herbicides,
and other organic compounds, are reviewed. Unique features of MOFs such as high
porosity, tunable structural properties, and facile and reliable synthesis procedures, provide
enthusiasm for the development of novel MOF-based composites and functionalized MOF
structures that are used to enhance the photocatalytic removal of pollutants in water.
This review aims to highlight the essential features and critical limits of MOF-based
photocatalytic adsorbents under visible, solar, or ultraviolet (UV) light irradiation towards

the ultimate goal of having more efficient large-scale water treatment processes.

2.1 INTRODUCTION

With the development and rapid evolution of industries, applying novel and modern
chemical transformation routes seems necessary. They are especially important
considering that such industrial growth has led to an increased amount of waste
production. Daily activities of humans, processing of chemicals in industries, and
agriculture leads to many contaminants being released into the water resources
[1]. More than half of the world’s population lives in areas with limited access to
clean water. Therefore, providing a clean water supply to all people globally is a
significant challenge, with population growth and global warming exacerbating

© 2022 The Editors. This is an Open Access book chapter distributed under the terms of the Creative
Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution for
noncommercial purposes with no derivatives, provided the original work is properly cited (https:/
creativecommons.org/licenses/by-nc-nd/4.0/). This does not affect the rights licensed or assigned
from any third party in this book. The chapter is from the book Photocatalytic Water and Wastewater
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Downloaded from http://iwaponline.com/ebooks/book-pdf/1046175/wio9781789061932.pdf

bv auest


mailto:f.saboor@uma.ac.ir
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

38 Photocatalytic Water and Wastewater Treatment

the situation [2]. As water is a crucial element for the continuance of life on
Earth [3, 4], the global population coupled with the scarcity of water resources is
considered one of the most critical problems of today’s world [5]. Polluted water is
a severe threat to the life of humans, plants, aquatic organisms, and other living
things. Therefore, it is vital to remove the available pollutants from industrial
effluents before discharging them to the environment.

Currently, several methods exist to remove contaminants, based on different
methods such as filtration, coagulation, membrane separation, adsorption, and
biological processes [6-9]. These methods are not ideal due to low efficiency, high
cost, and the need for complex instruments [10]. An alternative to conventional
water treatment methods is photocatalytic degradation, an efficient wastewater
treatment which does not create secondary pollution. Various photocatalysts
including metal oxides (e.g., TiO,, NiO, WO; and ZnO) [11, 12], halides (e.g.,
BiOI and AgCl) [13], metal sulfides (e.g., CdS, In,S;, ZnS and MoS,) [14,
15], and non-metal semiconductors (e.g., g-CsN, and graphene) are used for
the photocatalytic removal of contaminants from aqueous solutions. Metal-
organic frameworks (MOFs) are a new class of porous materials with a large
surface area and high chemical tunability, used in a wide range of applications,
including sensors, biomedicine, catalysis, gas separation, super-capacitors,
and adsorption [16]. The wide applications of MOFs are mainly due to their
structural features such as their porous nature, reusability, low framework
density, and high stability [17-21]. MOFs have shown enhanced performance in
photocatalytic applications, particularly the degradation of organic pollutants.
The large surface area and high chemical tunability of MOFs are two important
properties that make them suitable candidates for photocatalytic removal of
organic pollutants in aqueous solutions [22]. Accordingly, several different
frameworks, such as NTU-9, MIL-53, MIL-125, MIL-88, MIL-101, UiO-66, and
MOF-5 are used in the photocatalytic degradation of pollutants.

2.2 BASIS OF PHOTOCATALYTIC DEGRADATION

Photocatalysis is a clean and environmentally-friendly phenomenon for
removing many organic pollutants by converting them into less hazardous
compounds, without any secondary pollution. Photocatalytic degradation is
typically carried out through an advanced oxidative process in the presence
of a photocatalyst [23]. Photocatalytic degradation of pollutants is considered
one of the most promising solutions for the removal of organic pollutants due
to its low technical complexity, high stability, good efficiency, low operating
costs, mineralization of the intermediates without leaving secondary pollution,
and ambient operating conditions [24] compared to conventional methods [25,
26]. Therefore, photocatalysts have been utilized in various applications such
as water and air purification systems, hydrogen evolution, CO, reduction, and
water splitting [27, 28].

The chemical conversion mechanism through photocatalysis includes
photocatalytic conversion of reactants by absorbing light and creating electron-
hole pairs. The reactants then regenerate their chemical composition after each
cycle [29]. Accelerating oxidation and reduction reactions via solar energy is the
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main feature of a photocatalytic material. Photocatalysts have two separate energy
bands: the lowest energy band where no electrons exist, called the conduction
band (CB), and the highest energy band where there are some electrons, which
is called the valence band (VB). The energetic barrier between the CB and VB is
known as the bandgap energy (Eg) [30]. By light radiation, the energy of which is
higher than or equal to the bandgap energy of the photocatalyst, electrons (e-) are
excited to the CB due to receiving this energy. Therefore, positive charge carriers,
that is, holes (ht), are formed in the VB [31]. The excited energy can be released
as heat by photogenerated charges. Also, photogenerated charges can transfer to
the photocatalyst surface, generate reactive oxygen species (ROS), or recombine
immediately [32]. The excited electrons can reduce adsorbed oxygen molecules on
the CB, and the positive holes oxidize water to produce hydroxyl radicals, as shown
in Figure 2.1. The "OH free radicals then attack organic groups of the pollutant
and convert them into some non-toxic organic species or completely degrade them
into CO, and H,O [33]. During the photocatalytic process, the adsorbed surface
contaminants, such as dyes and pharmaceuticals, react with the free electrons/
holes and oxidizing species, resulting in the degradation of contaminants. The
mechanism of activation of a photocatalyst by ultraviolet (UV) light irradiation,
which is carried out through a few consecutive steps, can be seen in the following:

photocatalyst + hv — e™ + h* (2.1
e +0, - 05 (2.2)
h* + Organic(R) — Intermediates — CO, + H,0 (2.3)

Semiconductor-based photocatalysis

O

2

wA eeeee \\>

‘ K ’ Conduction Band 02._
4y

HO- \Q h"h"'h"' h+h+ Valence Band

H,0

Figure 2.1 Photocatalysis mechanism in semiconductor materials [34].
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h* + H,0 — "OH + H* (2.4)
"OH + Organic(R) — Intermediates — CO, + H,0O (2.5)

Among various factors affecting the photocatalytic degradation efficiency, the
most critical factor is the photocatalyst’s ability to produce long-lived electrons
and holes. Other factors include light source, light intensity, organic pollutants
nature, pH, temperature, and solvent [35,36]. A wide range of photocatalysts have
been used for photocatalytic degradation of organic compounds, such as metal
oxides (e.g., TiO,, ZnO, WOs3, CeO,, Fe,0s, and Bi,05) [37, 38|, metal sulfides
(e.g., ZnS, CdS, MoS,, CuS, and Bi,S;) [12, 39], non-metal semiconductors (e.g.,
graphene and g-C;N,) [40, 41], and multicomponent materials (e.g., Bi,0,CO5/
Bi,0, and Bi,S;/Bi,0;/Bi,0,CO5) [42, 43].

Oxide-based heterogeneous semiconductors are promising candidates for
photocatalytic applications due to their enhanced light absorbing properties,
lifetime of the excited state, variable surface chemistry, electronic structure,
and charge transfer properties [44, 45]. Among these materials, TiO,, ZnS, CdS,
and ZnO exhibit effective pollutant degradation and complete mineralization
in environmental applications [46]. TiO, is a suitable catalyst for degrading
and removing organic pollutants because of its non-toxicity and long-term
stability [47]. It can be used as a photocatalyst in various applications such
as water treatment, air purification, and surface self-cleaning. TiO, has three
crystal structures, including anatase, rutile, and brookite [48, 49]. Among these
crystal structures, anatase has the best photocatalytic activity due to its lower
recombination rate and longer carrier lifetime [50, 51].

2.3 METAL-ORGANIC FRAMEWORKS AS A PHOTOCATALYST

Despite the advantages mentioned above, there are some limitations associated
with the structural properties of semiconductor-type photocatalysts, which
have limited their usage in photocatalytic degradation:

(1) Low efficiency of photocatalyst recovery from the reaction environment
after completing the reaction, which is necessary to purify water, is a
significant drawback of semiconductor photocatalysts such as TiO,.

(2) The high surface energy of small photocatalyst particles promotes
aggregation and decreases the catalytic activity [52].

(3) Conventional semiconductor photocatalysts have low-stability in the
aqueous phase. Therefore, they can be corroded and dissolved as the metal
ion in the solution under light irradiation. Such corrosion/degradation is
due to the migration of metal ions into the aqueous solution [53, 54].

Due to the limitations of conventional semiconductor materials, novel
photocatalysts with enhanced properties and higher efficiency are required.
Metal-organic frameworks are a promising alternative for photocatalytic
removal of pollutants due to their unique properties, including unprecedently
high surface area, high porosity, very high crystallinity, high stability,
flexible synthesis strategies, reusability, high density of active sites, and
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three-dimensional (3D) framework structure [55-57]. MOFs are used in many
different applications such as catalysis [58], drug delivery [59], gas storage [60],
and sensing [61]. MOFs are composed of two main building blocks: organic
linkers and metal ion nodes or clusters [62]. According to the hard/soft/acid/
base (HSAB) principle and metal-ligand bond strengths, stable MOFs can be
synthesized using either a soft or hard Lewis base, depending on the metal
site’s choice [63]. Divalent metal ions such as Ni2*, Cu?*, Zn?*, and Co?* can
form stable MOFs with soft Lewis bases, while high-valent metal ions such as
Fe3+, Ti*+, Al3+, Fe3+, Cr3+, and Zr** make a more robust framework through
coordination with hard Lewis bases. Some stable MOFs include the MIL series
(Material Institute Lavoisier) and ZIFs (zeolitic imidazolate frameworks) [64,
65]. Some of the unique features of MOFs for catalytic removal of organic
pollutants from aqueous solutions, compared to those of conventional
semiconductors, are as follows [66-70]:

(i) Easier diffusion of target molecules in MOF structure due to their high
porosity.

(ii) More efficient use of solar energy due to the existence of tunable active
sites.

(iii) The presence of a single active metal site inside MOF structure due to
their unique structure.

(iv) Rational reticular design of MOF structure at the molecular level due to
their high modularity and tunability.

(v) High crystallinity of MOFs provides a full characterization of their
structure, which helps to perform detailed studies on the photocatalytic
process.

(vi) Controlling the topology of MOF structure, which mainly originates
from the presence and possibility of using various organic ligands,
enables the formation of different pore shapes and sizes, each of which
could be optimal for a particular application.

These unique properties of MOFs allow them to resolve the shortcomings of the
conventional photocatalysts [71, 72]. The first use of MOFs to remove organic
pollutants was reported in 2007 by Garcia and coworkers, in which MOF-5 was
used to degrade phenol [73, 74]. In recent years, many catalytic studies have been
performed on removing and degrading organic pollutants using MOFs, mainly due
to their reusability and ease of use [75, 76]. Under light irradiation, organic ligands
in MOFs can absorb light and activate metal sites through the ligand-to-metal
charge transfer mechanism (LMCT). In this process, photoinduced electrons are
generated [77], which can be transferred from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the MOFs.
Consequently, these charge carriers are transferred to the surface of metal-oxo [78].
The role of LUMO/HOMO in MOFs is similar to the VB/CB in semiconductors.
The superoxide radicals are formed by transferring the photogenerated electrons
of LUMO orbitals to the adsorbed O, molecules. Meanwhile, surface hydroxyl
group/water are oxidized in HOMO holes, and hydroxyl radicals are generated
[34], as shown in Figure 2.2.
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Metal organic framework based photocatalysis
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Figure 2.2 Photocatalysis mechanism of MOFs [34].

In addition to the LMCT mechanism, metal-to-metal charge transfer and
ligand-to-ligand charge transfer have also been used to explain photocatalytic
processes in MOFs [79]. Several factors such as the type of pollutants, energy
band, and structure of MOFs can affect the photocatalytic mechanism [80].
Despite the decent performance of MOFs in photocatalytic degradation,
several studies target more efficient charge generation, extended visible light
absorption, and high stability/recyclability to further enhance their efficiency.
The use of ligands that absorb a wide range of visible light is one of the suitable
and efficient strategies for developing MOFs with decent light absorption in
the visible region. Chemical functional groups such as -NH,, -SH and NO, and
some metal complexes with high absorption coefficients in the visible region
are among those molecular species which could be appended inside MOF
structures to enhance visible light absorption [81]. These functional groups,
especially the amine groups, can enhance the electron transfer from the excited
functionalized organic linker to oxo-metal clusters. Also, MOF structures with
large secondary building units have semiconducting behavior with smaller
bandgap energies and can absorb visible light more efficiently [82].

Metal ion doping into the inorganic metal clusters of MOF structures
can also enhance the photocatalytic performance, similar to inorganic
semiconductor photocatalysts [83, 84]. Due to the various structural features
of MOFs, it is possible to design and synthesize different bimetallic MOF-
based photocatalysts with enhanced photocatalytic performance. For example,
NH,-UiO-66, which consists of Zr/Ti-based clusters, has shown an enhanced
photocatalytic activity for different photocatalytic applications, namely H,
evolution and CO, reduction reactions [85].

The introduction of nanoparticles (NPs) can enhance the performance
of MOF-based photocatalysts. Under light irradiation, metal NPs can act as
an electron reservoir from the MOF excitation band and, at the same time,
can improve the separation efficiency. Due to tunable cavity dimensions and
high porosity, MOFs show more advantages in embedding NPs than other
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conventional semiconductors. Since some noble metals such as Au, Pt, and Pd
have shown high efficiency for degradation of the organic pollutants, embedding
such NPs in the MOF structure could yield highly efficient photocatalysts. To
maximize the synergetic effects between the host structure and the embedded
NPs, an appropriate selection of metal NPs and MOFs is crucial [86]. To date,
the synthesis of multifunctional MOF-based nanocomposites for photocatalytic
applications has received much attention. In addition to the noble metal NPs,
the incorporation of semiconductor NPs such as TiO,, ZnO, BiVO,, Bi,WOs,
and graphene can also tune the optical properties of the host MOF, thereby
improving the photocatalytic performance.

Many organic pollutants present in the environment, such as dyes, pesticides,
pharmaceuticals and personal care products (PPCPs), and herbicides, can have
harmful effects on humans and other living species [87, 88]. Photocatalytic
degradation using MOFs and MOF-based catalysts can be a suitable way to
efficiently degrade and remove pollutants from the environment [89].

2.3.1 Photocatalytic degradation of dyes using MOFs

Dyes are among the most critical and dangerous pollutants in various
industries such as textile, food processing, leather tanning, rubber and plastic,
printing, and so on. [90-92]. Dyes can be synthetic or natural (e.g., vegetable,
mineral sources, or animals), mostly contain a complex organic molecule, and
are generally composed of two main components, including auxochromes
and chromophores. Auxochromes have functional groups such as -NH,,
NHR, -OH, NR,, and -COOH, which are electron donors. These chemical
functionalities increase the solubility of dyes in aqueous solutions and enhance
the dye adhesion to fibers. The chromophores contain heteroatoms, such as
O, S, and N, with non-bonding electrons. These functionalities are electron
receivers and are responsible for dye formation [93-95]. Dyes are stable under
light exposure, heat, and elevated temperature. Such long-term stability, in
addition to their toxicity, makes dyes stable pollutants in the water resources,
endangering human health, aquatics, and plants [96]. Therefore, removing dyes
from industrial effluents and other water sources is one of the main priorities in
achieving access to clean water.

Among the different methods applied, photocatalytic degradation using
MOFs and MOF-based materials is an effective method for removing dyes from
wastewater. In photocatalytic degradation, the dyes are decomposed into small
molecules such as CO, and H,O through the generation of hydroxyl radicals.
An efficient photocatalyst should have unique properties, namely optimum CB
and VB energy levels, fast electron-hole transport, efficient charge separation,
stability in an aqueous solution, and sufficient light absorption capacity [97].
Dyes undergo color change upon degradation, making it possible to follow
the degradation visually and characterize it by UV-Vis spectrophotometry.
Some recent results on dye degradation using MOF-based photocatalysts are
summarized in Table 2.1.

Lou-Hong Zhang et al. [98] synthesized a 3D copper organic framework
of HKUST-1 (MOF-199) using a solvothermal method and applied it for the
degradation of RB13 dye. This framework shows a degradation efficiency
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of 74% for RB13. Jiang et al. [99] reported the application of ZIF-8 for
photocatalytic removal of methylene blue (MB) under UV light irradiation. The
framework could effectively degrade 82.3% of methylene blue in just 120 min.
Furthermore, they determined that ZIF-8 has a high absorption capacity in
alkali media and shows good performance over a wide pH range. A new 3D and
highly stable Zn(1I)-based MOF, [Zn,(odpt)(bpy)(H,O)(bpy), 5|, was synthesized
by Wang et al. [100]. Zn(II)-based MOF showed excellent performance in
photocatalytic removal of methyl orange (MO) under UV light irradiation.
The conversion of MO was reported to be 91.7% within 2 h after starting the
reaction. Mahmoodi et al. [102] synthesized a Cu-based MOF, MOF-199, using
a solvothermal method for degradation of 99% of basic blue 41 under UV light
irradiation. Wang et al. [104] synthesized UiO-66 (Ti) with photoactive Ti sites,
using the facial modified post-grafting method. Introduction of Ti into the MOF
structure enhanced the optical properties of UiO-66 due to the formation of
oxo-bridged hetero-Zr-Ti clusters and showed a removal efficiency of 87.1% for
MB. Ahmadpour et al. [114] reported the synthesis of a Ca/TiO,/NH,-MIL-125
framework for the photodegradation of rhodamine B (RhB) and MO dyes. The
Ca/TiO,/NH,-MIL-125 structure exhibited high stability, reusability, and high
efficiency for removing MO and RhB with, respectively, 87.29% and 83.12%
removal efficiency under visible-light irradiation.

A promising candidate of MOFs as a photocatalyst is MIL-type MOFs
(Material of Institute Lavoisier), which was first reported by Jing-Jing Du ef al.
[105] (MIL-53(Fe)) for decolorization of MB dye in 2011. Since then, many types
of research have been and continue to be conducted on MIL-type frameworks.
MIL-101 was synthesized by Du et al. [113] to study the photocatalytic
degradation of Remazol black B (RBB). This framework showed high surface
area, high stability in the aqueous phase, and high crystallinity. The RBB
was entirely removed in 45 min under UV irradiation. After four cycles, the
photocatalytic efficiency showed a decrease of only 5%.

The development of visible-light-responsive MOFs as photocatalysts has
attracted much attention in recent years. Xu et al. [106] synthesized hexagonal
microrods of MIL-88A with the advantages of low cost and visible light response.
The framework showed an operational performance for MB dye decolorization
under visible-light irradiation with a degradation efficiency of 100% in 20 min
and first-order kinetics of degradation. For degradation of RhB dye, Mahmoodi
et al. [115] prepared an NH,-MIL-125(Ti) composite using a hydrothermal
method and successfully magnetized it with CoFe,O, nanoparticles. A plasmonic
photocatalyst, that is, Ag/AgCl, was assembled on NH,-MIL-125(Fe) by an in situ
deposition method to enhance the photocatalytic performance of RhB. Also, the
photocatalytic efficiency was maintained after seven recycling times, showing
high reusability of the framework. Wu et al. [116] synthesized Pd/GO/MIL-101(Cr)
for relatively rapid photocatalytic degradation of two triphenylmethane dyes
(acid fuchsin and brilliant green) in 15 min under visible-light irradiation. Gao
et al. [108] reported on a Ti-based MOF, that is, NTU-9, for complete degradation
of RhB and MB dyes. NTU-9, with a decent photocatalytic performance acts as a
p-type semiconductor and is photoactive under visible-light irradiation.
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Combining MOF with nanostructured materials can improve the
photocatalytic efficiency of MOF materials. Fazli ef al. [117] synthesized GO/
MIL-101(Cr) and used it for photocatalytic degradation of malachite green
(MG) dye. Under sunlight irradiation, the degradation efficiency was measured
to be 92% after 1 h. A recoverable and stable photocatalyst, MOF-1/GO/Fe;0,
was reported on by Bai ef al. [118] and showed a degradation efficiency of 95%
for MB. The excitation wavelength of MOF-1/GO/Fe;0, exhibited a shift from
the UV to the visible region. The removal efficiency of MOF-1/GO/Fe;O, was
improved by about 90%, compared to MOF-1. GO addition minimized the
recombination rate of electron-hole pairs and accelerated the electron migration
of the composite photocatalyst. A highly porous hybrid nanocomposite, reduced
GO/NH,-MIL-125(Ti), was synthesized by Huang ef al. [119] as a photocatalyst
for MB removal. The hybrid photocatalyst entirely removed MB under visible-
light irradiation in 30 min.

Another effective way to achieve highly efficient MOF-based photocatalysts
is to combine MOFs with light-harvesting semiconductor materials such as
Bi,WOs, BiOBr, Ag,CO;, and Agl. Sha et al. [120] synthesized UiO-66 and
applied it for the removal of RhB dye. Incorporation of UiO-66 with bismuth
tungstate could effectively enhance the visible-light degradation and resulted
in an entire removal of RhB in only 3 h. RhB was completely mineralized
under visible light in 45 min using Agl-MIL-53(Fe) composite synthesized by
Han et al. [125]. Also, the photodegradation of MO and acid blue (AB) using
Agl-MIL-53(Fe) composite were 65% and 39%, respectively. Adding Agl to the
structure of MOF could prevent recombination of photogenerated electron-
hole pairs and improve the photocatalytic performance of MIL-53(Fe). The
photodegradation activity of Agl-MIL-53(Fe) composite was at 70% of initial
activity after five cycles. Bi,M0oO¢/UiO-66 composite with a Zr:Bi molar ratio
of 1:2 was applied for visible-light degradation of RhB by Ding et al. [122] with
decent stability, recyclability, and high removal efficiency of 96%), compared to
the bare UiO-66 and Bi,Mo0Q,. Such enhancement could be due to an increase
in solar energy absorption and a reduction in the recombination rate of charge
carriers.

g-C;N, is a narrow bandgap photocatalyst (2.7 eV) for the degradation
of organic pollutants [134]. However, the photocatalytic activity of g-Cs;N,
is limited due to the fast recombination of photogenerated carriers, low
surface area, and confined active sites [128]. To address this limitation,
Wang et al. [135] successfully synthesized a g-C;N,/MIL-125(Ti) composite
using a solvothermal method. g-C;N,/MIL-125(Ti) showed special features
including, a mesoporous structure, good thermal stability, enhanced visible-
light absorption capacity, and large surface area. This hybrid material was
more efficient and showed a 24 times higher rate for photodegradation of RhB
compared to pure MIL-125(Ti) and g-C;N,. The photodegradation mechanism
of RhB over g-C;N,/MIL-125(Ti) with a conversion of 95.2% is presented in
the following:

RhB + hv — RhB* — RhB" — RhB* + e~ (2.6)
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g—CsN, +hv — g—CsNy(e” +h") (2.7
MIL —125(Ti) + e~ — Ti** — MIL —125(Ti) + "O; (2.8)
Ti** —MIL —125(Ti) + e + O, — Ti** — MIL —125(Ti) + O, (2.9)
‘O3 + RhB — RhB™* — Otherproducts — CO, + H,0 (2.10)
h* + RhB — RhB"" — Otherproducts — CO, + H,0 (2.11)

Another hybrid material, including a Zr-based MOF and a graphitic carbon
nitride (UiO-66/g-C;N,), was synthesized by Zhang et al. [129] to remove MB in
a photocatalytic process. The result showed that MB was wholly degraded in 4 h
under visible-light irradiation, thereby proving the efficiency of the synthesized
photocatalyst. The produced photoelectrons transfer efficiently from the CB
band of g-C;N, to the CB band of UiO-66 due to the heterojunction between
UiO-66 and g-C;N,. As a result, recombination of electron-hole decreases, and
degradation efficiency increases.

Adding substances that act as electron acceptors such as hydrogen peroxide
(H,0,), persulphate (PS), peroxydisulphate (PDS), and peroxymonosulphate
(PMS) in the photocatalytic process can further improve photocatalytic
degradation efficiency. The electron acceptors prevent recombination of
photogenerated carriers by generating active hydroxyl/sulphate radicals
[136-139]. Quang et al. [140] synthesized MIL-53(Fe) to investigate the
photocatalytic degradation of MB in the presence of H,O,. The results showed
that MB was entirely removed by MIL-53(Fe) within 30 min. Ai et al. [130]
synthesized MIL-53(Fe) for degradation of RhB dye in the presence of H,O,
with a degradation efficiency of 100% under visible-light irradiation. They
examined the mechanism of degradation and concluded that photogenerated
electrons and Fe(I1I) on the surface of the MOF react with H,0O,. Then, large
amounts of hydroxyl radicals are formed that enhance the degradation of RhB
dye. In another work, CuO nanoparticles were deposited on ZIF-8 surfaces
by Chakraborty ef al. [131] to investigate the photodegradation of rhodamine
6G (Rh6G) in the presence of H,0, under sunlight irradiation. By conducting
some different experiments, they observed that the nanocomposite containing
5wt% of CuO content shows the best degradation efficiency by removing
99.5% of dye. In another work, a nickel-based MOF was employed as a
photocatalyst for degradation of RR-120 dye by Ramachandran et al. [133].
This framework was chosen because of the well-oriented larger dimension
of thin sheets, excellent reusability, and large surface area. It showed 89%
degradation efficiency for RR-120 after 10 min in the presence of PMS. Gao
et al. [132] reported on MIL-53(Fe) for the degradation of acid orange 7 (AO7)
from aqueous solution under visible LED light and in the presence of PS. The
degradation efficiency of the MIL-53(Fe) for removing AO7 in the presence
of PS was 100%, compared to the value of 24% in a similar condition without
using PS.
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2.3.2 Photocatalytic removal of pharmaceuticals and personal care
products (PPCPs) using MOFs

Pharmaceuticals and personal care products (PPCPs) are emerging
contaminants that include medications, food supplements, dental care
products, and cosmetics ingredients [141]. These chemicals are an important
and dangerous type of contaminant and options for their removal from the
aquatic environment have attracted a great deal of attention from researchers
[142]. These pollutants are found at low concentrations in the environment,
but extensive research has shown that in the long term, they can have very
destructive effects on human health and aquatic life. PPCPs have a wide range
of applications in agriculture, livestock, and human life [143]. Recently, there
has been increased attention for removing this type of contaminant due to
the widespread release of such contaminants into the environment and the
ecological risk (i.e., creating antibiotic resistance) associated with them [144].
These contaminants, which are biologically active materials, are soluble in water
[145]. PPCPs can be divided into three different groups based on their dissipation
time (DT50), that is, (1) low persistence (DT =3-7 days) such as ibuprofen and
paracetamol, (2) moderate persistence (DT50=15-54 days) such as oxazepam,
and (3) high persistence (DT50=119-328 days) such as clofibric acid and
carbamazepine [146]. Antibiotics are an essential group of pharmaceuticals
and one of the most dangerous pollutants in the environment. These drugs are
widely used for both human and veterinary applications [147]. Antibiotics are
discharged into the environment from various sources such as pharmaceutical
industries, agricultural runoffs, hospitals, and so on. [148, 149]. However,
developing efficient methods to remove antibiotics from the aqueous phase is
a severe environmental challenge [150]. Among different treatment methods
for removing PPCPs, photocatalytic degradation is known as an efficient and
promising method due to its ability to mineralize pollutants efficiently into H,O
and CO, [151]. MOFs are a promising candidate for photocatalytic removal of
PPCPs due to the same reasons explained in Section 2.3.1 [152]. Some recent
results on PPCP degradation using MOF-based photocatalysts are summarized
in Table 2.2.

Liang et al. [154] investigated the application of Pd@MIL-100(Fe)
nanocomposite for the degradation of three typical PPCPs, ibuprofen (IBP),
bisphenol A and theophylline, for the first time, in 2015. The composite was
synthesized via the alcohol reduction method. The photocatalytic removal of
typical PPCPs was investigated using the synthesized composite with removal
efficiencies of 99.5%), 99.5%, and 64%, respectively, for theophylline, ibuprofen,
and bisphenol. The introduction of Pd into the nanocomposites minimized
the recombination of photogenerated electron-hole pairs. For this reason, the
photoactivity of PdA@MIL-100(Fe) was reported to be much higher than that of
bare MIL-100(Fe). The results also showed that 1%Pd@MIL-100(Fe) has the
highest photodegradation efficiency among all the synthesized materials. Wang
et al. [155] showed that Fe-based MOFs could be optimally used to degrade
tetracycline (TC), one of the most widely used antibiotics. Fe-MIL-101 showed
an excellent performance, with a TC removal efficiency of 96.6%. Due to its
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simple synthesis, excellent photocatalytic performance, and high removal
efficiency, Fe-MIL-101 can be used to degrade tetracycline and other antibiotics.
In another study, MIL-100(Fe)/TiO, was synthesized by He et al. [168] for
photocatalytic degradation of TC. This composite material was chosen due to
the enhanced light absorption capacity, accessibility of active sites, and electron-
hole separation, which resulted in a TC removal efficiency of 90.79%. In another
work, MIL-53(Fe) was successfully synthesized via a solvothermal method by
Gao et al. [157] and used for removing carbamazepine (CBZ) and clofibric acid
(CA) from wastewater under visible-light irradiation. MIL-53(Fe) showed high
photocatalytic activity and enhanced stability for the photodegradation of
CBZ and CA. For both CBZ and CA compounds, photodegradation efficiency
reached up to 90%. Furthermore, MIL-53(Fe) showed excellent performance
for removing CBZ and CA from real municipal wastewater.

Amoxicillin (AMC) is another of the most widely used antibiotics worldwide.
Removal of AMC is not easily possible with conventional wastewater treatment
methods. The advanced oxidation process is used to degraded AMC [169]. For the
degradation of AMC, a visible-light-driven MIL-68(In)-NH,/GO composite was
synthesized by Yang et al. [158]. This composite material shows good reusability
and stability. Yang ef al. found that the acidity of the solution has a high impact on
the photodegradation efficiency. The degradation reaction at pH=>5 showed an
efficiency of 93%. Graphene oxide was added as a light sensitizer for enhancing
visible-light absorption and as an electron transporter for suppressing the
recombination of photogenerated carriers. He ef al. [156] synthesized a magnetic
MIL-101(Fe)/TiO, for TC removal under solar-light irradiation. The composite
showed a high TC degradation efficiency of 92.76% at pH=7 for 10 min. A
visible-light responsive catalyst, Agl/UiO-66, was synthesized by Wang et al.
[159] for photocatalytic degradation of sulfamethoxazole (SMZ). The results
showed an enhanced SMZ degradation efficiency of 99.6%, compared to the pure
Agl. The SMZ degradation pathway consists of three steps: phenyl nitrification,
isoxazole ring hydroxylation, and S-N bond cleavage. SMZ can eventually be
converted to CO, and H,O. Tang et al. synthesized TiO,@MIL-101(Cr) by a
solvothermal method to investigate photocatalytic degradation of bisphenol
A [160] with degradation of 99.4% in 4 h. El-Fawal et al. [161] synthesized
AgFeO,-graphene/Cu,(BTC); to investigate photocatalytic degradation of
amoxicillin and diclofenac (DCF) under sunlight irradiation. The degradation
efficiency was measured to be 97% in 150 min. Liang et al. [162] synthesized a
MIL-100(Fe) impregnated with Pd-NPs-decorated phosphotungstic acid (PTA).
Synergetic effects between the visible-light absorption capacity of MIL-100(Fe),
electronic conductivity of the Pd NPs, and the fast electron transport of PTA
resulted in excellent photocatalytic performance in the presence of H,O,. This
hybrid photocatalyst showed a degradation efficiency of 99.5% for theophylline.
Askari et al. [163] synthesized CuWO,/Bi,S;/ZIF-67 composite MOF-based
material with a high surface area, excellent photocatalytic properties, enhanced
chemical stability, and good reusability. The composite was used to investigate
the photodegradation removal of cephalexin (CFX) and metronidazole (MTZ).
The maximum degradation efficiencies were 90.1% and 95.6% for CFX and
MTZ, respectively, at a constant pH of 7. Bismuth oxyiodide/MIL-125(Ti) was
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synthesized via a one-step hydrothermal method by Jiang et al. [164] with a
high specific surface area, good stability, reusability, and promoting visible-light
absorption properties. This photocatalyst was used for the degradation of TC
under visible-light and showed a degradation efficiency of 80%, which was higher
than that of bare MIL-125(Ti). Chaturvedi ef al. [165] synthesized CdS/MIL-
53(Fe) via a hydrothermal method to investigate the degradation of ketorolac
tromethamine (KTC). A degradation efficiency of 80% was achieved within
330 min under visible-light irradiation. Miao ef al. [166] successfully synthesized
Pt/MIL-125(Ti)/Ag by a solvothermal method to study the degradation process
of ketoprofen (KP). Pt/MIL-125(Ti)/Ag photocatalyst showed 95.5% degradation
of KP under visible light after 2 h. The results mentioned above, show the
effectiveness of MOF-based photocatalysts for the removal of PPCPs.

2.3.3 Photocatalytic removal of heavy metals using MOFs

Nowadays, water pollution with heavy metals is one of the major concerns of
the global community. Metals with a density of more than 5 g/cm3 are heavy
metals. Copper (Cu), mercury (Hg), thallium (TIl), chromium (Cr), lead (Pb),
cadmium (Cd), and arsenic (As) are the heavy metals most frequently found in
the environment [170, 171]. Heavy metals can cause skin damage, disruption
of blood circulation, kidney damage, nervous system damage, gastrointestinal
damage, asthma, chronic carcinogenic respiratory infections, and allergies [172,
173]. An increase in industrial activities and the expansion of various industries
worldwide have exacerbated heavy metal toxicity. Industrial/transportation
units such as mining units, coal-based power plants, solid waste disposal units,
and vehicles are the most important sources of heavy metal contamination
[174, 175]. Surface water can carry heavy metals over long distances and
move contaminants from one point to another one. The transfer of heavy
metals by surface water can lead to their bioaccumulation, causing toxicity
and damage for all living entities. Heavy metals are non-biodegradable and
become toxic at more than a specific concentration. Some heavy metals, such
as Cd, can remain in the human body for years [176]. Since heavy metals have
destructive effects on human health, it is critical to remove these pollutants
from industrial wastewaters, drinking water sources, and other water sources.
Different treatment methods such as electrocoagulation [177], membrane
filtration [178], modified adsorption [179], microbiological remediation [180],
and photoreduction are used to remove heavy metals from the environment.
Compared to the other conventional purification methods, photocatalytic
reduction using photocatalysts is a more effective method which does not result
in any hazardous by-products [181, 182]. Several studies have been focused
on developing highly efficient photocatalysts for the removal of heavy metals.
Based on MOF structural features, the photosynthesis process could include
three main stages: light absorption, generation of redox equivalents (i.e.,
electrons and holes), and reduction/oxidation half-reactions with the redox
equivalents [183]. MOFs with large surface area, high density of metal sites, high
chemical tunability, and organic linker diversity can be suitable candidates for
photocatalytic removal of heavy metals [184]. Some recent results on CR(VI)
degradation using MOF-based photocatalysts are summarized in Table 2.3.
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Cr(VI) is one of the most toxic and dangerous heavy metal cations, and
many studies have been conducted on the removal of Cr(VI) or reduction
of highly toxic Cr(VI) to Cr(III), which has a much lower toxicity [197, 198|.
Different methods such as membrane separation, adsorption, ion exchange, and
reduction have been reported for Cr(VI) removal [199]. Photocatalytic reduction
of Cr(VI) from wastewater using renewable solar energy is an effective and
promising method to control chromium pollution. Jing et al. [185] investigated
MIL-68(Fe) as an active catalyst for the reduction of Cr(VI). They observed
that Cr(VI) is ultimately reduced to Cr(III) within just 5 min under visible light
at a constant pH of 3. Titanium-oxo clusters can facilitate the efficient transfer
of the charges from excited organic linker states to the cluster. Therefore, the
MOFs constructed from Ti centers, which are photo-active nodes, are good
candidates for Cr(VI) reduction [200]. Wang ef al. [193] synthesized NH,-MIL-
125(Ti) via a facile solvothermal method to study the reduction of Cr(VI) to
Cr(III) under visible-light irradiation. This framework with a large surface
area, decent chemical/thermal stability, and mesoporous structure showed a
reduction efficiency of 97% in just 1 h. The reduction mechanism of Cr(VI) to
Cr(III) in the presence of ethanol, citric acid, and ethylene diamine tetraacetic
acid (EDTA) is presented in the following:

NH; — MIL —125(Ti) + hv — NH, — MIL —125(Ti) (2.12)
CH;CH,OH +h* — CH;CH,OH +H,0 — CO, + H,0 + Otherproducts (2.13)
14H* + Cr,0%~ + 6e” — 2Cr** + 7H,0 (2.14)

Shi et al. [187] synthesized the NH,-MIL-88B(Fe) framework for the
reduction of Cr(VI) under visible light. Wang et al. [188] synthesized ZnO@

Table 2.3 Some recent studies on photocatalytic reduction of Cr(VI) to Cr(lll).

MOF Degradation Light Time (min)  References
Efficiency (%) Source
MIL-68(Fe) 100 uv 5 [185]
NH,-MIL-125(Ti) 97 Vis 60 [186]
NH,-MIL-88B(Fe) 100 Vis 45 [187]
ZnO@ZIF-8 100 Vis 80 [188]
Pd@UiO-66-NH, 100 Vis 100 [189]
g-C;N,/MIL-53(Fe) 100 Vis 180 [190]
rGO/MIL-53(Fe) 100 Vis 80 [191]
MIL-68(In) 97 Vis 60 [192]
NH,-MIL-125 80 Vis 60 [193]
Ag/AgCl@MIL-53(Fe) 100 Vis 180 [194]
Pd@MIL-101(Cr) 100 UV-Vis 60 [195]
BUC-66 98 uv 30 [196]
BUC-67 99 uv 30 [196]
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ZIF-8 to study the photoreduction of Cr(VI) to Cr(III) with an efficiency of
100% in 80 min. Pd@UiO-66-NH, was synthesized by Shen et al. as a catalyst
to reduce to Cr(IV) [189]. This framework with decent photocatalytic properties
could ultimately reduce all the Cr(VI) to Cr(III) under visible-light. Huang
et al. [190] synthesized g-C;N,/MIL-53(Fe) with higher photocatalytic activity
compared to pure g-C;N, and MIL-53(Fe). This hybrid nanocomposite showed
good stability and reusability features. The reduction mechanism of Cr(VI) to
Cr(IIT) over g-C;N,/MIL-53(Fe) is as follows:

g7C3N4 +hV*>h+(g7C3N4)+e7 (g7C3N4) (215)
MIL - 53(Fe) + hv — h* (MIL - 53(Fe)) + e (MIL — 53(Fe)) (2.16)
Cr,O7 +14H' +6e — 2Cr’* + 7H,0 (2.17)

Liang et al. [191] synthesized reduced graphene oxide (rGO)/MIL-53(Fe)
for photoreduction of Cr(VI) to Cr(IlI) under visible-light for 80 min with a
reduction efficiency of 100%. The sufficient interfacial surface contact between
rGO and MIL-53(Fe) further accelerates the transfer of photogenerated
electron through the structure. Furthermore, rGO effectively minimized
the recombination of photogenerated electron-hole pairs, leading to an
enhancement in photocatalytic performance of MIL-53(Fe). Besides, Liang et
al. [192] synthesized MIL-68(In) via a solvothermal method for the reduction of
Cr(VI) with an efficiency of 97%. The redox process is as follows.

MIL — 68 (In) — NH, — MIL — 68 (In) - NH, (h* +¢") (2.18)

14H* + Cr,0; 4+ 66~ — 2Cr® 4+ 7H,0 (2.19)

A highly efficient MOF-based photocatalyst, Ag/AgCl@MIL-53(Fe), was
synthesized by Liu et al. [194] for complete reduction of Cr(VI) under visible-
light in 4 h. A more porous MOF structure, that is, MIL-101, as a host structure
was impregnated with Pd particles (Pd@MIL-101(Cr)) for the photocatalytic
reduction of Cr(VI) [195]. Due to the large surface area of MIL-101, its high
stability under acidic conditions, and decent catalytic properties, Cr(VI) could
be completely removed from the aqueous solution in the presence of formic
acid. A two-dimensional Cd/Co-based metal-organic framework, BUC-66,
was synthesized under hydrothermal conditions by Hong Yi et al. [196] for
Cr(VI) removal under UV light illumination after 30 min. The Cr(VI) reduction
efficiencies reached 98% and 99% for BUC-66 and BUC-67, respectively. BUC-
66 and BUC-67 were used in the photocatalytic degradation of organic dyes,
that is, MO, and showed degradation efficiencies of 85% and 100%, respectively.

2.3.4 Photocatalytic degradation of pesticides and herbicides using MOFs
With the increase in world population, the request for food has been drastically
increased. Because of the development of agriculture worldwide, the use of
pesticides and herbicides has also been increased. Widespread use of pesticides
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and herbicides has caused many concerns due to their toxicity and adverse
effects on human health and other living organisms. The most important
and widely used herbicides are 2,4-dichlorophenoxyacetic acid (2,4-D),
amitrole (C,H,N,), ametryn (CoH;;N,S), bentazon (C,,H;,N,05S), metribuzin
(CgH4N,0S), glyphosate (C;HgNO,P), and atrazine (CgH,,CIN;). Similarly,
the most important and widely used pesticides are carbaryl (C,,H;;NO,),
diazinon (C,,H,;N,O;PS), aldrin (C;,H3C5), secbumeton (C,,H;,N;O), and
oxamyl (C;H;3N;0;S) [201]. Pesticides and herbicides pollute soil and water
resources, causing severe problems for the health of humans and other living
species [202]. There has been little research on the photocatalytic degradation
of pesticides and herbicides using MOFs. Oladipo et al. [203] synthesized a
composite material, that is, WO5/MIL-53(Fe) framework, with a 100% removal
efficiency of 2,4-D under sunlight irradiation within 4 h. They also reported
on a nanohybrid composite, AglO;/MIL-53(Fe), for the degradation of methyl
malathion (MLT) and chlorpyrifos (CP) as organophosphorus pesticides. Using
the AglO;/MIL-53(Fe) composite material, about 90% of both MP and CP were
degraded within two hours under sunlight irradiation [204]. Xue et al. [205]
synthesized a visible-light-driven responsive photocatalyst, BiOBr/UiO-66,
and applied it for the degradation of atrazine. Using this photocatalyst, the
degradation efficiency of atrazine was measured to be 88%, under visible-light
irradiation within 4 h, which was higher than that of pure BiOBr. Some recent
results on pesticide and herbicide degradation using MOF-based photocatalysts
are summarized in Table 2.4.

2.3.5 Photocatalytic degradation of other organic pollutants using MOFs

In addition to the photocatalytic removal of organic pollutants discussed above,
MOFs can also be used to removed phenolic and nitroaromatics compounds.
These aromatic compounds are very toxic, even at low concentrations. They
are usually discharged into the environment from industrial effluents such
as those from pharmaceuticals, manufacture of plastic, textile/paper, and
petroleum refining. Phenol exposure damages the heart, kidney, liver, and
nervous system [206]. Also, nitroaromatic compounds (NACs) are widely used

Table 2.4 Some recent studies on photocatalytic degradation of pesticides and
herbicides.

MOF Target Molecular Degradation Light Time References
Pollutant Formula Efficiency (%) Source (min)

WO,/ 2,4-D C¢H,Cl,0, 100 Sunlight 240  [203]

MIL-53(Fe)

AglOs/ Methyl C,H,;;04PS, 90 Sunlight 120 [204]

MIL-53(Fe) malathion

AglOy/ chlorpyrifos CyH;;CI;NO;PS 90 Sunlight 120  [204]

MIL-53(Fe)

BiOBr/ Atrazine CgH,,CIN; 88 Vis 240  [205]

UiO-66
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Table 2.5 Some recent studies on photocatalytic degradation of phenolic and
nitroaromatic compounds.

MOF Target Pollutant Molecular Degradation Light Time References
Formula Efficiency (%) Source (min)

[Zn,(Fe-L),(p-0)- 2-chlorophenol C¢H;CIO 73 Vis 80  [208]
(H,0),] 4ADMF.4H,0

|[Zn(oba) phenol C¢H;OH 80.4 uv 120 [209]
(4-bpdh),s],.1.5DMF

[Zn(oba) phenol C¢H;OH 69.3 Vis [209]
(4-bpdh), 5],.1.5DMF

[Cdy5Zn,,(oba) phenol C¢H;OH 87.6 uv 120 [209]
(4-bpdh), s],.1.5DMF

[Cdy5Zn,,(oba) phenol C¢H;OH 78 Vis 120 [209]
(4-bpdh), s],.1.5DMF

[Ag,(NOs),(dpppda)], 2,4-dinitrophenol C¢H,N,O; 100 uv 300 [210]
[Ag,(NO5),(dpppda)], p-Nitrophenol C,H;NO; 100 uv 300 [210]
[Ag,(NO5),(dpppda)], nitrobenzene CsH;NO, 100 uv 300  [210]
Cu,(BTC);@SiO, phenol CsH;OH 93.1 Vis 45  [211]

in various applications such as the synthesis of dyes, polymers, pesticides, and
other intermediates. Most NACs can cause cancer and severe health problems
for humans [207]. Therefore, the treatment of aqueous effluents containing the
pollutants mentioned above is crucial. A heterometallic-organic framework,
[Zn,(Fe-L),(p-0)-(H,0),]. 4DMF.4H20, was synthesized by Li et al. [208],
and investigated for the photocatalytic degradation of 2-chlorophenol. The
results showed that 73% of 2-chlorophenol was degraded under visible light
within 80 min. Masoomi ef al. [209] synthesized two mixed metal-organic
frameworks, [Zn(oba)(4-bpdh)0.5]n.1.5DMF and [Cd0.3Zn0.7(oba)(4-bpdh)0.5]
n.1.5DMF. These two MOFs were studied for phenol photodegradation from an
aqueous solution. The degradation efficiencies of phenol were measured to be
80.4% and 87.6% using [Zn(oba)(4-bpdh)0.5]n.1.5DMF and [Cd0.3Zn0.7(oba)
(4-bpdh)0.5]n.1.5DMF, respectively. Wu et al. [210] used [Ag4(NO3)4(dpppda)]
n (dpppda, 1,4-N,N,N’,N’-tetra(diphenyl phosphanyl methyl) benzene diamine)
for photocatalytic degradation of 2,4-dinitrophenol (2,4-DNP), p-Nitrophenol
(PNP), and nitrobenzene. The results showed that all of the three compounds
were completely degraded within 5 h under UV light irradiation. The results
also indicated that the degradation reaction mainly occurs on the surface of the
MOF structure. Some recent results on phenolic and nitroaromatic degradation
using MOF-based photocatalysts are summarized in Table 2.5.

2.4 PARAMETERS AFFECTING THE PHOTOCATALYTIC PERFORMANCE

In addition to the type of catalyst used for a photocatalytic reaction, several
operational parameters affect the performance of a photocatalytic reaction. In
this regard, the effects of the most critical parameters addressed in the literature
are given below.
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2.4.1 Light intensity and wavelength

One of the most important factors influencing the photocatalytic reaction is
light intensity. In a photocatalytic reaction, an appropriate reaction rate and
electron-hole formation is required, which is dependent on the light intensity
[212]. The energy of radiating light and its wavelength affect the optical and
electronic properties of the catalyst. The light wavelength can be generally
classified into three groups: visible, solar, or UV irradiation. With this in mind,
one of the main challenges is to synthesize semiconductors with lower bandgaps
that can be activated via irradiation by light having a higher wavelength (i.e.,
lower energy), such as visible or solar light [213]. Some MOFs, such as the MIL
type, have a low bandgap and can be activated with visible-light irradiation.
ZnO has a bandgap of 3.37 eV [214], and is activated with a light wavelength
of less than 387 nm [215]. In contrast, MIL-101 can be activated with a light
wavelength of more than 420 nm [216]. Similarly, NH2-MIL-125(Ti) can be
activated with a light wavelength of more than 400 nm [217].

2.4.2 Photocatalyst loading

The photocatalytic degradation rate usually increases with increasing
photocatalyst amount due to the higher generation of reactive radicals. However,
in very concentrated solutions, the degradation rate decreases due to screening
effects and light scattering [218]. Therefore, finding the optimum catalyst loading
is essential for enhanced photocatalytic degradation efficiency [219].

2.4.3 Dissolved oxygen
Dissolved oxygen can directly affect the formation of intermediate species
during photocatalytic reactions, stabilizing intermediate radicals and avoiding
charge recombination effects. Furthermore, oxygen molecules play a direct
role in the production of reactive oxygen species (ROS) responsible for the
degradation of pollutants.

2.4.4 The effect of pH

pH is one of the critical and influential parameters in the conduction of
photocatalytic reactions. pH can directly affect the reaction efficiency by
modifying the photocatalyst surface charge and affecting particle self-
aggregations [220]. Electrostatic interactions between the photocatalyst
surface, charged radicals, solvent molecules, and the substrate are dependent
on the solution’s acidity [221]. pH affects the point of zero charge (pHpyc) of the
photocatalyst. At pH values near the pH,,, due to the absence of electrostatic
forces, the interactions between the photocatalyst surface and solved
species are negligible. However, at pH less than the pH,,., the photocatalyst
surface is positively charged, and an electrostatic attraction occurs with the
negatively charged compounds, which can increase the absorption capacity
of photocatalysts and enhance the degradation efficiency. On the other hand,
at pH values more than the pH,,c, the photocatalyst surface will be charged
negatively, causing repulsion between the MOF surface and the anionic
compounds [32].
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2.4.5 Initial concentration of contaminants

Increasing the initial concentration of contaminants leads to a decrease in
the photodegradation reaction efficiency, which could be due to a decrease in
the photonic efficiency and saturation of the photocatalytic active sites by the
adsorbed molecules [222]. Besides, the concentration of the intermediate species
increases with increasing initial concentration of the contaminant. The saturation
of the photocatalytic active sites by the intermediate species can lead to a decrease
in the photocatalytic reaction rate and the degradation efficiency [223].

2.5 CONCLUSIONS AND OUTLOOK

Photocatalytic degradation of pollutants is an emerging and promising
method of wastewater treatment. Recently, MOFs, as a group of highly porous
materials with crystalline nature, have been used in various applications.
MOF structures, with unique properties, including unprecedently high surface
area and chemical tunability are suitable catalysts for the removal of water
contaminants.

Combining MOFs with semiconductors and nanomaterials can further
improve their performance in the photodegradation of pollutants. Degradation
of water pollutants under UV light illumination has been discussed in many
studies in the literature. More effort is required in the synthesis of novel
structures which are capable of degrading contaminants under visible or
sunlight irradiation. This is where MOFs can play a significant role.

Dye removal has been studied only for a few of the more well-known dyes to
date, and the degradation of other dyes should also be considered. Besides, more
research is required to evaluate the degradation of other pollutants, including
pesticides, herbicides, and personal care products and the reduction of heavy
metals. MOFs have recently started to be used for the degradation of some of
the latter contaminants. However, it is essential to further study the targeted
synthesis methods and novel MOF structures in photocatalytic applications, in
order to achieve enhanced photocatalytic performance.

Most studies in this area, to date, have been on the lab-scale application
of MOFs for photocatalytic degradation of water contaminants. However, it
is also vital to scale-up water treatment processes using MOFs for industrial
applications. Such processes require more facile, reliable and economically
viable material synthesis methods. In addition, for the catalysts used in such
large-scale processes, stability is another essential factor to be considered.
Therefore, developing highly stable MOF structures with adequate light-
harvesting properties to be used in aqueous and acidic environments, is in the
forefront of research in this field. Recycling of MOF-based catalysts is another
important parameter for industrial applications which needs to be considered.
Overall, in this chapter, we showed that a number of different MOFs have
recently been applied for the photocatalytic degradation of various organic
pollutants in aquatic systems. We also reviewed the degradation mechanism
of some pollutants using MOF-type photocatalysts. This chapter reveals that
MOFs are promising candidates as catalysts for the photocatalytic removal of
different contaminants from water.
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ABSTRACT

The photocatalytic treatment process is generally affected by three main components: the
pollutants, the catalysts, and the light source generating the photons. Among these, the
pollutants and catalysts are in the liquid and solid phases, respectively, and the photons
are in the form of massless particles. The differences in these facets have made the
design of photocatalytic reactors a challenging and not-so-straightforward task. As of yet,
different reactors in different scales and shapes, ranging from bench-top and laboratory
designs to those of semi-industrial and industrial dimensions have been built. The basic
parameters that vary in photocatalytic reactor design are light (light wavelength and light
source), catalyst form (suspended or immobilized), and the type of reactor (continuous or
batch). This chapter examines each of these parameters and their related issues. Different
configurations of photocatalytic reactors including fluidized bed, cascade, annular,
spinning disk, Taylor vortex, and optical fiber, amongst others will be presented, along
with their specifications and usage.

3.1 INTRODUCTION

One of the many applications of photocatalytic processes is water and
wastewater treatment. Photocatalytic degradation of pollutions is biocompatible
due to its ability to completely mineralize organic pollutants (under certain
conditions) and also the lack of a waste stream at the end of the process. As
discussed thoroughly in the literature, photons activate photocatalytic particles
to produce hydroxyl radicals, which oxidize and convert contaminants such as
resistant organic matter, pesticides, herbicides, detergents, pathogens, viruses,
coliforms, and so on. into less harmful (and often harmless) end products.
Photocatalytic treatment processes are performed using a photocatalytic reactor

© 2022 The Editors. This is an Open Access book chapter distributed under the terms of the Creative
Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution for
noncommercial purposes with no derivatives, provided the original work is properly cited (https:/
creativecommons.org/licenses/by-nc-nd/4.0/). This does not affect the rights licensed or assigned
from any third party in this book. The chapter is from the book Photocatalytic Water and Wastewater
Treatment, Alireza Bazargan (Ed.).
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or photoreactor. In general, photoreactors are devices that bring the needed
light and reactants together in effective and proper contact with each other [1].

An important obstacle in the development of efficient photocatalytic reactors
is the design and fabrication of large-scale photoreactors for industrial and
commercial use. To achieve this goal, several parameters must be optimized in
the design of the reactor, including the following [2]:

- selection of a radiation source according to important parameters such as
output power, source efficiency, spectral distribution, shape, dimensions,
and operation and maintenance (O&M) requirements;

+ design of tools related to the radiation system such as mirrors and
reflectors according to the parameters of shape, dimensions, materials
used, and their cleaning process;

- selection of a suitable photocatalyst;

- design of the reactor geometry according to the radiation source.

Regarding the light source, there is a need to use lamps whose emission
spectrum does not deviate much from lamps used in laboratory photoreactors
and bench-scale testing, but which have higher electrical power, longer life, and
also more compatibility with the geometry of the photoreactor [3-5].

Sunlight can also be used as a light source in photocatalytic reactors
since about 5% of the wavelengths of the solar spectrum (which fall within
the ultraviolet (UV) region) can activate TiO, photocatalytic particles (for
unmodified TiO,), although the intensity of the light is not constant over time.
The relationship between photocatalytic removal rate and light intensity at
low intensities is, generally, first order, while at higher levels of radiation, this
relationship follows fractional orders [1].

Evaluation of radiation and its distribution inside photocatalytic reactors
is necessary to generalize laboratory-scale results to large-scale operations
and compare efficiency. In order to properly scale photocatalytic reactors, it
is imperative to maximize the number of photons which are adsorbed in the
given volume and time. In addition, the electron-holes that are created during
the process should not be wasted.

In the case of photocatalytic (nano)particles, choosing the right photocatalyst
can pose particular challenges. In addition to conventional TiO, (including
commercial and synthesized grades in different crystalline phases of anatase,
rutile, and brookite), other options such as ZnO, CdS, WO;, and SnO, can be
used as photocatalytic particles [1].

For the photocatalytic method to work effectively, mass and photon transfer
limitations must be considered in the reactor configuration. Mass and photon
transfer characteristics in immobilized and slurry photocatalytic reactors are
different. Photocatalytic particles in the slurry state are more active than in
the immobilized state, but the need to separate the photocatalytic particles
from the output stream of the slurry reactors is an important challenge.
Immobilized photocatalytic reactors will perform similarly to slurry reactors
if the photocatalyst band gap energy parameters, catalyst thickness, and
proximity between the reactants and the catalyst surface, are properly designed
to overcome mass and photon transfer limitations [6].

Downloaded from http://iwaponline.com/ebooks/book-pdf/1046175/wio9781789061932.pdf

bv auest



Photocatalytic reactor types and configurations 75

The rate at which pollutants are removed and also the final removal
percentage are dependent on various factors. Although the specifications of the
catalyst (such as surface, particle size, concentration, etc.) are important, other
parameters such as the concentration of the pollutants, pH, temperature, and
light wavelength and intensity should not be overlooked [2].

On a micro-level, the physico-chemical principles of photocatalytic systems
are important, but on a larger level, reactor design and engineering require
deep scrutiny. This is especially true for larger-scale reactors that treat larger
volumes of water or wastewater and use more energy. In the following, we first
examine the basic components in the design of photocatalytic reactors and
then describe some diff erent variations that have been used.

3.2 BASIC COMPONENTS IN THE DESIGN OF PHOTOCATALYTIC
REACTORS

Photocatalytic reactors can be classified based on three components: light
source, catalyst, and reactor, which are described as follows.

3.2.1 Characteristics of light
Parameters related to the light are the wavelength of the light to activate the
catalyst (such as UV or visible radiation) and the light source itself.

3.2.1.1 The wavelength of light
The wavelength threshold for activating a photocatalyst depends on its band
gap energy. The value of this threshold is obtained using Planck’s equation:

1240

A (o) = Epg (eV)

(3.1)

where ) is the wavelength of light and E,, is the band gap energy [7]. For example,
the ideal wavelength for a TiO, catalyst with a band gap energy equivalent to
3.1eVis 400 nm [8]. The band gap energy values and wavelengths of some other
types of catalysts used in the design of photocatalytic reactors are presented in
Table 3.1.

However, by modifying the catalyst, the band gap energy can be changed,
resulting in a wavelength threshold shift for catalyst activation. Kumordzi
et al. (2016) synthesized TiO, catalyst modified with graphene (G) and used the
TiO,-G composite catalyst for photocatalytic degradation of Zn?*. The results
showed that the band gap energy decreased from 3.1 eV for pure TiO, to 2.2 eV
for TiO,-G. In tandem, the value of the wavelength threshold increased from
400 to 563 nm [7].

3.2.1.2 Light source

Light source is one of the most important components in photocatalytic
reactors. The light source used in photocatalytic reactors can be natural light
(sunlight) or artificial light (by lamps).
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Table 3.1 Band gap energies and corresponding radiation wavelengths for
activation of some semiconductors [9].

Semiconductor Band Gap Energy (eV) Wavelength (nm)
TiO, (Anatase) 3.2 388
TiO, (Rutile) 3.03 413
TiO, (Brookite) 3.30 376
ZnO 3.2 388
CdSs 2.4 516
WO, 2.8 443
SnO, 3.6 345

Solar radiation is cheap and depending on the location, is more abundant
in terms of UV photon supply. However, radiation flux is highly variable and
only available during the day [11]. Photocatalytic reactors with natural light
source (solar photoreactors) are divided into two categories: concentrating and
non-concentrating light, based on the received radiation. The advantages and
disadvantages of these two categories are summarized in Table 3.2.

Verma et al. (2018) investigated and compared the photocatalytic
decomposition of isoproturon herbicide using a fixed bed solar reactor with
a concentrating and non-concentrating system. The results showed that the
reactor with the concentrating system increased the removal efficiency, due to
the increase in the number of photons to activate the catalyst, and also reduced
the decomposition reaction time. The results of this research are presented in
Table 3.3 [12] to highlight the superior performance of concentrating systems.

Barzegar ef al. (2021) investigated the removal of methylene blue (MB) and
rhodamine B (RhB) contaminants using a solar parabolic trough photoreactor
and g-C;N,/TiO, photocatalyst. The set-up is shown in Figure 3.1. Removal

Table 3.2 The mainadvantages and disadvantages of concentratingand non-concentrating
solar photocatalytic reactors [2].

Non-Concentrating Reactors Concentrating Reactors
Advantages
1. Negligible light losses 1. Smaller reactor volume

2. Use of both direct and diffused light 2. Smaller harvesting area
3. Simple design and low investment cost 3. Possibility to reduce reaction time

4. Linear relationship between efficiency and increase removal efficiency of
and radiation intensity pollutants
Disadvantages
1. High frictional pressure drop 1. More investment costs

N

. Use of only direct light
3. Square-root dependence between light
intensity and efficiency

2. Larger reactor
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Table 3.3 A comparative example of using concentrating and non-concentrating solar
photocatalytic systems [12].

Reactor Parameter
Removal Reaction The Volume of the  Collision Photon
Efficiency (%) Time Treated Solution (L) Flux (Einstein/L/s)

(minutes)

Fixed 91 240 6 8.5x10-°

bed with

concentrating

system

Fixed bed 65 600 6 3.51x10-°

with non-

concentrating

system

efficiencies for contaminants MB and RhB were 94.94% and 93.07%,
respectively [13].

As mentioned, the main disadvantage of solar photoreactors is their variable
radiation flux and slow kinetics. Thus, the design of photocatalytic reactors has
predominantly employed artificial lighting systems which use UV radiation.
UV radiation is divided into three categories according to the electromagnetic

Figure 3.1 The experimental set-up of a solar photoreactor: (a) scheme, and (b) photo.
Reproduced from [13].
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spectrum: UV-A, UV-B and UV-C. UV-A has a radiation wavelength of 320 to
400 nm, UV-B has a radiation wavelength of 290 to 320 nm and UV-C has a
radiation wavelength of 200 to 290 nm [14].

The most common types of UV radiation sources in photocatalytic processes
are low- and medium-pressure mercury lamps. Despite having the advantage of
constant photon flux, these lamps have disadvantages such as short life (9000-
12,000 h), low energy efficiency, and destructive environmental effects due to the
presence of mercury [15]. In order to overcome these shortcomings, in some studies
high-pressure mercury lamps have been used as the light source [9]. Another type
of artificial light source that can be a good alternative to conventional mercury
lamps is UV light-emitting diodes (UV-LEDs). The advantages of this light
source include low space occupation, durability, faster start-up, lower energy
consumption, and longer life (35,000-50,000 h) [16]. Some examples of studies
which have used artificial light sources are listed in Table 3.4.

The position of the lamp or radiation source is also a distinguishing feature
of photocatalytic reactors. The configuration types of photocatalytic reactors
can be divided into three general categories according to the position of the
light source [2]:

+ Reactors with immersed radiation source (lamp is placed inside the reactor)

- Reactors with external radiation source (lamp is placed outside the reactor)

- Reactors with distributed light sources (radiation is transmitted from the
source to the reactor by optical instruments such as reflectors)

Table 3.4 Examples of photocatalytic studies using artificial light.

Photocatalyst Pollutant Initial Light Removal Reference
Concentration Source Efficiency
of Pollutant (%)
ZnO/TiO, 4-Chlorophenol 25 mg/L 16 W UV-B  About 100 [17]
lamp
TiO, COD of landfill 28-34g/L 15WUV-C 92 [18]
leachate lamp
ZnO 4-Chlorophenol, 10 mM 125W HP 92 [17]
phenol Hg lamp
Zn0O/Sn0O, MB 10 mg/L 500WHg 97.3 [19]
lamp
TiO,/ZnO Phenol 100 mg/L UV light  ~100 [20]
ZnO/TiO,/Au Anthracene 50 pg/L 250 WHP 537 [17]
Hg lamp
TiS,-TiO, Acid black 1 200 mg/L UV light 86 [21]
TiO, Imidacloprid 10 mg/L 15W T5 97 [22]
Mo,C Maxilon blue - Tungsten 90.5 [23]
GRL 300 basic light
dye

COD, chemical oxygen demand.
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3.2.2 Catalyst

Several catalysts such as TiO,, ZnO, WOs, ZnS, Fe,04, CdS, and so on. have been
used for the photocatalytic degradation of various pollutants [24, 25]. One of the
basic aspects of designing photocatalytic reactors is how to use the catalyst. In
general, in photoreactors, the catalyst can be used as a slurry or immobilized. In
the following, each of these two modes will be presented.

3.2.2.1 Slurry photoreactor
Slurry photocatalytic reactors have been used since the early 1990s [26]. In these
photoreactors, the catalyst particles are freely dispersed in the liquid phase.
Usually, mechanical, magnetic, or gas stirrers and agitators are used to maintain
the suspension state of the catalyst in the liquid phase. Among the advantages of
using a catalyst as a slurry are the high surface-to-volume ratio due to its relatively
uniform distribution, proper mixing of catalyst particles, and easy reactivation
of the photocatalyst. However, a continuous filtration process is required to
separate the catalytic particles from the treated stream. This separation is usually
achieved by a physical process such as filtration or centrifugation, not to mention
separation using coagulation and settling, which increases the operating cost
of this type of reactor [27]. Another disadvantage of this type of reactor is the
possibility of light being scattered by the slurry particles which in turn prevents
the penetration of light to all required spaces [28].

In general, the advantages and disadvantages of slurry photoreactors are as
follows [2]:

Advantages:

+ Relatively uniform distribution of catalysts

+ High ratio of catalyst surface to reactor volume

- Simple design and construction of the reactor

- Low-pressure drop in the reactor

+  Good mixing of catalyst suspension

+ Minimizing the possibility of catalyst clogging due to the possibility of
removing or replacing the catalyst continuously during the process

Disadvantages:

- Need to separate photocatalytic particles from the treated stream
- Light scattering by suspended particles

Some types of slurry catalyst photoreactor configurations are the slurry
annular reactor (SAR), open upflow reactor (OUR), integrated flow reactor-
membrane filtration (IFR-MF), swirl flow reactor (SFR), Taylor vortex reactor
(TVR), and turbulent slurry reactor (TSR) [2].

To achieve the optimal design of slurry photocatalytic reactors and
subsequently high efficiency in treatment operations, several studies have
examined the operating parameters affecting the performance of the reactor. For
example, Sivagami et al. (2016) investigated the effect of initial concentration,
solution pH, and catalyst concentration on the removal of Endosulfan (ES)
and chlorpyrifos contaminants (CPS) using a slurry annular photoreactor with
a 254 nm UV lamp as a light source. Effect of parameters like concentration
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(5-25mg/L), pH (3.5 to 10.5) and the catalyst loading (0.5-2 g/L) were
investigated on the removal of each pollutant. The removal efficiencies of ES
and CPS were reported at 80-99% and 84-94%, respectively [29].

Kamble et al. (2006) investigated the effect of solar and UV radiation on the
removal process of 1,3-dinitrobenzene (m-DNB) using a slurry photoreactor
with TiO, photocatalytic particles. The effects of various parameters, such as
initial pollutant concentration, catalyst dosage, presence of anions, and pH,
were investigated. The results showed the destructive effect of the presence of
anions on the rate of photocatalytic degradation of the pollutant. Also, the rate
of degradation of the pollutant was maximum at neutral pH [30].

In another study, Nishio et al. [31] investigated the decolorization rate of
orange II azo dye using a slurry photoreactor containing ZnO photocatalytic
nanoparticles under UV irradiation. The material of the cylindrical reactor used
in this research was Pyrex glass and its inner diameter, height and volume were
0.08 m, 0.55 m, and 2 liters, respectively. In the design of this reactor, three 15 W
UV lamps were used outside the reactor, each placed 25 mm away from the surface
of the photoreactor. The effect of various factors such as radiation intensity,
initial dye concentration, nanoparticles dosage, and the pH of the solution were
investigated. The results showed that with decreasing the initial dye concentration
and increasing the intensity of UV radiation, the dye removal efficiency increased
and that the highest removal efficiency was obtained at pH="7.7 [31].

In a study conducted by Wu et al. [32], the removal of organic dye from textile
industry effluent was investigated using a slurry reactor. The catalyst used in this
study was TiO, in the form of a slurry, and organic dye and air were injected into
the reactor. To investigate the removal kinetics of the contaminant, the effect of
mixingspeed (50-200 rpm), TiO, suspension concentration (0.25-1.71 g/L), initial
contaminant concentration (10-50 ppm), temperature (10-50°C), and UV source
power intensity (0-96 W) were studied using the one-factor-at-a-time method.
The results showed that changing the mixing speed in the mentioned range had
little effect on the contaminant removal rate. Also, the maximum contaminant
removal rate occurred at the initial concentration of TiO, suspension equal to
0.98 g/L. The dye’s removal rate increased to a certain value with increasing dye
concentration depending on the temperature and then decreased. The pollutant
removal rate was maximized when UV power equaled 64 W [32].

In another study, Tokumura ef al. [33] investigated the removal of azo dye
orange II during a homogeneous photocatalytic process (photo-Fenton) using a
cylindrical column slurry photoreactor. The iron ions required for this process
were obtained by washing tourmaline powder containing 4.49% w/w of Fe,Os.
The radiation source in this system was placed outside the photoreactor. The
results showed that with increasing the amount of tourmaline and UV light
intensity as well as decreasing the initial dye concentration, the dye removal
efficiency improved [33].

3.2.2.2 Immobilized photoreactors
Immobilized photocatalytic reactors are reactors in which photocatalytic
particles are fixed by physical surface forces or chemical bonds on supports.
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Among the characteristics of a good support for photocatalytic particles are the
following [34]:

« Transparency against UV rays

- No negative effect of physical surface forces or chemical bonds on the
activity of nanoparticles

- Having a high specific surface area

+ Having a good adsorption capacity to absorb organic matter and further
allow its degradation

- DPositive effect on facilitating mass transfer processes

« Chemical inertness

- Ability to recover and reuse

Some supports which have been used in this type of reactor are:

+ Carbon fiber [35]

- Stainless steel [36]
« Silica gel [37]

« Activated carbon [38]
« Zeolite [39]

+ Glass beads [40]

+ Alumina [41]

+ Polymer films [42]
+ Sand [43]

+ Quartz [34]
 Perlite [44]

One of the most important advantages of these reactors is that there is no need
to retrieve the catalyst from the liquid stream. This can help the treatment
operation proceed continuously with fewer problems.
In general, the advantages and disadvantages of these photoreactors are [2]:
Advantages:

+ They can be used in continuous processes

+ No need for additional processes, such as filtration, to separate the catalyst

+ Good efficiency at removing organic pollutants if using supporting
materials with high adsorption properties

Disadvantages:

- Low ratio of photocatalyst active surface to reactor volume

+ Lowlight efficiency due to light scattering in the surrounding environment
of the photocatalyst

« High-pressure drop if the liquid stream is forced through the support

« Chance of the catalyst washing out from the bed

+ Restriction of mass transfer

Types of catalyst immobilized photoreactors include falling film reactor (FFR),
multiple tube reactor (MTR), packed bed photoreactor (PBR), fiber optic cable
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reactor (FOCR), rotating disk reactor with controlled periodic illumination
(RDR-CPI), spiral glass tube reactor (SGTR), and tube light reactor (TLR) [2].

Grieken et al. [45] investigated and compared the efficiency of slurry and
immobilized photoreactors with the aim of inactivating Escherichia coli. They
considered various parameters such as the concentration of TiO, nanoparticles
in the slurry reactor, and the thickness of the TiO, layer in the immobilized
reactor. The configuration of the immobilized reactor was designed in two
forms: TiO, stabilization on the wall and TiO, stabilization on the fixed bed
packing. According to the obtained results, slurry reactors showed higher
efficiency in the inactivation of the microorganisms.

Li et al. [46] designed a double-cylindrical-shell (DCS) photoreactor and
fixed TiO,-coated silica gel beads on the outer surface of the inner cylinder.
The reactor shell was built from quartz glass. The set-up was used to remove
rhodamine B and methyl orange from water and operational parameters, such
as flow rate and initial concentration, were investigated. The results showed
that this reactor had a higher efficiency in removing the pollutants and used
less energy compared to thin-film and slurry photoreactors.

Behnajady et al. [47] used a continuous flow photoreactor to degrade C.I.
acid red 27 (AR27). The reactor was made of four quartz tubes that were
connected in series by a polyethylene tube. TiO, photocatalyst particles were
loaded onto plates and then placed inside each of the quartz tubes. The light
source used was UV lamps placed in front of the tubes. The results showed that
with increasing light intensity, the removal efficiency of the desired pollutant
increased linearly and decreased with increasing flow rate.

Malakootian et al. [48] investigated the photocatalytic degradation of the
antibiotic ciprofloxacin using TiO, nanoparticles (1 g/L) fixed on a glass plate.
The maximum removal efficiency of the mentioned contaminant was obtained
under operating conditions of pH =5, contact time equal to 105 minutes, and
initial concentration of the contaminant equal to 3 mg/L. The optimal removal
efficiencies of ciprofloxacin in synthesized and real cases were 92.81% and
86.57%, respectively.

The photocatalytic removal of phenol using ZnO nanosheets fixed on
montmorillonite was investigated in 2015 by Ye et al. [49]. The results showed
that if ZnO nanosheets immobilized on montmorillonite were used, the removal
efficiency increased by about 32.5% compared to the use of ZnO photocatalytic
particles (88.5% vs. 56%).

Damodar et al. [50] used an innovative photoreactor with TiO, nanoparticles
on polyvinyl chloride (PVC) rotating tubes to degrade azo dye. In this reactor,
the fluid flow was continuous and three 30 W low-pressure mercury UV lamps
were used to emit light. The reactor consisted of two cells, each containing
five tubes of TiO,-coated PVC. Both cells had the same volume (1.5 L) and the
same light distribution. All tubes were rotated simultaneously by a variable
speed DC motor. In this study, the effect of key parameters of initial dye
concentration, tube rotation speed, pH, and fluid flowrate on the removal of
the desired contaminant was investigated. The results showed that low initial
contaminant concentrations and acidic conditions are suitable for pollutant
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removal. The optimum speed of the PVC pipes was 25 rpm. Dye removal
efficiency of 90-99.9% and total organic carbon (TOC) removal efficiency of
55-70% were obtained.

3.2.3 Process type
Processes can be divided into batch and continuous configuration, each
employing specific types of reactors as described below.

3.2.3.1 Batch reactors

In batch reactors, the reactants enter the reactor and react with each other over
aperiod of time. At the end of the reaction, the products and unused reactants (if
any) are removed from the reactor [51]. This means that these types of reactors
have no inlet or outlet flow of reactants or products during the reaction. In this
type of process, mixing operations are often used to maintain the uniformity
of the reaction mixture, and if the reaction mixture is completely stirred, the
reaction rate will not vary depending on the position within the reactor. In
other words, in an ideally mixed batch reactor, the reaction mixture’s properties
and the reaction rate are the same at all points in the reactor.

Batch reactors are quick and easy to install, and also easy to operate, yet
they may require a continuous flow of cold water for cooling due to the increase
of temperature resulting from the photocatalytic lamp [1, 52, 53].

Numerous studies have been performed on the removal of various
contaminants using slurry or immobilized photocatalytic particles in batch
photoreactors. For example, Divya et al. [54] studied the photocatalytic
degradation of an acidic dye, orange G, using a UV irradiated batch photoreactor
with H,O, injection. Various process parameters such as pH, dye concentration,
amount of H,0, and TiO,, light source, and light intensity along with the effect
of reflective surfaces were examined. In this study, a reactor with dimensions
of 56 x28.5 x 59 cm with two 15 W UV lamps and a high-pressure 125 W lamp
were used. The results showed that if the reflecting surface is used, a higher
removal efficiency, compared to when the surfaces are painted black (100% vs.
85%), is obtained.

Chanathaworn et al. [55] used a batch photoreactor containing 0.5 L
of solution to remove rhodamine B (RhB) and malachite green (MG). The
photoreactor was placed inside a stainless steel chamber and UV lamps were
mounted vertically on the inner wall of the chamber. The reactor was cooled
by airflow. The effects of parameters of initial pollutant concentration (10—
30 mg/L), light intensity (0-114 W/m?) and TiO, concentration (0.5-1.5 g/L)
were investigated. Due to the structure of the MG contaminant, its removal rate
was higher than that of RhB. According to the experiments, the color removal
efficiency increased with increasing the amount of TiO, and the intensity of UV
light. However, with increasing initial pollutant concentration, this efficiency
decreased. The maximum dye removal efficiency was reported at 1.5g/L
catalyst concentration, 20 mg/L initial pollutant concentration, and 114 W/m?
light intensity. A diagram of the reactor used in this study is presented in Figure
3.2 [55].
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Figure 3.2 Laboratory set-up of a batch reactor used for rhodamine B (RhB) and malachite
green (MG) removal: (1) cooling air outlet, (2) UV lamps, (3) reactor, (4) stirrer, (5) cooling air
inlet, (6) chamber. Reproduced from [55].

3.2.3.2 Continuous reactors
Continuous photoreactors are classified into continuous stirred tank reactors
(CSTRs) and plug flow reactors (PFRs) based on their hydrodynamic regime.
Studies on PFR and CSTR systems are imperative if photocatalysis is to be used
in large-scale applications [56].

As the name implies, a CSTR has an inlet and outlet flow, and the contents
are constantly stirred. Therefore, due to complete mixing, the concentration of
components and temperature, and consequently the reaction rate, will be the
same in all parts of the reactor. In this case, the concentration and temperature
of the output of the reactor are equal to the concentration and temperature
of the contents inside the reactor. It should be noted that at the beginning of
the operation of these reactors, the reaction conditions are transitional and
unstable before stability is reached after a short amount of time.

Behnajady et al. [57] designed a batch-recirculated photoreactor to remove
C.IL acid red 17. For this purpose, an annular photoreactor was combined with a
CSTR and the output flow from the CSTR was returned to the annular reactor.
The effect of operating parameters such as fluid volume inside the CSTR and
volumetric flow rate was investigated. The results showed that the removal
efficiency of the mentioned pollutant increased with increasing volumetric flow
rate, while it decreased with increasing the volume of the liquid in the CSTR. In
another study, Sheidaei and Behnajady [58] used TiO,-P25 nanoparticles in the
reactor mentioned in the previous study for the removal of acid orange 7. They
examined various parameters such as initial pollutant concentration, solution
volume, volumetric flow, reaction time, and light source power. The experimental
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results demonstrated that the key parameter affecting the efficiency of pollutant
removal was the light source. Optimal values for initial pollutant concentration,
solution volume, volume flow, reaction time, and light source power were found
to be 20 mg/L, 500 mL, 140 mL/min, 60 min, and 13 W, respectively.

On the other hand, in plug flow reactors (PFRs) the reaction solution enters
from one side and exits from the other side, but follows a straight path within
a tube without any mixers. Ideally, the fluid flow is assumed to be turbulent
(Reynolds number greater than 2000) resulting in fluid motion along the bed as
a piston with no axial dispersion. In this case, the reactants flow continuously
along the reactor, and their consumption and concentration are constantly
changing, but the concentration changes in the direction of the reactor radius
become negligible. Of course, this is not always the case. For example, Chen
and et al. [59] used a simple tubular reactor to remove organic dye from the
environment. The Reynolds number obtained for the volumetric velocity inside
the reactor was 184, indicating a laminar flow inside the reactor.

Alam et al. [60] investigated the performance of continuous and batch
reactors in the photocatalytic removal of reactive yellow dye using TiO, catalyst
immobilized on ceramic plates. The operating parameters including initial dye
concentration, amount of catalyst and reaction time were studied. The results
showed that the batch reactor had a higher removal efficiency and by using this
type of reactor, under a residence time of 360 minutes, the removal efficiency
of the reactive yellow dye with an initial concentration of 200 ppm was 60%.

3.3 PHOTOREACTOR CONFIGURATIONS

The configuration of the reactor and its operating conditions can strongly affect
the performance and extent of the photocatalytic reactions. There have been
numerous reactors used at different scales (from bench-top to industrial scale)
for photocatalysis. The shapes and scales of reactors used is diverse, and the
following have been chosen as some of the most common types to be further
discussed:

« Fixed bed photoreactors

- Packed bed photoreactors (PBR)
+ Fluidized bed reactors

+ Thin film reactors

+ Membrane reactors

+ Cascade reactors

« Spinning disk reactors

- Rotating photocatalytic reactors
- Taylor vortex reactors

- Optical fiber reactors

3.3.1 Bed reactors

In the last decade, photocatalyst stabilization on the substrate (based on
physical surface forces or chemical bonding) has received much attention. In
fixed bed reactors, the contact of the contaminant with the catalyst surface
and the amount of mass transfer is less than with a suspended bed, and the
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performance of this type of photoreactor depends to a large extent on the
surface area of the bed [61]. Various forms of these photoreactors have been
studied to overcome the limitation of mass transfer. In these studies, flow
mixing is often created by stirring velocity, rotational velocity, cascading flow,
or reactor geometry.

3.3.1.1 Fixed bed photoreactor

Alexiadis and Mazzarino used a fixed bed photoreactor for wastewater
treatment at pilot and industrial scale [62]. The cost of wastewater treatment was
determined by taking into account the energy consumption and periodic need
for replacing commercial UV lamps. It was found that the optimal conditions
for wastewater treatment depend on the degradation kinetics of the pollutants.
Using high-power UV lamps and dense catalysts, the process cost was reduced
and the degradation reaction rate was slow. Conversely, a low power UV light
source and catalyst with low absorption were used to achieve a high rate of
degradation [62].

Cloteaux et al. [63] studied the removal of formaldehyde using a fixed bed
photocatalytic reactor filled with TiO,-coated media as shown in Figure 3.3.
The media used was Raschig rings and the light source was UV-A lamps. The
description of the hydraulic behavior of the reactor in this study is based on the
residence time distribution model, which includes light distribution, chemical
kinetics and mass transfer. This model, along with the Langmuir-Hinshelwood

2 g
J Top view of set-up
Air3Lh?

Liquid 1.8 Lh™

Injection
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Analysis

Figure 3.3 Experimental fixed bed photocatalytic reactor filled with TiO,-coated media:
(1) fixed bed reactor (2) lamps and (3) tank. Reproduced from [63].
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(L-H) kinetic model, determined the changes in the concentration of the
pollutant at the reactor output. The favorable results showed high formaldehyde
removal efficiency.

Packed bed reactors usually have an annular geometry so that the light
source is located on the central axis. However, this configuration limits
photocatalytic radiation and non-uniform flow distribution, and this limitation
has a negative effect on the overall efficiency of the photoreactor. Compared to
annular photoreactors, reactors with flat plate geometry can be used at more
diverse scales and can also be activated by sunlight if need be. In general, the
flow regime of the liquid must be selected in such a way that adequate mixing
is achieved, while the surface of the photocatalyst particles is not damaged by
high velocities, perturbations, and shear stresses [64].

Vaiano et al. [65] immobilized nitrogen-doped TiO, particles on glass
spheres and used them in a fixed bed reactor with a flat plate geometry to
maximize contact between photocatalyst particles and radiation for wastewater
treatment. The results showed that the removal of methylene blue increases
with increasing contact time, whether the light source is UV or visible light.

3.3.1.2 Packed bed photoreactor (PBR)

Borges et al. [66] used a continuous PBR reactor to remove paracetamol
contaminant from wastewater. In the study two configurations were tested,
namely, (a) a CSTR photoreactor with TiO, suspended particles, and (b) a
PBR reactor with TiO, immobilized on glass balls as depicted in Figure 3.4.
To achieve optimal conditions, the amount of titanium, pH, and wastewater
concentration were investigated. The results of this study indicated that the
PBR reactor showed better efficiency in removing the desired contaminant.

3.3.2 Fluidized bed reactors

One of the most commonly used catalytic reactors is the fluidized bed design.
Although these reactors are heterogeneous, they have good mixing, so the
temperature and concentration are evenly distributed throughout the bed.
This type of reactor contains a large amount of feed as well as solids and
has good temperature control. Slurry reactors, although highly effective, face
major limitations in industrialization due to the problem of catalyst particle
separation, especially when very fine particles are used. In this type of reactor,
the catalyst can be fixed on the fluidized substrate as well. When a fluid
stream does not pass through the system, the particles settle to the bottom of
the reactor and the system remains idle. Only when fluid passes through the
particles (from the bottom towards the top) do the particles jump, mix and
become fluidized as the name of the system implies. In photocatalytic processes,
photocatalytic particles are usually immobilized on substrates such as glass
pellets, ceramic particles, and activated carbon. In this regard, Mohammad
Kabir and his colleagues immobilized TiO, photocatalytic particles on a glass
substrate and studied the removal of pollution from the aqueous medium and
the effect of adding hydrogen peroxide using a fluidized bed reactor as shown
in Figure 3.5 [67].
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Figure 3.4 Packed bed photoreactor with glass balls as the bed (CPC: compound parabolic
collector). Reproduced from [66].

3.3.3 Thin-film reactors
Thin-film reactors are designed to perform best with low reactive volumes (50 to
500 mL) and concentrated solutions in which radiation penetrates millimeters.
The reaction solution is injected into the reactor through a glass jet from the
tank, and a thin film of fluid flows by gravity onto a closed transparent tube. A
low-pressure mercury or phosphor-coated lamp is placed inside the tube, which
provides uniform light radiation for the thin film. For the reverse flow direction
mode, the direction of fluid flow is from bottom to top.

Quartz or borosilicate double-walled glass tubes are often used in this type of
reactor. The inlet flow rate of the liquid jet varies from 0.1 to 1 mL/s, depending
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Figure 3.5 Schematic of a fluidized bed reactor used for experimentation. Reproduced
from [67].

on the size of the jet and the setting of the bypass flow control. The liquid film
thickness is in the range of 0.1 to 0.3 mm depending on the flow rate and solvent
used. Self-priming pumps are used in these reactors to inject a mixture of air
and fluid. Thin-film reactors work best to control changes in a photochemical
reaction during the discharge of the reactant or the formation of a product.

Damodar et al. [68] used a thin-film plate reactor immobilized with
TiO, nanoparticles under sunlight to investigate the removal of four dye
contaminants. The initial concentration of the contaminant was from 25 to
100 mg/L and the catalyst loading was from 0.5 to 1 g/L for batch experiments.
Depending on the initial concentration of dye, contaminant morphology, and
catalyst content, the contaminant removal efficiency varied between 30 and
70%. However, according to the initial concentration of the pollutant and the
irradiation time, a maximum removal efficiency of up to 98% was also reported
in this photoreactor.

Kuo et al. [69] used a thin-film photoreactor with incorporated coating
of TiO, nanoparticles with platinum and silver to remove o-cresol pollution
as depicted in Figure 3.6. The results showed that the Pt-TiO, coatings and
Ag-TiO, coatings improved the removal efficiency of the contaminant and that
the efficiency was higher for Pt-TiO, coating compared with Ag-TiO, coating
and pure TiO, nanoparticles.

Saran ef al. [70] used a thin film plate reactor (TFPR) to purify the effluent
from the secondary treatment of a sugar industry plant with sunlight on a pilot
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Figure 3.6 Schematic of thin film reactor. Reproduced from [69].

scale. In this study, Ag/TiO, nanoparticles were immobilized on ceramic tiles
and the efficiency of treatment was compared to that obtained by using pure
TiO, nanoparticles without silver. The results showed that the chemical oxygen
demand (COD) removal efficiencies after 8 hours of sunlight by using Ag/TiO,,
pure TiO, nanoparticles and without the use of catalysts were 95%, 86%, and
22%, respectively. Also, the optimal values of sunlight duration, flow rate, initial
pH, and the amount of H,0, were 3 hours, 15 L/h, 2 and 5 mM, respectively,
which resulted in COD removal as high as 99%. Coupling such a system with
photovoltaic cells could provide the electricity needed for the circulation pump.
The system, as shown in Figure 3.7, was able to purify the wastewater to such
an extent that it could theoretically be used for some industrial purposes.

Circulating tube

ﬁ\ Manifold

Figure 3.7 Pilot set-up of a thin film plate reactor reporting COD removal as high as 99%.
Reproduced from [70].
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3.3.4 Membrane reactors

Photocatalytic reactors using membranes are usually employed in three ways:
(I) a slurry photoreactor chamber followed by a separate membrane module
for filtration, (II) membranes used within a slurry photoreactor to remove
the treated liquid without any escape of the catalyst, and (III) the use of
immobilized catalysts on the membrane instead of employing a slurry. For the
third option, instead of fabricating membranes from scratch, in some cases it is
possible to purchase normal membranes which are available on the market and
immobilize the photocatalytic catalyst on their surface.

Disadvantages of membrane photocatalytic reactors are: light scattering in
the slurry catalyst (and any other disadvantage of the slurry reactor previously
mentioned), difficult maintenance, high capital and operating costs, as well as
the effect of wastewater components, such as particulate matter, mineral salts,
and soluble organic pollutants, on membrane clogging and fouling [16]. Some
variations of membrane photoreactors are shown in Figure 3.8.

3.3.5 Cascade reactors

These types of reactors consist of several similar stages in series so that in
each stage, the output flow from the previous stage is treated. In other words,
cascade reactors are not a specific reactor per se, but rather a combination of
the other types of photocatalytic reactors previously explained.

In its simplest form, a cascade reactor can be a series of thin film plate
reactors placed one after another where the outlet of one plate falls on the next
plate and so on. As a case in point, Azadi et al. [71] studied the treatment of
diluted landfill leachate with COD =550 mg/L using a cascade photoreactor.
The designed cascade reactor consisted of four steps made of Plexiglass with
dimensions of 15x 10 cm and a step height of 7.5 cm for each step. A glass

(@)

-

Figure 3.8 Scheme of a separated membrane photoreactor (a), a modified separated
membrane photoreactor (b), an integrated membrane photoreactor (c); a lamp (1), a
compound parabolic collector (2) and a membrane module (3). Reproduced from [16].
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92 Photocatalytic Water and Wastewater Treatment

plate coated with carbon and tungsten titanium oxide (W-C-codoped TiO,)
nanoparticles was placed on each step. Two tanks with volumes of 1.8 and
0.125 L were placed at the bottom and top of the reactor, respectively, and the
effluent was returned from the lower tank to the upper tank using a magnetic
pump. The results showed that after 40 hours of treatment under 40 W intensity,
coating surface density of 10.59 g/m?, and leachate return rate of 1 L/min, COD
removal efficiency of 84% was obtained.

Along the same lines, photocatalytic removal of benzoic acid was investigated
by Chan ef al. [72] using a cascade photoreactor consisting of three stainless
steel plates as shown in Figure 3.9. TiO, nanoparticles were immobilized on
the plates and UV lamps were used for irradiation. According to the results,
the cascade reactor performed better than the single-plate reactor with a length
and surface area comparable to the summation of all the used plates. It was
postulated that in this type of configuration, the falling water improves the
efficiency by increasing mixing and the transfer of oxygen into the solution.
Such findings have been reaffirmed by Guillard ef al. [73] for the decomposition
of 4-chlorophenol and formetanate using a cascading photoreactor.

Bank of UV lamps

TTTTTTTTTTTTT]
VAL e

Cascade configuration

Single plate configuration ’ —

4' Reactor tank

Flowmeter with valve

Water bath

Figure 3.9 Schematic of a cascading reactor using several plates to improve mixing and
oxygen transfer into the wastewater. Reproduced from [72].
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Amiri et al. [74] used a cascade disk photocatalytic reactor coated with
ZnO nanoparticles to investigate the effect of artificial roughness and flow rate
on the photocatalytic degradation of reactive yellow 81 (RY81) pollutants. As
evident from Figure 3.10, in order to set up this photoreactor, four circular
disks with a radius of 34 cm were placed around a UV-C lamp as a light source.
Sewage flow was pumped from the supply tank to the highest disk and from
there it flowed downwards with a cascading flow regime through the holes in
each disk (12 small holes of 4 mm diameter). These holes were embedded in a
zigzag pattern to increase the time for the sewage stream to be exposed to light
and to carry oxygen. The results showed that by creating artificial roughness on
the disks and increasing the flow rate, the mass transfer coefficients increased
which had a significantly positive effect on the removal of the aforementioned
contaminant.

3.3.6 Spinning disk reactors

The differentiating component of a spinning disk reactor is that the catalyst is
coated onto a disk which is subsequently mounted on a rotating motor with
controllable speed. In this type of reactor, the wastewater flow is transferred
by a pump to the center of the spinning disk and while flowing on it radially,
it is irradiated by a light source. The output flow is collected at the bottom of

UVC Lamp

Orifice Numbers = 12, D= 4mm

Circular disk with artificial
roughnesses and ZnO
nanoparticles coated

Reservoir

Figure 3.10 Schematic design of a photocatalytic cascading disk reactor. Reproduced
from [74].
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94 Photocatalytic Water and Wastewater Treatment

the reactor and can be returned to the beginning of the process if once-through
treatment is not enough. After a period of time, the output flow concentration
reaches steady state and the desired data can be prepared and analyzed.
In previous studies, the components of the reactor have been covered with
aluminum foil in order to prevent photolysis where it is unwanted [75, 76].
Yatmaz et al. [77] used a spinning disk reactor to degrade 4-chlorophenol
and salicylic acid contaminants. The disk used in the reactor was made of
borosilicate glass and TiO, nanoparticles were coated on it (Figure 3.11). The
solutions of each contaminant flowed on the disk and were irradiated witha UV
lamp. In this study, two types of low-pressure and medium-pressure mercury
lamps were used (Figure 3.12), with peak wavelengths of UV rays emitted from
the lamps being 254 and 365 nm, respectively. The results showed that the
efficiency of the photocatalytic process depended on the type of UV source
used and the shorter wavelength UV lamp had the highest removal efficiency.
In 2010, TiO, nanoparticles were immobilized onto a spinning disk which was
then subjected to UV-C irradiation to remove methyl orange [78]. The diameter
of the rotating disk used was 6 cm. The results showed that despite the short
residence time of no more than a few seconds, a removal efficiency of more than
50% was achievable. In 2017, Mirzaei et al. [79] improved the performance of
spinning disk reactors to remove phenols by using several baffles. They compared
the removal of phenol contaminants using smooth and baffled spinning disk
reactors as depicted in Figure 3.13. The results showed a significantly positive
effect of the presence of baffles on the mixing and mass transfer, so that under

spinning disc reactor —¢ liquid holding tank

[

AX

sampling point

Figure 3.11 Layout of an experimental spinning disk set-up. Reproduced from [77].
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(a) (b)

liquid out

liquid in

liquid out 1

liquid in

Figure 3.12 Lamp configurations used for the spinning disk reactor with arrows indicating
direction of liquid flow; (@) 2x15W low pressure mercury lamps, (b) 400 W medium
pressure mercury lamp. Reproduced from [77].

Figure 3.13 Schematic of spinning disk reactors with baffles which markedly improve
performance. Reproduced from [79]. (1) feed reservoir, (2) pump, (3) valve, (4) flow meter,
(5) strip of UV lamps, (6) spinning disc, (7) temperature sensor, (8) compressor, (9) power
supplier, (10) circulating water bath. With different structures of disc surface: (a) smooth
disc (b) baffled disc-1 (c) baffled disc-Il.
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96 Photocatalytic Water and Wastewater Treatment

the same conditions, complete destruction of the contaminant in the baffled
type occurred 90 minutes earlier than in the smooth type.

3.3.7 Rotating photocatalytic reactors
Rotating photocatalytic reactors have three main components: the reactor tube,
the catalyst-coated disk, and the light source. This type of reactor consists of a
series of coaxial disks coated with photocatalytic particles that are placed at a
certain distance from each other in a tank. Any number of disks together form
one stage, and a rotating photocatalytic reactor may consist of one or more stages.
A portion of each of the disks is immersed in the reaction liquid and the rest of
the disks, which are left outside of the reaction medium, are in contact with the
oxygen in the atmosphere and are simultaneously exposed to UV or sunlight.
The disks carry a thin film of liquid while spinning and emerging from the bath
at a controllable speed. Under irradiation, the contaminants in the liquid film are
destroyed. The concept behind rotating photocatalytic reactors is similar to that
of rotating biological contactors which have been traditionally used in wastewater
treatment [80, 81]. A schematic of the process is displayed in Figure 3.14.
Montalvo-Romero et al. [81] used a four-stage rotating photocatalytic
reactor with ceramic disks coated with silver-modified TiO, nanoparticles for
photocatalytic degradation of acetaminophen. The tank capacity was 50 L and
the rotation speed of the disks was 54 rpm. The specifications of the reactor
used are presented in Table 3.5. The kinetic results were consistent with the
Langmuir model and showed a high degradation rate of the pollutant at low

concentrations.
Top View
[o]
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Side view

Figure 3.14 Schematic of a rotating photocatalytic reactor. Reproduced from [81].
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Table 3.5 Characteristics of the system used in [81] for photocatalytic degradation of
Acetaminophen.

Parameter Specifications

Structure Semi-cylindrical cover of stainless steel

Number of lamps 6 UV lamps (254 nm)

Disks Assembled on one axis (stainless steel, diameter: 0.25 inches,

length: 0.7 m)

Material: ceramic (diameter: 0.24 m, thickness: 0.006 m, area per
stage: 0.04523904 m?)

Volume 3 L for each stage
Catalyst TiO, doped with silver (5%)
Speed rotation 54 rpm

In another study, the photocatalytic degradation of 4-chlorobenzoic acid
as an organic compound was studied using a rotating disk photoreactor with
a rotation speed of 4 rpm, an initial solution volume of 3.5 L, under ambient
temperature and near UV radiation [82]. The results further showed the
possibility of destroying organic pollutants with such systems.

3.3.8 Taylor vortex photoreactor

The main components of a Taylor vortex reactor are a light source and two
coaxial cylindrical vessels. The inner cylinder rotates at a relatively high speed
(e.g., 4000 rpm) and produces narrow vortices around the central cylinder
known as Taylor or Taylor-Couette vortices. The nature of these vortices
and the resulting degree of mixing depend on the rotation speed of the inner
cylinder, the fluid properties, and the dimensions of the reactor (Figure 3.15)
[83, 84]. There is a relatively small gap between the inner and outer surfaces of
the cylinders and, while performing aeration operations to supply the required
oxygen in this part (if necessary), the reaction mixture flows through. If the light
source is inside the inner cylinder, this cylinder must be transparent to allow
light photons to pass through, and if the light source is outside the reactor, the
outer cylinder must be transparent.

Subramanian and Kannan [85] studied the photocatalytic removal of phenol
using a Taylor vortex photoreactor. The UV lamp was placed as a light source
inside the inner cylinder (Figure 3.16) and the effect of operating parameters
such as aeration, catalyst dose, internal cylinder rotation speed, gap size
between the cylinders, initial pollutant concentration, and irradiation mode
(periodic or continuous) were investigated. The results showed that continuous
aeration of the reactor contents, in addition to providing the oxygen needed
to trap electrons, is necessary to maintain photocatalytic reactions. Also,
in reactors with small and medium gaps between cylinders, aeration caused
mixing of the reaction contents, while in reactors with large gaps between
cylinders, more mixing while rotating the inner cylinder with the help of the
engine had a positive effect on the photocatalytic removal rate. The effect of
increasing the dose of catalyst used on the removal efficiency depended on
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Figure 3.15 A Taylor vortex photoreactor; (a) showing the deconstructed reactor with
the motor and its control box. A drive belt connects the motor and the rotating cylinder.
During operation a protective housing (not shown) contains the motor, belt, and moving
parts; (b) showing the LEDs and mirror blocks mounting positions around the reactor; (c)
diagram of the reactor set-up showing the tubing connected to the reactor. Cooling is
provided to the reactor by a recirculating chiller. The 3 LED blocks are connected in series
and are cooled by a separate recirculating chiller; (d) A cross-section (not to scale) of the
reactor showing the delivery and removal of reagents and air. Image reproduced from [84].
(HPLC: high performance liquid chromatography).

the mixing of the contents so that if sufficient mixing was provided, it had
a positive effect and otherwise a negative effect. The periodic and regular
rotation had no significant positive effect on reactor performance compared to
the continuous mode.

3.3.9 Optical fiber reactors

Components of this type of reactor generally include a light source, optical fibers
coated with photocatalytic particles, and a reaction vessel [1]. Optical fiber
reactors have been used for photocatalytic degradation of various pollutants.
In this regard, Danion ef al. [86] investigated the photocatalytic degradation of
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Figure 3.16 Schematic of an experimental set-up of a Taylor vortex photoreactor. Reproduced
from [85].

malic acid with an initial concentration of 50 mg/L using a fiber optic reactor.
To construct the reactor, a bundle consisting of 57 optical fibers (diameter
1 mm and length 30 cm) covered with five layers of TiO, with a thickness of
150 nm, inside a cylindrical container made of Pyrex glass with a volume of
220 mL (diameter 4.5 cm and length 13.5 cm) were used. In this reactor, a UV
lamp was used as a light source to deliver the required light through the fiber
bundles. The TOC removal efficiency was 21% after 20 h.

Lin et al. [87] used an optical fiber monolith reactor (Figure 3.17) to remove
dichlorobenzene (DCB) and phenanthrene (PHE) from water. In this work, the
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Figure 3.17 Schematic of the optical fiber monolith reactor experimental set-up. The
reactor was in continuous recycle mode when it was tested. To measure the total removal
efficiency, samples were obtained at S1 and S2. Reproduced from [87].

Recirculation pump

Ceramic monolith

optimal TiO, layer thickness on the optical fiber was found to be 0.4 pym. DCB
and PHE degradation kinetics were pseudo-first order. Also, results showed
that overall removal efficiencies for DCB (initial concentration = 147 mg/L) and
PHE (initial concentration =505 pg/L) were 17.8% and 11.9%, respectively.

3.4 CONCLUDING REMARKS

The large number of studies on the design and use of photocatalytic reactors
over the past years indicates the high potential of the photocatalytic method for
use in water and wastewater treatment. In this chapter, the basic components
in the design of photocatalytic reactors including light, catalysts, and reactors
were investigated. Various forms of the configuration of photocatalytic reactors
such as fluidized bed, thin film, cascading, annular, rotating disk, Taylor vortex,
and optical fiber, and their relevant characteristics were examined.

Slurry systems provide a high specific surface area for photocatalytic
particles. This leads to higher interaction between these particles and the
reactants and consequently increases the treatment efficiency. However,
limitations on light penetration and the need for post-treatment processes to
separate photocatalytic particles from the treated stream, limit the possibility
of commercialization and application of this type of reactor on a large scale. In
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104 Photocatalytic Water and Wastewater Treatment

contrast to slurry systems, immobilized photocatalytic reactors do not require
post-processing or filtration. However, in immobilized reactors, the amount of
contact between the contaminant and the catalyst surface and the mass transfer
rate are less than in slurry systems, meaning that removal efficiencies can be
lower. To overcome the limitation of mass transfer in these reactors, solutions
such as stirring, rotation, cascading flow, or mixing via flow through reactor
geometry can be used.

Regarding the different reactor types and configurations, fluidized bed
reactors have very high efficiency, but if the goal is to use a natural light source
such as sunlight, there are serious limitations in this regard. Inclined plate
reactors are economically suitable for treating low flowrate effluents (<100 L/d)
due to their simple design and the low cost of materials used in their construction.
Widespread use of other configurations, such as rotating photocatalytic
reactors, spinning disk reactors, and optical fiber reactors, are limited due to
environmental sensitivity, mechanical complexity, high variability, difficulty in
handling photocatalytic particles, and sometimes poor efficiency.

Table 3.6 provides a general comparison of the advantages and disadvantages
of various reactors, including some which have not been thoroughly discussed
in the chapter text; while Table 3.7 provides a list of studies pertaining to
catalytic water and wastewater treatment with various reactors which might
be of interest to readers. Although an attempt has been made to provide an
overall view of various reactor types and configurations, it must be noted that
photocatalytic reactors are in no way limited to those discussed in this chapter,
and there is room for many innovative configurations in the years to come.
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ABSTRACT

The growing global population and wasteful behavior of humans has led to ever-increasing
production of solid wastes. The most common method for waste management on a global
scale is landfilling. One of the main problems associated with landfills is the production of
highly toxic liquid wastewater known as leachate, containing many organic and inorganic
contaminants. The amount of leachate produced per ton of solid waste, as well as the exact
characteristics of the leachate, are highly dependent on various issues such as weather,
type of buried waste, and age of the landfill. If not properly collected, managed, and treated,
leachate can have serious consequences for the environment. Various methods for leachate
treatment have been proposed, one of which is the use of advanced oxidation processes
(AOPs). Photocatalytic treatment, which is itself a subset of AOPs, is investigated in this
chapter. For this purpose, after examining the quantitative and qualitative characteristics
of leachate, homogeneous and heterogeneous photocatalytic processes for leachate treat-
ment have been reviewed and relevant studies have been scrutinized. Various operational
parameters such as pH, initial concentration of contaminants, intensity and absorption of
light, dissolved oxygen, and photocatalyst dose, as well as different configurations of pho-
tocatalytic reactors have been shown to influence treatment effectiveness. In some cases,
the use of photocatalysis for leachate treatment has shown considerable promise.

4.1 INTRODUCTION

With population growth, increased consumerism, and higher standards of
living, the amount of municipal solid waste (MSW) generated across the globe
is increasing. The total amount of MSW produced annually in the world has

© 2022 The Editors. This is an Open Access book chapter distributed under the terms of the Creative
Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution for
noncommercial purposes with no derivatives, provided the original work is properly cited (https:/
creativecommons.org/licenses/by-nc-nd/4.0/). This does not affect the rights licensed or assigned
from any third party in this book. The chapter is from the book Photocatalytic Water and Wastewater
Treatment, Alireza Bazargan (Ed.).
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been estimated to have been more than one billion tons in 2019, and according
to Hoomweg and Bhada (2012), it will exceed two billion tons per year by 2025
[1]. In order to manage the large amount of MSW that is produced every day in
urban areas, various management methods including incineration, composting,
and landfilling are used, among which the use of landfills is the most common
method. According to Gao et al. (2015), more than 95% of the municipal solid
waste collected worldwide is disposed of in landfills [2] although in developed
countries, there is a push to move towards more sustainable options such as
resource recovery (circular economy).

One of the major problems associated with landfills is the production of a
highly toxic liquid called leachate. Landfill leachate is defined as the waste-
water produced by the infiltration of rainwater into the wastes buried in the
landfill, as well as the flow of moisture in the waste, as well as liquid produced
by biological and chemical reactions [3-6]. In one study it was estimated that
for every ton of solid waste buried in a landfill, roughly 0.2 m3 of leachate is
produced [7]. Of course, the amount of leachate is highly dependent on various
factors such as waste characteristics and weather conditions, and this number
is just an inaccurate approximation. To minimize the volume of leachate pro-
duced, various techniques, such as applying covers on landfills and waterproof
layers at the sidewall and bottom of the landfill, are used [8].

Landfill leachate can pose a high risk to the environment due to its various
pollutants, including organic and inorganic contaminants, heavy metals, and
so on. In addition to soil and groundwater contamination, the horizontal
movement of leachate from landfills and its exit from the soil surface at low
altitudes causes surface water pollution. If such contaminated waters are used
by the public utility for providing urban populations with drinking water, this
can lead to the spread of disease and unwanted health risks [9, 10].

4.2 LANDFILL LEACHATE CHARACTERISTICS

Landfill leachate can be evaluated both quantitatively and qualitatively. The
volume and quality of leachate produced directly depends on factors such
as buried waste density, precipitation, evapotranspiration, surface runoff,
infiltration, entry of groundwater into the landfill, chemical composition of
the waste and age of the landfill [1, 10-12]. Over time, as the landfill ages, the
leachate quality also changes [13].

According to previous studies, about 200 dangerous contaminants have been
identified in landfill leachate so far [14]. These pollutants vary in quantity and
quality in different landfills and have cumulative, threatening and detrimental
effects on the food chain, resulting in many public health problems such as
toxicity, carcinogenicity, mutagenicity, and teratogenicity [15-17]. This has made
leachate an extremely complex wastewater for conventional treatment [18].

The various compounds in leachate can be divided into some general
categories as follows [19]:

(1) Soluble organic matter (volatile fatty acids and recalcitrant organic
compounds, such as humic acid and fulvic acid)
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(2) Macro-mineral compounds including ammonia nitrogen (N-NH,%),
sodium (Nat), potassium (K+), calcium (Ca?*), magnesium (Mg?*), man-
ganese (Mn?*), iron (Fe?*), chloride (Cl-), sulfate (SO,2-) and hydrogen
carbonate (HCO5")

(3) Heavy metals such as chromium (Cr3+), nickel (Ni?*), copper (Cu?+), zinc
(Zn?*), cadmium (Cd?+), mercury (Hg?+) and lead (Pb?+), as well as rare
earth elements

(4) Xenobiotic organic compounds such as cyclic hydrocarbons, phenols,
chlorinated aliphatics, pesticides and lubricants, as well as oils.

The quality of landfill leachates is generally determined by a series of physi-
cochemical parameters, including: pH, suspended solids (SS), 5-day biological
oxygen demand (BOD;), chemical oxygen demand (COD), NH,*, total nitrogen
(TN), chloride, phosphorus, heavy metals and alkalinity [11, 18, 20]. As men-
tioned, one of the determining factors of the quality of leachate, and consequently
the amount of the above parameters, is the age of the landfill. Depending on the
age, common landfill leachate can be divided into three or more categories [19]:

(1) Young (<5 years)
(2) Intermediate (5-10 years)
(3) Old leachate (>10 years)

As landfill ages, several leachate parameters such as pH, BOD,, COD, and
BOD;/COD ratio change significantly [21, 22]. The composition of the leachate
varies not only depending on the age of the landfill, but also from place to
place, and this causes large fluctuations in the values of these parameters.
Table 4.1, after considering hundreds of articles and studies, expresses the
concentrations of different compounds in leachate at various ages. Table
4.2 presents the values of some quality parameters in some landfill leachate
samples worldwide based on landfill age. Meanwhile, Figure 4.1 shows the
typical values of pH, COD and BOD,/COD ratio for young, intermediate and
mature landfill leachate [23, 24].

The concentration of contaminants is high at the beginning of leachate
formation and decreases continuously over time (after years) along with the
stabilization of the waste material. As the age of the landfill increases, BOD; and
COD concentrations decrease, due to the decomposition of organic matter in the
leachate [27]. Most biodegradable organic matter is thought to degrade during
the stabilization phase, but the non-biodegradable organic matter remains [28].
As a result, the BOD;/COD (biodegradability index) ratio decreases over time.
High concentrations of COD (> 10 000 mg/L) and BOD,/COD ratio between
0.5 to 1 are observed in young landfill leachate, while COD concentration less
than 4000 mg/L and BOD,/COD ratios less than 0.1 are found in mature landfill
leachate [21, 22]. On the other hand, ammonia is another major contaminant in
landfill leachate. In general, with increasing age of the landfill, the concentration
of ammonia nitrogen does not show a clear decreasing trend [18, 21].

According to Figure 4.2, leachate formation is the result of several biological
processes, including hydrolysis, aerobic degradation (phase 1), and anaerobic
degradation (phase 2-4).
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Table 4.1 Characteristics of leachate during landfill life [25].

Parameters Young Intermediate  Stabilized old
Age (years) 5> 5-10 10-20 >20
pH 3-7 8 >7.5 >7.5
Alkalinity 1000-20 000 500-6000 - -

Conductivity (uS/cm) 2000-50 000 1000-15 000 - -
Organic compounds  80% VFA 5-30% VFA+ Fulvic acid and Fulvic acid and

fulvic acid and humic acid humic acid

humic acid
BOD; (mg/L) 2000-50 000 500-15 000 50-1000 <300
COD (mg/L) 4000-90 000 1000-30 000 1000-5000 <3000
BOD,/COD 0.5-1 0.1-0.5 <01 0.1
TOC/COD <03 0.3-0.5 ~05 =05
Heavy metals (mg/L) >2 - - <2
SO 2~ (mg/L) 300-4000 100-2000 20-200 <100
P (mg/L) 50-500 5-200 - <20
Cl (mg/L) 500-6000 200-4000 50-500 <200
Zn?+ (mg/L) 50-400 20-200 5-50 <20
Fe’* (mg/L) 200-3000  200-2000 50-500 <200
Ca?* (mg/L) 1000-7000  200-4000 100-500 <400
Na' (mg/L) 1000-7000  200-3000 50-500 2200
Mg?+ (mg/L) 300-3000  200-2000 50-500 <200
TKN (mg/L) 500-4500 400-2000 50-2000 <2000
NH;-N (mg/L) <400 - >400 -
NH,*-N (mg/L) 500-4500 - - <1500

VFA: volatile fatty acid; TOC: total organic carbon; TKN: total Kjeldahl nitrogen.

At the solid liquid interface, as long as oxygen is available, aerobic bacteria
can perform hydrolysis rather quickly. Hydrolysis leads to the breakdown of
polysaccharides into monosaccharides. Furthermore, lipids are broken down
into fatty acids and glycerol, and proteins break down into their building blocks,
i.e. proteins [29]. The concentration of oxygen continues to diminish until it
reaches zero within a few days. This means that the production of CO,, H,O,
nitrate and sulfate through aerobic decomposition does not continue for long.

Anaerobic degradation can itself be divided into three stages: anaerobic acid-
ification, unstable methanogenesis, and stable methanogenesis (stabilization).
The first stage involves acid fermentation, which results in the production of
CO, and volatile fatty acids and reduces the pH to 5.5 or less. The second stage
begins with the slow growth of methanogenic bacteria. The high levels of vola-
tile fatty acids produced in the first stage inhibit the initial metabolism of these
bacteria. The conversion of CO, and volatile acids to methane, the total duration
of which varies from a few months to 1-2 years, leads to a gradual increase in pH
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Table 4.2 The leachate composition of some important landfills around the world [26].

country NH,*N TN [g/m3] pH BOD/COD BOD [g/m?] COD [g/m?]
Young Landfills

Canada 42 212 5.8 0.7 9660 13800
China 2260 - 7.7 0.27 4200 15700

1154 1384 8.0 0.66 5669 8528

Greece 3100 3400 6.2 0.38 26800 70900
Italy 3917 - 8 0.2 4000 19900
Turkey 2500 - 7.8 0.55 11000 20000

*Average 2162+1385 1665+1612 7.2+1 0.46+0.21 10221+8619 24805 +22982
Intermediate Landfills

China - - 7.6 0.07 430 5800
Germany 840 1135 - 0.33 1060 3180
Greece 940 1100 7.9 0.2 1050 5350
Hong 1500 2000 6.4 0.24 1600 6610
Kong

Italy 1130 - 8.4 0.25 1270 5050
Poland 743 - 8 0.28 331 1180
Turkey 1270 1450 8.1 - - 9500

Average  1070+285 1421+416 7.7+£0.7 0.23+0.09 957 £490 5239+2618
Old Landfills

China 1972 2117 8.5 - - 1703
1040 1055 8.8 - - 1819
2000 2030 8 0.05 100 2200
Finland 159 192 - 0.11 62 556
France 430 540 7.7 0.01 7.1 500
Germany 445 - - 0.26 290 1225
Greece 238 357 8.4 - - 2456
Poland 340 420 8.1 0.07 51 732
Spain 1623 2199 - 0.12 558 4512
3772 4058 8.1 0.19 810 4357
5975 6317 8.5 0.03 123 3921
2003 2305 8.3 0.13 832 6200
Vietnam 3449 3868 8.4 0.12 425 3621

Average  1616+1557 1939+1715 8.2+0.3 0.12+0.07 332+304 2652+1786

*The mean values calculated in this study are based on the values reported in previous
studies+standard deviation.

[26]. In the third stage (stable methanogenesis), methane production continues
until the complete consumption of biodegradable organic matter is achieved.
This portion of the process may take as long as 15-20 years. Following the stable
methanogenic stage, with the complete degradation of biodegradable organic
matter, the amount of generated CH, and CO, gases diminishes [29].
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Figure 4.1 Typical values of leachate parameters (a) pH (b) COD and (c) BOD5/COD ratio in
young, intermediate, and mature landfills Reprinted from [21].
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Figure 4.2 Landfill phases: 1. Aerobic phase; 2. Anaerobic acidification phase; 3. Unstable
methanogenic phase; 4. Stable methanogenic phase Reprinted from [26].
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4.3 LANDFILL LEACHATE TREATMENT

Conventional landfill leachate treatment solutions can be categorized into four
main groups [10, 27, 30, 31]:

(1) Biological treatment processes such as aerobic or anaerobic treatment.

(2) Physical and chemical processes including chemical oxidation, adsorp-
tion, filtration, chemical precipitation, coagulation and flocculation, flo-
tation and precipitation.

(3) Thermal processes, including both natural and forced evaporation and
incineration [32-35].

(4) Indirect solutions, such as recirculating the leachate back into the
sanitary landfill, or transferring it to a wastewater treatment plant to be
treated alongside municipal wastewater.

Usually, a combination of solutions are employed and a leachate treatment
plant has numerous treatment stages including biological and physicochemical
processes. The performance of some conventional landfill treatment
processes based on landfill age are presented in Table 4.3. Of course, these
recommendations are very general, and the efficiency of processes will vary for
each specific landfill and leachate.

According to the above table, since the BODs/COD ratio is high (0.5-1) in
young landfill leachate, biological methods are particularly effective in the early
years. However, some landfill leachates may be toxic to microorganisms, even
if they have seemingly suitable BOD;/COD ratios. It is also worth noting that
biological processes are suitable for biodegradable organic pollutants, while in
leachate, resistant organic pollutants are also present. In old landfill leachate,
the BODs/COD ratio is low (about 0.1), which indicates that most of the organic

Table 4.3 Performance of different treatment processes based on landfill age [19].

Age of Landfill (Years)

Intermediate

Leachate Treatment Method Young (<5) (5-10) Mature (>10)
Co-treatment with domestic wastewater ~ Good Fair Poor
Recycling Good Fair Poor
Aerobic process (suspended growth) Good Fair Poor
Aerobic process (fixed film) Good Fair Poor
Anaerobic process (suspended growth) Good Fair Poor
Anaerobic process (fixed film) Good Fair Poor
Natural evaporation Good Good Good
Coagulation/flocculation Poor Fair Fair
Chemical precipitation Poor Fair Poor
Adsorption Poor Fair Good
Oxidation Poor Fair Fair
Air stripping Poor Fair Fair
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pollutants in the leachate are resistant and non-biodegradable, and therefore
biological processes alone are not efficient for treating mature leachate. In
other words, it is not possible to successfully use biological processes during
the entire lifetime of the landfill and a combination of approaches is required
as the system ages [4].

This is where the possibility of using photocatalytic treatment comes in. One
of the methods that has attracted the attention of researchers regarding the
decomposition of resistant organic pollutants, which may prove very effective
in leachate treatment in the future, is photocatalytic oxidation [4]. Among the
advantages of this method are the following:

+ Oxidation of organic matter to the highest degree of oxidation, that is,
carbon dioxide and water
The process can be performed at ambient temperature and pressure
Improved biodegradability of recalcitrant organic pollutants such that
they can be degraded in downstream biological processes

Conventional photocatalytic processes for leachate treatment are divided
into two main categories: homogeneous systems with radiation (H,O,/Fe?*/
UV (photo-Fenton)) and heterogeneous systems with radiation (TiO,/O,/UV,
TiO,/H,0,/UV) [36].

4.4 HOMOGENEOUS PHOTOCATALYTIC PROCESSES FOR LEACHATE
TREATMENT

A homogeneous photocatalytic method for removing resistant contaminants in
leachate is the photo-Fenton method [36]. The photo-Fenton method is based
on the production of hydroxyl radicals from the decomposition of hydrogen
peroxide in the presence of iron (II) ions [37]. Hydroxyl radicals react non-
selectively with the constituents in the leachate to form more biodegradable
intermediates [38-40].

Primo et al. (2008) investigated the leachate treatment in the Cantabria
region of northern Spain. The average initial values of COD and BOD; of the
leachate were 3823 and 680 mg/L, respectively. Initially, the leachate was
biologically treated at the landfill site to reduce organic matter and ammonia,
but this method alone could not meet the standard discharge limits of Spain (e.g.,
COD<160 mg/L). For this reason, the researchers investigated five advanced
oxidation methods, photo-Fenton, Fenton-like, Fenton, UV/H,0, and UV, to
further treat the leachate and compared the efficiencies of these methods in
removing organic charge and leachate color. By using the photo-Fenton method
under optimal conditions with H,O,= 10 000 mg/L and 2000 mg Fe2?+/L, 86%
of the COD and more than 95% of the color were removed from the leachate
[41]. The results showed that the photo-Fenton process had the highest removal
efficiency, and the removal efficiency of the methods was ranked from high to
low as: photo-Fenton>Fenton-like>Fenton>UV/H,0,>UV.

Although studies have reported relatively high degradation of organic matter
using the photo-Fenton process [41-43], the results of a study by Hermosila
et al. (2009) on COD removal efficiency using the Fenton and the photo-Fenton
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processes showed a similar removal efficiency of 70% for both of these processes.
Although the removal efficiencies were comparable, the main advantage of
the photo-Fenton process over the Fenton process was the reduction of Fe?+
consumption (32 times less) and the volume of sludge produced (25 times
less). Therefore, the additional cost associated with UV radiation in the photo-
Fenton process can be offset by reducing the amount of Fe?* ions required
and reducing the amount of sludge produced, which makes the photo-Fenton
process competitive with the Fenton process [44].

Poblete and Perez (2020) used sawdust as a pretreatment step in the photo-
Fenton process along with ozonation to purify landfill leachate. The initial
values of COD, ammonium, iron, nitrate, and copper in the leachate samples
were 11,950, 4628.5, 55.8, 34.5, and 375 mg/L, respectively, with pH=28.9.
The results of pretreatment removal efficiency for ammonium, iron, copper,
humic acid, COD, and color were 87%, 70.2%, 61.1%, 18.3%, 33.7%, and 19.5%,
respectively. The photo-Fenton and ozonation were then applied and the results
of total removal efficiency for COD, color, ammonium, and humic acid were
increased to 95.1%, 95%, 94.5%, and 97.9%, respectively [45].

Li et al. (2019) investigated and compared photo-Fenton and photo-Fenton-
like (UV/Cu?t/H,0,) processes to treat mature landfill leachate. They used the
response surface methodology (RSM) to optimize the reaction conditions. The
photo-Fenton-like system performed well in the decomposition of organic matter
and broke down resistant organic pollutants such as fulvic acid and humic acid,
thereby improving the biodegradability of the landfill leachate. The maximum
dissolved organic carbon (DOC) removal efficiency in the photo-Fenton process
was higher than in the photo-Fenton-like process (74.21% vs. 65.23%). It is
noteworthy that after treatment, the recovery capacity of the Cu?+ catalyst in
the photo-Fenton-like process was higher than that of the Fe?* catalyst in the
photo-Fenton process [46]. The sensitivity of photo-Fenton and photo-Fenton-
like processes to the pH parameter was reported to be different, and the UV/
Cu?*/H,0, photo-Fenton-like process had optimal performance over a wider
range of pH; whereas in contrast, the photo-Fenton process was more sensitive
and showed optimal performance in a more limited range of pH [46].

Numerous studies have been performed to evaluate and compare the
performance of Fenton and photo-Fenton processes for landfill leachate
treatment. Regarding the COD parameter, the results showed that the COD
removal efficiency was almost equal for both processes [47]. However, in some
studies, the efficiency of COD removal in the photo-Fenton process was slightly
higher than in the Fenton process. For example, Ghanbarzadeh Lak ef al. (2018)
reported a difference of 10% and reduced the COD of Tehran’s leachate from
17 200 to 2970 mg/L by the photo-Fenton process under optimal conditions [48].

4.41 Combination of photo-Fenton methods with other

treatment options

If it is decided to use biological methods for leachate treatment, in order to make
the recalcitrant organic matter more biologically available for microorganisms,
it is better to use a form of pretreatment. The photo-Fenton method as an
AOP, has been successfully used for pretreatment of leachate before biological
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treatment [49, 50]. Colombo et al. (2019) initially used separate photo-Fenton
and biological methods to treat landfill leachate. After using the conventional
biological process, the removal efficiencies of COD and BOD; were 87% and
84%, respectively. In the photo-Fenton process under the optimal conditions
(retention time=120 min, pH=4, [Fe?*]=80 mg/L, and [H,0,]=3400 mg/L)
COD and BOD; removal efficiencies were 89% and 75%, respectively. The
results showed that the rate of removal of COD and BOD, were low, and the
resulting effluent was not clean enough to meet the standard discharge limits. To
solve this problem, the researchers used a combined photo-Fenton/biological
method. The combined method led to total removal efficiency of 98% for COD
and BOD:.. It is noteworthy that the initial concentration was 12 797 mg/L for
COD and 4251 mg/L for BOD; [51].

A pretreatment process that has been widely used prior to the photo-Fenton
process is coagulation and flocculation. In this regard, several studies have
been conducted, for example, Silva ef al. (2016) showed that if the coagulation
and flocculation process is used as a pretreatment prior to the photo-Fenton
process, the amounts of consumed H,0O, and contact time in comparison to
when no pretreatment is used are reduced by 7% and 17%, respectively [52].
Tejera et al. (2019) used a three-step combined method with the sequence
of coagulation-flocculation, photo-Fenton, and biological sequencing batch
reactor (SBR) method to treat landfill leachate. They performed this combined
method in two ways and compared the results; first case: coagulation with
ferric chloride + homogeneous photo-Fenton+SBR; second case: coagulation
with alum coagulant+ heterogeneous photo-Fenton with zero valent iron
particles+ SBR. In both cases, COD and color removal efficiency were reported
above 90% and the final treated effluent met the standard allowable range. It
is worth mentioning that in this study, the initial concentration of COD in the
leachate was about 5000 mg/L. However, the economic evaluation showed that
the second case is four times more expensive than the first case [53].

Silva et al. (2016) evaluated the photo-Fenton process from an economic
point of view to treat biologically pretreated leachate on an industrial scale.
The photo-Fenton process was carried out in three modes; A) using parabolic
concentrators B) using UV lamps, and C) a combination of modes A and B,
to reduce the amount of COD of the treated stream from the initial value of
2945-4864 mg/L to the two desired values of 1000 mg/L (for discharge to the
sewage collection network) and 150 mg/L (for discharge to receiving water).
However, it was concluded that in order to reach the value of COD<150 mg/L,
after the photo-Fenton process, a biological treatment step must be used. The
total unit costs to reach the COD concentration target=1000 mg/L for set-ups
A, B and C were: 6.8, 7.2, and 6.7 €/m3, respectively. For reaching the more
stringent goal of COD =150 mg/L the costs respectively increased to: € 11/m?3,
€ 11.7/m3 and € 10.9/m3 [39].

Elsewhere, Li et al. (2016) studied the concentrated effluent from the
nanofiltration stage of landfill leachate treatment in two existing treatment
plants A and B. The initial COD concentrations in these two concentrated
leachate samples were 1330 and 3450 mg/L, respectively. The combined
Fenton-coagulation process, followed by the photo-Fenton process were used
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Table 4.4 The optimal operational parameters and removal efficiency of leachate organic
matter in some studies.

Initial Contact Removal
Type of cob H,0, Fezr Time Efficiency
Leachate (mg/L) pH (mg/L) (mg/L) (min) of COD (%) References
Raw 2527-2770 2.8 5066 60 - - [55]
Raw 12797 2.4 3400 80 120 89 [56]
Stabilized 1670 - 3300 600 120 70.7 [47]
Biological 1685 2.4 3400 80 120 87 [51]
pretreated
Raw 4123 - 3060 1680 90 68 [57]
Biological 3300-4400 3-3.5 - 2000 60 86 [41]
pretreated
Raw 5200 2.8 2000 10 60 57.5 [58]

to treat the two streams. For sample A, the results showed a COD removal
efficiency of about 70% using the Fenton-coagulation method and then 71% of
the residual COD was removed using the photo-Fenton process. For sample B,
these results were 68% and 85%, respectively. Also, the amount of BOD;/COD
in sample A increased from 0.03 in the as-received leachate to 0.17 following
the Fenton-coagulation process and 0.35 after the photo-Fenton process. For
sample B, this value increased from 0.01 to 0.04 and then to 0.43, respectively.
This indicates the positive effects of the Fenton-coagulation and photo-Fenton
processes to increase the biodegradability of concentrated leachate [54].

4.4.2 Operational parameters
In order to optimize the photo-Fenton process, various parameters are often
tweaked. The considered parameters usually consist of: pH, reagent dose (Fe>+
and H,0, concentration), injection method of agent, temperature, initial COD
concentration of leachate, reaction time, and recycling of the produced sludge.
The optimal values of the mentioned parameters along with the organic matter
removal efficiency of the leachate treated by the homogeneous photocatalytic
process are presented in Table 4.4 for various studies.

4.5 HETEROGENEOUS PHOTOCATALYTIC PROCESS FOR LEACHATE
TREATMENT

Another type of photocatalytic process used to remove persistent contaminants
in landfill leachate is the heterogeneous photocatalytic process. One example
is the heterogeneous photocatalytic degradation of COD and DOC of leachate
by Jia et al. [59]. The experiment was carried out in a Pyrex cylindrical reactor
with a volume of 1000 mL and TiO, nanoparticles were used. In order to
evaluate the efficiency of treatment, the test period was extended to 72 hours
and sampling was performed at 0, 6, 12, 24, 36, 48, 60, and 72 hours for analysis.
The initial COD and DOC of the leachate in this study were 2440 and 914 mg/L,
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respectively. At pH of 4-5 and the optimal concentration of TiO, (2 g/L), the
removal efficiencies of COD and DOC were 60% and 74%, respectively [59].

In 2013, Chemlal et al. investigated the treatment of surface and groundwater
contaminated with landfill leachate with a COD of about 1200- 34 000 mg/L
using a photocatalytic process. The photocatalytic particles used were TiO,
particles stabilized on sloping plates. The leachate stream was irradiated for 30
to 54 hours using three 15 W UV-C lamps while passing over the sloping plates.
In this study, with a change in pH, the rate of COD removal was reported to
be between 76 and 92% indicating that the initial pH of the effluent strongly
influences the outcome [6].

In 2002, researchers conducted a study on leachate treatment using TiO,
nanoparticles (Degussa P-25) as photocatalysts under UV irradiation to
investigate the removal of COD, BOD;, and TOC [60]. The leachate mainly
contained non-biodegradable materials with a low BOD;/COD ratio and the
average initial COD was 1409 mg/L. A batch reactor was used and TiO, powder
with anatase phase with an average diameter of 20 nm was used suspended
in the leachate. For irradiation, a UV-C lamp with a wavelength of 254 nm
and a power of 8 W was used. Optimal contaminant removal efficiencies were
achieved in this experiment in 12 hours. By performing experiments at different
pHs, the maximum removal efficiency was obtained at a pH of 4. By performing
the experiments in the optimal conditions, the removal efficiencies of COD,
BOD;, and TOC were reported to be 59%, 75%, and 80%, respectively. The
results also showed that removal of BOD and TOC is favored (is both faster and
happens to a greater extent) under acidic conditions compared to an alkaline
environment [60].

In another study, the treatment of landfill leachate by TiO, nanoparticles
under UV radiation was again considered [61]. The purpose of this research
was to investigate the effective factors in the photocatalytic process including
the pH of the solution, the number of nanoparticles used, and the reaction
time to determine the maximum removal of organic matter and color. During
this process, the COD and color removal efficiencies were 60% and 97%,
respectively, with the COD value decreasing from 2440 to 976 mg/L. Also, the
ratio of BOD; to COD increased from 0.09 to 0.39, which indicates an increase
in the biodegradability of the leachate [61].

One of the contaminants in landfill leachate is 1,4-dioxane, which is
widely used as a solvent in the pharmaceutical, dyeing, and other industries.
To remove this contaminant from biologically pretreated leachate, Nemura
et al. (2020) investigated and compared a photocatalytic rotating advanced
oxidation contactor (RAOC) coupled with AC/TiO, composite sheets with a
TiO, slurry reactor. The results showed that because of strong inhibition by
coexisting substances in the landfill leachate, the TiO, slurry reactor method
had lower removal efficiency, but in the RAOC method, the 1,4-Dioxane
removal efficiency was higher. This was due to the formation of a very thin film
on the composite sheets and the adsorption of UV-absorbing materials on the
film. It should be noted that in this study, the duration of the process in both
methods was 66 hours [62].
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4.5.1 Modification of nanocatalysts

One strategy for improving the performance of photocatalysts for leachate
treatment has been to dope nano-photocatalysts, and thereby add a small
number of impurities. Such defects in the structure of the nanoparticle
can cause agitation of the catalyst in the presence of visible light, followed
by improved optical efficiency. For example, Teh and Mohamed (2011) used
holmium to contaminate TiO, to increase its photocatalytic effectiveness.
This action produced more hydroxyl radicals due to the reduction of excited
electron-holes recombination [63].

Elleuch et al. (2020) investigated the performance of a combined biological
pretreatment method by kefir grainsand a photocatalytic processusing Ag-coated
TiO, nanoparticles to remove toxic contaminants from landfill leachate [64].
The initial value of the COD was 24 000 mg/L. The results showed that if kefir
grains with a concentration of 1% w/v were used for pretreatment operations
at 37°C, the removal efficiencies of TOC, COD, NH,*-N, and PO,3>~ were 93%,
83.3%, 70% and 88.3%, respectively. Also, Cd, Ni, Zn, Mn, and Cu removal
efficiencies were 100%, 94%, 62.5%, 53.2%), and 47.5%, respectively. In order to
optimize the Ag-coated TiO, photocatalytic process, statistical analysis in the
form of RSM with Box-Behnken design was used. With optimization the removal
efficiencies of TOC and COD were increased to 98% and 96%, respectively,
while the removal efficiency for all other parameters also increased. The results
showed that TiO, doped with Ag along with kefir grains has a good potential for
regeneration and reuse, which is an important parameter in the application of
catalysts. For this reason, this combined biological-photocatalytic method was
deemed as a suitable method for the treatment of leachate [64].

Shahmoradi et al. (2018) studied the treatment of leachate produced in
composting operations with an initial COD concentration of 2000 mg/L
by photocatalytic treatment using sunlight [65]. They used Nd-coated ZnO
photocatalytic nanoparticles to reduce the band gap energy and transfer it to
the visible range. Design Expert software with RSM was used for optimization
purposes in order to improve the decomposition efficiency. Under optimal
conditions of pH=6.74, Nd-doped ZnO concentration of 1920 mg/L, reaction
time of 114.62 minutes, and H,O, concentration of 12.56 mmol/L, the COD
removal efficiency was 82.19% [65].

Also, treatment of diluted landfill leachate with a COD concentration
of 1000 mg/L by the heterogeneous photocatalytic method using TiO,
nanoparticles under UV irradiation was studied by Thuong et al. (2015). COD
and dye removal efficiencies were 67.2% and 56.4%, respectively, under optimal
conditions of pH=4, TiO, nanoparticle concentration of 0.05g/L and UV
irradiation time of 90 minutes [66].

More recently, Azadi et al. (2020) used a cascade photoreactor with carbon
and tungsten-coated titanium oxide nanoparticles (W-C-codoped TiO,) fixed
on its inner plates to treat diluted landfill leachate at an initial concentration
of COD =550 mg/L. The results showed that after 40 hours of treatment under
40 W intensity, coating surface density of 10.59 g/m?, and leachate return flow
rate of 1 L/min, a COD removal efficiency of 84% was obtained [67].
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4.5.2 Operational, structural and environmental parameters

The operational parameters frequently considered for the optimization of
heterogeneous photocatalytic processes are pH, initial concentration of con-
taminant in the leachate, intensity and absorption of light, dissolved oxygen,
reactor configuration, and the amount of photocatalyst used. In the following,
a summary of the effects of these parameters is provided according to the
literature.

4.5.21 pH

One of the most important operational parameters in the heterogeneous
photocatalytic treatment of landfill leachate is pH, which can affect the surface
charge and isoelectric point of catalytic particles, the size of the catalytic
aggregate, the position of the valence band and conduction band, and the
mechanism of production of hydroxyl radicals. In fact, due to differences in
the distribution of molecular charges, the ease of bond breaking and the site of
attack in photocatalysis may differ as the pH varies. pH influences the surface
charge of semiconductors, interfacial electron transport, and photoredox
reactions that occur in their presence [4]. Numerous studies have reported
the effect of pH on the efficiency of the photocatalytic process. The study by
Kashitarash et al. (2012) showed that increasing the pH to 6.5, increased the
removal efficiency of COD, BOD;, total solids (TS), and color. While a further
increase of pH from 6.5 to 8.5 led to a decrease in the removal efficiency.
The reason for this result was the occupation of active sites on the surface
of nanoparticles by ferrous hydroxide deposition during the contact of iron
ions with hydroxyl radicals [68]. According to Huang ef al. (2020), the removal
efficiency of chloride from landfill leachate decreased with increasing pH and
the highest removal efficiency (59.3%) occurred at pH=1 [69]. Also, landfill
leachate treatment in a fixed bed photocatalytic reactor with a thin film using
UV radiation for 30-54 hours was investigated. The maximum COD removal
efficiency was obtained at an optimal pH of about 5 [6].

4.5.2.2 The initial concentration of contaminants in the leachate

With all other variables held constant, as the initial concentration of COD
in the leachate increases, the COD removal becomes less effective. This is
because with lower concentration of contaminants, more pollutants are
exposed to photocatalytic particles. Other reasons as to why an increase in
contaminant concentrations can lead to reduced removal efficiencies are as
follows [67]:

+ Reduction of the ratio of the number of active photocatalysts to the total
number of pollutant molecules

- Reduction of the number of photons that can penetrate the solution and
reach the surface of the catalysts, resulting in less production of reactive
species

+ Occupancy of active sites on the surface of the photocatalyst particles
due to surface adsorption of pollutants on the surface of the particles and
consequent reduction of the number of active reactants produced.
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4.5.2.3 The intensity and absorption of light

The photocatalytic process begins and continues with the absorption of light
and the subsequent production of electron-hole pairs on the surface of the
photocatalyst particles. The rate of photocatalytic reaction increases to a
certain extent with increasing light intensity. However, if the light intensity
increases beyond the threshold, the photocatalytic reaction rate will not
change much [4].

The effect of light intensity on the COD removal efficiency of leachate
from compost was studied by Ranjbari and Mokhtarani (2018) using 8, 16, 24,
32, and 40 watts of UV radiation. The results showed that by increasing UV
radiation from 8 to 16 W, the COD removal efficiency increased by about 15%
while increasing the UV radiation from 32 to 40 W led to a 2% increase in COD
removal efficiency [70]. Azadi ef al. (2020) used a photocatalytic process to
investigate the COD removal efficiency of leachate under three irradiations of
10, 20, and 40 watts for 60 hours, which resulted in COD removal efficiencies of
53%, 64%, and 67%, respectively. Since changing the light from 20 to 40 W only
resulted in a minor increase in COD removal, 20 W was chosen as the optimal
amount in order to reduce excessive energy usage [67]. Also, Mokhtarani et al.
(2015) investigated UV light with values of 8, 16, 32, 47, 62, 77,92 and 107 watts
to remove COD of biologically pretreated leachate from a composting unit in
northern Iran. The initial concentration of the COD was 450 mg/L and it was
shown that the removal rate increased as the light power was increased to
77 W. After that, increasing the light power above 77 W maintained a consistent
removal efficiency [71].

4.5.2.4 Dissolved oxygen

In photocatalytic reactions, dissolved oxygen (DO) plays an important role in
trapping the excited electron of the conduction band. In fact, DO reacts with
electrons, thereby reducing the rate of electron-hole recombination reactions
[4, 71]. Jia et al. (2010) used an aeration system with a flow rate of 1.5 L/min to
provide DO and maintain flow mixing in a reactor using UV/TiO, to increase
contact between photocatalytic particles and pollutants. The experimental
results showed that COD, DOC, and color removal by UV-TiO2 photocatalysis
could be as high as 60%, 70%, and 97%, respectively [61].

4.5.2.5 Reactor configuration

Various configurations of slurry and stabilized photocatalytic reactors have
been used to treat landfill leachate such as the annular, falling film flow
reactor, slurry membrane, thin-film cascade, continuous flow, rotating drum,
plate, baffle, and optical fiber photoreactors [72]. The details regarding some
photoreactor configurations used for landfill leachate treatment are presented
in Table 4.5.

4.5.2.6 Photocatalyst concentration

In slurry photoreactors, with the increase of photocatalytic particles, the
density of particles per unit of irradiated surface increases, and as a result,
the degradation efficiency of pollutants improves. Another way to frame this
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Table 4.5 Types of reactors and their configuration in leachate treatment.

Volume
Reactor Type Dimensions Material (Liters) References
Annular - Quartz 0.375 [73]
Shell and - Quartz/Quartz - [74]
tube and steel
Tubular - Borosilicate glass 0.6 [75]
Cylindrical 90 mm inside diameter and Stainless steel 1.25 [76]
250 mm height
Slurry 4.5x2.5x%2.5 inches Galvanized 1 [77]
aluminum sheets
Cylindrical 12.5 cm inner diameter and With aluminum 2.3 [78]
31.8 cm height coating

improvement is that an increase in the number of photocatalysts, increases the
number of active catalytic sites to adsorb the reacting molecules and to produce
more reactive free radicals. However, excessive amounts of photocatalysts
should not be used. In addition to being cost prohibitive, over-concentration
of photocatalysts can cause agglomeration of the photocatalytic particles
which reduces the overall surface, and also hinderance of the penetration of
light rays into the solution. Therefore, determination of the optimal amount
of photocatalytic particles is required to achieve maximum efficiency of
photocatalytic activity [79]. In this regard, Jia et al. (2011) studied the effect of
TiO, nanoparticle concentration on photocatalytic removal of organic matter
[61]. The results showed that, as expected, the amount of TiO, had a great effect
on the removal efficiency of COD and color. It was found that the removal
efficiency of the pollutants increased with increasing the concentration of
TiO, to the value of 2 g/L, and then decreased as the concentration of the
photocatalyst was increased beyond this point [61].

This observation is also true for photoreactors with stabilized photocatalytic
particles. As the amount of coverage of photocatalytic nanoparticles on the
reactor plates increases, the number of active sites on the surface increases and
as a result, the COD removal efficiency in the leachate increases. However, as
the coating thickness increases beyond a particular value, the surface porosity
of the nanoparticles in the substrate decreases, the catalysts compress, and
the internal mass transfer rate decreases. In the presence of nanoparticles,
two simultaneous adsorption and photocatalytic processes occur. Increasing
the thickness of the photocatalyst layer inhibits the adsorption mechanism.
Therefore an optimal thickness exists for the photocatalyst film [80, 81]. For
example, Mokhtarani et al. (2015) investigated the effect of stabilized TiO,
on the removal efficiency of organic matter in the leachate, and performed
experiments in the range of 5-90 g of photocatalyst per unit area. The operating
parameters of the tests were pH =5, reaction duration of 24 hours, using an 8 W
UV-C lamp. The results showed that with increasing the amount of stabilized
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catalyst, the removal efficiency increases and reaches a maximum value, and
a further increase of the photocatalyst from the optimal level (60 g/m?) has
almost no effect on the removal efficiency [71].

4.5.3 combination of the heterogeneous photocatalytic method with
other treatment methods

In some studies, the application of the photocatalytic method has been
investigated as a pretreatment method in the leachate treatment processes. For
example, Yasmin et al. (2020) investigated the application of the photocatalytic
process using TiO,/Ag nanocomposites as a pretreatment process for biological
treatment. The removal efficiencies of COD, TOC, and NH,*-N in the
pretreatment process under optimal conditions were 70%, 71.25%, and 49.1%,
respectively. The efficiencies of the combined process (pretreatment + biological
treatment) for COD, TOC, and NH,*-N were 90%, 85%, and 75%, respectively.
In other words, the COD level decreased from 24 000 to 2400 mg/L. Besides,
heavy metals such as Fe, Zn, Cu, Cd, and Pb were removed with efficiencies
ranging from 50% to 95%. The results showed that TiO,/Ag has high
photocatalytic activity, and that the nanoparticles could be reused. After using
the nanocomposites five times, the removal efficiency of organic pollutants was
still above 60% [82].

In some studies, the photocatalytic process has been used as a secondary
treatment following other treatments. In this regard, Mokhtar et al. (2010)
used coagulation as a pretreatment followed by solar photocatalysis with ZnO
nanoparticles. The coagulation process was performed under two pH values of
8.68 and 5 by adding 10 g FeCl;/L as a coagulant for the first case and 1 g/L
in the second case. Color removal efficiencies were 67% and 35%, respectively.
Then, by using 1 g ZnO nanoparticles per liter at a pH of 5 and a reaction
duration of 120 minutes, a color removal efficiency of 97% was obtained. When
a lower amount of ZnO was used (0.2 g/L) with the addition of 50 mL/L of
H,0, at pH =35, the color removal efficiency was 95% [83].

Elsewhere, Hassan et al. (2016) used the UV/TiO, photocatalytic method
to treat biologically pretreated mature landfill leachate. Under the operating
conditions of pH=5 and nanoparticle concentration of 1 g/L, a COD removal
efficiency of 82% was obtained [84].

4.6 CONCLUSION

In recent years, among the various processes for leachate treatment, including
physical, chemical, biological and a combination of treatment methods, the
photocatalytic treatment method has been identified by researchers as a
promising treatment option. Photocatalytic treatment can be carried out at
ambient temperature and pressure, rendering recalcitrant organic pollutants
more biodegradable, and possibly oxidizing pollutants and organic matter to
the highest degree of oxidation, that is to carbon dioxide and water.

In young landfill leachate, the BOD;/COD ratio is high, so biological methods
for the removal of biodegradable organic contaminants have higher efficiency,
while in more mature landfill leachate, recalcitrant organic contaminants are
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more prevalent. The ratio of BODs/COD is low (about 0.1) in mature landfill
leachate, which indicates that most of the organic pollutants in this leachate
are recalcitrant and non-biodegradable, and therefore biological processes
are not suitable for the treatment of mature leachate. Hence, to degrade these
pollutants into more biodegradable pollutants, the photocatalytic process
can be used in combination with other treatment processes. A summary of
the studies pertaining to the treatment of landfill leachate with photocatalytic
methods is provided in Table 4.6.

Disadvantages of photocatalytic treatment methods include energy use,
the required retention times, the sensitivity to operating parameters such as
turbidity and so on. The catalytic particles may also adsorb pollutants while
creating reactive oxidizing radicals. This is problematic because it hinders the
reuse of the catalysts. Therefore, nanoparticle regeneration methods could be
the subject of future research. Also, in homogeneous systems, it is necessary to
use hydrogen peroxide during the treatment process. The transfer and storage of
hydrogen peroxide adds a level of complexity to the application of the process.
Therefore, using innovative methods to produce this substance at the point of
consumption should be studied.

REFERENCES

1. Costa AM, Alfaia RG de SM, Campos JC. Landfill leachate treatment in Brazil - An
overview. Journal of Environmental Management, 2019; 232: 110-116.

2. GaoJ, Oloibiri V, Chys M et al. The present status of landfill leachate treatment and
its development trend from a technological point of view. Reviews in Environmental
Science and Bio/Technology 2015; 14: 93-122.

3. Salem Z, Hamouri K, Djemaa R, Allia K. Evaluation of landfill leachate pollution
and treatment. Desalination 2008; 220: 108-14.

4. Hassan M, Zhao Y, Xie B. Employing TiO2 photocatalysis to deal with landfill
leachate: Current status and development. Chemical Engineering Journal, 2016;
285:264-275.

5. Cai FF, Yang ZH, Huang J, Zeng GM, Wang L ke, Yang J]. Application of
cetyltrimethylammonium bromide bentonite-titanium dioxide photocatalysis technology
for pretreatment of aging leachate. Journal of Hazardous Materials 2014; 275: 63-71.

6. Chemlal R, Abdi N, Drouiche N, Lounici H, Pauss A, Mameri N. Rehabilitation of
Oued Smar landfill into a recreation park: Treatment of the contaminated waters.
Ecological Engineering 2013; 51: 244-8.

7. Kurniawan TA, Lo W hung. Removal of refractory compounds from stabilized
landfill leachate using an integrated H202 oxidation and granular activated carbon
(GAC) adsorption treatment. Water Research 2009; 43: 4079-91.

8. Daji¢ A, Mihajlovi¢ M, Jovanovi¢ M, Karanac M, Stevanovi¢ D, Jovanovi¢ J. Landfill
design: Need for improvement of water and soil protection requirements in EU
Landfill Directive. Clean Technologies and Environmental Policy 2016; 18: 753-64.

9. Reinhart D, Berge N, Management EB-S and HW, Report undefined, 2007
undefined. Long term treatment and disposal of landfill leachate.

10. Renou S, Givaudan ]G, Poulain S, Dirassouyan F, Moulin P. Landfill leachate treatment:
Review and opportunity. Journal of Hazardous Materials, 2008; 150(3): 468-493.

11. Miao L, Yang G, Tao T, Peng Y. Recent advances in nitrogen removal from
landfill leachate using biological treatments — A review. Journal of Environmental
Management, 2019; 235: 178-185.

Downloaded from http://iwaponline.com/ebooks/book-pdf/1046175/wio9781789061932.pdf

bv auest



130 Photocatalytic Water and Wastewater Treatment

12. El-Fadel M, Bou-Zeid E, Chahine W, Alayli B. Temporal variation of leachate
quality from pre-sorted and baled municipal solid waste with high organic and
moisture content. Waste Management 2002; 22: 269-82.

13. Kulikowska D, Klimiuk E. The effect of landfill age on municipal leachate
composition. Bioresource Technology 2008; 99: 5981-5.

14. Clarke BO, Anumol T, Barlaz M, Snyder SA. Investigating landfill leachate as a
source of trace organic pollutants. Chemosphere 2015; 127: 269-75.

15. Toufexi E, Tsarpali V, Efthimiou I, Vidali MS, Vlastos D, Dailianis S. Environmental
and human risk assessment of landfill leachate: An integrated approach with the
use of cytotoxic and genotoxic stress indices in mussel and human cells. Journal of
Hazardous Materials 2013; 260: 593-601.

16. Gajski G, Ore$c¢anin V, Garaj-Vrhovac V. Chemical composition and genotoxicity
assessment of sanitary landfill leachate from Rovinj, Croatia. Ecotoxicology and
Environmental Safety 2012; 78: 253-9.

17. Budi S, Suliasih BA, Othman MS, Heng LY, Surif S. Toxicity identification
evaluation of landfill leachate using fish, prawn and seed plant. Waste Management
2016; 55: 231-7.

18. Kjeldsen P, Barlaz MA, Rooker AP, Baun A, Ledin A, Christensen TH. Present and
long-term composition of MSW landfill leachate: A review. Critical Reviews in
Environmental Science and Technology, 2002; 32(4): 297-336.

19. Luo H, Zeng Y, Cheng Y, He D, Pan X. Recent advances in municipal landfill
leachate: A review focusing on its characteristics, treatment, and toxicity
assessment. Science of the Total Environment, 2020; 703: 135468.

20. Bhatt AH, Karanjekar R V., Altouqi S, Sattler ML, Hossain MDS, Chen VP.
Estimating landfill leachate BOD and COD based on rainfall, ambient temperature,
and waste composition: Exploration of a MARS statistical approach. Environmental
Technology and Innovation 2017; 8: 1-16.

21. Fernandes A, Pacheco M], Cirfaco L, Lopes A. Review on the electrochemical
processes for the treatment of sanitary landfill leachates: Present and future.
Applied Catalysis B: Environmental, 2015; 176-177: 183-200.

22. Foo KY, Hameed BH. An overview of landfill leachate treatment via activated
carbon adsorption process. Journal of Hazardous Materials, 2009; 171(1-3): 54-60.

23. Lo HM, Liao YL. The metal-leaching and acid-neutralizing capacity of MSW
incinerator ash co-disposed with MSW in landfill sites. Journal of Hazardous
Materials 2007; 142: 512-9.

24. Wang ZP, Zhang Z, Lin Y], Deng NS, Tao T, Zhuo K. Landfill leachate treatment by
a coagulation-photooxidation process. Journal of Hazardous Materials 2002; 95:
153-9.

25. Reshadi MAM, Bazargan A, McKay G. A review of the application of adsorbents
for landfill leachate treatment: Focus on magnetic adsorption. Science of the Total
Environment, 2020; 731: 138863.

26. Bove D, Merello S, Frumento D, Arni S Al, Aliakbarian B, Converti A. A Critical
Review of Biological Processes and Technologies for Landfill Leachate Treatment.
Chem Eng Technol. Available. Chemical Engineering and Technology 2015; 38(12):
2115-2126.

27. TorrettaV, Ferronato N, Katsoyiannis I, Tolkou A, Airoldi M. Noveland Conventional
Technologies for Landfill Leachates Treatment: A Review. Sustainability 2016;
9:9.

28. Ahmed FN, Lan CQ. Treatment of landfill leachate using membrane bioreactors:
A review. Desalination 2012; 287: 41-54.

Downloaded from http://iwaponline.com/ebooks/book-pdf/1046175/wio9781789061932.pdf
bv auest



Landfill leachate treatment using photocatalytic methods 131

29. Cossu R, Raga R. Test methods for assessing the biological stability of biodegradable
waste. Waste Management 2008; 28: 381-8.

30. Iskander SM, Zhao R, Pathak A et al. A review of landfill leachate induced
ultraviolet quenching substances: Sources, characteristics, and treatment. Water
Research, 2018; 145: 297-311.

31. Wiszniowski ], Robert - D, Surmacz-Gorska - J, Miksch - K, Weber J V. Landfill
leachate treatment methods: A review. Environ Chem Lett 2006; 4: 51-61.

32. Atabarut T, Ekinci E. Thermal Treatment of Landfill Leachate and the Emission
Control. Journal of Environmental Science and Health, Part A 2007; 41: 1931-42.

33. Zhao R, Xi B, Liu Y, Su J, Liu S. Economic potential of leachate evaporation by
using landfill gas: A system dynamics approach. Resources, Conservation and
Recycling 2017; 124: 74-84.

34. Bai Z, Wang Y, Shan M ef al. Study on anti-scaling of landfill leachate treated by
evaporation method. Water Science and Technology 2021; 84: 122-34.

35. Ye ZL, Hong Y, Pan S, Huang Z, Chen S, Wang W. Full-scale treatment of landfill
leachate by using the mechanical vapor recompression combined with coagulation
pretreatment. Waste Management 2017; 66: 88-96.

36. Umar M, Aziz HA, Yusoff MS. Trends in the use of Fenton, electro-Fenton and
photo-Fenton for the treatment of landfill leachate. Waste Management, 2010;
30(11): 2113-2121.

37. Deng Y, Englehardt JD. Treatment of landfill leachate by the Fenton process. Water
Research, 2006; 40(20): 3683-3694.

38. Welter JB, Soares EV, Rotta EH, Seibert D. Bioassays and Zahn-Wellens test
assessment on landfill leachate treated by photo-Fenton process. Journal of
Environmental Chemical Engineering 2018; 6: 1390-5.

39. Silva TFCV, Fonseca A, Saraiva I, Boaventura RAR, Vilar VJP. Scale-up and cost
analysis of a photo-Fenton system for sanitary landfill leachate treatment. Chemical
Engineering Journal 2016; 283: 76-88.

40. Médenes AN, Espinoza-Quifiones FR, Manenti DR, Borba FH, Palacio SM, Colombo
A. Performance evaluation of a photo-Fenton process applied to pollutant removal
from textile effluents in a batch system. Journal of Environmental Management
2012; 104: 1-8.

41. Primo O, Rivero M]J, Ortiz I. Photo-Fenton process as an efficient alternative to
the treatment of landfill leachates. Journal of Hazardous Materials 2008; 153:
834-42.

42. Kim SM, Vogelpohl A. Degradation of Organic Pollutants by the Photo-Fenton-
Process. Chemical Engineering and Technology 1998; 21: 187-91.

43. KIM Y-K, HUH I-R. Enhancing Biological Treatability of Landfill Leachate by
Chemical Oxidation. Environmental Engineering Science 1997; 14: 73-9.

44. Hermosilla D, Cortijo M, Huang CP. Optimizing the treatment of landfill leachate
by conventional Fenton and photo-Fenton processes. Science of the Total
Environment 2009; 407: 3473-81.

45. Poblete R, Pérez N. Use of sawdust as pretreatment of photo-Fenton process in the
depuration of landfill leachate. Journal of Environmental Management 2020; 253:
109697.

46. Li L, FuX, Ai]J et al. Process parameters study and organic evolution of old landfill
leachate treatment using photo-Fenton-like systems: Cu2+ vs Fe2+ as catalysts.
Separation and Purification Technology 2019; 211: 972-82.

47. Leszczynski J. Treatment of landfill leachate by using Fenton and photo-Fenton
processes. Journal of Ecological Engineering 2018; 19: 194-9.

Downloaded from http://iwaponline.com/ebooks/book-pdf/1046175/wio9781789061932.pdf
bv auest



132 Photocatalytic Water and Wastewater Treatment

48. Ghanbarzadeh Lak M, Sabour MR, Ghafari E, Amiri A. Energy consumption and
relative efficiency improvement of Photo-Fenton — Optimization by RSM for landfill
leachate treatment, a case study. Waste Management 2018; 79: 58-70.

49. Huang D, Hu C, Zeng G et al. Combination of Fenton processes and biotreatment for
wastewater treatment and soil remediation. Science of the Total Environment, 2017,
574: 1599-1610.

50. Trapido M, Tenno T, Goi A et al. Bio-recalcitrant pollutants removal from
wastewater with combination of the Fenton treatment and biological oxidation.
Journal of Water Process Engineering 2017; 16: 277-82.

51. Colombo A, Mé6denes AN, Gées Trigueros DE, Giordani da Costa SI, Borba FH,
Espinoza-Quifiones FR. Treatment of sanitary landfill leachate by the combination
of photo-Fenton and biological processes. Journal of Cleaner Production 2019; 214:
145-53.

52. Silva JO, Silva VM, Cardoso VL, Machado AEH, Trov6 AG. Treatment of sanitary
landfill leachate by photo-Fenton process: Effect of the matrix composition. Journal
of the Brazilian Chemical Society 2016; 27: 2264-72.

53. Tejera J, Miranda R, Hermosilla D, Urra I, Negro C, Blanco A. Treatment of a
Mature Landfill Leachate: Comparison between Homogeneous and Heterogeneous
Photo-Fenton with Different Pretreatments. Water 2019; 11: 1849.

54. LiJ,ZhaoL,Qin Let al. Removal of refractory organicsin nanofiltration concentrates
of municipal solid waste leachate treatment plants by combined Fenton oxidative-
coagulation with photo - Fenton processes. Chemosphere 2016; 146: 442-9.

55. Silva TFCV, Ferreira R, Soares PA et al. Insights into solar photo-Fenton reaction
parameters in the oxidation of a sanitary landfill leachate at lab-scale. Journal of
Environmental Management 2015; 164: 32-40.

56. Colombo A, Médenes AN, Trigueros DEG et al. Toxicity evaluation of the landfill
leachate after treatment with photo-Fenton, biological and photo-Fenton followed
by biological processes. Journal of Environmental Science and Health - Part A
Toxic/Hazardous Substances and Environmental Engineering 2019; 54: 269-76.

57. Singa PK, Isa MH, Ho YC, Lim JW. Mineralization of Hazardous Waste Landfill
Leachate using Photo-Fenton Process. E3S Web of Conferences. Vol65. EDP
Sciences, 2018: 05012.

58. De Morais JL, Zamora PP. Use of advanced oxidation processes to improve the
biodegradability of mature landfill leachates. Journal of Hazardous Materials
2005; 123: 181-6.

59. Jia CZ, Zhu JQ, Qin QY. Variation characteristics of different fractions of dissolved
organic matter in landfill leachate during UV-TiO2 photocatalytic degradation.
Proceedings of the 2013 3rd International Conference on Intelligent System Design
and Engineering Applications, ISDEA 2013. 2013: 1594-8.

60. Cho SP, Hong SCSI, Hong SCSI. Photocatalytic degradation of the landfill leachate
containing refractory matters and nitrogen compounds. Applied Catalysis B:
Environmental 2002; 39: 125-33.

61. Jia C, Wang Y, Zhang C, Qin Q. UV-TiO2 photocatalytic degradation of landfill
leachate. Water, Air, and Soil Pollution 2011; 217: 375-85.

62. Nomura Y, Fukahori S, Fujiwara T. Removal of 1,4-dioxane from landfill leachate
by a rotating advanced oxidation contactor equipped with activated carbon/TiO2
composite sheets. Journal of Hazardous Materials 2020; 383: 121005.

63. Teh CM, Mohamed AR. Roles of titanium dioxide and ion-doped titanium dioxide
on photocatalytic degradation of organic pollutants (phenolic compounds and
dyes) in aqueous solutions: A review. Journal of Alloys and Compounds, 2011;
509(5): 1648-1660.

Downloaded from http://iwaponline.com/ebooks/book-pdf/1046175/wio9781789061932.pdf
bv auest



Landfill leachate treatment using photocatalytic methods 133

64. Elleuch L, Messaoud M, Djebali K ef al. A new insight into highly contaminated
landfill leachate treatment using Kefir grains pre-treatment combined with Ag-doped
TiO2 photocatalytic process. Journal of Hazardous Materials 2020; 382: 121119.

65. Shahmoradi B, Yavari S, Zandsalimi Y ef al. Optimization of solar degradation
efficiency of bio-composting leachate using Nd: ZnO nanoparticles. Journal of
Photochemistry and Photobiology A: Chemistry 2018; 356: 201-11.

66. Lien Thuong NT, Thanh Binh N, Small Scale Landfill Leachate Treatment Using
Photocatalytic Oxidation Process 2015; 53(3A): 49-54.

67. Azadi S, Karimi-Jashni A, Javadpour S, Amiri H. Photocatalytic treatment of
landfill leachate using cascade photoreactor with immobilized W-C-codoped TiO2
nanoparticles. Journal of Water Process Engineering 2020; 36: 101307.

68. Esfahani Kashitarash Z, Mohammad Taghi S, Kazem N, Abbass A, Alireza R.
Application of iron nanaoparticles in landfill leachate treatment-case study:
Hamadan landfill leachate. Iranian Journal of Environmental Health Science and
Engineering 2012; 9: 1-5.

69. Huang S, Li L, Zhu N et al. Removal and recovery of chloride ions in concentrated
leachate by Bi(III) containing oxides quantum dots/two-dimensional flakes.
Journal of Hazardous Materials 2020; 382: 121041.

70. Ranjbari A, Mokhtarani N. Post treatment of composting leachate using ZnO
nanoparticles immobilized on moving media. Applied Catalysis B: Environmental
2018; 220: 211-21.

71. Mokhtarani N, Khodabakhshi S, Ayati B. Optimization of photocatalytic post-
treatment of composting leachate using UV/TiO2. Desalination and Water
Treatment 2016; 57: 22232-43.

72. Chan AHC, Chan CK, Barford JP, Porter JF. Solar photocatalytic thin film cascade
reactor for treatment of benzoic acid containing wastewater. Water Research 2003;
37:1125-35.

73. Meeroff DE, Bloetscher F, Reddy D V. et al. Application of photochemical
technologies for treatment of landfill leachate. Journal of Hazardous Materials
2012;209-210: 299-307.

74. Cho SP,Hong SCSI, Hong SCSI. Study of the end point of photocatalytic degradation
of landfill leachate containing refractory matter. Chemical Engineering Journal
2004; 98: 245-53.

75. Poblete R, Otal E, Vilches LF, Vale J, Fernandez-Pereira C. Photocatalytic
degradation of humic acids and landfill leachate using a solid industrial
by-product containing TiO2 and Fe. Applied Catalysis B: Environmental 2011;
102: 172-9.

76. Saien ], Ojaghloo Z, Soleymani AR, Rasoulifard MH. Homogeneous and
heterogeneous AOPs for rapid degradation of Triton X-100 in aqueous media via
UV light, nano titania hydrogen peroxide and potassium persulfate. Chemical
Engineering Journal 2011; 167: 172-82.

77. Manassero A, Satuf ML, Alfano OM. Evaluation of UV and visible light activity
of TiO2 catalysts for water remediation. Chemical Engineering Journal 2013; 225:
378-86.

78. Karabelas AJ, Sarasidis VC, Patsios SI. The effect of UV radiant power on the rate
of polysaccharide photocatalytic mineralization. Chemical Engineering Journal
2013; 229: 484-91.

79. Jyothi KP, Yesodharan S, Yesodharan EP. Ultrasound (US), Ultraviolet light (UV)
and combination (US+UV) assisted semiconductor catalysed degradation of
organic pollutants in water: Oscillation in the concentration of hydrogen peroxide
formed in situ. Ultrasonics Sonochemistry 2014; 21: 1787-96.

Downloaded from http://iwaponline.com/ebooks/book-pdf/1046175/wio9781789061932.pdf
bv auest



134 Photocatalytic Water and Wastewater Treatment

80. Camera-Roda G, Santarelli F. Optimization of the thickness of a photocatalytic
film on the basis of the effectiveness factor. Catalysis Today 2007; 129: 161-8.

81. Rao NN, Chaturvedi V, Li Puma G. Novel pebble bed photocatalytic reactor for solar
treatment of textile wastewater. Chemical Engineering Journal 2012; 184: 90-7.

82. Yasmin C, Lobna E, Mouna M et al. New trend of Jebel Chakir landfill leachate pre-
treatment by photocatalytic TiO2/Ag nanocomposite prior to fermentation using
Candida tropicalis strain. International Biodeterioration and Biodegradation
2020; 146: 104829.

83. Ibrahim N, Selimin MT. Removal of Colour from Landfill by Solar Photocatalytic.
Journal of Applied Sciences 2010; 10(21): 2721-2724.

84. Hassan M, Wang X, Wang F, Wu D, Hussain A, Xie B. Coupling ARB-based
biological and photochemical (UV/TiO2 and UV/S2082—) techniques to deal with
sanitary landfill leachate. Waste Management 2017; 63: 292-8.

85. Vineetha MN, Matheswaran M, Sheeba KN. Photocatalytic colour and COD
removal in the distillery effluent by solar radiation. Solar Energy 2013; 91: 368-73.

86. AzadiS,Karimi-JashniA,JavadpourS. Photocatalytic Treatment of Landfill Leachate
Using W-Doped TiO2 Nanoparticles. Journal of Environmental Engineering 2017;
143: 04017049.

87. Poblete R, Prieto-Rodriguez L, Oller I et al. Solar photocatalytic treatment of
landfill leachate using a solid mineral by-product as a catalyst. Chemosphere 2012;
88:1090-6.

88. Azadi S, Karimi-Jashni A, Javadpour S. Modeling and optimization of photocatalytic
treatment of landfill leachate using tungsten-doped TiO2 nano-photocatalysts:
Application of artificial neural network and genetic algorithm. Process Safety and
Environmental Protection 2018; 117: 267-77.

89. Azadi S, Karimi-Jashni A, Javadpour S, Amiri H. Photocatalytic treatment of
landfill leachate: A comparison between N-, P-, and N-P-type TiO2 nanoparticles.
Environmental Technology & Innovation 2020; 19: 100985.

Downloaded from http://iwaponline.com/ebooks/book-pdf/1046175/wio9781789061932.pdf
bv auest



o WA

PUBLISHING

doi: 10.2166/9781789061932_0135

Chapter 5

Life cycle assessment
of solar photocatalytic
wastewater treatment

Mohammadreza Hajbabaie’, Hossein Nematollahi?, Ka Leung Lam? and
Alireza Bazargan®*

Department of Civil Engineering, K.N. Toosi University of Technology, Tehran, Iran

2School of Environment, College of Engineering, University of Tehran, Tehran, Iran

3Department of Water Management, Faculty of Civil Engineering and Geosciences, Delft University of
Technology, The Netherlands

*Corresponding author: alireza.bazargan@ut.ac.ir

ABSTRACT

This chapter conducts alife cycle assessment (LCA) of a solar-driven photocatalytic process
for wastewater treatment. Initially, an overview is given of the LCA framework and how
it has been used to assess the potential environmental impacts of different wastewater
treatment technologies. The goal and scope of the LCA are defined, followed by the
system boundary which includes all the major factors affecting the process, the treatment
plant infrastructure, required chemicals, transportation, and electricity consumed during
the processes. The foreground inventory data of the process are extracted from the
literature, while the background inventory data are from the Ecoinvent3, ELCD and USLCI
databases. Impact 2002+ has been used as the life cycle impact assessment method. In
addition, the life cycle assessment of titanium dioxide (TiO,), as one of most widely-used
photocatalysts, is discussed. Finally, the key findings regarding the environmental impacts
of solar-driven photocatalytic processes for wastewater treatment are addressed.

5.1 INTRODUCTION

Although technological advances have led to an increase in welfare, the planet
is facing a series of big challenges. Climate change, source depletion, land use,
water scarcity, pollution, and various diseases such as cancers can be traced
back to human activity and its consequences. Improvements and modifications
in consumption patterns are needed in order to reach sustainable development,
meaning to meet the needs of today’s generation, in addition to ensuring that
our consumption patterns have the least possible negative impact on the lives of

© 2022 The Editors. This is an Open Access book chapter distributed under the terms of the Creative
Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution for
noncommercial purposes with no derivatives, provided the original work is properly cited (https:/
creativecommons.org/licenses/by-nc-nd/4.0/). This does not affect the rights licensed or assigned
from any third party in this book. The chapter is from the book Photocatalytic Water and Wastewater
Treatment, Alireza Bazargan (Ed.).
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future generations. Let us note that sustainability is not only an environmental
issue, and should be considered in all aspects of economic, environmental, and
social activities.

Investigating the environmental impacts of a product or service, from the
extraction of the required raw material to the final disposal of the wastes, is
essential in understanding its sustainability. The set of processes and stages
from the production all the way to the final disposal of a product is called its
life cycle, and the approach investigating the environmental impacts occurring
in the life cycle is called life cycle assessment (LCA). In life cycle assessment,
the system can be considered and examined from an economic, social or
environmental perspective (or their combination). The term ‘product system’
is used which refers to all processes from the extraction of natural resources to
the final management of waste produced at the end of the life cycle. This is also
referred to as ‘cradle to grave’. Cradle refers to the resource extraction stage
and grave to the final waste disposal stage.

By using life cycle assessment, it is possible to choose the preferred scenario
from several options, and to study and modify the emissions in the life cycle of a
product, based on the impacts [1, 2]. For example, in selecting the best scenario
between the use of plastic bottles and glass bottles for soft drinks, life cycle
assessment can be carried out. At first glance, one may choose the glass bottle
as the preferred scenario, assuming that avoiding the use of plastics is beneficial
for the environment. However, by examining the life cycle of each of the two
options, it is possible to scientifically study all the environmental effects that
occur in each of the two scenarios, and make a more informed decision. Hence,
according to the environmental impact categories considered, the preferred
scenario with the least amount of effects can be selected. For the two options in
this particular example, the following steps can be considered:

Plastic bottle

« Processes related to oil extraction

+ Transfer of extracted oil to the factory to produce raw materials for plastic
production

- Processes related to the production of plastic granules

- Transfer of the produced granules to the plastic bottle factory

+ Processes related to making plastic bottles

+ Transfer of plastic bottles to the soft drink factory

« Filling and packaging of the bottles

- Transferring of the filled bottles to stores

- Processes related to recycling and/or disposal of the discarded bottles

Glass bottle

+ Extraction of silica and other required materials from mines

+ Transfer of silica and other glass materials to the factory

+ Processes related to material processing and glass bottle making
- Transfer of glass bottles to the soft drink factory

- Filling and packaging the bottles

- Transfer of the filled bottle to stores

+ Processes related to recycling and disposal of used bottles
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In each of these processes, energy and materials are consumed, and each
process has a separate life cycle of its own. The energy consumed in each
process can be in the form of electricity, heat, radiation and so on. The source
of the electricity that is used is also important, meaning that the electricity
can be generated from various renewable sources or fossil fuels, which make
a significant difference in the environmental emissions and in turn affect the
preferred option.

In essence, using the product system and life cycle approach, one can make
a more accurate selection compared to when only a traditional view is taken.
Often, the alternatives are numerous, for example the use of aluminum cans
could also be added to the list of options above. For the particular example
of food and beverage packaging, numerous academic papers have been
published [3-5].

Overall, LCA provides a tool to quantify and evaluate the inputs, outputs,
and potential environmental impacts of a product system over its life cycle, and
its results may be used to support various decisions [6-8].

In recent years, despite many changes and developments, life cycle
assessment has been standardized and attempts have been made to minimize
discrepancies. For example, as per the ISO standards, the four basic steps of an
LCA include the following which will be subsequently discussed:

- Goal and scope

« Life cycle inventory

+ Life cycle impact assessment
+ Interpretation

5.2 THE BASIC STEPS OF LCA

5.2.1 Goal and scope
The first step in a life cycle assessment is to define the goal and scope of the
work. Defining the goal and scope of the LCA study unambiguously and at this
stage, before any data collection and calculations are performed, is important
to avoid possible problems down the road.

The purpose of a life cycle assessment can be any of the following:

+ Selecting a preferred alternative

«  Optimizing the life cycle of a product to minimize impacts
- Providing energy and environmental labels

- Marketing

At this stage, the purpose of the study, the options that will be compared with
each other, how to use the study results, the data collection method, the system
under study, system boundaries and performance units are determined. The
product, process, or activity is also defined and the system hypotheses are
documented and collected. This stage provides the necessary basis for the
LCA. The scope expresses the framework in which the study is conducted
and should be consistent with the objectives of the assessment. Reliable
information will not be obtained if the goal and scope of the assessment are
not specified.
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The ‘system boundary’ is defined as the range within which all the processes
in a life cycle are located according to the intended purpose and accuracy of the
LCA. In other words, the system boundary determines which unit processes to
include in the LCA study [9]. Within the system boundary, all inputs and outputs,
including material flow, energy and emissions, are included. The accuracy of a
life cycle assessment study depends on the accuracy of the system boundary
selection. The more accurate the system boundary is, the higher the accuracy
of the results. Lack of sufficient reliable data of included processes and the
complexity level of the model are the obstacles to consider when designating
system boundaries.

In addition, defining a ‘functional unit (FU)’ is essential for building
and modeling a product system. The purpose of defining a functional unit
is to provide a quantified reference unit for normalizing the inventory. The
definition of a functional unit depends on the type of environmental impacts
and the purpose of the study. The functional unit is often defined in terms of
the mass, number and volume of the product produced in the study. Due to the
linear nature of LCA calculations, the results can also be matched to reality by
multiplying the ratio of the manufactured product to the functional unit in the
final results.

To put the importance of the FU into perspective, one can consider this
example: in comparing two different types of batteries in an LCA, shall the
researcher choose a specific number of batteries as the FU with which the
alternatives are compared? Or would it be better to compare the results based
on a FU of ‘Watt hours of energy provided’? Perhaps in comparing battery A and
battery B, battery A might provide 50% more energy than battery B, but have
20% more environmental impacts as well. In such a case, choosing an FU of the
number of batteries would hint at battery B being a better option because of its
relatively lower environmental impact, but if the amount of energy provided is
chosen as the FU, then battery A would be the better choice. Evidently, in this
simple case, as in many other real-world cases, the choice of the FU could have
drastic influence on the final results [10, 11].

5.2.2 Life cycle inventory

The second step to consider in conducting LCAs is the life cycle inventory,
which involves collecting the required data based on a list of input and output
materials, emissions and energy. Life cycle inventory includes the collection
and calculation of inventory and quantification of inputs and outputs for a
product throughout its life cycle [12].

Since this step only involves collecting input and output data and data
analysis, it is not possible to achieve the appropriate conclusions from this step
alone without performing the next step, which is to determine the environmental
impacts of processes within the life cycle.

The inventory within the system boundary can be classified under the
following major headings:

- Energy, raw materials, and emission inputs
+ Products, by-products, and final wastes
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+  Emissions to the air, water and soil
« Other environmental aspects

After collecting the required inventory, calculation methods include:

+ Validation and verification of the collected data

« Determining the relationship between inventory and unit processes

- Determining the relationship between data and base flow in the functional
unit

This phase of life cycle assessment is more time consuming than other phases.
This is often due to the time spent on collecting information. Data are collected
in a short period when there are good baseline data. Also, if the suppliers of
materials to the process cooperate with the person(s) carrying out the LCA,
data collection can be greatly improved and streamlined. Much of the basic
information needed is available and can usually be gathered in software
designed for this purpose. Data can be collected based on transportation,
extraction of raw materials, processing of materials, and so on, and are often
provided in the software.

However, it should be noted that although a number of software packages
are available to help conduct LCA studies in line with the ISO 14040/14044
standards, systematic comparisons have shown that the results of the LCA study
are unfortunately highly dependent on which software is used. An evaluation
by Speck et al. found that various programs disagreed over which packaging
containers had the greatest environmental impact and that their results in
some cases were over an order of magnitude off. In all categories of impact and
software investigated, the results of the analysis were different from each other
at multiple points in the comparisons [13, 14]. Such stark differences in results
depending on the software which is used have also been reported elsewhere,
the implications of which have been referred to as ‘worrying’, and rightfully so
[15]. Even when exactly identical inputs are used, the results may turn out to be
different depending on which software is used.

5.2.3 Life cycle impact assessment
Life cycle impact assessment (LCIA) helps to understand and assess
environmental impacts based on inventory analysis in the context of the goal
and scope of the study. The impact assessment phase includes the selection of
impact categories, and classification and description of environmental impacts.
This step also provides the necessary information for the interpretation phase.
The basic structure of impact assessment methods is based on the following
five principles [16]:

Selection
Characterization
Damage assessment
Normalization
Weighting or grouping

Gkl aNe
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Items 3 to 5 are not present in all impact assessment methods and are optional
elements [16]. When choosing an impact assessment method, the required items
can be selected to be applied to the assessment method.

5.2.3.1 Selection

Choosing impact categories should reflect the parameters that were selected
for the assessment as part of the scope definition. Each impact category is then
assigned a representative indicator along with an environmental model that can
be used to calculate how elementary flows affect the indicator.

5.2.3.2 Characterization

At this stage, life cycle inventory (LCI) outcomes are assigned to selected
impact categories based on known environmental impacts. In practice, this is
often complemented by the use of LCI databases or LCA software. This means
the amount of materials that are classified as pollutants in groups affecting
the environment is multiplied by a value called the characterization factor to
indicate the degree of participation and impact of this material in determining
the impacts on the environment. In each impact category, a common criterion
is used to calculate the scores. In this way, each contribution is combined into
a single score that represents the impact of each category on the product system
as a whole. For example, using the global warming potential (GWP), one can
estimate how much energy a ton of each gas absorbs over a given time period,
such as 100 years, compared with a ton of carbon dioxide. In comparison to
carbon dioxide, methane absorbs a great deal more energy; hence its GWP
varies from 28 to 36 [17].

5.2.3.3 Damage assessment

In some methods of impact assessment, there is a step called damage assessment.
In this step, the impact of classification indicators that have a common unit are
added. For example, in the Eco-Indicator99 method, all effects related to human
health are expressed with DALY (disability adjusted life years). For example, by
using DALY, it is possible to summarize the effects of all carcinogens and other
human health threats at the same time [18].

5.2.3.4 Normalization

In many impact assessment methods, it is possible to compare the results of
different impact assessment indicators with each other based on a certain
criterion or target value; this target value is used as a comparison reference.
Normalization factors show the impact of an entire reference area for a particular
type of impact (e.g., climate change, eutrophication, etc.) in a reference year.
Based on the selected impact assessment method, the normalization results can
be used in the stages of characterization and damage assessment.

5.2.3.5 Weighting or grouping

Weighting is the application of quantitative measures to the relative severity
of various environmental changes. In some impact assessment methods, it is
possible to weight the environmental impact classification. This means that the
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results obtained from the impact classification indicators are multiplied by the
weighting factor and create a final score for the amount of impact. Weighting
can be done on normalized or non-normalized data.

5.2.4 Interpretation

Interpretationisthe mandatory final phase ofan LCA thatlinksinventoryanalysis
and impact assessment to obtain robust conclusions and recommendations. The
interpretation should reflect the fact that the results of the impact assessment
are based on a relative and comparative approach and express only the
environmental impact potential. It should also note the fact that the results do
not have the power to predict the threshold and the risk limits of the effects.

At this phase, the results concerning the goal and scope of the study will be
interpreted and management strategies will be conferred. The interpretation of
the results can be presented to support decision-makers as recommendations.
Interpretation is a systematic method for identifying, controlling and assessing
information from the results of inventory analysis.

Interpretation involves considering all phases of the assessment and
examining all consistent hypotheses. Ultimately, there are three elements to
the LCA interpretation phase as follows [19]:

(1) Identification of significant issues (based on the results of the LCI and
LCIA phases)

(2) Evaluation that considers completeness, consistency and sensitivity
checks

(3) Conclusions, limitations and recommendations

5.3 LCA FOR WASTEWATER TREATMENT AND PHOTOCATALYSIS

In most LCA studies for wastewater treatment, the goal is to assess the
environmental impacts of technologies. System boundaries are often chosen
so that all inventories are considered during the process. Figure 5.1 shows an

Collection system

Primary treatment

Used materials \ o .
Energy 7 2! Emissions
Electricity

Secondary treatment
\, v
' ™
Disposal
\, / \ /
\, /

Figure 5.1 Examples of physical system boundaries for wastewater treatment plant LCAs.
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example of the system boundary for an LCA study for wastewater treatment.
Generally, 1 m3 of input flow is used as the functional unit.

System inputs are usually the wastewater entering the system, the electrical
energy used for pumping and mixing, aeration and the chemicals used. Outputs
include emissions to air, water, soil, and other secondary products such as sludge.

Over the past couple of decades, there has been a great deal of interest in using
LCAs in the field of wastewater treatment [20-22]. Studies have summarized
past LCAs and describe key challenges in using LCAs in wastewater systems
[23], and using LCA to evaluate sludge treatment and disposal [24]. One study
examined the use of LCAs for a broader description of urban water systems
[25]. Wastewater treatment plants can come in a wide range of shapes and
sizes. For some, the operation phase is most important while for others the
construction and decommissioning are also significant. For example, it is
important to include the construction phase in the LCA of low complexity
treatment systems in developing countries [26], which often suffer from a lack
of site-specific characterization factors and normalization/weighting data [27].

Accordingto one study, for conventional plants, the environmental impacts of
the construction and ultimate deconstruction phase of a wastewater treatment
plant are negligible compared to the operation phase [28]. Different wastewater
treatment processes were investigated to determine the use of materials and
energy as well as their environmental effects. According to the results of this
study, the energy used in the operation phase of the treatment plant had a
large contribution to the environmental effects of the treatment process. Also,
biological filters consume less energy and their emissions are less than those of
the activated sludge process.

Suh and Rousseaux [29] compared different scenarios for the disposal of
sludge from wastewater treatment plants. The main scenarios were burning,
using in agricultural land or disposal in the ground. The sludge stabilization
process was chosen among anaerobic mesophilic digestion, using directly
as fertilizer in agriculture, and lime stabilization. The results of this study
are weighted and normalized and according to the findings, using sludge in
agriculture has the lowest energy consumption however this option, alongside
burning, releases heavy metals which have the maximum contribution in
human and ecological toxicity.

Dixon et al. [30] studied two systems for wastewater treatment in terms
of environmental impacts containing a reedbed and biofilters. The studied
impacts include energy use, released carbon dioxide and solid emissions. Based
on the results of this study, the reedbed system has less CO, emission and
energy consumption compared to biofilters, but in terms of solid emissions,
environmentally it is less desirable than biofilters. Most of the energy consumed
in biofilters was due to the aeration and pumping system during operation.
Most of the solids emissions of the reedbed system were due to drilling in the
construction phase and the sludge of the operation phase [30].

Renzoni et al. [31] conducted LCA starting from the pumping station all
the way to the wastewater treatment plant. According to the results of their
study, the greater the volume of water treated, the lower the eutrophication
and acidification, while the environmental impacts in the other categories such
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as climate change and toxicity increase. Using normalization, acidification
and eutrophication were determined to be the most important impacts and
therefore, increasing the rate of wastewater treatment as much as possible has
been suggested. Meanwhile, Foley et al. [32] stated that advanced nitrogen
removal processes require the addition of complementary chemicals, and that
the negative environmental effects associated with the transportation and
manufacture of these materials is usually ignored.

The LCA of photocatalytic systems hasalsobeen explored in the literature [33]. In
one study, a comparative LCA of two solar photocatalytic processes (heterogeneous
photocatalysis and homogeneous photo-Fenton) coupled with biological treatment
was carried out [34]. The study used a-methyl-phenylglycine as a target substance.
The system boundary included the construction phase, chemicals, electricity,
transport, end of life of the spent catalyst, sludge incineration, as well as treatment
of the effluent. Nine environmental impact categories, namely ozone depletion,
freshwater aquatic toxicity, human toxicity, global warming, photochemical ozone
formation, eutrophication, energy consumption, acidification, and land use were
investigated. The study suggests that if a solar photo-Fenton process is used in an
industrial application, less time and energy is needed for obtaining biodegradable
effluents than when solar heterogeneous photocatalysis is performed. In other
words, the solar heterogeneous photocatalytic system displays a much higher
environmental impact in nearly all categories, mainly due to the larger size of its
solar collector and the land required [34].

For olive mill wastewater treatment, when comparing ultraviolet (UV)
heterogenous photocatalysis (UV/TiO,), wet air oxidation and electrochemical
oxidation over boron-doped diamond electrodes, the photocatalytic process
did not appear very attractive in terms of environmental performance. It was
also concluded that human health is primarily affected followed by impacts
on resources depletion, and that energy requirements strongly impact the
sustainability of the process [35].

Real life cycle inventories were gathered in another study which considered
various forms of treatment, namely: solar photolysis (both simulated and real),
photolysis under different UV irradiations (UV-A and UV-C), solar photo-Fenton
in the absence or presence of hydrogen peroxide (denoted solar/Fe and solar/
Fe/H,0, respectively), titania-mediated photocatalysis (UV-A/TiO,), and UV-C
treatment in the presence of hydrogen peroxide (UV-C/H,0,). The functional
unit for comparing the various considered forms of treatment was the removal of
1pg of 17a-ethynylestradiol from one liter of wastewater. The chosen pollutant
is an endocrine disrupting chemical commonly found in micro concentrations.
Solar photolysis alone, without Fe, showed a 23-fold increase in environmental
footprint. If hydrogen peroxide was used in addition to Fe, the environmental
footprint further decreased. Also, the use of simulated solar irradiation
significantly increased the environmental footprint due to its energy intensive
nature. UV-C was found to be about three times more environmentally friendly
than UV-A photolysis. Addition of TiO, to UV-A and H,0, to UV-C caused
their total environmental impacts to significantly decrease meaning that the
excess burden of using these materials was more than compensated for by their
improvement of process efficiency. The total environmental footprint could be
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ordered from worst to best as: solar photolysis >UV-A > UV-C >solar/Fe >UV-A/
TiO, > UV-C/H,0, > solar/Fe/H,0, [36]. Similarly, another study also compared
numerous solar-driven processes including solar photolysis (with and without
H,0,), photocatalysis using TiO, (with and without H,0,) and circumneutral
photo-Fenton [7]. This study concluded that the use of titanium dioxide alongside
solar irradiation provided the best balance in terms of minimizing environmental
impacts while achieving acceptable removal of pollutants. Elsewhere [8], using 1%
of manganese, iron, nickel or cobalt to monodope TiO, for producing an improved
photocatalyst for removing carbamazepine and methyl orange was studied. The
research showed that although photocatalytic activity of the catalyst was greatly
influenced by the use of the metals, the environmental impacts of synthesizing
the TiO, did not significantly change when a weight-based functional unit was
employed. This was true irrespective of using UV-A or visible light irradiation.
The EATOS (Environmental Assessment Tool for Organic Synthesis) has been
used alongside LCA to study the effects of functionalization [37].

Specifically comparing UV-A lamps and solar energy, Mufioz et al. [38]
investigated heterogenous photocatalysis, photo-Fenton reactions, the coupling
of heterogeneous photocatalysis and photo-Fenton, and heterogeneous
photocatalysis in combination with hydrogen peroxide for kraft mill bleaching
wastewater. The study concluded that no single process was better than the rest
in all impact categories, however the environmental impacts of all the advanced
oxidation processes (AOPs) under study are caused mainly by the amount
of electricity consumed, and that the impact of producing the reagents and
catalysts is comparatively low. In a follow up study, the same team conducted
a similar study but this time included ozonation alongside the other treatments
for the removal of dissolved organic content [39].

Researchers recently used LCA to assess the impacts of treating 100m3/d
of wastewater containing 100mg/L of phenol using the baseline CML impact
factors. The single score Eco-indicator 99 was used alongside other individual
impact categories. Overall, the solar photo-Fenton process received the lowest
Eco-indicator score of 0.044pt making it the most environmentally friendly.
Meanwhile, the electro-Fenton process obtained the highest Eco-indicator
score of 1.48pt making it the least favorable option. Solar photocatalysis using
various catalysts as well as adsorption by activated carbon ranked between the
abovementioned technologies [1].

Overall, the benefits of LCA for water and wastewater managers can be
widespread. The information learned through proper conduction of LCA can
cover various aspects of the entire wastewater system. Whether upstream issues
and components such as supply chain are of concern, or whether downstream
issues such as waste disposal or point-of-use are of interest, LCA can be a useful
tool. Other benefits could be the identification of weaknesses and bottlenecks
for targeted improvement and optimization. Another important benefit of LCA
can be the identification of trade-offs and burden-shifting [20].

5.4 MATERIALS AND METHODS OF THE CURRENT STUDY

As described previously, life cycle assessment consists of four main stages [40,
41]. The first stage in conducting a cradle-to-grave LCA study is goal and scope
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definition. Defining a functional unit and the boundaries of the analysis are
conducted in this phase. The second stage is the life cycle inventory, in which
the modeling of the system is done considering the input or output flows. The
third step is to assess the environmental impacts. At this stage, all inventory
emissions are classified into one or more designated damage categories such
as carcinogenicity, environmental toxicity, or fossil fuel use according to their
damage potential. The last stage is interpretation. This step sometimes involves
weighting the impact categories according to human preferences to achieve a
single impact score that can be compared for alternative products or processes.

5.4.1 Goal and scope of the current study

The goal of this study is to assess the environmental impacts related to
photocatalytic water and wastewater treatment using life cycle assessment of
a particular case study. The boundary of the system is illustrated in Figure 5.2.
Importantly, titanium dioxide is considered as the only photocatalytic material
used herein, and it is modeled according to the article ‘Life cycle of titanium
dioxide nanoparticle production: impact of emissions and use of resources’ [42].
If a different photocatalytic material or process were used, this would strongly
impact the results of the current work. The solar plant for solar-driven advanced
oxidation processes, the area occupied, electricity, transportation and raw
materials are included in the inventory. The system boundary for the LCA is
shown and in the modeling section, titanium dioxide is modeled separately
and entered into the system. As discussed previously, the functional unit is
one of the main elements in the definition of goal and scope. In this study, the
selected functional unit is to treat 1 m3 of wastewater to eliminate toxic and
non-biodegradable compounds to achieve pollution levels in the effluent which
are acceptable for wastewater discharge. The characteristics of the wastewater
inlet and outlet are given in Table 5.1.

5.4.2 Inventory analysis of the current study
The study was conducted at the life cycle scale, containing all energy, materials
and fuel inputs to the process and their upstream emissions. The process
inventories in the software are a black box, meaning that the processes described
by the input and output streams are presented without any further information
about the internal functional relationships. For titanium dioxide, a cradle-to-
gate life cycle assessment has been used, and the final product of that process
(titanium dioxide) is used in the photocatalytic process under investigation.
Ecoinvent3, ELCD and USLCI databases have been used to collect data.
Table 5.1 shows the input and output characteristics of the wastewater. Table 5.2
indicates the inventories according to the defined system boundary. Table 5.3
shows the inventory for modeling titanium dioxide.

5.4.3 Life cycle impact assessment of the current study

Among the many methods available in the SimaPro software, IMPACT 2002+
has been used as the life cycle impact assessment method in this project. Initially
developed in 2003, the new IMPACT 2002+ life cycle impact assessment
method proposes the practical implementation of a hybrid midpoint/damage
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Table 5.1 Initial and final effluent characteristics [34].

Initial Effluent (Non-Biodegradable)

a-methyl-phenylglycine (MPG) (mg/L) 500
DOC (mg/L) 330
COD (mg/L) 1270
N-total (mg/L) 42
N-ammonia (mg/L) 0
N-nitrate (mg/L) 0
Final Effluent (Biodegradable)

MPG (mg/L) 0
DOC (mg/L) 40
COD (mg/L) 214
N-ammonia (mg/L) 36
N-nitrate (mg/L) <1
Accumulated UV Radiation and Time Required

Qu, (KJ/L) 252
t50w (min) 1500

approach, linking different types of life cycle inventories (primary streams and
other interventions) through 14 midpoints and 4 damage categories. Midpoint
categories can be used to identify traditional impact assessment methods. Also,
the uncertainties that occur due to the cause and effect chain can be restricted by
using midpoint categories. Damage categories are also called endpoint categories.
Each damage category is obtained by aggregating the effects of the midpoint
categories. Four main endpoint categories, namely: resource use, human health
damage, climate change, and ecosystem quality are used. The endpoint category
regarding human health is split into carcinogenic and non-carcinogenic damages.
Regardless of whether toxicity in its broad sense or toxicity only for humans is
considered, main responses are used rather than assumptions. Existing methods
such as Eco-indicator 99 and CML 2002 are used for other midpoint categories,
the scores of which are expressed in reference material units [43].

The results can (and should) be normalized. This can occur at midpoints or
endpoints as needed. The characteristic factors of more than 1000 different life
cycle inventory outcomes are now available when using methods such as the
IMPACT 2002+ [43]. Each end point consists of one or more midpoints shown
in Table 5.4 alongside their respective units.

The DALY is a unit for measuring adverse effects on human health; 1
DALY is the absence of one year of life (e.g., due to dying one year too soon).
Importantly, the number of DALYs can be converted depending on the hardship
or disability inflicted. For instance, a person suffering with 25% disability for 4
years also incurs 1 DALY. The unit for ecosystem quality, 1 PDF.m?yr, means
that all species disappear from 1 m? of land in one year; which is also equivalent
to 10% of all species disappearing from 10 m? of space in one year; or 10% of
all species disappearing from 1 m? of land over 10 years. In the case of climate
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Table 5.2 Inventory table for 1 m3 wastewater treatment [34].

Inputs (per Functional Unit) 1 m2 Compound Solar
Parabolic Heterogeneous
Collector Photocatalysis

From nature
Occupation, industrial site (m? year) 2.76 2.4

From technosphere
CPC infrastructure:

Stainless steel (kg) 7.81 0.45
Galvanized steel (kg) 0.17 9.5x 1073
Aluminum extruded and anodized * 2 (kg) 9.68 0.55
Borosilicate glass tube * 2 (kg) 6.72 0.38
Extruded polypropylene (kg) 0.2 1.1x1072
Injection molded polypropylene (kg) 1.2 0.069
Concrete (m3) 0.32 0.018
Reinforcing steel (kg) 31 1.8
Concrete blocks (m?3) 0.02 1.1x10-3
Materials transport by rail (kg.km) 14,089 807
Materials transport by lorry 32 t (kg km) 45,579 327
Auxiliary materials and energy:

Electricity, medium voltage, UCTE profile (kWh) 18
Titanium dioxide (kg) 0.02
Chemicals transport by rail (kg km) 12
Chemicals transport by lorry 32 t (kg km) 2
Outputs (per functional unit)

To nature

Carbon dioxide (kg) 1.06

To technosphere
Spent catalyst management:

Transport by lorry 16 t (kg km) 20
Catalyst landfilling (fresh weight) (kg) 0.40
Effluent treatment in MWWTP (m3) 1

Table 5.3 Inventory for titanium dioxide production [42].

Inputs Mass (kg/kg TiO,) Energy (MJ)  Exergy (MJ)
Ilmenite 2.165 0 1.928

Iron powder 0.103 0 0.691
Hydrochloric acid  0.065 0 0.151
Methane 0.866 44.894 46.690
Steam 14.948 2.559 4.572
Electricity - 5.443 5.443
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Table 5.4 Midpoints and endpoints in the IMPACT 2002+ method alongside their
respective units [40, 44-48].

Midpoint Category

Midpoint Reference
Substances

Damage Category Damage Unit

(Endpoints)

Human toxicity
(carcinogens +non-
carcinogens)
Respiratory
(inorganics)
Ionizing radiation

Ozone layer depletion

Photochemical
oxidation
[=Respiratory
(organics) for human
health]

Aquatic ecotoxicity
Terrestrial ecotoxicity

Terrestrial
acidification/
nutrification
Aquatic acidification
Aquatic
eutrophication

Land occupation

Global warming

Non-renewable
energy

Mineral extraction

kg chloroethylene
into air

kg PM, ; into air

Bg.carbon-14 into
air

kg., CFC-11linto air
kg ethylene into air

kg, triethylene
glycol into water

kg, triethylene
glycol into water

kg., SO, into air

kg., SO, into air
kg PO,3- into water

m?2,, organic arable
land-year

kg., CO, into air

M] total primary
non-renewable or kg,
crude oil (860 kg/m?)

M]J additional energy
or kg, iron (in ore)

Human health

Human health
Human health

Human health
Human health
Ecosystem quality

Ecosystem quality
Ecosystem quality
Ecosystem quality
Ecosystem quality
Ecosystem quality
Ecosystem quality

Climate change
(life support
system)

Resources

Resources

DALY

PDF.m?yr

Under development
Under development

PDE.m?yr

(kg.,CO, into air)

MJ

change, the main issue is global warming potential of emissions, and this value
is obtained by calculating the amount of carbon dioxide equivalent produced.
Finally, the unit used for resources is kg.

5.5 RESULTS AND DISCUSSION

In interpreting the results of the LCA, the approach and vision of the researcher
is very important. In order to be more objective, the analysis should be based on
the goal and scope, defined in the first stage of an LCA study.
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From the results of the LCA carried out in SimaPro software, it is evident
that in all midpoint categories, transportation plays a key role in the emission
of pollutants. The transportation process includes the transportation of fuels
required for bringing raw materials to the required location, as well as the
processes associated with vehicle production (which is itself a separate life
cycle assessment project). Thus, a significant reduction of the environmental
burden could be achieved by reducing the distance required for transporting
the raw materials. This objective can be met by purchasing raw materials from
more local production centers.

Following the transportation process, raw materials such as concrete and
aluminum have the most destructive environmental effects. As discussed earlier,
each of the processes in a life cycle can be considered separately and in more
detail as a life cycle assessment project. In a software database, many of these
processes are calculated for a specific functional unit, and the environmental
impacts of each can be obtained using an existing database. Regarding the
processes related to the production of concrete, aluminum and steel, it should
be noted that all the calculations from the extraction of their raw materials to
the processes required for the production of the product have been previously
studied.

Cement production is associated with a significant environmental burden
and is a major CO, emitter due to the clinker process and fuel combustion.
Extraction, clinker and transportation emissions are the main processes that
contribute to the concrete production process [49]. The main processes related
to the production of aluminum are extraction, the conversion of bauxite to
alumina, the processing of alumina to aluminum, the final cast products and
transportation processes. In the reduction process, molten salt electrolysis
is used to produce aluminum melt. Direct electrical current is required for
electrolysis, which is provided by rectifiers. Under the influence of this direct
current, aluminum oxide (alumina) is converted to pure aluminum [50]. For
the steel production process, extraction processes, metallurgical processes and
transportation lead to environmental emissions. Metallurgical processes in the
steel industry are very energy-consuming and the production of crude steel
will emit significant amounts of CO, [51]. Each of these processes requires the
consumption of energy and raw materials, which leads to the production of
environmental pollutants. Subsequently, each of the pollutants with a certain
coefficient is involved in each of the impact categories.

As can be seen in Figure 5.3, the consumption of fossil fuels in each of
these processes leads to CO, emissions, which is one of the most important
factors in global warming [52]. In this study, the most important contribution
to global warming comes from transportation, followed by cement production.
Also from Figure 5.3, it can be discerned that due to the consumption of raw
materials for the production of concrete, steel and aluminum, as well as the raw
materials required for the production of vehicles, these four processes are more
influential in the resource extraction category.

The use of coke is common in the steel industry. Consumption of coke leads
to the production of benzo(a)pyrene (BaP), a mutagenic and highly carcinogenic
polycyclic, and therefore the steel process plays a major role in the category of
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Figure 5.3 Environmental impacts for the functional unit of 1 m3 of wastewater treatment with solar photocatalysis.
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carcinogenicimpact[53]. The effects of air pollution released during transportation
can lead to respiratory and cardiovascular effects. For this reason, in the category
of respiratory effects, the highest impact is related to transportation, which leads
to the release of pollutants due to the burning of fossil fuels.

SO,,NOxand NHxare the mostimportantacidic pollutants. The combination
of these gases with water can lead to acid rain or the direct acidification of
bodies of water. The emission of these pollutants from the combustion of fossil
fuels is an important source of acidification potential. It is also possible to emit
these pollutants in the processes related to the production of concrete, steel
and aluminum. Therefore, in the process of terrestrial acidification, these four
processes have a more significant effect than other processes [54].

For ozone depletion, again, transportation is the main culprit. As previously
reported in the literature, transportation has the greatest effect on ozone
depletion through the release of halogens and chlorofluorocarbons (CFCs) and
the photochemical oxidation resulting from the use of fossil fuels [55]. Similarly,
pollutants released during fuel extraction and consumption can enter the
aquatic environment and lead to pollution of water resources and that is why
transportation plays a major role in the aquatic ecotoxicity category [56].

Eutrophication of aquatic systems is primarily due to excessive intake of
nitrogen and phosphorus (mostly due to excessive use and runoff of fertilizer
in the real world). In LCA, eutrophication potential is a measure of emissions
that cause eutrophic effects in the environment and is expressed in kilograms
equivalent to phosphate. The potential of eutrophication (mainly NOx emission)
in the current study comes from the processes of aluminum and reinforcement
steel (rebar) production as well as transportation which has a major impact on
the classification of aquatic eutrophication [57].

Figure 5.4 shows damage assessment diagrams, which include the four
endpoint categories: human health, ecosystem quality, climate change and
resources. This chart relatively examines each of the endpoint categories on a
percentage scale. Given that the sum of each of the processes in the endpoint
classification is 100%, with such a diagram, comparisons can be made between
the processes in a particular endpoint category, but not between endpoint
categories. The normalization diagrams shown in Figure 5.5 are used to
compare the endpoint categories relative to each other.

As explained in the impact assessment section, using the midpoint categories
and their aggregation using specific coefficients, the endpoint categories can be
calculated. According to Figure 5.5, it can be seen that the greatest impact of
the solar photocatalytic treatment of wastewater is on human health. It should
be kept in mind that these conclusions are only true regarding the defined
goal and scope. If a different photocatalytic process, different photocatalytic
material, different wastewater, or different location for the plant (closer to the
raw materials) was chosen, then results could have been different [58]. On
the other hand, it can be seen to what extent each process affects each of the
endpoint categories in Figure 5.5.

According to Figure 5.6, all processes are divided based on four endpoint
categories: human health, ecosystem quality, climate change and resources. As
can be expected, transportation has the greatest impact.
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Figure 5.4 Damage assessment diagram for 1 m3 of solar photocatalytic wastewater
treatment using the SimaPro software with the IMPACT 2002 + method.
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Figure 5.5 Normalization diagram for 1 m? of solar photocatalytic wastewater treatment
using the SimaPro software with the IMPACT 2002 + method.
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It should be noted that the life cycle assessment process is a complex process
with black-box inventories and the more details which are observed in the
system demarcation and logging, the more accurate the results will be. For
instance, the amount of carbon dioxide produced by the labor force while
working can be considered as part of the emissions to air. It is also possible
to consider water consumption or raw materials required for manufacturing
the treatment equipment as well as all the relevant emissions that enter the air,
water and soil in the inventory to increase the accuracy of the study.

5.6 CONCLUSION

In this chapter, life cycle assessment has been used as an approach to
estimate the environmental damage of treating 1 m? of wastewater with solar
photocatalytic treatment. Titanium dioxide was chosen as the photocatalytic
material. According to the study conducted on the treatment of 1 m3 of municipal
wastewater using solar heterogeneous photocatalysis, it is observed that the
main factors in the emission of pollutants into the environment are transport,
reinforcing steel and concrete. The take-home message from this study is that
by reducing the requirements for transporting raw materials and/or by changing
the production method of the materials, the emissions can be reduced.
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ABSTRACT

Studying the details and trends of patent publishing can help shine light on the work that
inventors, institutions, and investors are carrying out in a field of technology. For this, a good
set of data must first be collected and, accordingly, a picture of the future can be presented.
Patent analysis methods are suitable for forecasting both the near future and a tentative
trajectory of the distant future in a particular field. This chapter provides a patent analysis of
photocatalytic materials for water and wastewater treatment. Starting with an overview of
trend analysis in patents, the results of the analysis of patent registration over time and the
activity of companies, countries, and top researchers in this field are analyzed. The results
show that Japan was a pioneer in the area in the 90s and early 2000s. Since then, the Chinese
have dominated the field. In fact, currently, more patents on photocatalytic materials for
water and wastewater treatment are filed in China than in the rest of the world combined.

6.1 INTRODUCTION

Patent registration documents contain valuable technical and legal information
that allow their analysis. Before analyzing the patents in photocatalytic materials
for water and wastewater treatment, a description of patent registration documents
and their classification is presented. The main features of a patent registration are:

« The Extent of Information
Millions of patents have been registered across the globe, providing
important technical details. Although most patents are only several

© 2022 The Editors. This is an Open Access book chapter distributed under the terms of the Creative
Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution for
noncommercial purposes with no derivatives, provided the original work is properly cited (https:/
creativecommons.org/licenses/by-nc-nd/4.0/). This does not affect the rights licensed or assigned
from any third party in this book. The chapter is from the book Photocatalytic Water and Wastewater
Treatment, Alireza Bazargan (Ed.).
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pages, some patents may extend for hundreds of pages, and in some rare
cases, the patent and its supporting data can reach thousands of pages.
The Sole Source

As inventions are commercially sensitive, patent registration documents
are some of the only information sources for modern innovations in
most cases. Research shows that as much as 80% of technical disclosures
revealed in patents cannot be found in other sources, such as peer-
reviewed journal articles [1].

Detailed Description

The content of each document ought to include a detailed description of
the invention. Those descriptions must have sufficient clarity to enable any
subject specialist of that field to reproduce the invention with minor trial
and error. Although this is theoretically true, in reality, the information
provided in patents is often cloaked in some levels of ambiguity, and
details are sometimes intentionally kept vague. Patent applicants often
want to keep their claims as broad as possible, which can be achieved by
choosing words with a convenient degree of semantic indeterminacy [2].
Such vagueness has caused some serious issues and has even fueled anti-
patent opinions [3].

Unified Writing Structure

The unified standard writing structure of patent documentation facilitates
its understanding and extraction of valuable information. Other forms of
scientific literature, such as peer-reviewed journals, follow other writing
structures that are not the same as those of patents. Unlike patents,
reports and internal documents often do not have a unified structure and
can change based on the authors’ tastes.

Accessibility

One of the most important features in patent registrations is accessibility
to the complete content via the internet. Nowadays, there are various
databases that house millions of patents. For instance, Google patents
currently boasts an index of over 120 million patents from more than 100
patent offices from around the world [4]. The website of the European
Patent Office, Espacenet, also holds more than 130 million patents (as of
August 2021) [5].

Standard Classification

Standard classification of patent registration documents is based on the
Strasbourg agreement — a multilateral treaty agreed upon in 1971 - and
the World Intellectual Property Organization (WIPO), acknowledged
by more than 100 countries. The patent registration offices of the bulk
of nations, as well as the WIPO, comply with international patent
classifications in accordance with the Strasbourg agreement.

According to the 7th edition of the International Patent Classification (IPC),
in 2000, the standard classification had 8 sections, 120 classes, 628 subclasses,
and 69,000 groups. Such extensive classification provides quick access to
the required information. A complete classification comprises the combined
symbols representing the section, class, subclass, and main group or subgroup.
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A 01 B 3/00 Main group — 4™
level
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level

Subclass — 3
level

Group

Figure 6.1 Example of standard patent classification Reprinted from [7]. A: Section ‘A’
human necessities. A01: agriculture; forestry; animal husbandry; hunting; trapping; fishing.
AO01B: soil working in agriculture or forestry; parts, details, or accessories of agricultural
machines or implements, in general. AO1B33/00: Tilling implements with rotary-driven
tools. A01B33/08 (a subgroup or lower level of the main group): Tools and details, such as
adaptations of transmissions or gearings.

An example of the classification can be seen in Figure 6.1 for the IPC class
A01B33/00 or A01B33/08, each containing thousands of patents. Nonetheless,
some patents may fit under different classes, and in a thorough search, more
than one class needs to be considered for a particular technology [6].

6.2 PATENT REGISTRATION DOCUMENT ANALYSIS

Databases are an excellent source for analyzing patents and their registration
documents. Policymakers, private companies, researchers, and academics are
target audiences of patent analysis information. Some of the valuable outcomes
that patent analysis provides can be listed as:

- Avoiding repetitious and redundant research studies, thus reducing
research costs

« Initiating future research from a higher level

- Implementing novel methodologies

+ Protecting intellectual property rights

- Staying up to date with the latest achievements and identifying lucrative
investments

Patent registration organizations store information such as expiration
and publication date, inventors’ personal information, and international
classification number of the patents. Some of this information can be extracted
and analyzed to pave the way for future development. The cumulative number
of compiled patents reflects the technology lifecycle, from the expense of the
research and development phase to the decline phase.

The patenting process starts with the initial idea but requires additional
research and understanding of how patents are used and registered. Once
an understanding of the patenting process is gained, additional research and
investigations will be required to prepare a suitable patent to be submitted to
the relevant office. Meanwhile, funding for the project needs to continue, both
for additional research as well as for the patenting and legal fees, which may
very well run into thousands of dollars per patent [8].
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Information extracted from other patents is analyzable and usable when
applying for patent registration. For example, learning about new innovations
helps foster new ideas and can help understand the trend that a particular
technology is taking to focus on patenting ideas or products that will be of
importance in the future. Patent analysis can also show the orientation of active
companies in each field of technology and help select appropriate partners to
develop innovations. The geographical spectra for inventions in a particular
technological area can also help understand regional trends (e.g., US patents
versus Chinese patents).

It should be noted that, in countries such as the United States, provisional
and non-provisional patents have different registration and publication
processes. Non-provisional patent applications (generally referred to as patents)
are published after 18 months from their earliest submission for inspection.
Whenever an inventor files a non-provisional patent application, the US Patent
Office will publish it for public viewing even if it is not accepted as an issued
patent. On the other hand, provisional patent applications are never published
and cannot be found online unless converted into non-provisional patents down
the line. If the status of the provisional patent is changed to non-provisional,
the 18 months is calculated from the date of the first application.

Provisional patent applications are cheaper and less critical because they
are not examined by a US Patent Office Patent Examiner. They remain in a
‘patent pending’ status for 12 months unless they are converted into a formal
non-provisional patent application by the inventor. The provisional patent
is intended to provide a year for the inventor to find potential investors, test
commercial feasibility, consult with licensing bodies, determine a marketing
and sales strategy, and conduct additional experiments before committing to
the expensive formal non-provisional patent application [9].

In 2019, a total of 3.2 million patents were filed worldwide. Under 70% were
filed by residents of countries in which they were filed, and over 30% were filed
by non-residents. In fact, more than 50% of the patents filed in the US and
Europe are filed by non-residents. Figure 6.2 shows the top 20 patent application
offices in the world by number of applications and their relative resident and
non-resident shares. Note that countries such as Australia, Hong Kong, and
Mexico receive more than 90% of their applications from non-residents.

6.2.1 The main steps of patent analysis

The first step for analyzing patents in a particular field, such as photocatalytic
water and wastewater treatment, is to extract the most relevant registered patents
and use these documents to extract information, which is then interpreted and
analyzed. The main steps of this process can be generally defined as:

+ Defining specific keywords for an initial search

+ Using the keyword search to extract the relevant classification codes

- Finding and choosing the relevant patents to be included in the analysis
- Text mining for extracting relevant information from the patents

The first and most crucial part of searching for relevant patents is to identify
specific keywords and their combinations in a given field. In this regard, relevant
keywords can be extracted by studying the most significant available resources
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Figure 6.2 Top 20 patent application offices in the world by share of resident and non-
resident filings. EPO is the European Patent Office. In general, national offices of the EPO
member states receive lower volumes of applications because applicants may apply via
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and conducting detailed research, including patent documents, articles, books,
news, and technical reports for later use in the following stages of the patent
analysis process. When looking for something very specific, this task becomes
even more challenging.

After the keywords are used for an initial search, the relevant codes in which
the required patent may exist start to emerge. Nonetheless, keyword searches
may lead to irrelevant or unsuitable results because regional differences and
personal preferences can result in the use of different terms when describing
the same concepts. In chemistry, for example, a chemical mixture can have
numerous different names. Finding the relevant codes for the inventions that
one is looking for is an iterative process that may take several searching and
tuning steps.

After an initial number of keyword searches have been conducted, the
relevant codes can be distinguished and used for further in-depth searches. For
photocatalytic materials in water and wastewater treatment, the top IPC and
Cooperative Patent Classification (CPC) codes that were found are listed in
Tables 6.1 and 6.2, respectively. The CPC is an extension of the IPC and is jointly
managed by the EPO and the US Patent and Trademark Office. CPCs may be
more up-to-date, specific, and detailed than IPCs; however, IPCs are used in a
lot more countries and are a lot more recognized internationally. Interestingly,
only a few rows in Tables 6.1 and 6.2 include the word ‘photocatalyst’ or
‘photocatalytic’ within them. The majority of rows do not exhibit any apparent
connections to the topic. It was only through a keyword search and screening
of the results that these relevant codes were found. As previously shown in
Figure 6.1, the codes for the main groups end in ‘00’ while the codes for the
subgroups end in other numbers, each placed under the associated main group
within the hierarchy.

After finding the relevant codes, software and programing techniques
can be used to extract the relevant patents according to their keywords and
applications. For photocatalytic water and wastewater treatment, the patents
were found and divided to perform text mining.

Text mining, an area in artificial intelligence, provides tools to discover
information by automatically extracting data from various written sources. It
includes all the activities required to gain information from the text. Textual
data analysis by machine learning techniques, intelligent retrieval of intelligent
data, natural learning processing, and other relevant methods are within the
scope of text mining methods.

Examples of text mining applications include classifying documents into
a set of specific topics (supervised learning), categorizing documents so that
each category has the same meaning (clustering and unsupervised learning),
and finding documents meeting the needs of searching criteria (information
retrieval). However, before using text mining methods, it is best to structure
primarily unstructured or semi-structured texts. At this stage, data mining at
different timespans is conducted in processing statistical texts, discovering data
through the texts, automatic analysis of text, and processing natural language.

Previous literature has thoroughly assessed various text mining methods
for patent analysis. For instance, the rationale behind vector space models,
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Table 6.1 The most frequent IPC patent codes used for patents relevant to photocatalytic
water and wastewater treatment.

Code Used % of Patents Description

Main C02F1/00 25 Treatment of water

groups B01J35/00 11 Catalysts
C02F101/00 9 Nature of the contaminant
C02F9/00 8 Multistep treatment of water
B01J23/00 7 Catalysts comprising metals or metal

oxides or hydroxides

B01J27/00 7 Catalysts comprising the elements or

compounds of halogens

B01J21/00 6 Catalysts comprising the elements

B01J37/00 5 Processes

B01D53/00 4 Separation of gases or vapors

B01J31/00 3 Catalysts comprising hydrides

C01B3/00 2 Hydrogen

C02F103/00 2 Nature of water

C01G23/00 2 Compounds of titanium

A611.9/00 2 Disinfection

C09D5/00 2 Coating compositions

B01J20/00 2 Solid sorbent compositions or filter aids

Main CO02F1/30 16 By irradiation
subgroups  C02F1/32 14 With ultra-violet light

CO02F1/72 10 By oxidation

B01J35/02 9 Solids

B01J21/06 6 Silicon

C02F101/30 6 Organic compounds

C02F9/08 5 At least one step being a physical
treatment

B01D53/86 5 Catalytic processes

C02F101/38 3 Containing nitrogen

B01J27/24 3 Nitrogen compounds

C02F1/28 3 By sorption

C02F9/14 3 At least one step being a biological
treatment

C02F101/34 3 Containing oxygen

C01B3/04 3 By decomposition of inorganic
compounds

B01J35/10 2 Characterized by their surface
properties

The ‘% of patents’ shows the percentage of patents from the final selected list of patents that fit
under a particular code.
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Table 6.2 The most frequent CPC patent codes used for patents relevant to photocatalytic
water and wastewater treatment.

Code Used % of Patents Description
Main Y02W10/00 17 Technologies for wastewater treatment
groups

C02F1/00 12 Treatment of water

B01J35/00 10 Catalysts

C02F2305/00 9 Use of specific compounds during
water treatment

Y02E60/00 7 Enabling technologies or technologies
with potential or indirect contribution
to GHG emissions mitigation

B01J37/00 6 Processes

B01J21/00 5 Catalysts comprising the elements

C02F2101/00 4 Nature of the contaminant

B01J23/00 4 Catalysts comprising metals or metal
oxides or hydroxides

C02F2201/00 4 Apparatus for treatment of water

B01D53/00 3 Separation of gases or vapors.
Recovering vapors of volatile solvents
from gases. Chemical or biological
purification of waste gases.

C02F2103/00 3 Nature of the water

B82Y30/00 2 Nanotechnology for materials or
surface science

Main Y02W10/37 19 Using solar energy
subgroups

B01J35/004 11 Photocatalysts

C02F2305/10 11 Photocatalysts

CO02F1/725 9 By catalytic oxidation

CO02F1/32 7 With ultra-violet light

Y02E60/36 7 Hydrogen production from non-
carbon containing sources

B01J21/063 6 Titanium; oxides or hydroxides thereof

C02F1/325 5 Irradiation devices or lamp
constructions

C02F1/30 3 By irradiation

B01J35/002 3 Catalysts characterized by their
physical properties

B82Y30/00 3 Nanotechnology for materials or
surface science

Y02W10/10 3 Biological treatment of water

B01D2255/802 3 Photocatalytic

B01J35/0013 2 Colloids

The "% of patents’ shows the percentage of patents from the final selected list of patents that fit
under a particular code.

Downloaded from http://iwaponline.com/ebooks/book-pdf/1046175/wio9781789061932.pdf



Analysis of patents in photocatalytic water 167

latent semantic analysis, and probabilistic topic models has been explained.
It has been shown that choices in terms of algorithms, pre-processing, and
calculation options have significant consequences in text mining outcomes.
Therefore, the technicalities and details of the text mining step are essential
in determining the outcomes [11]. Since a large amount of human judgment is
required for screening early ideas and patents, which may prove important in
the future, text mining techniques have been proposed for screening purposes.
For instance, in one study, keyword vectors were constructed from patents
[12]. In this case, the k-nearest neighbors algorithm was used to capture the
relationships between the keyword vectors and the numbers of forwarding
citations of the patents.

Another method is natural language processing. During natural language
processing, the process of word sense disambiguation (WSD) is designed to
determine which grammatical meaning of a given word is being invoked in a
given context. Since the number of patent documents has grown tremendously
due to rapid technological advances, companies are struggling with how to
use the large numbers of patent documents to find new business opportunities
and avoid conflicts with existing patents. Natural language processing can help
solve such problems [13].

Text miningis concerned with seeking out useful information from unstructured
textual data, in this case, from patents pertaining to photocatalytic water and
wastewater treatment. The text mining process can help perform fast and accurate
analyses of patents’ contents covering the whole context and providing a detailed
summary. In this study, text mining was used to review essential points on patents
associated with photocatalytic materials in water treatment.

6.3 PATENT ANALYSIS FOR PHOTOCATALYTIC MATERIALS IN WATER
AND WASTEWATER TREATMENT

This section is dedicated to a comprehensive search regarding photocatalytic
materials in water and wastewater treatment. The search and data extraction
were performed in English; therefore, only patents with identifying information
in English (such as title and abstract) were considered.

After searching through databases for subject-related patents, a total of
11,527 patents relevant to photocatalytic materials for water and wastewater
treatment were extracted. Of these patents, 52.18% were not granted, while
47.82% were successful. This means that a total of 5512 granted patents were
found. However, it is important to note that not all patents have industrial
applications. In fact, most patents filed never make it off the shelf into practical
applications. A strength weakness opportunity threat (SWOT) analysis of
photocatalytic processes for environmental remediation has recently identified
the relative advantages and disadvantages impacting the implementation
of photocatalytic technologies [14], confirming that many photocatalytic
technologies are not applied, even if they are patented. Furthermore, since
the theoretical photocatalytic activity achieved in laboratories can never be
achieved in industrial applications, researchers have even defined an upper
practical limit and its calculation method [15].
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Figure 6.3 Number of filed patents per year in the field of photocatalytic materials for
water and wastewater treatment.

As shown in Figure 6.3, the trend for photocatalytic material patenting
started as early as 1985; however, until the mid-90s, the number of patents in
this field was minimal. From 1995 to 2008, a period of growth can be seen with
an increase in slope in the number of patents registered each year. Nevertheless,
after 2008 the trend presents a massive growth, indicating that the interest in
this technical area is increasing. There are many reasons behind attracting
more researchers and inventors to this field, such as increased awareness of
water quality and water pollution, ever-growing water scarcity around the
globe, and more stringent effluent standards. The drop in 2020 should not be
alarming, since the analysis was carried out in the middle of that year.

Figure 6.4 shows the total number of patents relevant to photocatalytic
materials in water treatment filed by inventors from a particular country as of
mid-2020. China is at the top of the list with 4811 patents, followed by Japanese
inventors with 1393 patents. Inventors from South Korea and the USA with
499 and 293 patents, respectively, are third and fourth. Of the top five countries
in the list, four are east-Asian, showing the dominance of inventors from this
region. In contrast, Figure 6.5 shows the location where the patents have been
registered as of mid-2020 (i.e., the patent destination). In other words, Figure
6.5 shows how many patents have been filed in the patent office of a particular
country or territory. As per the figure, the largest number of patents were filed
in China (8159 patents), followed by Japan with 1553 patents. This means
that China is the top destination for patent registration, presumably due to its
enormous target market. In fact, the surge in Chinese patents in various fields is
a widespread phenomenon [16, 1] (sometimes referred to as one of the aspects of
Chinese technological catch-up on the world stage) and has been reported and
investigated thoroughly [18-26].
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Figure 6.4 Total number of filed patents in the field of photocatalytic materials for water
and wastewater treatment by inventors from each country as of mid-2020. CN: China; JP:
Japan; KR: South Korea; US: United States; TW: Chinese Taipei (Taiwan); DE: Germany; FR:
France; RU: Russia; CA: Canada; GB: Great Britain; IT: Italy; MD: Moldova; SA: Saudi Arabia;
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Figure 6.5 Total number of patents filed in the field of photocatalytic materials for water
and wastewater treatment in each country or territory as of mid-2020. CN: China; JP:
Japan; US: United States; KR: South Korea; WO: Patent Cooperation Treaty (PCT) also known
as International Application; EP: European Patent Office; TW: Chinese Taipei (Taiwan); RU:
Russia; DE: Germany; GB: Great Britain; MD: Moldova; CA: Canada; RO: Romania; FR: France;
MX: Mexico.
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A total of 4811 patents in the field have been filed by Chinese inventors
worldwide (as shown in Figure 6.4). However, it is safe to assume that not all of
these were filed in their home country. By comparing Figures 6.4 and 6.5, it can
be estimated that at least half of the patents regarding photocatalytic materials
for water and wastewater treatment that have been filed in China belong to
foreign nationals.

The United States with 611 patents is the third most popular destination,
followed by South Korea with 444 patents. Therefore, although we had seen
that South Korean inventors are more active in the field, the US is prioritized
over South Korea as a patent destination.

As explained earlier, the European Patent Office receives more applications
than the national offices of member states because applicants may apply via
the EPO to seek protection within all EPO member states. While there is no
such thing as a worldwide patent, there is what might be compared to a global
patent application which, if successful, can lay the grounds for the application
to be processed in many countries around the world. A patent filed like this is
called a World Intellectual Property Organization patent application or a Patent
Cooperation Treaty (PCT) application, which is the name of the international
treaty that authorizes the filing of this single application. In other words, it is
possible to file a single worldwide patent application, but it is #ot possible to
obtain a single worldwide patent. This is because patents are granted by individual
countries, not by any international authority. The purpose of the PCT application
is to streamline as many overlapping procedures as possible. Since individual
countries have different patent laws, a uniform worldwide patent is impossible.
For example, genetically bioengineered microorganisms are not patentable in
many countries, while it is possible to patent them in the United States.

As mentioned, there are two main steps to the PCT procedure. The first
step involves filing an international application. The second step occurs if
the applicant chooses to obtain an enforceable patent in any of the signatory
countries, where it is evaluated under the laws of that particular country. Thus,
there is an international phase and a national phase to the PCT process [27].
Applications through the PCT are designated with a WO prefix in Figure 6.5
and are standing in fifth place.

Figure 6.6 demonstrates the trend of patent registration in target countries
over time. As evident, throughout the 90s and early 2000s, the Japanese market
was the target of most photocatalytic material patents. It is as if during the
time that the Japanese were exploring various photocatalytic materials, the
rest of the world was lagging. However, China started to emerge in the early
years of the millennium. From the second half of the 2000s onwards, China
began to dominate in the field of photocatalytic material patents for water and
wastewater treatment. When the activity of inventors was also investigated (not
shown in the figure), a similar trend was observed: the waning of the Japanese
and the increase of the Chinese in the field.

6.3.1 The registrants of patents in the field of photocatalytic materials
for water and wastewater treatment

One of the crucial areas in patent analysis is identifying the major patent
registrants. It is possible to extract this information from the database of
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Figure 6.6 Patents filed in the field of photocatalytic materials for water and wastewater
treatment in each destination country. Green: China; Red: Japan; Yellow: USA; Dark Blue:
South Korea; Light Blue: World Intellectual Property Organization (PCT).

relevant patents created. Knowing who has registered the patents can be useful
in various ways, for example, for identifying potential threats, technology
acquisition, research and development cooperation, and other goals.

Theresults of the patent analysis in the field showed that companies registered
6013 patents, while 4626 patents were registered by research and academic
institutions. The balance between both, private companies and research
institutes, shows that the field is more or less balanced. Table 6.3 shows the list
of top research institutes and universities active in this field. Jiangsu University
in China emerged as the leading registrant. Many other Chinese universities
appear on the list of top owners.

The analysis also showed that, out of the total number of patents registered
by Chinese registrants, 3845 patents belong to universities, while Chinese
companies have registered only 906 patents. This means that Chinese
universities are more active in this regard compared to Chinese companies.
The opposite is true in other countries where companies lead the charge. For
instance, out of 1393 patents registered by Japan, only 88 patents have been
registered in academies and institutes, and the rest belong to private companies.
Thus, unlike China, in Japan, the activity of companies in this field is greater
than that of academic and research centers.

Table 6.4 shows the top companies active in this field worldwide. According
to the results, the Japanese company TOTO holds the greatest number of
patents among companies in photocatalytic materials for water and wastewater
treatment. Matsushita Electric, now Panasonic, a Japanese superpower, is the
second-largest patent holder. The third-largest patent owner is the Chinese
company Chengdu New Keli Chem Sci Co., which, according to Figure 6.7,
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Table 6.3 List of research institutes and universities that have registered the greatest
number of patents in the field of photocatalytic materials for water and wastewater
treatment (abbreviations taken directly from the analysis).

Academic Registrants of Patents count
UNIV JIANGSU 124
UNIV NINGBO 103
UNIV CHANGZHOU 89
UNIV HOHAI 80
UNIV NANJING 75
UNIV ZHEJIANG 71
UNIV SHANGHAI 60
UNIV SHANGHAI JTJAOTONG 60
UNIV TONGJI 57
UNIV TIANJIN 56
UNIV FUZHOU 56
UNIV SHAANXI SCIENCE & TECH 54
UNIV SHANDONG 50
UNIV HENAN NORMAL 50
UNIV SOUTH CHINA TECH 49
UNIV WUHAN TECH 44

does not have a history in this field and suddenly registered all of its patents
in 2018. Meanwhile, the Japanese companies TOTO, Matsushita Electric, and
Sharp K.K. have been working in this field for decades.

Evidently, the strongest annual showing belongs to TOTO in 2011, they filed
more patents in the field in this one year alone than any other company has over
their entire lifespan. Furthermore, although China surpasses Japan’s number of
patents, Japan has been working on these technologies for a longer period. In
addition, Japan’s technology comes mainly from private companies, increasing
the chance of industrial and semi-industrial scale applications.

The destination country for filing patents by the top owners in photocatalytic
materials for water and wastewater treatment is shown in Figure 6.8. As the
results indicate, the most favorable target destination for these corporations is
Japan, followed by China and the United States.

In some cases, patent owners cooperate to purchase or obtain patents,
which indicates that these owners collaborated in research and development
or in other areas. In general, collaborations are limited because each patent
holder wishes to maximize the exclusivity of their technology, that is, wishes
to monopolize it. Through monopolization or trade secrets, companies seek to
preserve their competitive advantage and prevent knowledge leakage to their
competitors. Figure 6.9 shows the cooperation in patent registration between
companies in the field. According to this figure, although cooperation exists
between companies, it is limited.
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Table 6.4 List of companies that have registered the greatest number of patents in the
field of photocatalytic materials for water and wastewater treatment (abbreviations taken
directly from the analysis).

company Registrants of Patents Count
TOTO LTD 163
MATSUSHITA ELECTRIC IND CO LTD 57
CHENGDU NEW KELI CHEM SCI CO 40
SHARP KK 39
TOSHIBA KK 28
JAPAN SCIENCE & TECH AGENCY 25
AGENCY IND SCIENCE TECHN 25
UBE INDUSTRIES 25
EBARA CORP 21
DAINIPPON PRINTING CO LTD 21
TORAY INDUSTRIES 19
BRIDGESTONE CORP 19
KANAGAWA KAGAKU GIJUTSU AKAD 19
MEIDENSHA ELECTRIC MFG CO LTD 19
WUHAN DONGCHUAN WATER ENV LTD CO 19
CHINESE ACAD INST CHEMISTRY 18
NAT INST OF ADV IND & TECHNOL 18
PROCTER & GAMBLE 17
MITSUBISHI HEAVY IND LTD 17
& :::ITGTOTO Lo .

~ @ - MATSUSHITA ELECTRIC IND CO LTD
R ()~ CHENGDU NEW KELI CHEM SCI CO
7 W~ SHARP KK
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Figure 6.7 Most active companies in filing patents in photocatalytic materials for water
and wastewater treatment by year.
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& & & < & & & &£
AGENCY IND SCIENCE TECHN 1 23 1
BRIDGESTONE CORP 2 7
CHENGDU NEW KELI CHEM SCI CO 40
CHINESE ACAD INST CHEMISTRY 18
DAINIPPON PRINTING CO LTD 1 1 9
EBARA CORP 21
JAPAN SCIENCE & TECH AGENCY 2 17 5 1
KANAGAWA KAGAKU GIJUTSU AKAD 18 1
MATSUSHITA ELECTRIC IND CO LTD 2 48 7
MEIDENSHA ELECTRIC MFG CO LTD 18 1
NAT INST OF ADV IND & TECHNOL 18
PANASONIC IP MAN CO LTD 7 10
PROCTER & GAMBLE 1 2 2 7 5
SHARP KK 34 1 4
TORAY INDUSTRIES 1 18
TOSHIBAKK 1 2 1 1
TOTO LTD -
TOTO LTD 1 6 1 9 1
UBE INDUSTRIES 1 20 1 2 1
WUHAN DONGCHUAN WATER ENV LTD CO 19

Figure 6.8 The destination country for filing patents by the top patent holders in
photocatalytic materials for water and wastewater treatment. CN: China; EP: European
Patent Office; GB: Great Britain; JP: Japan; KR: South Korea; TW: Chinese Taipei (Taiwan);
US: United States; WO: Patent Cooperation Treaty (PCT) also known as International
Application.

Another important analysis for patents is the name of the top researchers and
scholars in that field, designated as the ‘inventors’ of the technology. A researcher
owning numerous patents in a particular technological field can play a critical
role in its implementation. Figure 6.10 shows the top inventors in photocatalytic
materials for water and wastewater treatment. The leading researchers on the list
include Li Rongsheng, Ren Yuanlong, Ning Gan, and Wang Dongjie, researchers
at Ningbo University, as well as Hayakawa Makoto, Kameshima Junji, and Takaki
Yoji from TOTO LTD’s R&D team. The top 11 names in Figure 6.10 have been
named as inventors a total of 1000 times altogether.

6.3.2 Key extracted concepts

One of the most significant outputs of patent analysis is extracting critical
concepts in a particular field. Information such as technology sub-disciplines,
materials used, and applications of the inventions can be extracted from the
text mining process. Table 6.5 shows the top 50 most common words or phrases
used in patents in photocatalytic materials for water and wastewater treatment.
According to these results, titanium dioxide is by far the most widely used word
in the field. Polymers such as polyethylene glycol and polyvinyl alcohol are also
seeninthelist. Furthermore, the emergence of words relevant to nanotechnology
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Figure 6.9 Cooperation between companies in filing patents in photocatalytic materials
for water and wastewater treatment.

shows the close relationship of nanotechnology with photocatalysis, which will
be discussed in depth in the following chapter.

Table 6.6 shows the results of intelligent text mining on words identified as
problems to be solved discussed in patents in this area. The problems listed are
in order of the number of mentions in the patents.

Another analysis showed the main subject areas relevant to the application
of the patents. Figure 6.11 shows that the most common application perceived
for the patents is environmental technology with 6491 patents, followed by
chemical engineering with 5936 patents. Various other industries, such as
materials and medicine, emerge also as technology applications.
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Figure 6.10 The top inventors of patents for photocatalytic materials for water and
wastewater treatment.

6.4 CONCLUSION

In this chapter, patent analysis regarding photocatalytic materials for water
and wastewater treatment was carried out. First, a detailed search within the
literature showed the frameworks of this technology and the most relevant
keywords. After the keywords were identified, the relevant international
classification codes (both the IPC and CPC) in this field of technology were
extracted. A total of 11,527 patents were extracted by searching databases
which included both the granted and non-granted patents. The main results of
the patent analysis are as follows:

- Patents regarding the photocatalytic treatment of water and wastewater
date back to the 80 s. Up until the mid-90 s, activity in the field was very
limited. From 1995 to 2008, activity started to increase at a steady rate.
From 2008 until today, there has been a sharp increase in the filing of
patents in this field.
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Figure 6.11 The most relevant subject areas to the application of the patents in
photocatalytic materials for water and wastewater treatment.

+ The top countries for patent registration in photocatalytic materials in
water treatment are China, Japan, and South Korea. China shows the
largest number of patents, and its activity has increased with time.

- Patent registration was analyzed in terms of destination countries,
indicating that the top destinations for patent registration are China,
Japan, and the United States, followed by South Korea. China’s large
number of patents suggests a large and attractive market.

« Several Chinese universities are the top owners of patents in this field.
Jiangsu University from China emerged as the leading owner in this group.
The top companies in this area are the Japanese companies TOTO and
Matsushita Electric (now Panasonic), and the Chinese company Chengdu
New Keli Chem Sci Co.
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« The results of intelligent text mining demonstrate that the titanium dioxide
photocatalyst has emerged as the most widely mentioned photocatalyst in
the patents. Polymers such as polyethylene glycol and polyvinyl alcohol
are also used. Additionally, words regarding nanotechnology as well as
natural sunlight frequently appear, which is the subject of the next chapter.

+ The most relevant applications for the patents analyzed were
environmental technology and chemical engineering. The most commonly
occurring problems attempted to be solved with these technologies are
environmental issues such as pollution and waste.
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ABSTRACT

The insight provided in the previous chapter, revealed that solar photocatalytic systems
as well as the use of nanotechnology in photocatalysis are two of the topics that have
received a lot of attention in the patents for photocatalytic water and wastewater
treatment. Herein, the most important International Patent Code (IPC) and Cooperative
Patent Classification (CPC) patent codes and key concepts with regard to these subtopics
are presented, and data regarding the activity of various countries, research institutes and
companies is offered. The top patent registrants in solar photocatalysis are from China,
Japan, and the US, in that order, and the top patent destination countries follow the same
order. Several Chinese universities are the top owners of patents in this field, and Jiangsu
University emerged as the top owner in this group. The results of text mining showed that
titanium dioxide is the most widely used material. As for nanotechnology patents in the
field, Chinese patent registrants are leading the field by far. When analyzing the patents
on nanotechnology, in contrast to the other topics/subtopics, it was found that research
institutions play a significantly greater role than companies.

© 2022 The Editors. This is an Open Access book chapter distributed under the terms of the Creative
Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution for
noncommercial purposes with no derivatives, provided the original work is properly cited (https:/
creativecommons.org/licenses/by-nc-nd/4.0/). This does not affect the rights licensed or assigned
from any third party in this book. The chapter is from the book Photocatalytic Water and Wastewater
Treatment, Alireza Bazargan (Ed.).
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7.1 INTRODUCTION TO SOLAR PHOTOCATALYTIC PATENTS

In theory the energy coming from the sun is sufficient to feed all the energy
needs of humanity. In fact, the solar energy striking the earth in one hour
covers the annual need of humans [1]. Yet, there are many barriers to rapid
growth in the field of solar technologies, including technical barriers such as
the low efficiency of such systems, and economic and institutional obstacles
such as lack of financing mechanisms, policy and infrastructure limitations,
and a shortage of skilled workers [2]. Furthermore, it is misleading just to speak
about the amount of solar energy hitting the earth. Studies have shown that the
constrained solar potential worldwide (the amount which is deliverable to end-
users after subtracting the energy inputs needed for capital infrastructure and
operation) is a little over 1000 exajoules per year, of which 98%, 75%, and only
15% can be extracted if the system needs to deliver an energy return on energy
invested set at 5, 7.5, and 9, respectively. This is a much lower solar power
potential than had been previously estimated. The achievable potential will be
greatly constrained by how high the energy return needs to be in comparison
with the energy required to maintain a sustainable society. In regions with low
solar radiation, the effect is especially pronounced [1].

In recent years a lot of research has been focused on photocatalysis as one
way of converting solar energy into chemical energy. In addition to decomposing
organic/inorganic pollutants, inactivating bacteria, reducing CO,, and reducing
N, by photocatalysis, there are many other applications of solar photocatalysis.
Using solar light as the energy source for photocatalysis is one of the holy
grails in the field, and many studies have been published that relate to solar
light-driven photocatalysis [3]. In order to widen the solar light response and
accelerate charge migration, the use of heterostructure-based full-solar-light-
driven photocatalysts could be a sensible approach [4].

Figure 7.1 shows the number of patents published in solar photocatalysis for
water and wastewater treatment. As evident, the registration of patents in this
area began in the late 80s and continued without much change until the mid-90s.
From then until 2009 an increase in patent registrations per year was observed.
Following 2009 there was a boom until 2012 reaching nearly 120 patents per year.
After a significant fall in 2013, the number of patents again grew with a sharp
increase until 2019. The data in Figure 7.1 was extracted in mid-2020 and there-
fore the number of patents filed in 2020 is not complete. With some exceptions, the
overall trend of patent registrations in solar photocatalytic water and wastewater
treatment systems has been increasing. From Figure 7.2, it can be seen that the
same is true regarding peer-reviewed academic papers on photocatalysis in gen-
eral, and solar photocatalysis specifically. Evidently, solar photocatalysis is only
a subtopic of photocatalysis, which includes many other subjects and subtopics.

Solar photocatalysis is especially interesting because in addition to making
photocatalytic water and wastewater treatment more accessible due to lower
investment and reduced energy consumption [5] the development of appropriate
technologies that integrate solar energy into water treatment processes can
contribute to ending the world’s serious water shortage. This will be helped by
the fact that, coincidentally, many of the arid and semi-arid regions of the world
that face water scarcity are blessed with abundant solar radiation [6-8].
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Figure 7.2 The publication of papers on photocatalysis as well as solar photocatalysis per
year. Reproduced from [9].
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7.2 ANALYSIS OF SOLAR PHOTOCATALYTIC PATENTS

In order to carry out patent analysis it is very important to first identify
the relevant standard codes which need to be searched. As discussed in the
previous chapter, keyword searches and extraction of patents through software
can be useful in this regard.

In terms of International Patent Code (IPC), a total of 19 main codes were
found to be relevant, the most important of which are listed in Table 7.1. The
percentage shown in Table 7.1 identifies what fraction of the patents were found
in each code. Evidently, code C02F1/00 is the most popular main code with
roughly 29% of the patents. Table 7.1 also shows the main subgroups in the IPC
codes, the most popular of which is C02F1/30 with 22% of the patents. Since
C02F1/30 is a subgroup of C02F1/00 this implies that as per the IPC the largest
portion of the patents is filed under irradiation for water treatment purposes.
From among the IPC main codes, nearly all the top codes are identical to those
for photocatalytic materials for water and wastewater treatment (presented
in the previous chapter). The only exceptions are the appearance of codes
CO02F3/00 (Biological treatment of water) and B01J19/00 (Chemical) further
up on the list. Other codes have only slightly shifted in their rank. The IPC
subgroups are even more similar than the main groups, with all top subgroups
being the same and only some slight rank changes further down the table.

On the other hand, Table 7.2 shows the top standard codes for relevant
patents as per the Cooperative Patent Classification (CPC) system which has
been developed by the European Patent Office with the cooperation of the US
Patent and Trademark Office. Here the largest proportion of relevant patents,
about 35%, are found under the main group code YO2W10/00 (Technologies for
wastewater treatment). From the subgroups of the CPC, the most prolific code
was found to be YO2W10/37 (using solar energy) which is a logical outcome of
the search. As for the similarity of the main CPC codes with those found for
photocatalytic materials in the previous chapter, the majority of the top main
CPC codes are the same with some new entrants such as YO2E10/00 (Energy
generation through renewable energy sources).

Although solar photocatalytic water treatment is a global concern, the
intensity of research in this area may vary in different countries. Based on the
analysis of the number of patents per country of origin presented in Figure 7.3,
the Chinese are the most active in the filing of patents on solar photocatalytic
treatment. China (CN) researchers contributed 806 patents. This result is
understandable given the significant efforts ofthe Chinese government dedicated
to resolving water supply and demand conflicts in the country [10]. Patent filing
by the Japanese (JP), Americans (US) and South Koreans (KR) come next with
212, 97 and 46 patents, respectively. Although in smaller numbers, Europeans
from France (FR) and Italy (IT) are also among the top 15 in this area.

Figure 7.4 shows the 11 main destination countries for patent registration.
The largest number of patents are registered in China, with a significant 1103
(67.3%) portion of the total, followed by Japan (JP), the United States (US),
WIPO (WO, World Intellectual Property Organization), South Korea (KR) and
EPO (EP, European Patent Office) with 230 (14%), 165 (10%), 52 (3.17%), 28
(1.7%) and 14 (0.85%) patents, respectively.
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Table 7.1 The most frequent IPC patent codes used for patents relevant to solar
photocatalytic water and wastewater treatment.

Code Used % of Patents Description
Main C02F1/00 29 Treatment of water
groups B01J35/00 11 Catalysts
B01J23/00 8 Catalysts comprising metals or metal oxides
or hydroxides
C02F101/00 7 Nature of the contaminant
B01J21/00 7 Catalysts comprising the elements
B01J27/00 7 Catalysts comprising the elements or
compounds of halogens
C02F9/00 5 Multistep treatment of water
B01J37/00 4 Processes
B01D53/00 3 Separation of gases or vapors
C01B3/00 3 Hydrogen
B01J31/00 2 Catalysts comprising hydrides
C02F3/00 2 Biological treatment of water
C02F103/00 2 Nature of water
C01G23/00 2 Compounds of titanium
B01J19/00 2 Chemical
Main C02F1/30 22 By irradiation
subgroups  C02F1/32 15 With ultra-violet light
CO02F1/72 14 By oxidation
B01J35/02 9 Solids
B01J21/06 7 Silicon
CO02F101/30 4 Organic compounds
C01B3/04 3 By decomposition of inorganic compounds
CO02F101/38 3 Containing nitrogen
B01D53/86 3 Catalytic processes
C02F1/28 3 By sorption
B01J27/24 2 Nitrogen compounds
C02F9/08 2 At least one step being a physical treatment
CO02F101/34 2 Containing oxygen
B01J35/10 2 Characterized by their surface properties
or porosity
C02F9/14 2 At least one step being a biological treatment

As explained earlier, the European Patent Office receives more applications
than national offices of member states because applicants may apply via the
EPO to seek protection within all EPO member states. An application through
the Patent Cooperation Treaty designated with a WO prefix standing in fourth
place in Figure 7.4 is also of importance. This means that other than patents
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Table 7.2 The most frequent CPC patent codes used for patents relevant to solar
photocatalytic water and wastewater treatment.

Code Used % of Patents Description
Main Y02W10/00 35
groups CO02F1/00 10
C02F2305/00 8

Technologies for wastewater treatment
Treatment of water
Use of specific compounds during water

treatment

B01J35/00 Catalysts

Y02E60/00 5 Enabling technologies or technologies
with potential or indirect contribution to
GHG emissions mitigation

C02F2101/00 4 Nature of the contaminant

B01J37/00 4 Processes

B01J21/00 3 Catalysts comprising the elements

YO02E10/00 3 Energy generation through renewable
energy sources

C02F2201/00 Apparatus for treatment of water

B01J23/00 Catalysts comprising metals or metal
oxides or hydroxides

Y02A20/00 Water conservation; efficient water supply;
efficient water use

Y02P20/00 Technologies relating to chemical
industry

Y02W10/37 Using solar energy

C02F2305/10 8 Photocatalysts

C02F1/725 8 By catalytic oxidation

B01J35/004 7 Photocatalysts

C02F1/32 6 With ultra-violet light

Y02E60/36 5 Hydrogen production from non-carbon
containing sources

C02F1/30 3 By irradiation

C02F1/325 Irradiation devices or lamp
constructions

B01J21/063 Titanium; oxides or hydroxides thereof

Y02A20/212 Solar powered wastewater sewage
treatment

Y02P20/133 Renewable energy sources

B01J35/002 Catalysts characterized by their physical
properties

B82Y30/00 Nanotechnology for materials or surface
science

C02F2303/04 Disinfection
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Figure 7.4 Total number of patents filed in the field of solar photocatalytic water and
wastewater treatment in each country or territory as of mid-2020. CN: China; JP: Japan;
US: United States, WO: Patent Cooperation Treaty (PCT) also known as International
Application; KR: South Korea; EP: European Patent Office; DE: Germany; CA: Canada; FR:
France; MX: Mexico; GB: Great Britain.
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Figure 7.5 Patents filed in solar photocatalytic water and wastewater treatment by
nationality of patent holder. China: green; Japan: red; USA: light blue; Korea: dark blue;
Germany: yellow.

filed in China, Japan, and the USA, the preference of those who file patents is
to go through the PCT process rather than directly going to the patent office of
the registering country.

The consolidation of the Chinese as the largest holders of patents in this
topic area has occurred in the past 10 years or so, as can be seen in Figure 7.5.
Japanese researchers were pioneers in the development of this technology from
1994-2000, however perhaps due to the worsening of water scarcity in China
caused by serious problems of contamination [11], as well as rapid economic
growth and the large number of industrial production activities in China,
its investments in research dealing with the use of advanced technology for
water treatment (including solar photocatalysis) have increased making China
the top player. The active policy inside China for the development of water
treatment technologies is even more evident when looking at the trend of patent
registration by destination (Figure 7.6). In summary, the most patents in the
world on the topic are not only filed by the Chinese, but are also filed inside
their own country.

The analysis of patent holders showed almost an even split between
universities (research institutions) and private companies, although the
universities edged ahead of the companies 51.7% to 47.8%. The remaining 0.5%
of the patents are attributed to individuals and/or have unidentified origins.

An analysis of the profile of the 15 universities with the highest number
of filed patents in solar photocatalytic water and wastewater treatment is
presented in Table 7.3. The Chinese Academy of Nanjing stands on top with
the greatest number of patents in the field at 24 documents. Jiangsu University
and Shanghai Jiaotong University follow, with 23 and 18 patents, respectively.
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Figure 7.6 Patents filed in solar photocatalytic water and wastewater treatment by
destination country. China: green; Japan: red; USA: yellow; World Intellectual Property
Organization (PCT): dark blue; South Korea: cyan.

Table 7.3 List of top research institutes and universities filing patents in
the field of photocatalytic water treatment using solar energy.

Research Institute or University Number of Filed Patents
University of Nanjing 24
University of Jiangsu 23
University of Shanghai Jiaotong 18
University of Shandong 14
University of Shanghai 14
University of Henan Normal 14
University of Tongji 12
University of Fuzhou 12
University of Hohai 12
University of South China Tech 11
University of Nanchang Hangkong 11
University of Beijing Normal 10
University of Zhejiang 10
University of Nankai 9
University of Taiyuan Technology 9
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There is a notable domination of Chinese universities in the list of research
institutions, with no other countries present in the top 15 positions. A closer
examination of the temporal activity of universities in this regard shows that
Jiangsu University has had considerable activity in recent years, with a couple
of new patents being filed at the university in solar photocatalysis every year
since 2013.

An analysis of the profile of the companies that have filed the most patents
is presented in Figure 7.7. The Japanese Ebara Corporation, a manufacturer
of industrial machines, is the forerunner in the registration of patents in solar
photocatalysis for water and wastewater treatment, having filed 13 patents.
They are followed by Kanagawa Kagaku Gijutsu Akad, Babcock Hitachi KK,
and Sharp KK companies, also of Japanese origin, with eight patents each. The
Chinese company Chengdu New Keli Chem Sci co, is also a prominent patent
holder with eight patents, but further scrutiny of the data has shown that this
company does not have a long history in patenting photocatalytic technologies,
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Figure 7.7 List of companies with the largest number of filed patents in photocatalytic
water and wastewater purification using solar energy.
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Figure 7.8 Main destination for patent registration by the top players in the field.

with all of its eight patents being filed in the same year, 2018. Unlike what is
observed in the list of the top universities in registering patents, where Chinese
hegemony is unrivaled, the domain of patents belonging to companies is mostly
occupied by the Japanese.

Figure 7.8 shows the destination countries for patents registration for the top
players in the field. As indicated, the main destinations for patent registration
by active companies are Japan, China and the United States, in that order.

Patent registration cooperation between companies is shown in Figure 7.9.
It is possible for companies to cooperate in order to achieve patentable
knowledge together. This will require collaborative research and development
and synchronized management. However, companies that seek monopolization
of their technologies, limit their collaborations in general because they seek to
maximize the exclusivity of their technology. Keeping trade secrets is another
way to retain competitive advantage and prevent competitors from finding out
what is known. According to the figure, most companies have kept their list of
partners limited, but Kanagawa Kagaku Gijutsu Akad has shown the highest
number of collaborations, registering joint patents with five other companies.

One of the most important results of patent analysis is extracting key
concepts from the patents. Based on the extracted information, items such as
technology subdisciplines, materials used, the application of the technology
and many other issues can be discerned. Based on the analysis performed
on solar photocatalytic water and wastewater treatment, the main concepts
(words) were extracted and are presented in Table 7.4.
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Figure 7.9 Cooperation between companies for patent registration.

Table 7.4 shows the top 50 most frequently repeated concepts/words in this
field. The list of words mainly points to the materials used in the fabrication of
photocatalysts, and more specifically, the list is dominated by titanium dioxide
and its various combinations with other words. In fact, titanium appears in
15 of the rows in Table 7.4. According to the results, the four most cited terms
were: titanium dioxide, energy consumption, carbon dioxide, and valence band.
Titanium dioxide (TiO,) is known for its efficiency in photocatalytic processes
when used alone or with other compounds such as graphene to minimize the
charge recombination rate of the photogenerated electron and increase the
visible light absorption capacity of the TiO,, and consequently the efficiency
of the process [12]. Titanium dioxide can undergo various modifications
to increase its performance as a photocatalyst, including doping, thin film
immobilization, and composite fabrication. In the academic literature, the
use of TiO, for degrading special classes of contaminants, such as those now
referred to as ‘emerging pollutants’ [13] or ‘humic acid’ which is the main
component of landfill leachate, has received ample attention [14]. TiO, reduced
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Table 7.4 The top 50 most frequent words seen in patents on photocatalytic water
treatment using solar energy.

Rank Word(s) Number Rank Word(s) Number
of Patents of Patents
1 Titanium dioxide 351 26 Titanium tetrachloride 39
2 Energy consumption 131 27 Quartz glass 39
3 Carbon dioxide 113 28 Cadmium sulfide 39
4 Valence band 110 29 Carbon nanotubes 38
5 Hydrogen peroxide 107 30 Xenon lamp 36
6 Hydroxyl radicals 90 31 Titanium dioxide nano 35
7 Mercury lamp 85 32 TiO, photocatalysis 34
8 Ultraviolet lamp 72 33 Nanometer titanium 32
dioxide
9 Ethyl alcohol 71 34 Chemical energy 31
10 Reaction kettle 67 35 Silicon dioxide 31
11 Sodium hydroxide 66 36 TiO, nanoparticles 30
12 Methylene blue 64 37 Redox reactions 30
13 Ultra violet rays 62 38 Reaction tank 30
14 TiO, photocatalyst 62 39 Titanium dioxide 29
powder
15 Methyl orange 58 40 Titanium dioxide 29
particles
16 Photocatalyst 50 41 Nano TiO, 28
particles
17 Chemical reaction 50 42 Adsorption capacity 28
18 Tetrabutyl titanate 48 43 Catalyst particles 27
19 Absorption spectrum 47 44 Polyethylene glycol 27
20 Ethylene glycol 45 45 TiO, powder 26
21 TiO, particles 42 46 Chemical substance 26
22 Sol Gel 40 47 Polyvinyl alcohol 26
23 Titanium dioxide 40 48 Photocatalysis sewage 26
photocatalyst
24 Reaction vessel 39 49 Oxygen species 26
25 Energy conversion 39 50 Titanium dioxide 25
nanotube

by removing oxygen atoms or by adding hydrogen has been proven to be useful
for a variety of photocatalytic tasks such as photodegradation of organic
compounds, hydrogen generation from water splitting, and CO, reduction for
CH, evolution amongst others. Further enhancements of TiO,x are possible
by self-doping with Ti3* and/or with other traditional modifications [15].
Titanium dioxide may be doped with metals or non-metals [16]. According to
one review, annealing and hydrothermal methods were more efficient than
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others for preparing non-metal doped photocatalysts. Both methods can be
used successfully, but hydrothermal methods can use a variety of precursors
while annealing methods can only be used on solid precursors. Thus, it was
concluded that the hydrothermal method is more favorable [17]. The frequent
mention of nanotechnology alongside titanium dioxide warrants the separate
scrutiny of nanotech in photocatalytic water and wastewater treatment, which
will be discussed in the second half of this chapter which follows.

7.3 NANOTECHNOLOGY IN PHOTOCATALYTIC TREATMENT OF
WATER AND WASTEWATER

In this section, an analysis of patents regarding nanotechnology in
photocatalytic water and wastewater treatment is provided. After searching
the databases and extracting the related patents, a total of 3610 related patents
were identified. This is the number of filed patents that have been analyzed, and
includes both patents that have been granted and those that have been rejected.

Nanomaterials have unique size-dependent properties that create a
large potential for the removal of contaminants [18]. A relevant aspect of
nanotechnology in photocatalysis is the fabrication of nanophotocatalysts
or the nano-sized modification of larger photocatalytic particles which can
dramatically improve their photocatalytic activity [19]. The nano-sized metal
oxides have a significant ‘size quantification’ effect as a result of their high
surface to mass ratio, resulting from their small size. The increase in surface
area can, however, lead to poor stability as the size shrinks to nanometer
levels. Agglomeration is therefore a limitation of nanomaterials due to Van der
Waals forces and other interactions. Often, these features are determined by
morphology, which is controlled by synthesis conditions. Aqueous contaminants
can be degraded by photocatalysis in two stages, adsorption and degradation.
Adsorption can occur without light, but degradation only occurs when the
photocatalyst is exposed to light [20].

Two-dimensional (2D) nanosheet photocatalysts have many advantages
over traditional three-dimensional nanopowder photocatalysts. Among these
benefits are improved light adsorption characteristics, and shorter electron and
hole migration paths to the photocatalyst’s surface, which minimize undesirable
electron-hole pair recombination. It is possible to modulate the band gap of
2D materials and transfer charges from the semiconductor to the adsorbates
through surface defects. If they are exploited together and optimized, these
factors can confer remarkable activities on 2D photocatalysts relative to their
3D counterparts. As a result, a wide range of experimental approaches are being
explored for the synthesis of 2D photocatalysts, while computational approaches
are increasingly being used to identify promising new 2D photocatalysts [21]. In
addition to applications such as photocatalytic water disinfection applications,
the nanostructures can be used as building blocks for other purposes. There are
numerous types of 2D photocatalytic materials, some of which are graphene,
graphitic carbon nitride, 2D metal oxides and metallates, metal oxyhalides and
transition metal dichalcogenides [22-24]. Smaller still, one-dimensional (1D)
and zero-dimensional (0D) nanomaterials have attracted great attention in the
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field of photocatalysis. Unfortunately, they still face many obstacles, such as
electron-hole pair recombination and low apparent quantum efficiency, which
result in poor photocatalytic performance in practical applications. In order to
address these challenges, photocatalytic heterojunctions have been constructed
using 1D nanomaterials as building blocks, and their characteristics have been
demonstrated to be unique. Types of 1D nanomaterial-based heterojunctions
include the type II heterojunction, p—n type heterojunction, Schottky junction,
Z-type heterojunction, and S-scheme heterojunction [25].

To perform a patent analysis, the relevant standard codes must be identified
first so that they can be searched. In the previous chapter it was discussed that
keyword searches and using software to extract information from patents could
prove useful in this regard. The most relevant IPC and CPC codes are displayed
in Tables 7.5 and 7.6. The most notable IPC main groups which had not appeared
earlier in this chapter or in the previous chapter are the ‘Manufacture or
treatment of nanostructures’ (B82Y40/00) and ‘Nanotechnology for materials
or surface science’ (B82Y30/00) codes.

Figure 7.10 shows the temporal trend of patent registration for photocatalytic
water and wastewater treatment with nanotechnology. As can be seen, the
registration of patents started in 1989, but it took more than a decade for
pace to pick up. According to the data, the registration process can be divided
into three general periods. In the first period comprising the 90s there was
little to no activity. In the second period, from 1999 to the 2010s, there was a
considerable increase in the number of patent registrations. However, in the
third period from 2015 onward, the number of patent registrations considerably
increased, surpassing 400 patents a year in 2018. The data for the year 2020
is not indicative of a decrease because the current analysis was carried out in
mid-2020.

Based on the analysis of the nationality of patent registrants shown in
Figure 7.11, it is evident that the Chinese (CN) are the most active by far,
with 1998 patents. The Japanese (JP) rank at a very distant second with 151
patents closely followed by the United States (US) with 150 patents. Although
on a much smaller scale, registrants from European countries such as France
(FR) and Germany (DE), also appear on the list. The high number of patent
filings by registrants from Asian countries comprising 4 of the top 5, may be
the result of the sizable investments made by these countries in research and
development in recent years. It should also be noted that country-level data
does not necessarily provide an accurate picture [26]. For example, a study of
Chinese science and technology investment has shown that regions within the
country have large differences in investment, with Eastern China being the
barycenter of the Chinese economic map and one of the fastest economically
developing areas in the world [27]. In addition, obviously, not all registered
patents are of equal worth. Recent years have seen an explosion of scientific
output and unfortunately scientific misconduct as well; therefore the Chinese
government has been trying to curb unprofessional academic and scientific
behavior to rectify transgressions where they may exist [28]. Figure 7.12
shows the destination countries for patent registration. As with all other cases
investigated in the book, the highest number of patents by far are registered in
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Table 7.5 The most frequent IPC patent codes for photocatalytic water and wastewater
treatment using nanotechnology.

Code Used % of Patents Description

Main C02F1/00 20 Treatment of water
groups B01J35/00 9 Catalysts
B01J23/00 9 Catalysts comprising metals or metal
oxides or hydroxides
C02F101/00 9 Nature of the contaminant
B01J21/00 8 Catalysts comprising the elements

B01J27/00 8 Catalysts comprising the elements or
compounds of halogens

B01J37/00 6 Processes

C02F9/00 4 Multistep treatment of water

B01J31/00 3 Catalysts comprising hydrides

B01D53/00 3 Separation of gases or vapors

B82Y40/00 3 Manufacture or treatment of
nanostructures

C01B3/00 3 Hydrogen

C01G23/00 3 Compounds of titanium

B82Y30/00 3 Nanotechnology for materials or surface
science

Main C02F1/30 18 By irradiation
subgroups  C02F1/32 10 With ultra-violet light

B01J21/06 9 Silicon

C02F1/72 7 By oxidation

CO02F101/30 6 Organic compounds

B01J35/02 6 Solids

CO02F101/38 4 Containing nitrogen

B01J27/24 4 Nitrogen compounds

B01D53/86 4 Catalytic processes

C01B3/04 3 By decomposition of inorganic compounds

B01J35/10 3 Characterized by their surface properties
or porosity

C02F101/34 3 Containing oxygen

China, with 2927 patents. The United States is the next target with 317 filed
patents. The low number of patents filed at the European Patent Office in this
subtopic of photocatalysis is noteworthy.

Overall, the patent analysis showed a complete dominance of Chinese
registrants and China as the destination market of the patents in terms of
numbers. However, one must approach these findings with caution, because
the sheer number of patents is not an indication of a technology’s applicability
or usefulness. Studies have shown that the number of patent filings or citations
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Table 7.6 The most frequent CPC patent codes for photocatalytic water and wastewater
treatment using nanotechnology.

Code Used % of Patents Description
Main Y02W10/00 12 Technologies for wastewater treatment
groups B01J35/00 11 Catalysts
C02F1/00 10 Treatment of water
C02F2305/00 8 Use of specific compounds during water
treatment
B01J37/00 7 Processes
B01J21/00 7 Catalysts comprising the elements
B01J23/00 5 Catalysts comprising metals or metal
oxides or hydroxides
Y02E60/00 4 Enabling technologies or technologies
with potential or indirect contribution to
GHG emissions mitigation
B82Y30/00 4 Nanotechnology for materials or surface
science
C02F2101/00 4 Nature of the contaminant
C01P2004/00 4 Particle morphology
C01G23/00 3 Compounds of titanium
B01D53/00 3 Separation of gases or vapors;
Recovering vapors or volatile solvents
from gases; Chemical or biological
purification of waste gases
Main B01J35/004 13 Photocatalysts
subgroups  y02w10/37 13 Using solar energy
C02F2305/10 10 Photocatalysts
C02F1/725 8 By catalytic oxidation
B01J21/063 7 Titanium; oxides or hydroxides
thereof
C02F1/32 7 With ultra-violet light
YO02E60/36 4 Hydrogen production from non-carbon
containing sources
B01J35/0013 4 Colloids
C02F1/30 4 By irradiation
C02F1/325 3 Irradiation devices or lamp
constructions
B01J35/002 3 Catalysts characterized by their physical
properties
C01P2004/64 3 Nanometer sized
B01D2255/802 3 Photocatalytic
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Figure 7.10 Patent registrations per year in photocatalytic water and wastewater
treatment with nanotechnology.

filed by a company does not represent the success or failure of its R&D [29].
However, patent counts can be a reflection of a firm’s product and process
innovation mix. Intuitively, it is difficult to detect competitor infringements
of innovative processes, which suggests these innovations are better protected
by trade secrets than by patents [29]. In fact, as numerous studies have shown,
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Figure 7.11 The country of origin for registrants of patents in the area of nanotechnology
for photocatalytic water and wastewater treatment as of mid-2020. CN: China; JP: Japan;
US: United States; KR: South Korea; TW: Chinese Taipei (Taiwan), DE: Germany; RU: Russia;
IT: Italy; FR: France; SA: Saudi Arabia; CA: Canada; SG: Singapore; GB: Great Britain.
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Figure 7.12 Destination countries for patents on nanotechnology in photocatalytic water
and wastewater treatment as of mid-2020. CN: China; US: United States; JP: Japan; WO:
Patent Cooperation Treaty (PCT) also known as International Application; KR: South Korea;
EP: European Patent Office; RU: Russia; TW: Chinese Taipei (Taiwan); CA: Canada; RO:
Romania; DE: Germany, GB: Great Britain.

many advancements across various sectors are kept as trade secrets and not
published, neither as academic papers nor patents [30-33]. Trade secrets have
often been cited as the most important means of appropriating knowledge and
the basis for competitive advantage by managers, even more so than formal
intellectual property protection, despite the fact thatitis very difficult to quantify
and study such secrets [34]. In terms of commercial strategies, patenting offers
the greatest variety, not only of in-house production and marketing, but also of
patent sales and different types of licensing arrangements. In addition, there
are hybrid options, such as combining patenting with free licensing, which
has characteristics similar to academic journal publishing. However, this will
entail additional costs — both direct and indirect — of patenting. Even though
patenting, publishing, and secrecy are commonly used as substitutes for one
invention, it is essential to consider the combinatorial opportunities across time
and across multiple inventions and technologies. An invention that becomes a
patent must always go through some kind of secrecy to ensure that it is novel
and therefore patentable. Different strategies can also be combined for related,
but distinct inventions. For example, whenever there are multiple modules in
a product system, it is possible to protect one module with trade secrets, while
another module might be protected by a patent, with information regarding the
third module published to create low-priced substitutes or complements for the
entire system [35].

The results of the patent analysis show that 1907 patents (52.8% of the
total) were registered by academic research institutions, while 1449 patents
(40.1% of the total), belong to companies, and the remaining 7.1% are attributed
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Table 7.7 List of the top 16 universities that have filed patents in
photocatalytic water and wastewater treatment with nanotechnology.

Academic Count
University of Jiangsu 58
University of Zhejiang 40
University of Shanghai 37
University of Changzhou 36
University of Shanghai Jiaotong 31
University of Tianjin 30
University of Nanjing 28
University of Fuzhou 25
University of Tongji 23
University of Hohai 23
University of Hunan 22
University of Shaanxi Science & Tech 22
University of Wuhan Tech 21
University of Shandong 21
University of Jinan 21
University of Ningbo 21

to individuals and/or have unidentified origin. Thus, again, it seems that
universities have a slight edge over other registrants. A list of the top 16 most
prolific universities is shown in Table 7.7. The universities of Jiangsu and
Zhejiang, China, emerged as the top active universities in the group, with 58
and 40 registrations, respectively. There is a remarkable dominance of the
list by Chinese universities. Furthermore, Figure 7.13 shows the number of
patents filed by each university since the turn of the millennium. This figure
is interesting because it shows that although Jiangsu University is at the top of
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Figure 7.13 Trend of patent registration by university per year.
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Table 7.7, it did not have any patent filings on the topic prior to 2010; and since
then it has shown significant activity. Meanwhile, although the University of
Zhejiang and University of Shanghai rank lower in Table 7.7, they have had more
consistent activity for a longer duration of time. Conversely, some institutions
have only had a short-lived burst of registrations, the most apparent being the
university of Ningbo with many filings in 2013 and very little activity before or
after that. As evident, the most fruitful year overall for universities was 2017
with a combined filing of more than 60 patents.

An analysis of companies filing the most patents on the subject is presented in
Table 7.8. The Japanese company TOTO LTD is a forerunner in the registration
of patents in nanotechnology in photocatalytic water and wastewater treatment,
having 16 patents. Chinese company Chengdu New Keli Chem Sci co is the
next most prolific company in this field, with 13 filings. After that a group of
companies, only one of which is not Asian (Procter & Gamble) have filed 10
patents each. As evident from Figure 7.14, although most other registrants in
the list have focused on the Chinese market and have seldom shown activity
elsewhere, TOTO LTD and Procter & Gamble have filed seven and six patents
in the US, respectively.

Table 7.9 indicates the most common concepts/words of significance in the
filed patents. According to these results, the term titanium dioxide emerged
as the most used, which is similar to what was seen before. Nano derivatives
(nano, nanometer, and nanoparticle) were very frequently used words.

Table 7.8 List of companies with the most filed patents relevant to
nanotechnology in photocatalytic water and wastewater treatment.

Company Count
Toto Ltd 16
Chengdu New Keli Chem Sci Co 13
Chinese Acad Tech Inst Physics 10
Procter & Gamble 10
Hefei Linuo New Mat Trade Co Ltd 10
Anhui Huiming Construction Group Co Ltd 10
Chinese Acad Inst Chemistry 9
Hefei Inst Physical Sci Cas 9
Univ Shanghai Electric Power 9
Shanghai Inst Ceramics 8
Ube Industries 8
Sh Nat Eng Res Ct Nanotech Co 7
Chinese Res Acad Env Sciences 7
Ind Tech Res Inst 6
Changchun Gold Res Inst 6
Anhui Shifang New Glass Technology Co Ltd 6
Henkel Kgaa 5
Gm Global Tech Operations Inc 5
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Figure 7.14 Patent filing activity of companies based on target destination.

7.4 CONCLUDING REMARKS

In this chapter patent analysis was carried out for photocatalytic water
and wastewater treatment using solar energy, followed by a section devoted
to the use of nanotechnology in patents. Overall, by searching databases,
a total of 1637 patents were selected for solar energy, and 3610 patents for
nanotechnology. This is the number of filed patents, and includes both granted
and rejected applications.

For solar energy, the top CPC codes are YO2W10/00, C02F1/00, and
B01J35/00. The results of intelligent text mining in this field also showed
that titanium dioxide photocatalyst appears as the most widely used material.
Moreover, the keywords that were repeatedly extracted from patents included
concentration, efficiency, performance, activity, surface area, contaminants,
impurities, formaldehyde, methylene, unpleasant odor, and organic
components.

For nanotechnology, the top CPC codes are YO2W10/00, B01J35/00, and
C02F1/00, with YO2W10/00 being the top code for both subtopics investigated.
The results of intelligent text mining in this field also showed that titanium
dioxide is the most widely used word. Polymers such as polyethylene glycol and
polyvinyl alcohol are also prevalent.

Considering the numbers, the patent analysis showed a complete dominance
of Chinese registrants and China as the destination market for patents.
Nevertheless, one should approach these findings with caution, since the sheer
number of patents does not necessarily indicate value or applicability.
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Table 7.9 Most common concepts/words of significance appearing in the filed patents.

Rank Word(s) Number  Rank Word(s) Number
of Patents of Patents
1 Titanium dioxide 879 24 Polyethylene glycol 114
2 Ethyl alcohol 268 25 Ultraviolet rays 113
3 Carbon dioxide 255 26 TiO, particles 112
4 Nanometer titanium 227 27 Sol gel 112
dioxide
5 Hydrogen peroxide 209 28 Nanometer 111
photocatalyst
6 Valence band 207 29 Polyvinyl alcohol 105
7 Energy consumption 185 30 Chemical reaction 102
8 Reaction kettle 180 31 Titanium dioxide 101
powder
9 Sodium hydroxide 170 32 Silicon dioxide 99
10 Hydroxyl radicals 169 33 Carbon nanotubes 96
11 Titanium dioxide 164 34 Nano particles 88
photocatalyst
12 Nano TiO, 156 35 Butyl titanate 85
13 Ultraviolet lamp 153 36 Silver nitrate 83
14 Tetrabutyl titanate 149 37 TiO, powder 82
15 TiO, photocatalyst 136 38 Titanium dioxide nano 79
16 Titanium tetrachloride 132 39 Adsorption capacity 78
17 Nano titanium dioxide 131 40 Agent 78
18 Nanometer TiO, 130 41 TiO, nanoparticles 76
19 Methylene blue 127 42 Absorption spectrum 75
20 Titanium dioxide 123 43 Photocatalyst particles 74
particles
21 Mercury lamp 122 44 Reaction vessel 73
22 Methyl orange 121 45 Titanium alkoxide 73
23 Ethylene glycol 120 46 Nanometer 72
photocatalysis
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